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ĉe ExpeČed Angular Resolution of the JEM-EUSOMission

AĶňŉŇĵķŉ

ĉe Extreme Universe Space Observatory on board the Japanese Experiment Module

( JEM-EUSO) is a next generation observatory for the observation of ultra high en-

ergy cosmic rays (UHECR). It is being designed to be mounted on the International

Space Station (ISS). From here it will monitor the earth’s atmosphere in the ultraviolet

range for extended air showers (EAS).ĉese are induced byUHECR striking nitrogen

molecules when entering the atmosphere. JEM-EUSO will detect particles with ener-

gies from ǉǈƥƭ eV on up to the decade of ǉǈƦƤ eV. ĉese particles have an unknown

origin. Due to the large target volume monitored, JEM-EUSO will be able to record

hundreds of events exceeding energies of Ǐ·ƥƤƥƭ eV. ĉerefore, it is the key instrument

to improve the statistics in the high energy part of the cosmic ray spectrum, where the

Ěux of events is extremely low, by one order of magnitude. Orbiting the earth at an al-

titude of about ǌǈǈ km JEM-EUSOwill provide an all sky coverage. ĉe high exposure

in combination with a sufficient spatial resolution will enable the identiėcation of the

sources of UHECR.During the development of themission, the JEM-EUSOCollabo-

ration is conducting a number of pathėnder missions to demonstrate the feasibility of

the envisaged experiment. Among them is the EUSO-Balloon, a downscaled version

of the JEM-EUSO instrument using the same components like optics and electronics.

From summer Ǌǈǉǌ on, it will conduct a number of stratospheric Ěights tomeasure the

UV background and laser generated, artiėcial EAS.

ESAF, the EUSO Simulation and Analysis Framework is a soěware package to sim-

ulate space borne UHECR missions. Within a full end-to-end approach, it is capable

to take into account all physical processes occurring, when an UHECR hits the atmo-

sphere. From the generated data, we can reconstruct the properties of the UHECR
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primaryã its energy, incoming direction and the type of particle it was. We use ESAF

to simulate the JEM-EUSO instrument and its pathėnders.

In the scope of this dissertation, we evaluate the expected angular reconstruction

performance of the planned JEM-EUSOmission. We can conėrm that the instrument

meets the scientiėc requirements. Apart from the baseline instrument, a possible ad-

vanced conėguration is subject to study. From our ėndings we can conclude an even

improved performance for this instrument. A special emphasis is given to the question

how atmospheric scaĨering affects the Ěuorescence light signal. We analyze the rele-

vanceof this issue andquantify towhich extent it affects the angular resolution. Further

investigations deal with a possible tilting of the telescope from its nadir position for an

increased exposure. We analyse how the reconstruction performance changes in de-

pendence of the tilting angle and ėnd that for high tilting angles the instrument looses

its angular resolution capabilities.

iv



Betreuer: Andrea Santangelo ĉomas Mernik

ĉe ExpeČed Angular Resolution of the JEM-EUSOMission

ZŊňĵŁŁĹłĺĵňňŊłĻ

Das Extreme Universe Space Observatory on board the Japanese Experiment Module

( JEM-EUSO) ist einneuartigesWeltraumteleskopzurBeobachtungkosmischerStrah-

lung. Noch in dieser Dekade wird es von der internationalen Raumstation (ISS) aus,

imultravioleĨenBereich, Luěschauer (EAS) inderErdatmosphärebeobachten,welche

von ultrahochenergetischen kosmischen Strahlen (UHECR) erzeugt werden. EAS

sind Lawinen von Sekundärteilchen, die entstehen wenn UHECR mit Stickstoffmo-

lekülen kollidieren. JEM-EUSO wird UHECR mit Energien ab ǉǈƥƭ eV bis über ǉǈƦƤ

eV hinaus beobachten. DieGröße des beobachtetenTargetvolumens ermöglicht JEM-

EUSOhunderte vonEreignissenmit Energien über Ǐ·ƥƤƥƭ eV zumessen und die Statis-

tiken im höchstenergetischen Teil der Spektrums der kosmischen Strahlen um eine

Größenordnung zu erhöhen, da derTeilchenĚuss in diesemBereich des Spektrums ex-

tremklein ist. JEM-EUSOist geeignetdiebislangunbekannteHerkunědieserTeilchen

zu bestimmen. VomOrbit der ISS aus, lässt sich der gesamte Himmel gleichmäßig ab-

decken. Im Laufe des Mission führt die JEM-EUSO Collaboration einige Pathėnder-

Experimente durch, um die Durchführbarkeit des geplanten Konzepts zu demonstri-

eren. Der EUSO-Ballon ist eine verkleinerte Variante von JEM-EUSO, mit der glei-

chen Optik und Elektronik.

ESAF, das EUSO Simulation and Analysis Framework ist ein Soěware Paket, umwel-

traumgestützteUHECRMissionen zu simulieren. Es berücksichtigt dabei alle relevan-

ten physikalischen Prozesse die auěreten wenn ein UHECR in die Atmosphäre ein-

dringt. Aus den generierten Daten können die Eigenschaěen des ursprünglichen UH-

ECRrekonstruiertwerden - seineEnergie, AnkuněsrichtungunddieArtdesTeilchens.

Wir benutzen ESAF um das JEM-EUSOTeleskop und seine Pathėnder zu simulieren.
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Im Rahmen dieser Dissertation evaluieren wir die zu erwartende WinkelauĚösung

der geplanten JEM-EUSOMissionundkönnenbestätigen, dass siedenwissenschaělichen

Anforderungen genügt. Neben dem Standardinstrument untersuchen wir auch eine

potentielle verbesserte Variante des Teleskops. Diese advanced option zeigt eine deut-

lich verbesserteLeistung imVergleich zumStandardinstrument. EinbesondererFokus

ist den Auswirkungen der Streueffekte von Fluoreszenzlicht in der Atmosphäre auf die

WinkelauĚösung gewidmet. Wir zeigen, dass dieser Effekt signiėkante Auswikungen

auf das Signal hat und quantiėzieren die dadurch entstehende Verschlechterung der

AuĚösung. In einer weiteren Studie bestimmen wir, wie sich ein mögliches Kippen

des Teleskops aus seiner Lotrechten, welches einer Erhöhung der Exposure dient, auf

die Winkelrekonstruktion auswirkt. Wir stellen fest, dass große Kippwinkel zu einer

starken Einschränkung der Leistungsfähigkeit des Teleskops führen.
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ĉe shortest distance between two points is oĜen unbearable.

Charles Bukowski

1
IntroduČion

EŋĹŇŏ ňĹķŃłĸ Ńĺ ŉĽŁĹ, each square metre on top of our atmosphere is bombarded
with charged particles coming from all directions of the sky. ĉeir nature is manifold.
Even though themajority of these particles are protons and helium nuclei, also heavier
nuclei up to iron canbe found togetherwith electrons anda small fractionof antimaĨer.
ĉeir energy ranges over more than ǉǋ orders of magnitude, starting at about ǉǈƬ eV
up to more than ǉǈƦƤ eV. We call them cosmic rays.

ĉe origin of cosmic rays depends on their energy. While the less energetic ones, up
to some Gev, are ejected from solar Ěares into space [ǉǈǌ], the higher energetic parti-
cles up to ǉǈƥƬ eV are referred to as the galactic component. ĉey originate from sources
inside our galaxy. Basic ingredients for their acceleration are strong irregular magnetic
ėelds and traversing shock fronts ã a combination found in supernova remnants. Su-
pernova remnants are regarded as the most likely source for particles with energies up
to ǉǈƥƩ eV. For higher energies the source of these particles is unclear. ĉere have been
aĨempts to explain their existence. However, up to the present no widely accepted ex-
planationexists. FromǉǈƥƬ eVon, cosmic rays arebelieved tooriginate fromoutside the
galaxy [ǊǎǑ]. Particles exceeding this energy are referred to as ultra high energy cosmic
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rays (UHECR). As potential sources active galactic nuclei (AGN) or clusters of galax-
ies are under discussion, yet without any conclusive evidence. Due to the strong sup-
pression of the cosmic ray Ěux in this energy range, only a small number of events has
been measured so far. ĉis makes the discovery of sources a challenging task. Due to
the shielding effect of the atmosphere, cosmic rays donot reach the surface of the earth.
For direct measurement, the detector has to be either mounted on a balloon or space
craě. In the high energy regime, the Ěux of incoming particles becomes extremely low.
For instance, at ǉǈƦƤ eV, only one particle per square kilometre permillennium reaches
the earth. ĉus, a direct detection is impossible, since it would require an enormously
outstretched detector. Hence, an indirect observation technique is used. When pen-
etrating the atmosphere, cosmic rays interact with the nitrogen and oxygen molecules
and create avalanches of secondary particles ã extended air showers (EAS). Decay
products of these showers reach the ground and can be detected by scintillation detec-
tors or Cherenkov water tanks. Another detection technique is the observation of the
EAS with UV telescopes. From the direction and intensity of the EAS, we can recon-
struct the properties of the primary UHECR.ĉe scarcity of events in the high energy
region exceeding∼ Ǎ·ƥƤƥƭ eV is themainmotivation for a novel approach. ĉepotential
for ground based telescopes are regarded as rather limited due to spatial andmonetary
constraints. ĉus, a space borne instrumentwill be the key to identify the sources. ĉis
new generation of UHECR detectors will monitor a large fraction of the earth’s atmo-
sphere to use it as a huge target volume. ĉis will enable us to record a meaningful
number of UHECR in a reasonable amount of time.

ĉe Extreme Universe Space Observatory on board the Japanese Experiment Module
( JEM-EUSO) is such a next generation UHECR observatory. It has been developed
to be mounted on the Japanese module of the International Space Station (ISS) be-
fore ǊǈǊǈ [ǊǍǉ]. JEM-EUSO is a Ǌ.Ǎ metre UV telescope that uses the Ěuorescence
technique to observe EAS generated by UHECR from an altitude of about ǌǈǈ km.
Its lower energy threshold at ǉǈƥƭ eV allows for cross-calibration with the large ground
based observatories. Due to its large aperture of Ǎ·ƥƤƩ kmƦ sr [ǊǍǏ], JEM-EUSO will
improve the statistics in the ultra high energy part of the cosmic ray spectrum by one
order of magnitude. With this new detector important questions in the ėeld of UH-
ECR science can be successfully addressed. Among them are urgent topics such as the
identiėcation of the sources and the composition of the cosmic ray Ěux at highest en-
ergies. In the proposed lifetime of the mission of ǋ + Ǌ years, JEM-EUSOwill measure
about ǉǈǈǈ UHECR events > ǉǈƦƤ eV [Ǒǌ] and will therefore be the gate opener to
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astroparticle astronomy.
Since no detector of such a design has been launched into space so far, the JEM-

EUSO collaboration has decided to prove the feasibility of this mission in advance by
developing two pathėnders: Telescope Array EUSO (TA-EUSO) and the JEM-EUSO
Balloon. ĉese are downscaled versions of the originally envisaged detector. Both fea-
ture a system of Fresnel lenses and the same kind of electronics, JEM-EUSO will be
equipped with. TA-EUSO has been deployed inside the grounds of the Telescope Ar-
ray (TA) site in the desert of Utah, USA. TA is a large cosmic ray detector which is
already taking data. Even though TA-EUSO monitors a far smaller fraction of the sky
than TA, the aim is to measure a small number of events for cross calibration of the
detectors. ĉe main purpose of the pathėnders however, is to demonstrate the tech-
nological readiness potential. ĉe JEM-EUSO balloon is essentially the same instru-
ment asTA-EUSO.ĉough, this instrument is an atmospheric balloonpayload andwill
conduct several Ěights at altitudes of about ǌǈ km from this year on. ĉis will enable
the JEM-EUSO collaboration to test the detector under quasi space conditions and to
conduct background studies.

During the construction of themission, extensive simulation work is required to es-
timate the expected performance of the instrument, to check its different components
and to verify their capabilities. ESAF - the EUSO Simulation and Analysis Framework is
a soěware designed to simulate space based UHECR detectors. With this soěware we
simulate the JEM-EUSO mission and its pathėnders.

In the scope of this dissertation, we describe the evolution of the ėeld of cosmic
ray science during the past ǉǈǈ years. Summarizing the current status in the ėeld we
motivate the space approach and discuss its potentials and challenges. We present the
JEM-EUSOmission, the scientiėc objectives and the technologyof the instrument and
its pathėnders. Using the ESAF package, we evaluate the expected angular resolution
of the instruments. We study the performance of the standard JEM-EUSO telescope as
well as potential alternative detectors. ĉe aim is to characterize the conditions under
which the optimum performance can be reached and whether these estimates are suf-
ėcient to comply with the scientiėc requirements of the mission. A special emphasis
is given to the question how the scaĨering of Ěuorescence light photons in the atmo-
sphere affects the observationof the air showers. Another objective aims at quantifying
the impact of a possible tilting of the instrument on the angular resolution.





We, on the other hand, must take for granted that the things
that exist by nature are, either all or some of them, inmotion.

Aristotle

2
Cosmic Rays

AŀŁŃňŉ ĹŎĵķŉŀŏ ĵ ķĹłŉŊŇŏ ĵĻŃ, Victor Hess¹ conducted his ėrst experiments to
measure electric discharges induced by ionizing radiation. During a number of bal-
loon Ěights he measured the time it took for the electrometers to loose charge. It was
well known at that time that electrometers discharge due to the ionizing radiation, pro-
duced in the decay of radioactive isotopes which naturally exists in the soil. ĉerefore,
he expected the discharge time to become longer the more the electrometer would be
carried away from ground. ĉis assumption proved to be true for the ėrst ǉǈǈǈmof as-
cent: the dose of radiation became gradually lower. Aěerwards however, the discharge
time started to decrease again. ĉus, the radiation levels were rising again. From these
ėndings he concluded the presence of another source of radioactivity - the sky. He
called this new form of radiationHöhenstrahlung, a term which is still used in aviation.
ĉis was the hour of birth of cosmic ray science.

In ǊǈǉǊ, a similar expedition was conducted. ĉis time the balloon gondola was

¹Victor FranzHess, bǊǌ June ǉǐǐǋSchlossWaldstein, AustriadǉǏDecember ǉǑǎǌMountVernon,
New York, USA; Nobel Prize in Physics in ǉǑǋǎ
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Figure 2.0.1: Victor F. Hess, centre, departing from Vienna about 1911, was
awarded the Nobel Prize in Physics in 1936. Pic. taken from [73].

equipped with self-made astro muon detectors, a commercial Geiger counter and a
self-made electroscope very similar to the one Victor Hess had been using. ĉis bal-
loon Ěight went up to an altitude of ǎǈǈǈ m a.s.l. [ǊǍ]. ĉe results were remarkably
comparable to those obtained by Hess, one century before (Fig. Ǌ.ǈ.Ǌ).

Already one year earlier thanHess, Domenico Pacini² (Fig. Ǌ.ǈ.ǋ) came to the same
conclusion aěer conducting several measurements with electroscopes on land at sea
level, on a boat ashore and under water with a diving apparatus. From the decreasing
radiation underwater he concluded that at least a part of the radiation has to come from
the sky [ǊǈǊ]. As shown by GiglieĨo in Ǌǈǉǉ, Pacini performed his measurements in
parallel or earlier to the ones ofHess [ǉǉǌ]. Hewas certainly the ėrst to realize that the
earth itself cannot be the only source of radioactivity. Although, his experiments did
not exclude the atmosphere as a possible source [ǐǐ].

WernerKolhörster³ (Fig. Ǌ.ǈ.ǋb) conducted further balloonĚights even reaching al-
titudes such as ǉǈǈǈǈm a.s.l., using the newly inventedGeiger-Müller counters. More-

²Domenico Pacini, bFebruary Ǌǈ ǉǐǏǐ, Marino, Italy dRome, May Ǌǋ ǉǑǋǌ
³Werner Kolhörster, bDecember Ǌǐ ǉǐǐǏ, Schwiebus (Swiebodzin), Brandenburg Province of

Prussia dAugust Ǎ ǉǑǌǎ, Munich, Germany
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Figure 2.0.2: Comparison of the data recorded by Hess in 1912 and the
VHANESSA flight in 2012. Pic. taken from [25].

over, together with Bruno Rossi⁴ he used the coincidence technique [ǉǋǍ, ǊǏǏ] by
comparing the signals of several detectors that where arranged in an array . ĉe coin-
cidence technique for an array of detectors lead to the discovery of extended air show-
ers (EAS). In the ǉǑǋǈs, Pierre Auger⁵ used an array of ground detectors that were
displaced by ǋǈǈ m. Auger identiėed the coinciding events he detected as secondary
particles being part of nucleonic cascades of cosmic origin [Ǌǎ].

In the ǉǑǋǈs and ǉǑǌǈs an amazing progress in the cosmic ray ėeld was made. Due
to new inventions, such as the bubble chamber, and new theories in a relatively short
amount of time new particles were discovered and many of the underlying processes
in air shower development identiėed [see ǊǊǈ, for instance].

In the ǉǑǎǈs, new experiments lead to the discovery of particles with energies ex-
ceeding ƥƤƦƤ eV at the Volcano Ranch experiment by using a network of scintillation
counters [ǉǎǑ]. In ǉǑǑǉ, an event exceeding even Ƨ · ƥƤƦƤ eV has been observed by the
Fly’s Eye experiment. ĉis event is still referred to as theOh-My-God particle, since no-
body had believed in the existence of such a particle before [ǑǍ]. Between the ǉǑǑǈs
and today a number of ever growing cosmic ray experiments has been conducted. ĉe
AkenoGiant Air Shower Array (AGASA) [ǐǍ] in Japan e.g. was using ǉǉǉ scintillation
detectors and ǊǏmuon detectors distributed over an area of about ǉǈǈ kmƦ tomeasure

⁴Bruno BenedeĨo Rossi, bApril ǉǋ ǉǑǈǍ, Venice, Italy dNovember Ǌǉ ǉǑǑǋ, Cambridge, Mas-
sachuseĨs, USA

⁵Pierre Victor Auger, bMay ǉǌ ǉǐǑǑ, Paris, France dDecember ǊǍ ǉǑǑǋ, Paris, France
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Figure 2.0.3: Left: Domenico Pacini. Taken from [114]. Right: Kolhörster and
Auger at Jungfraujoch, Switzerland. Taken from [135].

a large collection of data in the UHE regime of cosmic rays. Results contradictory to
data from other experiments lead to the development of even larger arrays sometimes
using different detection techniques at the same time for improved results.

In this centuryof cosmic ray science,magniėcent discoveries havebeenmade. ĉese
major achievements were partly possible due to new technological developments lead-
ing to detector designs. Additionally, it is the development of new interaction models,
acceleration and propagation mechanisms that contributes to our nowadays under-
standing. It is the joint effort of both, experimental physicists and theoreticians that
could reveal many answers to the question of the nature of cosmic radiation [ǉǑǏ].
ĉe following sections give an overview about the current status of the ėeld. First of
all, we describe the properties of cosmic rays, their spectrum and composition. Focus-
ing on UHECR, we present the current ideas of how they are created and propagated
to earth. We brieĚy introduce the principles of their detection and we summarize the
recent developments and highlight the open questions.

Ǌ.ǉ UHECR

Cosmic rays are essentially chargedparticles, i.e. protons, electrons, nuclei andpositrons.
Although, neutral particles as neutrons, neutrinos andgammas are sometimes included
as well, when referring to cosmic rays in a broader sense [ǉǐǎ]. For that maĨer it is
important to distinguish between the primary radiation, produced at some accelera-
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tion site or resulting from a decay and the secondary radiation arriving to earth aěer
traversing the ISM.ĉe ėrst comprises of positively charged protons or heavier nuclei.
ĉe laĨer includes neutral particles, among them neutrinos and photons, as well as
some antimaĨer or decay products from the spallation of nuclei. Secondary radiation
is produced due to interaction of the primaries with maĨer, ėelds and photons of the
ISM.ĉe term ultra high energy cosmic rays (UHECR) refers to particles exceeding the
energy of ƥƤƥƬ eV. Particles beyond ƥƤƦƤ eV are called extremely high energy cosmic rays
(EHECR).

Ǌ.ǉ.ǉ SńĹķŉŇŊŁ

ĉe spectrum of cosmic rays extends over many orders of magnitude in energy and
Ěux. ĉe energy of cosmic rays ranges from ƥƤƭ eV up to at least some ƥƤƦƤ eV, with a
steeply and monotonously decreasing Ěux [ǉǈǎ]. ĉeir energy distribution is highly
non-thermal, i.e. it can be described by a steep broken power law spectrum E−α. ĉe
proportionality of α ∼ −Ƨ suddenly changes slightly in some regions of the otherwise
almost featureless spectrum (Fig. Ǌ.ǉ.ǉ).

In the low energy range at about ƥƤƥƥ eV the Ěux is of the order of ƥƤƥƦm−Ʀs−ƥsr−ƥ.
In this energy region the Ěux is time-dependent since most of the particles are ejected
in solar Ěares. ĉe exponent of the spectrum in this range is between Ǌ.Ǎ to Ǌ.Ǐ [ǉǏǊ].
(For comparison: the largest man-made accelerator ever built, the LHC⁶ at CERN⁷
reaches energies of the order of TeV [ǊǍǍ].) ĉeėrst remarkable feature is the so called
knee at E ∼ Ʃ · ƥƤƥƩ eV. From here on, the Ěux steepens with an α ∼ ǋ.ǉ. Data recorded
by thećSćDE experiment actually revealed the existence of a number of knee-like
structures in the region ǌ - Ǎ.Ǐ · ǉǈƥƩ eV [ǉǊǐ]. An inefficient conėnement of the par-
ticles in the galaxy is discussed as the mechanism behind [ǌǈ]. ĉis is supported by
the ćSćDE ėndings that the individual knees are shiěed towards higher energies
with an increasing atomic number of the primaries. A steepening feature at ǐǈ - Ǒǈ
PeV has been identiėed with a Ěux suppression of the heavy mass component by the
ćSćDE-Grande array [ǉǈǍ, ǉǊǐ]. Already in this energy range, the Ěux is too low
for a direct detection of CR.

At Ʃ · ƥƤƥƫ eV there is a small characteristic - the second knee. ĉe gradient again
becomes slightly steeper. ĉe reasons for this occurrence are unclear. Perhaps some

⁶LHC: Large Hadron Collider
⁷CERN: Conseil Européen pour la Recherche Nucléaire
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Figure 2.1.1: The cosmic ray spectrum ranges over nine orders of magnitude in
energy and flux. This is the differential energy spectrum showing data collected
in various cosmic ray experiments using a variety of different detection tech-
niques. It features a steep broken power law, starting at ƥƤƥƥ eV with a high flux
of ƥƤƥƦm−Ʀs−ƥsr−ƥ. The flux decreases with a gradient of 2.7 until ƥƤƥƩ eV the so
called knee, where the gradient becomes steeper (about 3). A second remarkable
feature appears at ∼ Ƨ · ƥƤƥƬ eV, where the gradient becomes lower, again. This
feature is called the ankle. As indicated, at about ƥƤƥƨ eV, the flux is to low for
any direct measurement. Above this energy, cosmic rays are detected indirectly by
the observation of extended air showers which are created when they interact with
oxygen or nitrogen molecules while traversing the earth’s atmosphere. Taken from
[165].
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component of CRs from here on originates from extra-galactic sources [ǌǋ, ǉǉǊ].

ĉe second important feature is the ankle at Ƨ · ƥƤƥƬ eV (Fig. Ǌ.ǉ.Ǌ). Here, the gradi-
ent of the Ěux recovers a liĨle and we can observe a clear ĚaĨening of the spectrum for
energies≥ Ʃ·ƥƤƥƬ eV.However, due to the lowĚux, only one particle per square kilome-
tre and century arrives to the earth. ĉese extremely low statistics make the detection
of CR in this range uĨerly challenging. ĉe origin of the ankle is under discussion. A
common interpretation is the transition from a galactic to an extra-galactic component
[ǌǎ], since the galactic magnetic ėeld is not sufficiently strong to conėne particles of
this energy [ǉǐ, ǉǉǊ] (Chap. Ǌ.Ǎ.ǋ). Immediately aěer the ankle, a weak dip appears
in the differential spectrum. ĉis has been identiėed with energy losses due to pair
production [ǉǑ, ǌǎ].

At Ʃ·ƥƤƥƭeVone canclearly see a cut-off that hasbeen linked to theGZK-effect (Chap.
Ǌ.Ǎ). At this energy, the Ěux drops to ǉ particle per square kilometre per millennium.
However, this is not the end of the spectrum. Today we know that even if the Ěux
becomes extremely low, there are still events to be found for energies exceeding ƥƤƦƤ

eV.ĉese conėrmedEHECRevents havebeenmeasuredbydifferent experiments. ĉe
PierreAugerCollaborationhas claimed themeasurementofmore thanǏǏevents above
Ʃ · ƥƤƥƭ eV⁸ alone [ǉǏǏ]. Furthermore, data from other experiments like AGASA and
HiRes/TA [ǌǐ] have clearly shown that the depression at Ʃ · ƥƤƥƭ eV is not the end of
the spectrum.

Ǌ.ǉ.Ǌ CŃŁńŃňĽŉĽŃł

Ever since the discovery of the latitude effect and the East-West effect it was evident
that the predominant components of cosmic rays were positively charged [Ǌǌǈ]. On
top of the atmosphere, approximately ǐǍ ƻ of the particles are protons, ǉǊ ƻ are ion-
ized helium and heavier nuclei (∼ ǉ ƻ). ĉe remaining Ǌ ƻ are electrons. ĉe fraction
of antimaĨer is comparatively low. Positrons make up a few percent and anti-protons
contribute only a few ƥƤ−ƨ [ǎǈ]. ĉis estimate has recently been conėrmed in the en-
ergy range of ǈ.Ǎ to ǋǍǈ GeV by the AMS⁹ experiment [ǉǈ]. From the knee on, the
fraction of heavy elements increases continuously with the energy up to about ƥƤƥƫ eV.
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Figure 2.1.2: Energy spectrum of UHECRs multiplied by EƧ. The five lines corre-
spond to different models describing the transition from galactic to extragalactic
origin of UHECR, different chemical compositions and spectral indices. The data
points come from HiRES I and Auger measurements. Taken from [156, and refer-
ences therein].
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Figure 2.1.3: Mean natural logarithm of the CR atomic number < lnA > plot-
ted against logarithm of the CR energy. The data is derived from the small Che-
renkov setup which is part of the Yakutsk array. Identification of A due to slant
depth Xmax of the EAS in atmosphere. Data points in blue: mass composition es-
timated according to SIBYLL2.1 model, black squares according to the QGSJet
II-03 model, respectively. The solid line represents the prediction of the composi-
tion expected from supernova remnants (SNR). Taken from[155].

Aěerwards it turns to elements with lower masses again [ǉǍǍ] (Fig. Ǌ.ǉ.ǋ).

For the trans-GZK-events there is no conclusive evidence about the particle type.
From the energy range of ƥƤƥƩ eV on, the determination of the chemical composition of
the primary cosmic ray becomes a difficult task since the air shower observation tech-
niques do not directly allow to infer this information. ĉe observation of EAS with
multiple cores suggest that the primaries in the high energy regime are at least not ex-
clusively protons [ǉǏǊ]. Oneway to indirectly determine thenumber of chargednucle-
ons in the primary is by means of its slant depth Xmax which is correlated to the cross-
section of the particle. I.e., the same air shower would be created by a proton at a given
energy or an iron nucleus with a Lorentz factor Ǎǎ less than the proton, only at a higher
altitude. ĉus, on average proton showers develop lower in the atmosphere. Moreover,
they have higher Ěuctuations σ (Xmax). (For the deėnition of Xmax, see Chap. Ǌ.ǎ.ǉ)

Unfortunately, using ⟨Xmax⟩ and σ (⟨Xmax⟩) as indicators yield conĚicting results for
different experiments. ĉeHiRes andTA compositionmeasurements are in very good
agreement to each other [ǋǈ, ǊǍǋ]. ĉese two experiments in the northern hemisphere
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(a) UHECR composition measured by HiRes [30]

(b) UHECR composition measured by PAO [166]

Figure 2.1.4: Measured Xmax (left) and RMS(Xmax) (right) for different experi-
ments (top: HiRes, bottom: PAO). The red areas indicate MC predictions from
different hadronic interaction models for protons, the blue area for iron nuclei, re-
spectively.

favour a pure proton Ěux. However, the data of the PAO clearly shows a transition
towards heavier elements in this energy range [ǉǎǎ] (Fig. Ǌ.ǉ.ǌ). It is important to
point out that the total number of collected events by the PAO exceeds those of TA
clearly (up to the factor of ǉǈ, depending on cuts and comparability due to different
setups.) [ǋǈ].

ĉus, even though there are strong hints thatUHECRbeyond ƥƤƥƭ eV are not purely
protons. Nonetheless, the conėrmation by a second independent experiment is still
pending. Perhaps a few years more of PAO operation can substantiate this claim.

Ǌ.ǉ.ǋ AłĽňŃŉŇŃńŏ

ĉequestionwhether or not discrete sources ofUHECRexist is among themost inter-
esting and challenging. Anisotropy paĨerns can be the ultimate tool to identify poten-

⁸status ǊǈǉǊ
⁹AMS: Alpha Magnetic Spectrometer
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tial sources. However, as described in Chap. Ǌ.Ǎ.ǋ, magnetic ėelds play an important
role in the propagation of UHECR. ĉerefore, even if there were discrete sources, the
trajectories of UHECR could be distorted in such a way that the crucial information
about the direction of the origin might got lost. ĉis depends, of course strongly on
the energy of the particle as well as on the charge. ĉemore elementary charges it car-
ries, the more it gets deĚected by the ėelds. ĉus, the anisotropy question is closely
connected to the composition of the Ěux at the highest energies.

First correlations of clusters of UHECR events with local scale structures or BL Lac
objects have already been suggested in the ǉǑǑǈs [ǉǍǎ, and references therein]. ĉe
latest claim about the isotropy distribution was announced by the PAO [Ǌǉǋ] in ǊǈǈǏ
(Fig. Ǌ.ǉ.Ǎ). It was also maintained three years later in Ǌǈǉǈ, using an even larger
amount of data [ǌ, ǉǐǐ].

Figure 2.1.5: Projection of the sky in galactic coordinates. AGNs within 200 Mpc
smoothed with an angular scale σ = 5°. Arrival directions of the CRs with energy
E ≥55 EeV detected with the PAO in black dots . Taken from[4].

ĉiswas contradictedbymeasurementsof theHiRes experiment inǊǈǈǐ. ĉeHiRes
Collaboration analysed their own data set using similar methods as the PAO Collab-
oration with theirs. Neither could there be found any correlation with nearby AGNs,
nor a signiėcance in clustering of large scale anisotropies at all [ǉǋǊ] (Fig. Ǌ.ǉ.ǎ). ĉe
HiRes ėndings gained evenmore substancewhen in Ǌǈǉǉ, aěer ǌǈmonth of additional
data taking, the conclusions were still the same [Ǎ]. Of course, on should keep inmind
that HiRes is taking data mostly in the northern hemisphere, whereas the PAO expo-
sure peaks in the southern. Moreover, the statistics of PAO are considerably larger
compared to HiRes.
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Figure 2.1.6: The sky map in galactic coordinates of the expected flux at energy
threshold 57 EeV with the Telescope Array events superimposed (white dots). The
smearing angle is 6°. The white region indicates no exposure. Taken from[5].

Ǌ.Ǌ PŇŃĸŊķŉĽŃł

ĉe spectrum and composition of cosmic rays we observe, impose certain require-
ments on the sources. A meaningful source model should reproduce the power-law
shape of the spectrum. Moreover, the chemical composition at the creation site should
be comparable to the abundances in the CR Ěux we measure. Above all should it be
able to account for the highest energies observed. Of course, the sources alone can not
account for all of the spectral features. Some of them are certainly the effects of the
propagation, i.e. interaction with the ISM on the way to earth. Others are certainly
induced by the fact that there is not a single species of astrophysical objects respon-
sible for the production of the entire spectrum. Most likely a mixture of galactic and
extra-galactic objects determine the shape of the different energy parts of the spectrum
[ǉǍǑ]. ĉe miracle of particles with energies beyond ƥƤƦƤ eV, has lead to the formula-
tion of a diversity of theories to explain their existence. ĉey can roughly be divided
into two families of theories - the boĪom-up scenario and the top-down scenario.

Ǌ.Ǌ.ǉ BŃŔŃŁ-Ŋń ňķĹłĵŇĽŃň

In general, a variety of different scenarios is plausible to transfer energy from a macro-
scopic environment to particles. Under consideration are magnetic or electric acceler-
ation, as well as magnetohydrodynamical scenarios. However, due to the abundance
of ionised plasma in cosmic environments, electric ėelds will hardly persist for a suffi-
cient amount of time. Furthermore, simple static magnetic ėelds can be excluded for
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the reason that ėeld strength and extension required to produce the highest CR ener-
gies would surmount those of any astrophysical object we could imagine by far. It is
in fact most likely that the accelerator has a strong magnetic ėeld, yet in an environ-
ment that is characterized by strong magnetohydrodynamical turbulences and shock
fronts. ĉis scenario allows to conėne the particles inside the accelerating region for
a sufficient amount of time to gain high energies. Of course, magnetic ėeld strength
and spatial dimension would still bemajor ingredients to reach themaximum energies
we observe. A simple rule of thumb calculation to estimate the maximum achievable
energy in such a scenario is expressed by

Emax = βZe
(

B
ƥμG

)(
R

ƥkpc

)
EeV (Ǌ.ǉ)

here β denotes the shock front velocity traversing the region of size R with a magnetic
ėeld B. ĉe Hillas plot maps candidate sites for sources of UHECR in the parameter
space of expansion and magnetic ėeld strength [ǉǋǌ] (Fig. Ǌ.Ǌ.ǉ). ĉe Hillas crite-
rion imposes such strong constraints on the potential sources that most of the known
astrophysical objects are effectively excluded [ǉǌǋ].

Figure 2.2.1: Hillas plot of potential acceleration sites for UHECR depending on
extension and magnetic field strength. [165]
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ĉe idea of a statistical process in which a particle encounters multiple interaction
with an acceleratingmediumhas ėrstly been proposed by Enrico Fermi¹⁰. In the ǉǑǏǈs
the idea of shock front acceleration has been developed by a number of groups [ǋǌ, ǋǍ,
ǎǍ, ǉǍǐ]. It is referred to as the ėrst order Fermi mechanism.

In the following derivation, taken from [ǊǊǉ, p. Ǎǉ - Ǎǎ], the idea is that a supersonic
shock front passes through amediumwhich contains a magnetic ėeld that is turbulent
and highly irregular. Such a scenario can be found in the expanding shell of supernova
remnants or in the jets of AGNs. By passing through themedium, the shock accelerates
a small part of the gas particles to high energies. It travels with a velocityU dividing the
medium into an un-shocked upstream region (ρƥ, vƥ, Pƥ) and a shocked downstream
region (ρƦ, vƦ, PƦ). In this simple approximation, we assume themedium to be an ideal
gas with a ratio of speciėc heats Γ = Ʃ/Ƨ and neglect radiative losses. We consider the
scenario in the limiting case of a shock with a high Mach numberMƥ ≫ ƥ so

vƦ
vƥ

=
ƥ
ƨ

(Ǌ.Ǌ)

applies. Moreover, we demand a conservation of mass Ěux across the discontinuity

Fmass = ρƥvƥ = ρƦvƦ. (Ǌ.ǋ)

ĉus, we get
ρƦ
ρƥ

= ƨ. (Ǌ.ǌ)

And so the velocity of the gas Ěowing into the shock is vƥ = U. When it Ěows out of
the shock vƦ = U/ƨ. For the rest frame of the upstream region the downstream region
approaches with a speed v ≡ |vƦ − vƥ| = ƧU/ƨ (Fig. Ǌ.Ǌ.Ǌ). When a relativistic par-
ticle with momentum px = E/c dives from the upstream region into the downstream
region, it interacts with irregularities of the magnetic ėeld in the downstream region
and gains energy

E′ = E+ pxv. (Ǌ.Ǎ)

For a non-relativistic shock (γ ≈ ƥ), we get

ΔE
E

=
v
c
, with ΔE = E′ − E. (Ǌ.ǎ)

¹⁰Enrico Fermi, bǊǑ September ǉǑǈǉ, Rome, Italy dǊǐ November ǉǑǍǌ, Chicago, Illinois, United
States; Nobel Prize in Physics in ǉǑǋǐ
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Now, we look at the same process from the reference frame of the downstream region.
ĉe upstream gas Ěows into the shock at a speed of v ≡ |vƥ − vƦ| = ƧU/ƨ. ĉus,
the energy gain is the same for a relativistic particle, independent from which side of
the shock it traverses the front. Due to the irregularities of the magnetic ėelds in the
vicinity of the shock front. ĉe particle loses its original direction while crossing the
front. ĉere is a certain probability that soon aěer the crossing, it again dives into the
other region. ĉe increase in energy is proportional to v/c. ĉis is the reason why it is
called the ėrst order Fermi mechanism.

Figure 2.2.2: The dynamics of a particle in the vicinity of a strong shock wave.
Upstream- and downstream regions are characterized by variables of state p, T
and ρ. Particle flux seen from the reference frame co-moving with the shock front.
Taken from [221].

To determine the shape of the resulting energy spectrum, we have to consider how
oěen a particle can traverse the shock front. Each crossing yields an energy gain of a
factor β = ƥ + v/c. When a particle with an initial energy EƤ crosses the front j times,
it will acquire a total energy of E = EƤβj. For one particle, the probability to remain in
the region may be P . ĉus, aěer j crossings N = NƤP j out of NƤ particles remain in
the region. We eliminate j

log
(

N
NƤ

)
log

(
E
EƤ

) =
logP
log β

(Ǌ.Ǐ)
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and get
N
NƤ

=

(
E
EƤ

)logP/ log β

. (Ǌ.ǐ)

ĉe differential form is

n(E) ∝ E(logP/ log β)−ƥ ∝ E−kdE, (Ǌ.Ǒ)

deėning the power law index as k = ƥ − (logP/ log β). ĉe shape of the emerging
spectrum is non-thermal.

Now, we want to calculate the probability P . From geometrical considerations we
ėnd that the number of particle that cross the shock per area and time, i.e. the Ěux is
F = nc/ƨ, with n being the number density of particles. [see ǊǊǉ, p.Ǎǌ for details]ĉe
advection speed of the particles in the downstream region isU/ƨ. ĉus, the amount of
particles advected outside the accelerator is (nU/ƨ)/(nc/ƨ) = U/c. SinceU ≪ c, we
can approximate

logP = log
(

ƥ − U
c

)
≈ −U

c
. (Ǌ.ǉǈ)

For the estimation of β, we consider particles crossing the front with an incident angle
θ, gaining an energy

ΔE
E

=
v
c
cos θ. (Ǌ.ǉǉ)

ĉe amount of penetrating particles between [θ, θ+dθ] is∝ sin θ. ĉe rate of particles
reaching the shock front is∝ cos θ, since it is proportional to their velocity component
parallel to the normal of the shock front. Now, we normalize the energy gain per cross-
ing: ⟨

ΔE
E

⟩
=

v
c

∫ π/Ʀ

Ƥ
Ʀ cosƦ θ sin θdθ =

Ʀ
Ƨ
v
c
. (Ǌ.ǉǊ)

For one round trip, we get

β =
E
EƤ

= ƥ +
ƨ
Ƨ
v
c

(Ǌ.ǉǋ)

and with v = ƧU/ƨ

log β = log
(

ƥ +
U
c

)
≈ U

c
. (Ǌ.ǉǌ)

We obtain a power law index

k = ƥ − logP
log β

≈ Ʀ. (Ǌ.ǉǍ)
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ĉe formof the spectrum appears as n(E)dE ∝ E−ƦdE. ĉis is in fact relatively close to
what we observe. ĉe index depends on the assumptions we made during the deriva-
tion. ĉus, depending on the astrophysical model behind, other indices could be ob-
tained.

A whole family of magnetohydrodynamical models has emerged since the ėrst for-
mulation of the Fermi acceleration model. Many of them are far more sophisticated.
However, the underlying statistical principles can be regarded as loosely related. We
brieĚy introduce the most prominent models, developed in the recent years.

TļĹ DIP-MŃĸĹŀ, formulated by Aloisio, Berezinsky, Gazizov et al. [ǉǑ, ǌǎ], states an
almost pure proton injection spectrum for energies higher than ∼ ƥƤƥƬ eV [ǊǊ]. For
the lower energies, the composition is believed to be exclusively iron nuclei [ǌǋ]. ĉe
ankle appears in the spectrum as a feature of the pair-production dip. ĉe ingredients
are:

• Apureprotoncomposition injectedat the acceleration site for extragalacticEHECR;

• ĉe power law index at the source is assumed to be γg = Ʀ.ƫ [ǉǑ, ǌǎ];

• ĉe transition from the heavy, galactic to the light, extra-galactic component be-
gins at the second knee (∼ ƥƤƥƫ eV) [ǉǐ] and ends at the beginning of the dip (∼

ƥƤƥƬ eV) [ǌǋ];

• ĉe dip between ƥƤƥƬ and Ʃ · ƥƤƥƭ eV is a signature of pair production losses. ĉis
cannot happen, if either the spectral index γ < Ǌ.ǌ or a heavy nuclei fraction
larger than ǉǍ ƻ is injected at ƥƤƥƬ eV [ǉǏ];

• ĉe cut-off is a feature of the GZK-effect (due to the CMB) [ǉǍ].

ĉe dip model is favoured by the measured spectra taken by the HiRes and TA experi-
mentsãboth in thenorthernhemisphere. ĉemass composition analysis of theUHE
Ěux of both data sets show indications of a proton dominated spectrum. ĉe total Ěux
predicted by the model shows a very good agreement with the all particle spectrum of
many experiments [ǉǐ], including thećSCADE-Grandemeasurements [ǉǏǋ]. Nev-
ertheless, the PAO mass composition measurements strongly contradict the claims of
this model. ĉe PAO data show a clear transition to a heavier component than pro-
tons. ĉe reason why the observations differ from other experiments is still subject to
discussion.
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TļĹ MĽŎĹĸ CŃŁńŃňĽŉĽŃł MŃĸĹŀ, developed by Allard, Parizot and Olinto [ǉǋ–ǉǍ,
ǐǑ] is based on the following assumptions:

• A Ěat injection spectrum γ ≈ Ǌ.Ǌ - Ǌ.ǋ [ǉǍ] (Ǌ.ǋ is a necessary condition for
holistic models in which the same type of source accelerates cosmic rays to all
energies);

• A chemical composition at UHE with similar abundances as for lower energy
galactic CR (proton dominated with a substantial fraction of heavier nuclei >
ǋǈ ƻ ) [ǉǍ];

• A maximum possible energy for protons Ep
max = ƥƤƦƤ.Ʃ eV [ǉǍ];

• A rigidity dependent acceleration mechanism EA
max = Z · Ep

max [ǉǍ];

• At the ankle (E< ƥƤƥƭ eV) a substantial fraction of extra-galactic UHE nuclei in
the Ěux (mixed composition) [ǉǏ];

• ĉe transition from a galactic to an extragalactic component is expected atEtr >

Ƨ · ƥƤƥƬ eV [ǉǏ];

• ĉe ankle is not explained as a pair production dip but by means of a transition
feature [ǉǍ];

• Extragalactic component are nuclei of various types, transition occurs from iron
to lighter nuclei of mixed composition [ǌǋ];

• Protons dominate the spectrum only for the highest energies E> ƥƤƥƭ eV [ǉǏ],
[ǊǊ];

• ĉe cut-off appears due to nuclear disintegration (by IR, optical, UV photons)
[ǉǍ].

ĉe model nicely reproduces the PAO spectrum. Moreover, it is well in accordance
with the PAO mass composition measurements. Although, it contradicts the data of
HiRes/TA. According to [ǉǏ], the model critically depends on the composition at the
source, due to many parameters to ėt the data. Basic differences to the dip model are
the point of transition to extragalactic CR and the composition in energy range ƥƤƥƬ –
ƥƤƥƭ eV.
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TļĹ DĽňĵńńŃĽłŉĽłĻ MŃĸĹŀ has been developed by Aloisio and Berezinsky, espe-
cially to explain the data measured by the PAO [Ǌǈ, Ǌǉ]. It acknowledges the fact that
the mass composition is becoming steadily heavier with increasing energy from ǋ EeV
to ǋǍ EeV. Basic assumptions of this model are:

• A proton-dominated mass composition at energies between ǉ to ǋ EeV (ĉis
component is thought to be of extragalactic origin. ĉe proton prevalence van-
ishes for higher energies);

• A substantial ratio of heavier nuclei in the spectrum already at E > ƨ · ƥƤƥƬ eV
[ǉǐ];

• A flat injection spectrum with γg = Ǌ.ǈ [ǉǐ];

• A maximum acceleration energy for protons of Ep
max ǌ-ǉǈ EeV [ǉǐ];

• A rigidity dependent acceleration mechanism EA
max = Z Ep

max (Z denotes the
atomic charge number of the nucleus A. ĉus, the mass composition rises with
energy) [ǊǊ];

• ĉe highest energy in the spectrum, reached by iron, does not exceed ǉǈǈ-ǋǈǈ
EeV [Ǌǈ];

• A mixed composition at the sources consisting of protons, helium- and iron-
nuclei [ǉǐ];

• ĉe transition from galactic to extragalactic origin is placed at energies around
ǉǈƥƬ eV [ǉǐ];

• ĉe observed cut-off is a feature of photo disintegration [Ǌǉ].

ĉe mixed composition has been introduced to match the PAO observations. In this
model, the average energy per nucleon is less than Ǌ-ǌ EeV, therefore certain conse-
quences arise [Ǌǉ]:

ǉ. No pion photo-production on CMB photons;

Ǌ. ĉere is no GZK cut-off in the spectrum;

ǋ. No production of cosmogenic neutrinos due to interaction with the CMB;
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ǌ. ĉe Ěux of cosmogenic neutrinos due to the interaction of UHECR with EBL
photons is too low to be observed in current experiments (insufficient expo-
sure);

Ǎ. Since the charged nuclei are strongly affected by magnetic ėelds, no correlation
with nearby sources is possible.

ĉe model reproduces the PAO data but the total Ěux does not seem to be in per-
fect agreement with observations in particular at energies around the transition region
with HiRes [ǉǐ]. Due to the severe consequences of this model for future observa-
tionsAloisio andBerezinzky have called it the disappointingmodel. Uncertainties in the
model come mostly from the estimate of Ep

max. Both the disappointing and the mixed
compositionmodel assume homogeneously distributed sources and neglect their cos-
mological evolution.

Ǌ.Ǌ.Ǌ PŃŉĹłŉĽĵŀ SŃŊŇķĹň

Several proposals for potential acceleration sites for UHECR have been made. ĉe
persisting problem is to identify a region in the cosmos, where the conditions in terms
ofmagnetic ėeld strength and extension aremet in order to fulėl the scenario described
in the Hillas plot (see Fig. Ǌ.Ǌ.ǉ) for a sufficient amount of time. ĉere are only a few
systemsweknowof, having anamplepotential for this. ĉemost reasonable candidates
are brieĚy introduced in the following.

AķŉĽŋĹ GĵŀĵķŉĽķ NŊķŀĹĽ (AGN) is a uniėed classiėcation scheme for a wide range
of objects such as radio loud, radio quiet, Seyfert ǉ and Seyfert Ǌ galaxies, radio quiet
quasars and blazars [ǉǐǎ]. Common for all of them is a strong, non-thermal emission
from the core of the host galaxy. ĉe different objects are categorised by phenomeno-
logical considerations instead of the physical nature of the sources[Ǌǋǋ] (Fig. Ǌ.Ǌ.ǋ).

At the centre of anAGN is a rotating supermassive black holewhich is accompanied
by an accretion disc. ĉis system is surrounded by a dusty torus of gas. From the centre
region, a jet of plasma is ejected along the spin axis of the BH. ĉe entire object is
surrounded by clouds of gas. (See Fig. Ǌ.Ǌ.ǌ)Depending on the viewing angle towards
this object different emission regions come into the observers line of sight. ĉus, the
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Figure 2.2.3: The elliptical galaxy NGC 4261 (left: picture from ground tele-
scopes, width ∼ 88,000 light years) and the close-up of the core (right: picture
from the Hubble Space Telescope (HST), width ∼ 400 light years) Taken from
[233, p. 210].

phenomenology of such an object depends mainly on the orientation of the torus and
the jet relative to the observer.

Figure 2.2.4: Sketch of the unified classification scheme of AGNs. Basic compo-
nents are shown and the different viewing angles under which the various sources
appear. Taken from [233, p. 209].

JĹŉň can occur during the accretion of maĨer from a disc onto a large compact object.
A collimated outĚow of photons, electrons and positrons is then ejected orthogonal to
the plane of the accretion disc and along the rotational axis of the central object. Jets
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of AGNs are ejected with extreme velocities, having Lorentz factors up to ǋǈ [ǊǊǉ, p.
ǋǉǉ].

LiĨle is known about the actual consistence of jets. Hypothetically, they consist of
an electrically neutral mixture of electrons, positrons, protons and photons. Recently
a study of one particular black hole with jets has given strong indications for the pres-
ence of a baryonic component [ǊǎǏ]. A large fraction of observed AGNs have one or
two jets. It is not entirely clear if the scenario of only one jet really exists. ĉis could
merely be to the fact that the jet ejected into the direction of the observer appearsmuch
brighter than it actually is, due to relativistic Doppler boosting. ĉe same argument
might lead to a vanishing opposite jet when the Doppler effect weakens its radiation.
ĉis effect can account for a factor ǉǈǈ in the perception of the brightness [Ǌǋǋ, p.
ǊǉǊ]. Jets of AGNs reach out as far as several hundred or even hundreds of thousands
of parsec into the cosmos [ǊǎǑ, p. ǌǌǎ]. When jets strike interstellar maĨer, turbulent
shock fronts are created that are moving with the jet at high speeds while slowing it
down until it slowly dies out. ĉe jet eventually terminates in huge lobes visible in the
radio range. ĉis is a prominent feature for quasars and radio galaxies. Comparable jets
can form on smaller scales, in the vicinity of neutron stars or stellar mass black holes,
e.g..

Figure 2.2.5: Illustration of the relativistic jet model. Taken from [233, p. 212].
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ĉe creating mechanism of the jet still remains unclear. ĉere is a common agree-
ment that it is somehow powered by accretion and the spinning black hole. Two dif-
ferent kinds of explanations are delivered. Penrose claims that a frame dragging effect
spirals up the magnetic ėeld lines. ĉis leads to an extraction of particles and momen-
tum [Ǌǈǌ]. Blandford and Znajek argue that “energy and angular momentum can be
extracted from a rotating black hole by a purely electromagneticmechanism” [ǎǎ]. Jets
of black holes are identiėed as sites where the Fermi mechanism could occur [ǑǊ]. Es-
pecially blazars are believed to be candidates [Ǌǉǎ]. ĉe acceleration of UHECR is
thought to happen either inside the jets nearby the central engine (BH) or at the ter-
mination, where the jet strikes the ISM.

GĵŁŁĵ-Ňĵŏ ĶŊŇňŉň (GRBs) are Ěashes of γ-rays of extreme luminosity and a dura-
tion of approximately seconds to a few minutes. It is a non-repeating phenomenon
and isotropically distributed in the sky. Due to the very short duration and the unpre-
dictable occurrence, it was impossible from the ėrst accidental discovery by military
satellites in the ǉǑǎǈs till the late ǉǑǑǈs to determine their origin. GRBs are followed
by an aěerglow in the other wavelengths for some hours. By taking advantage of this
effect, the satellite BeppoSAX¹¹ had been able to determine the cosmological origin of
GRBs [ǊǎǑ].

Light curves of GRBs have a large variety in their temporal structure. Some are sin-
gle peaked, others showmultiple peaks or even a complex and chaotic behaviour. Nev-
ertheless, we can roughly distinguish between two kinds of γ-ray bursts. Short GRBs
have a duration of usually below Ǌ seconds. ĉey account for about one third of all
events. ĉe long events usually have a duration of approximately ǉǈ to Ǌǈ seconds.

ĉe extremely luminous γ-Ěuxes during such an event make GRBs the brightest
events in the universe since the Big Bang. If they were emiĨing isotropically, they
would have an average energy output of ∼ ǉƤƩƧ – ǉǈƩƩ erg. ĉat corresponds to approx-
imately one solar rest mass ã unleashed in a few seconds. Moreover, the luminosity
is far above the Eddington limit¹² of LEd ≈ ƥƤƧƬ(M/MSun) erg s−ƥ. Hence, there are
strong hints that this emissionmust be anisotropic, supposedly beamed in a cone with
an opening angle of a few degrees. ĉough the amount of energy still would make up
∼ ƥƤƩƥ erg. ĉis is comparable to a supernova explosion.

¹¹BeppoSAX: ǉǑǑǎ-ǊǈǈǊ
¹²At the Eddington limit, radiation pressure exceeds gravity. ĉerefore a system exceeding this

limit cannot be stable.
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One popular scenario for the creation of GRBs is the so called ėreball model. It
states that the release of this amount of energy is due to an effect caused by dissipa-
tion of the kinetic energy when highly relativistically ejected plasma, e.g. in form of
a jet strikes the ISM. ĉese jets are required to have a high Lorentz factor of perhaps
ǉǈǈ [ǉǐǎ]. Although the initial causation of these events is not fully understood, a
widely accepted theory links the physical engine behind to themergers of two neutron
stars[ǊǎǑ]. However, large variety of theories have been established until today. Many
of them could not be excluded by the observations made so far [ǉǐǎ].

SŊńĹŇłŃŋĵ RĹŁłĵłŉň are the remains of a supernova explosion. It consists of the
ejectedmaterial of the progenitor star and expands in a shock wave into the interstellar
medium. Supernovae are phenomenologically categorized in different branches. Type
I do not show any hydrogen lines in their spectrum, whereas type II SN do. [Ǌǋǋ, p.
ǌǐ]

SN type II and SN type I b, c are explosions at the ėnal stages of massive (m≥
Ƭ · mSun) stars. ĉey are core collapse SN. In the lifetime of massive stars, ėrst the hy-
drogen supply is burned into helium and at a later stage, helium and heavier elements
are fused up to iron. Iron is the most stable element in the periodic table. From here
on, no more energy can be gained by nuclear fusion. ĉe star collapses under its own
gravity. During a the collapse a rebound occurs. A shock front heats up the material of
the outer shells and ejects it. Aěer the explosion, a neutron star or black hole remains
at the centre of the expanding shell. [Ǌǋǋ, p. ǌǐ]

SN Ia, are thought to be the explosion of awhite dwarf star binary system. During its
lifetime, the white dwarf slowly captures maĨer from the larger companion. When the
accumulatedmass reaches theChandrasekhar limit ¹³ of ǉ.ǌǌ solarmasses, a thermonu-
clear explosion, due to the ignition of carbon, is triggered and the system explodes
[ǉǐǈ]. ĉere are no remains of the white dwarf leě. SN I act as standard candles in
cosmological distance determination, since their conditions are always highly similar
and thus their luminosity is about the same order of magnitude [Ǌǋǋ, p. ǌǑ]. It is how-
ever, still unclear, whether this scenario can account for type Ia supernovae, since here
no hydrogen is detected. ĉe low mass companion in such binary system does con-
tain hydrogen. ĉis brings the so called double-degenerate binaries into focus. ĉey
consist of two white dwarf stars orbiting each other. Unfortunately, the occurrence of
such kind of system is not enough to statistically explain the amount of SN type Ia.

¹³Chandrasekhar limit: is the theoretical upper boundary for the mass of a white dwarf.
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ĉey could only account for about one tenth [ǉǐǈ, p. ǌǈǏ].
ĉe initial expansion velocities of SN are of the order of ǉǈƨ km s−ƥ into the ISM

[ǊǎǑ, p. ǋǍǐ]. During the expansion the shock-front sweeps up material of the ISM.
Gradual decelerations of the expanding shell begins, once its density clearly exceeds
the density of the ISM [Ǌǌǉ, p. ǎǉ]. Aěer Ǌǈǈ years with a radius of about Ǌ pc, the
expanding shell becomes gradually slower with velocities of approximately ǉǈǈ km s−ƥ

and radii up to ǋǈ pc. ĉe shells eventually dissolves with a diameter of about ǉǈǈ pc,
when the speed is about the speed of the movements of the surrounding ISM of ǉǈ
km s−ƥ. ĉe total lifetime of a remnant is approximately ǉǈƪ years. ĉe collision of the
expanding hull with the ISM generates high temperatures. ĉus, the thermal radiation
is mainly emiĨed in the X-ray range, but also in radio and optical wavelengths [ǊǎǑ, p.
ǋǍǐ]. (See Fig. Ǌ.Ǌ.ǎ)

Figure 2.2.6: Supernova Remnant SN 1006. The expanding shell emits across
the electromagnetic spectrum. Composite view of X-ray data in blue, optical data
in yellow, and radio image data in red. The remnant has a diameter of about 60
light years and is likely to represent the remains of a type Ia event. Taken from
[168].

A few younger SNR, have a central pulsar - a remain of the exploding progenitor
star. ĉe quickly rotating neutron-star is responsible for most of the radiation emiĨed
by the entire SNR. ĉese remnants are called Pulsar Wind Nebulae (PWN).

SNRs are aĨractive candidates for potential acceleration sites of cosmic rays. When
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the expansion of the shell slows down, a part of its kinetic energy is transferred to cos-
mic rays [Ǌǌǉ]. ĉey bear important ingredients. A sufficient lifetime, strongmagnetic
ėelds and turbulent shock fronts. However, it is widely agreed that SNR are only ca-
pable of accelerating UHECR up tomaximum energies of about ǉǈƥƩ eV. Nevertheless,
SNRare considered as themost aĨractive candidate for the acceleration of galactic cos-
mic rays. “If only Ǎ ƻ to ǉǈ ƻ of the kinetic energy of supernova remnants is converted
to accelerated cosmic rays this would provide the energy of all galactic cosmic rays.”
[ǉǎǍ, and references therein].

NĹŊŉŇŃł SŉĵŇň ĵłĸ MĵĻłĹŉĵŇň are compact objects with diameters of about ǉǈ
km. ĉeir mass is of the order of ǉ.ǌ to ǋ.Ǌ solar masses. Generally, compact objects
of less than ǉ.ǌǌ solar masses are white dwarfs. Objects heavier than Ǌ-ǋ solar masses
could become quark stars or black holes. Further collapse to a black hole is prevented
because of quantum degeneracy pressure due to the Pauli exclusion principle¹⁴. ĉe
average density of aNS can be estimated as roughly ǋ.Ǐ · ǉǈƥƫ to Ǎ.Ǒ · ǉǈƥƫ kg/mƧ. How-
ever, at the surface the density is less and increases below the crust, where it can even
exceed the density of atomic nuclei. LiĨle is know about the state of the maĨer in the
interior of the neutron star (NS). Possibilities of a liquid core of super Ěuid quarkmat-
ter are discussed. ĉe surface temperature of NS is of the order of ǎ · ǉǈƩ K. ĉeir
magnetic ėeld can reach up to ǉǈƬ Tesla. [ǊǊǉ, p. ǉǐǍ]

NS are formed during the collapse of a star formed in a supernova type I b, c or type
II event. Because of the conservation of its angular momentum in the collapse, where
the radius of the star shrinks from thousands of kilometres to a small fraction, the re-
sulting NS rotates extremely fast. ĉe rotation periods lie between milliseconds to a
few ten seconds. [ǊǊǉ, p. ǉǎǌ] Quickly rotating NS can emit electromagnetic radia-
tion on form of collimated jets along the spin axis. ĉey appear as quasars. ĉe same
arguments as for the spin period applies to the magnetic ėeld lines. If the progenitor
star had had a magnetic ėeld of the order of ǉǈ−ƨ Tesla, during the collapse, the ėeld
lines are compressed in such a way that the resulting NS would have a ėeld strength of
approximately ǉǈƪ Tesla. [ǊǎǑ, p. ǊǏǌ]

Magnetars are distinguished from ordinary neutron stars by even stronger magnetic
ėelds and slower rotations. ĉe rotation period of a magnetar is about several seconds.
ĉeirmagnetic ėeld strength is considerably larger and reaches ǉǈƥƥ Tesla [ǊǎǑ, p. ǊǏǑ].

¹⁴Pauli exclusion principle: no two fermions can occupy the same quantum state in the same loca-
tion simultaneously
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It causes very strong and characteristic bursts of X-rays and γ-rays. However, the strong
ėeld decays aěer approximately ǉǈ,ǈǈǈ years. ĉerefore, its activity and the intense X-
ray emission vanishes.

ĉe genesis of a magnetar basically takes place in analogy other NS. Although, in
this particular case, amagnetohydrodynamical effect occurs. When rotation, magnetic
ėeld and temperature of the proto-neutron-star stage arewithin the right ranges, amas-
sive dynamo mechanism could convert the energy from the heat and rotation into an
even strongermagnetic ėeld. Prerequisite for this special type ofNS is therefore a rapid
rotation of the core of the progenitor star. [Ǌǉǌ]

ĉe question on the origin of cosmic rays is now one century old. For most parts of
the spectrum, convincing explanations have been widely agreed upon. Nevertheless,
the higher the energy gets, the more mysterious potential sources become. From the-
oretical considerations we can estimate what it takes to speed up the particles to the
energies we measure. But ėnding an object that could account for magnetic ėelds of
the order we need, plus sufficient extension and lifetime is a puzzling task. From the
experimental point of view, tracking down the sources of particles with energies up to
ǉǈƦƤ eV is afflicted with high uncertainties. Below this energy the particle’s trajectory
is strongly affected by galactic and intergalactic magnetic ėelds in a way that its arrival
direction does not point back to the emiĨer. Despite of that, we can still search for
smoking guns by means of secondary effects such as γ-ray detection. While interacting
with interstellar material, UHE protons produce neutral pions. ĉese pions decay into
gamma rays. By searching for the characteristic neutral pion decay signature we can
therefore test the hypothesis of high energy proton acceleration in SNRs [ǎ]. ĉis has
proven to be successful. However, these tests only conėrm acceleration up to some
hundred Gev [Ǒǉ].

Active galactic nuclei and gamma ray bursts are perhaps the most aĨractive candi-
dates [ǌǉ]. In principle, GRBs have the potential to act as acceleration sites, even up
to the highest energies observed so far. Problematic however is the scarcity of events
within the GZK radius [Ǒǉ, and references therein]. A more fruitful candidate are
AGNs and especially jets of AGNs. Within jets of AGNs, multiple shock fronts are
traversing each other and provide a perfect scenario for driě acceleration of UHECR.
ĉey remain the most popular candidates for good reason. However, still the question
of Emax is an open issue.
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Ǌ.Ǌ.ǋ TŃń-DŃŌł SķĹłĵŇĽŃň

Top-downmodel is a commonname for theorieswith the approach to explainUHECR
by means of a decay of even more energetic entities (X-particles). ĉis approach was
mainly but not only inspired to account for the data measured by the AGASA (Akeno
Giant Air Shower Array) experiment. ĉese results show a remarkably strong trans-
GZK Ěux, signiėcantly higher than what would have been expected from theoretical
predictions. Moreover, those events couldnot be correlated to anynearby source. ĉey
appeared to be rather isotropically distributed on large scales, even though some dou-
blets and one triplet had been identiėed [ǉǏǐ, ǊǍǊ]. Today, the shape of the UHECR
spectrum is far less disputed than at the time of the HiRes/AGASA debate. However,
still nearly all boĨom-up scenarios as shown above, have either intricacies to account
for the measured maximum energies or yield unsatisfactory predictions of the Ěuxes
or spectra [ǌǍ]. ĉe top-down scenario elegantly avoids the acceleration issue. It can
roughly be subdivided into two kinds of theories, the decay of super-heavy darkmaĨer
(SHDM) or topological defects (TD). ĉe notion of topological defects draw further
motivation from predictions of the Grand Uniėed ĉeories (GUT). ĉe SHDM sce-
nario is further motivated by dark maĨer search, since is would be an aĨractive candi-
date. Both ideas require physics beyond the standard model (SM) of particle physics.

TŃńŃŀŃĻĽķĵŀ DĹĺĹķŉň (TDs) are meta-stable conėgurations of maĨer beyond the
SM of particle physics. ĉey are are non-trivial conėgurations of the classical ėelds.
ManyGUTsallow topological defects tohavebeen formedduring the symmetrybreak-
ing phase in the early universe. ĉere could exist

• magneticmonopoles (ǈ-dimensional, havemagnetic charge, eithernorthor south
and large gravitational ėelds [ǊǏ]),

• cosmic strings (one-dimensional lines with length of cosmological distances),

• domainwalls (two-dimensional fabrics, dividing theuniverse intodiscrete cells),

• TDs with higher dimensions,

• or conėgurations consisting of more complex hybrids such as cosmic necklaces
(systems of monopoles connected to two strings each) [ǌǌ]

ĉeX-particles needed to explainUHECRare the super-heavy gauge bosons of the un-
derlying spontaneouslybrokengauge theorywithmassesof theGUT-scale (mX ≈ ƥƤƦƩ
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eV). Even thoughX-particleswouldhave a very short lifetime, trappedwithinTDs they
were prevented from decaying. When TDs collapse or annihilate, X-particles are re-
leased and decay [ǉǎǌ]. A very appealing candidate for the production of UHECR are
cosmic necklaces and magnetic monopole-antimonopole pairs. Berezinsky has iden-
tiėed them “as most plausible sources, which can provide the observed Ěux and spec-
trum” [ǌǈ]. ĉeGZK-feature should however be less pronounced than in the boĨom-
up approach due to the dominance of photons [ǉǌǈ].

SŊńĹŇ-HĹĵŋŏDĵŇĿMĵŔĹŇ (SHDM)arehypothetical particles thatmighthavebeen
produced shortly aěer the Big Bang. Cosmic rays of the highest energies we observe
can be understood as a decay product of even more energetic particles with energies
exceeding ǉǈƦƥ eV. In order to observe the decay products now, these relic particles are
required to have lifetimes comparable to the age of the universe [ǉǎǌ, p. Ǌǐǎ]. ĉey are
regarded as a part of the predicted cold dark maĨer component and as such expected
to enrich gravitationally in the galactic halo. ĉis lies well within the GZK horizon.
ĉerefore, neither would we expect to observe a cut-off, nor should we observe a clear
galactic isotropy. Furthermore, according to the decaymodels, the compositionwould
strongly favour neutrinos and photons over nuclei [ǉǌǈ].

Since the heyday of top-down theories a reasonable amount of data has been taken
by the current UHECR experiments. It is clear that the shape of the AGASA spectrum
for the highest energies cannot bemaintained any longer. ĉerefore, strong constraints
apply on the top-down models, rejecting most of them. ĉe same argument applies
to the composition at the end of the spectrum. Even though, it is not clear whether
protons or heavier elements dominate, certainly no photons or neutrinos are detected
in an abundance to account for the top-down scenario. Additionally, no topological
defect has been observed so far. As Olinto remarks in [ǉǑǏ]:

“Top-down models may still contribute at some level, but are not the
dominant source of UHECRs”

Especially due to the data collected by the Pierre Auger Observatory, SHDM theories
can be excluded because of the missing photonic component. ĉe same applies to TD
models, at least for the regime below ǉǈƦƤeV. Some TD models might still contribute
above this energy. ĉevital test todiscriminate the remaining top-down scenarios from
the boĨom-up is going to be conducted by means of UHE neutrino search [Ǌǋǎ].
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Ǌ.ǋ UHE-NĹŊŉŇĽłŃň

In order to satisfy the laws of conservation of energy and momentum for the beta de-
cay, Pauli¹⁵ postulated a missing, neutral, third particle in ǉǑǋǈ. Later it was named
neutrino (small neutron) by Fermi. However, it took until ǉǑǍǎ to verify the existence
of the neutrino experimentally.

In the scope of cosmic ray research, UHE neutrinos play an important role to dis-
criminate UHECR production theories. In ǉǑǎǑ, Beresinsky and Zatsepin ėrst pro-
posed the existence of UHE-ν soon aěer the prediction of the GZK cut-off for pro-
tons [ǋǑ]. By using the observed Ěux of UHECR on earth, reliable estimations of the
cosmogenic neutrino Ěuxes according to the different boĨom-up models can be nu-
merically computed. (See Fig. Ǌ.ǋ.ǉ) Models for these Ěux calculations are based on
basically threemajor factors. First, the observedUHECR Ěux is a vital parameter. Sec-
ond, assumptions on the cosmological evolution of the sources have an impact on the
estimates. ĉird, the maximum energy of acceleration of the source Emax

source imposes a
strong limit [ǌǊ]. A major factor, introducing uncertainties in the predictions of neu-
trino Ěuxes, is the current uncertainty about the UHECR composition for the high
energy end of the spectrum. If these events are protons, a lower limit is imposed on
the cosmogenic neutrino Ěux. ĉe upper limit of the UHE-ν energy is imposed by
the maximum achievable energy of the boĨom-up source Emax

source ≈ ƥƤƦƥ – ƥƤƦƦ eV. Eν

cannot exceed the maximum energy Emax
source. Upper limits for the expected ν-Ěux were

ėrst proposed byWaxman and Bahcall in ǉǑǑǑ [ǊǏǊ]. Only two years later,Mannheim
placed a new upper limit using more sophisticated calculations [ǉǏǎ].

In both scenarios, boĨom-up and top-down, UHECR neutrinos with Eν >ǉǈƥƫeV
are produced. In the boĨom-up case, cosmogenic neutrinos are produced due to inter-
action of UHECR with the cosmic microwave background (CMB). In the top-down
case UHECR neutrinos are naturally created as decay products of the X-particles. For
the top-down scenarios, themaximumEν lies someorders ofmagnitude higher. ĉere-
fore, Emax

ν serves as a signature to discriminate these two scenarios from another [ǌǊ].

Ingeneral, neutrinos areperfectmessengers, since their trajectories arenotdisturbed
bygalactic andextra-galacticmagnetic ėelds. Soneutrinos couldpinpoint thedirection
of their production site. However, neutrinos with Eν > ƥƤƥƦ – ƥƤƥƧ eVwill interact with

¹⁵Wolfgang Ernst Pauli, bǊǍ April ǉǑǈǈ in Vienna, Austria, dǉǍDecember ǉǑǍǐ in Zürich, Switzer-
land; Nobel Prize in Physics in ǉǑǌǍ
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Figure 2.3.1: Cosmogenic neutrino flux for all flavours, for different UHECR pa-
rameters compared to instrument sensitivities. Pink solid line corresponds to a
strong source evolution case with a pure proton composition, dip transition model,
and Emax = 3 ZeV. Blue lines correspond to uniform source evolution with: iron
rich (30%) composition and EZ,max < Z 10 EeV (dotted line) and pure iron injec-
tion and EZ,max = Z 100 EeV (solid). Grey shaded range brackets dip and ankle
transition models, with evolution of star formation history for z < 4, pure proton
and mixed ’Galactic’ compositions, and large proton Emax(> 100 EeV)). Including
the uniform source evolution would broaden the shaded area down to the black
solid line. Current experimental limits (solid lines) assume 90% confidence level
and full mixing neutrino oscillation. The differential limit and the integral flux
limit on a pure E−Ʀ spectrum (straight line) are presented for IceCube 22 lines
(pale blue), ANITA-II (green) and Auger South (red). For future instruments, we
present the projected instrument sensitivities (dashed lines) for IceCube 80 lines
(pale blue), and for JEM-EUSO (purple). Plot and caption taken from [156, 165].
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the CMB relic photons. First they create electron positron pairs via pair production.
ĉen, the high-energy electrons up-scaĨer the γs of the CMB or radio background
due to inverse Compton scaĨering. ĉis triggers electromagnetic cascades. ĉerefore,
the ν horizon is effectively limited to some Mpc for ǉǈǈ TeV ν. [ǉǍǎ, and references
therein] Nevertheless, for energies above ƥƤƥƬ eV, the universe becomes ν-transparent,
opening the possibilities for UHE-ν-astronomy. Unfortunately, due to the very low
cross-sections of neutrinos, detection on earth is a difficult task. Several experiments
have been taken data formany years. Amore comprehensive description, summarizing
the most important of them can be found in [ǎǌ]. Important and very large ν experi-
ments are IceCube andANTARES [Ǌǋǌ]. But also the AugerObservatory is searching
for UHE-νs [ǉǑǋ]. However, none of them has reached a ν sensitivity sufficient to
probe the region in which the proposed ν limits are predicted.

Recently, the Ice Cube experiment has detected the highest energetic cosmogenic
ν ever observed. ĉe Ice Cube Collaboration has reported on two PeV-events named
Ernie and Bert [ǉ] that have been correlated to AGN cores [Ǌǌǋ].

Ǌ.ǌ UHE-PļŃŉŃłň

Like in the case of ultra-high energy neutrinos, the search for UHE-photons is crucial
for our understanding of the origin ofUHECR.ĉedetermination of theUHE-γ spec-
trum can potentially reveal the nature of the UHECR production. In the boĨom-up
scenario,UHE-γ are producedduring theGZK-effect. ĉese secondary photons arrive
to the earth undistorted by galactic or extra-galactic magnetic ėelds. Hence, UHE-γ
carry valuable information about the direction of the potential production site. Sev-
eral models exists, predicting the Ěux of UHE-γ depending on the assumption of the
primary. Whether these are protons or heavier nuclei. Again,Emax

source plays an important
role as well as the opacity of themedium of the acceleration site. ĉesemodels impose
a limit on the UHE-γ Ěux.

In contrast to that, the top-down models again predict a much higher UHE-γ ratio.
Due to the decay process of the X-particles, about Ǒǈ ƻ of the produced particles con-
sist of neutrinos and photons. Depending on the type of X-particle, the UHE-γ Ěuxes
are characteristic and allow for a discrimination between the different models.

ĉe technique behind UHE-γ detection is the same as for UHECR. When UHE-γ
strike the earths atmosphere, they create avalanches of secondary particle. ĉe EAS
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Figure 2.4.1: Upper limits on the integral photon flux by the Pierre Auger Ob-
servatory (hybrid and surface detector, only) plotted with other experiments i.e.
AGASA, Yakutsk and TA. The dashed lines show the predictions for GZK and
“top-down” models: super-heavy dark matter, topological defects and Z-bursts.
Taken from [232, and references therein].

can be observed by Ěuorescence telescopes or ground detectors. However, an UHE-γ
shower behaves differently from a UHECR induced EAS. Two effects make the detec-
tion of UHE-γ induced air showers especially challenging. Both effects lead to a phe-
nomenological diversity of these showers, making it difficult to reconstruct the proper-
ties of the primary in an unequivocal manner. ĉe Landau, Pomeranchuk and Migdal
(LPM) effect suppresses the electromagnetic cross-section at energies E > ǉǈƥƭ eV.
ĉerefore, the ėrst interaction is delayed (see Chap. Ǌ.ǎ.ǋ). Hence, the EAS is far less
developed when reaching the sea level. A second effect is the e± pair production be-
cause of photon interaction with the geomagnetic ėeld. Secondary electrons produce
γ rays by synchrotron radiation. ĉese in turn, trigger an electromagnetic cascade in
the earth’s magnetic ėeld. ĉe pair production effect depends on two parameters, EƦ

γ

and the perpendicular component of the magnetic ėled lines. ĉus, additionally to
the zenith angle, there is an azimuthal dependency of the γ incoming direction. ĉese
effects are imposing serious uncertainties on the determination of the primary [ǊǊǋ].

Currently, the largeUHECRexperiments are thereforemonitoring the sky forUHE-
γ signatures [ǉǍǎ]. However, in the EHE regime no detection of γ has been claimed so
far by any of the current experiments. ĉis lack of EHE-γs imposes severe constraints
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Figure 2.4.2: The average longitudinal profile for Monte Carlo showers induced
by photon and nuclear primaries differ significantly. Plot for different hadronic
interaction models. Taken from [232].

on the top-downmodels. Nonetheless, given the exposures of the current experiments,
the existence of EHE-γs can certainly not be ruled out.

Ǌ.Ǎ PŇŃńĵĻĵŉĽŃł Ľł SńĵķĹ

While propagating from their production site to earth, UHECR are affected by extra-
galactic and galactic magnetic ėelds which alter their trajectory. Moreover, UHECR
are subject to interaction with the cosmic backgrounds. Hence, the Ěux suffers from
aĨenuation and secondary particles such as neutrinos and photons are produced.

Ǌ.Ǎ.ǉ GZK ĵłĸ PļŃŉŃ DĽňĽłŉĹĻŇĵŉĽŃł

In ǉǑǎǎ, shortly aěer the discovery of the Ǌ.Ǐǋ K cosmic microwave background ra-
diation by Penzias and Wilson [ǊǈǍ], Greisen [ǉǊǈ] and independently Zatsepin and
Kuz’min[ǊǏǑ] predicted an interaction of UHE-protons with the relic photons of the
cosmic microwave background. ĉis effect is called the GZK-effect. According to this
theory, from the threshold of E ≈ ƪ · ƥƤƥƭ eV on, the UHE-proton and the γCMB will
interact via a delta-resonance and create eventually ǋ neutrinos with Ǎ ƻ of the initial
proton’s energy in one third of the cases. In another two thirds of the cases, two pho-
tons with an energy of about ǉǈ ƻ are produced. [Ǌǋ] ĉis mechanism carries away
most of the original energy of the proton an therefore limits the horizon of protons
above the threshold to about ǉǈǈ Mpc. ĉere are three possible decay channels [ǉǏǊ,
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p. ǍǋǊ]:

γCMB + pUHE → Δ+ → n+ π+ (Ǌ.ǉǎ)

γCMB + pUHE → Δ+ → p+ πƤ → p+ γ + γ (Ǌ.ǉǏ)

γCMB + pUHE → Δ+ → p+ Nπ (Ǌ.ǉǐ)

Geisen, Zatsepin and Kuz’min predicted a suppression of the cosmic ray Ěux above
the energy threshold of E ≈ ƪ · ƥƤƥƭ eV. Indeed, a strong aĨenuation of the UHECR
Ěux has been conėrmed in the majority of experimental setups. However, it is remark-
able that a distinct amount of trans-GZK events, signiėcantly exceeding the threshold
energy, has been measured. ĉe reason for that is not clear. Furthermore, the fact that
up to now no UHE-neutrino or photon has been recorded raises additional concerns
about the predicted GZK cut-off. Alternative ideas to explain the observed spectral
feature have been proposed. For instance, an effective maximum acceleration energy
Emax of the cosmic accelerators is under discussion.

PļŃŉŃ ĸĽňĽłŉĹĻŇĵŉĽŃł Ńĺ łŊķŀĹĽ heavier than protons can be induced due to in-
teractionwith theCMBphotonsãcomparable to theGZK-effect. Furthermore, they
can interact with infrared (IR), visible light and ultraviolet photons of the extragalactic
background light (EBL) [Ǌǌǌ]

A+ γCMB,EBL → (A− nN) + nN (Ǌ.ǉǑ)

[ǉǐ, ǊǊ, and references therein]. Essentially, four processes are responsible [ǉǋ, ǉǍ]:

ǉ. ĉe giant dipole resonance (GDR) is the main contributor, due to a relatively
low energy threshold of Eγ

thresh ≈ ǐMeV.ĉe nucleus looses one or more nucle-
ons or alpha-particles.

Ǌ. Quasi-deuteron processes (QDP): At photon energies ofEγ
thresh =Ǌǈ – ǉǍǈMeV.

A virtual pion interacts with a nucleon pair within the nucleus. ĉe pair is con-
sequently ejected.

ǋ. Baryonic resonances (BR):AtEγ
thresh >ǉǍǈMeV, a pion interactswith a nucleon

which is thrusted out. While being ejected, it interacts with more nucleons and
ejects them as well. For iron, such a process emits ǎ nucleons on average.
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ǌ. Photo-fragmentation (PF): Together with the BR, the PF contributes at highest
energies. AtEγ

thresh ∼GeV a nucleus breaks intomany fragments when hit by a γ.

ĉephoto-erosionofnuclei alters the chemical compositionof the injectedUHECR
Ěux (Fig. Ǌ.Ǎ.ǉ). ĉus, the effect can serve as a probe for extragalactic and galactic B-
ėelds.

Figure 2.5.1: Differential spectra of UHCR that were emitted as ƩƪFe nuclei after
propagation. The distance is indicated for each curve in Mpc. The source spec-
trum is assumed to be a power law, N(E) ∝ E−Ƨ, over the interval 10 – 1000 EeV.
Taken from [244].

Ǌ.Ǎ.Ǌ PĵĽŇ PŇŃĸŊķŉĽŃł

UHE-γ with energies of the order of ƥƤƥƭ eV propagating through the ISM experience
an effective energy loss on length scales such as ǉǈ Mpc. ĉe interaction is mainly
driven by pair production

γUHE + γEBL −→ e+ + e− (Ǌ.Ǌǈ)
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and the inverse Compton process

e± + γEBL −→ e± + γ. (Ǌ.Ǌǉ)

ĉeUHE-γ decay into electron/positron pairs, because of photon interactionwith the
extra-galactic magnetic ėeld. ĉese secondaries produce γ rays by inverse Compton
process and synchrotron radiation at a later stage. ĉis mechanism leads to an effec-
tive dilution of theUHE-γ Ěux. ĉeevolving electromagnetic cascades bring down the
energy to GeV or Tev region. For the multi-messenger approach, this means that due
to the different cross-sections of the different particle types, theUHE-gammas are car-
riers of information about the local universe, whereas UHE-neutrinos serve as probes
for the cosmological distances. However, also the down-cascaded GeV photons can
serve as an indirect secondary messenger [Ǌǋ].

A signiėcant feature of the UHECR spectrum is the dip between ƥƤƥƬ to Ʃ · ƥƤƥƭ eV,
right before the GZK cut-off (Fig. Ǌ.Ǎ.Ǌ). According to the dip-model, this is an effect

Figure 2.5.2: Pair-production dip and GZK cutoff in terms of modification fac-
tor in comparison with the HiRes observational data (HiRes 2 monocular - boxes,
HiRes 1 monocular - triangles). Curves ηtot and ηee show the total spectrum and
the spectrum calculated with only adiabatic and pair-production energy losses in-
cluded, respectively. Fig. and caption taken from [20, and references therein].
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caused by pair production by protons (PPP) [ǌǋ]

p+ γCMB → p+ e+ e−. (Ǌ.ǊǊ)

ĉis claim is supported by data of the HiRes and the ćSćDE-Grande measure-
ments [Ǌǈ, ǊǍǋ]. However, in other experiments the feature cannot be seen as clearly.
If the particles at these energies are heavier nuclei instead of protons the PPP process
is certainly not the reason for the feature observed.

Ǌ.Ǎ.ǋ MĵĻłĹŉĽķ FĽĹŀĸň

SinceUHECRare predominantly charged particles, their trajectories are inĚuenced by
the variousmagnetic ėelds traversed. For the feasibility of theUHECRsourcedetermi-
nation, it is therefore of vital importance to estimate the impact of those ėelds on their
propagation to earth. Hence, any kind of futureUHECRastronomy therefore depends
on our understanding of the magnetic ėeld behaviour. We can distinguish between a
number of different magnetic ėeld scenarios:

ǉ. Source and its environment: It is an essential factor for the understanding of the
UHECR production. Despite of its role in the acceleration process, it does not
affect the trajectory of the particles aěer ejection into the ISM;

Ǌ. Intergalacticmagnetic ėeld (IGMF): It is regardedaspotentially very inĚuential.
Nonetheless, its strength and distribution is largely unknown;

ǋ. Magnetic ėeld of the galactic halo: Is a part of the galacticmagnetic ėeld (GMF)
and plays a vital role for our understanding of the origin;

ǌ. Magnetic ėeld of the galactic disc: Being also a part of the GMFwhich can con-
ėne particles up to very high energies;

Ǎ. Magnetic ėeld of the heliosphere: Compared to the two laĨer contributions it is
a small scale ėeld and could only be responsible for small deĚections. ĉerefore,
it can be neglected in our estimates;

ǎ. ĉemagnetosphereof the earth: Being also a small scale ėeld, it canbeneglected
for our estimates of the UHECR trajectory. Nevertheless, it plays a role for the
air shower development.
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From these considerations it is apparent that in our understanding of the UHECR
propagation the two major contributions come from the IGMF and the GMF.

TļĹ ĻĵŀĵķŉĽķ ŁĵĻłĹŉĽķ ĺĽĹŀĸ is difficult to be observed, due to our position inside
our galaxy [ǊǍǌ]. ĉe overall picture we have gained so far is only reliable within Ǌ-ǋ
pc. ĉe current methods for magnetic ėeld strength measurement are the observation
of the Zeeman spliĨing of radio and maser lines. Also Faraday rotation measurements
from pulsars and extragalactic sources serve as indicators. ĉe GMF is far from being
homogeneous. It consists of regular and turbulent components [ǉǉǋ], such as random
local inhomogeneities of unclear origin. Even the symmetry of the GMF is unclear.
ĉus, the model of the local volume we have cannot be imposed on the entire galaxy.
By observation of other spiral galaxies we can try to ėnd a model for our own. Such
a model would allow for a parametrization of the GMF. We could then trace back the
trajectory of the UHECR.

ĉe assumptions on the galactic magnetic ėeld are varying. For a ėeld strength of
the order of some μG, the gyro-radii of UHECR with energies below ƥƤƥƬ eV would be
much smaller than the thickness of the galactic disc. ĉerefore, they would be effec-
tively conėned. ĉis is the main reason why the sources of these particles are thought
to be within our galaxy. For energies exceeding ƥƤƥƭ eV, protons have gyro-radii at min-
imum Ǎ times larger than the thickness of the galactic disc. ĉus, they are not conėned
to the plane of the galaxy. ĉe highest energy cosmic rays with E ≈ ƥƤƦƤ are barely

Rigidity, R Gyro-radius of Gyro-radius of
(V) a proton an iron nucleus
ǉǈƥƩ ǈ.ǋǎ pc ǈ.ǈǉǌ pc
ǉǈƥƫ ǋǎ pc ǉ.ǌ pc
ǉǈƥƭ ǋ.ǎ kpc ǉǌǈ pc
ǉǈƦƥ ǋǎǈ kpc ǉǌ kpc

Table 2.5.1: Radii of curvature of cosmic ray protons and iron nuclei in a mag-
netic field with the flux density Ƨ · ƥƤ−ƪG. For ultra-relativistic energies, the rest
mass of the particle becomes negligible. Thus, the rigidity of a proton in volts is
the same as its energy in electron-volts. Data taken from [172, p. 530].

deĚected by the galactic magnetic ėeld. Hence, their trajectories must remain almost
unaffected. For protons with E = ƥ · ƥƤƦƤ eV, the intrinsic error is less than ǉ°, for
instance. Since the UHECR measured on earth so far do not come from the galactic
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centre, but even show arrival direction from high latitudes, we can conclude an extra-
galactic origin of these particles [ǉǏǊ, p. Ǎǋǈ]. However, this behaviour depends on the
charge of the primary. Iron will suffer very large deĚections, even at energies Ʀ.Ʃ · ƥƤƦƤ

eV, e.g.. ĉis effect could produce multiple images from the same source. It is called
magnetic lensing. It could occur frequently and complicate the search for individual
sources.

IłŉĹŇ-ĻĵŀĵķŉĽķ ŁĵĻłĹŉĽķ ĺĽĹŀĸ estimates are extremely difficult to obtain. ĉe
universe is homogeneous and isotropic on large scales. Within theGZKcut-off though,
the maĨer is inhomogeneously distributed. ĉis can be seen by the distribution of lu-
minous maĨer. In the local universe, we observe superclusters, walls, ėlaments and
voids. ĉeir coordinates are well known. And so is supposedly the distribution of UH-
ECR sources. We know that magnetic ėelds are widespread in the universe due to syn-
chrotron emission and multi-wavelength radio polarization measurements. But we do
not yet know the overall large scale structure of the ėeld. Available limits depend on
the model we assume. We can imagine two extreme scenarios:

If the ėeldhad a laminar structure, itwouldbe conėned to the regions of highdensity
such as ėlaments, walls and clusters. ĉe voids in turnwould feature ėelds of negligible
strength. ĉe upper limit of the resulting ėelds within the high density regions could
range from ǈ.ǉ to ǉ μG though. ĉis would be comparable to the GMF values of the
interstellar medium [ǊǍǌ].

If the ėeld had a cellular-structure, the space would be divided into neighbouring
cells. ĉe magnetic ėeld inside each cell would be uniform, but randomly oriented.
Also low density regions like voids would be pervaded by a weak magnetic ėeld. ĉe
IGMF could be characterized by small changes of the ėeld between ƥƤ−ƥƤG inside the
voids to ƥƤ−ƭ – ƥƤ−ƬG inside walls and ėlaments. ĉe highest ėeld strengths could
appear within or nearby clusters of galaxies by approximately ǈ.ǉ – ǉ μG. [ǊǍǌ]

Unfortunately, due to the limited observations available, we cannot distinguish be-
tween these twomodels. Wemust therefore take them as upper and lower boundaries
for our assumptions on the overall magnetic ėeld strength of the IGMF. But they are
only poorly constraining the expectations. Hence, the range for deĚections ofUHECR
reaches from negligible to many degrees, even for ƥƤƦƤ eV protons [ǉǉǋ]. ĉe laminar
scenario would mark the worst case for UHECR observations. Any interpretation of
the angular data would become extremely complicated and biassed by strong system-
atics. ĉe identiėcation of individual sources would become uĨerly challenging [ǊǍǌ].
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On the contrary, in the cellular scenario, gyro-radii of ǉǈǈ EeV protons reach the size
of the GZK sphere. We can take the ėeld strength by ƥƤ−ƥƥ Gauss and apply a random
walk propagation scenario [ǊǍǌ, ǊǏǋ]

θ(d, E) ≈ Ƥ.ƤƦƩ◦
(
d
λ

) ƥ
Ʀ
(

λ
ƥƤMpc

)(
B

ƥƤ−ƥƥG

)(
E

ƥƤƦƤeV

)
. (Ǌ.Ǌǋ)

Here, d denotes thedistance to the source, λ is the coherence length andB themagnetic
ėeld strength [ǊǍǌ]. In this case, only small particle deĚections occur. Hence, this
scenario would allow for an easy identiėcation of the sources and therefore provide
excellent conditions for UHECR astronomy.

Both, the galactic and the inter-galacticmagnetic ėeld can potentially strongly affect
UHECR trajectories. Certainly, the sciences of UHECR physics and cosmic magnetic
ėelds are closely interlinked and can hardly be disentangled. In order to increase our
knowledge onUHECR,we have to gain a beĨer understanding of the cosmicmagnetic
ėelds and vice versa.

Ǌ.ǎ IłŉĹŇĵķŉĽŃł Ľł AŉŁŃňńļĹŇĹ

WhenUHECR reach the earth, theymost likely interact with our atmosphere by strik-
ing air molecules. ĉe probability of interaction depends on the cross-section of the
particle which is linked to its energy and species. I.e., heavy nuclei such as iron interact
relatively high up in the atmosphere, whereas protonswill interact later, aěer traversing
a larger grammage of air. Neutrinos in the most extreme case might traverse the entire
atmosphere and the planet without interacting at all. When an UHECR hits a nitro-
gen or oxygen molecule it is split into parts. ĉe fragments carry the kinetic energy of
the primary and interact again with the surrounding molecules. An avalanche of sec-
ondary particles is triggered and develops into the direction of the initial momentum
at velocities exceeding the speed of light in air. ĉis is called an extensive air shower
(EAS). Due to the superluminal speed, a pencil beam of Cherenkov light is emiĨed in
direction of the shower axis. ĉe collision excitation and consequent de-excitation of
the molecules leads to Ěuorescent light emission. It is distributed isotropically into all
directions. Both radiations are mostly UV light.
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Ǌ.ǎ.ǉ SļŃŌĹŇ DĹŋĹŀŃńŁĹłŉ

ĉe physical processes of the developing air shower can be divided into three differ-
ent kinds. ĉe nucleonic cascade of the spallating molecules, the leptonic cascade of
pions and muons and the electromagnetic cascade of electron-positron pairs and γs
(Fig. Ǌ.ǎ.ǉ).

ĉe shape and timing of the shower can be approximated by empirically derived
functions. ĉese functions are tuned in accordance to Monte Carlo simulations. ĉe
underlying hadronic interactionmodels are extrapolations ofmodels describing the in-
teraction in accelerator experiments. Due to the limitations of man-made accelerators
regarding the maximum reachable energy, a conėrmation of the validity of these mod-
els for ultra high energies is difficult to achieve. Furthermore, the multitude of interac-
tions to be accounted for (electromagnetic, weak and strong interactions) make it im-
possible to compute the shower developments as a whole. Hence, we rely on assump-
tions as well as on empirical parametrizations in order to describe the phenomenol-
ogy of these showers. However, a precise understanding of these showers is vital for a
meaningful UHECRmeasurement. ĉis applies especially to the mass and type of the
primary particle which determines themaximum slant depth Xmax of the shower [ǉǎ].
Xmax is the cumulated slant depth X at the shower maximum. I.e., the thickness of the
air which has already been traversed

X =
Xvertical

cosΘ

[ g
cmƦ

]
(Ǌ.Ǌǌ)

withXvertical denoting the vertical thickness of the atmosphere andΘ, the shower zenith
angle [ǎǋ].

ĉe Gaisser-Hillas function [ǉǈǏ] parametrizes the number of charged particles in
the shower as function of penetration depth in the atmosphere.

N(X) = Nmax

(
X− XƤ

Xmax − XƤ

) Xmax−XƤ
Λ

exp
(
Xmax − X

Λ

)
(Ǌ.ǊǍ)

ĉe number of charged particles reaches its peak Nmax at the shower maximum with
the corresponding slant depth Xmax. Λ = ƫƤ denotes a shower development parame-
ter [ǎǋ]. Using this parametrization to ėt the observed air showers enables us to mea-
sure the altitude at which the EAS reaches its brightest point. ĉerefore, we have an
indicator to indirectly determine the cross-section of the primary.
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Figure 2.6.1: Schematic sketch of shower development. At each step about 1/3
of the energy of the hadronic shower component is transferred to the electromag-
netic one. Taken from [165].

During the spallation of oxygen and nitrogen molecules into secondary particles,
pions are produced. ĉey have a short life time of Ʀ, ƪƤƧ · ƥƤ−Ƭ s before decaying into
γs or muons plus neutrinos.

πƤ → γ + γ (Ǌ.Ǌǎ)

π+ → μ+ + νμ (Ǌ.ǊǏ)

π− → μ− + ν̄μ. (Ǌ.Ǌǐ)

Hereaěer, the muons (lifetime Ʀ, ƥƭƪ · ƥƤ−ƪ s) decay into electrons and neutrinos

μ+ → e+ + νe + ν̄μ (Ǌ.ǊǑ)

μ− → e− + νμ + ν̄e. (Ǌ.ǋǈ)

However, this life time is sufficiently long, taking into account the relativistic time di-
latation, to reach the ground and to be detected. Also the kaon decay can produce
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muons or pions:

K± → μ± + ν (Ǌ.ǋǉ)

K± → πƤ + πƤ. (Ǌ.ǋǊ)

Ǌ.ǎ.Ǌ PļŃŉŃł YĽĹŀĸ

During the development of the shower cascade, a large fraction of energy is deposited
in atmosphere by ionization losses. Due to the interaction of the nitrogen molecules
with charged particles, they become ionized and consequently re-emit photons dur-
ing de-excitation. ĉe main component is emiĨed in the UV range between ǋǈǈ and
ǌǈǈ nm. It is a discrete line spectrum as shown in Fig. Ǌ.ǎ.Ǌ. ĉe higher the energy of
the primary UHECR is, the more charged particles are created within the EAS. ĉus,
the more Ěuorescence photons are produced. ĉe efficiency of this mechanism is ex-
pressed in photon yield (Fig. Ǌ.ǎ.Ǌb). A general description of the ionization loss per

Figure 2.6.2: Left: Relative fluorescence intensities between 300 and 430 nm
measured by different experiments. Right: Fluorescence yield for an 0.85 MeV
electron. The absolute scale is determined by the fluorescence yield of the 337.1
nm line. The black, solid line represents the fluorescence emission including all
known atmospheric dependences. The red, dashed line represents the emission
without quenching effect of water vapour. Both taken from [148].

path length traversed is provided by the Bethe-Bloch-formula

−dE
dx

=
kρZ
βƦA

[
ln

τƦ(τ + Ʀ)
Ʀ(I/(mecƦ))Ʀ

+ F(τ)− δ − ƦC
Z

]
(Ǌ.ǋǋ)
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with k=ǈ.ǉǍǋǍ MeV/(g/cmƦ), the density ρ, the atomic number Z, mass number of
the absorber medium A and the kinetic energy of the incident particle τ [mecƦ]. ĉe
function F(τ) has a different shape for either electron or positron. I denotes the mean
excitation potential, δ is the density correction factor [ǉǎǋ]. ĉe Ěuorescence light is
an isotropic radiation It can be observed with UV sensitive telescopes.

A smaller amount of energy is converted to Cherenkov light which is produced,
whenever a particle traverses a medium with a speed higher than the light speed in-
side the medium. ĉerefore, the threshold for Cherenkov light emission depends on
the diffraction index of themedium. ĉeCherenkov light is a beamed component. ĉe
pencil beam has an opening angle of

cos(θ) =
ƥ
βn

+ q. (Ǌ.ǋǌ)

Here, q denotes the quantum correction factor, n the refraction index of the medium
and β the relativistic factor. Cherenkov light has a continuous spectrum that is dis-
tributed in the UV and visible range [Ǌǌǉ].

Ǌ.ǎ.ǋ LPM-EĺĺĹķŉ

Processes occurring in the electromagnetic cascade are pair production, bremsstrah-
lung, Compton scaĨering and synchroton radiation. ĉe electromagnetic cross sec-
tions arewell describedbyBethe¹⁶ andHeitler¹⁷ [ǍǑ]. However, for very high energies,
electromagnetic processes within media cannot be described by the standard formu-
las any more. Landau, Pomeranchuk and Migdal (LPM) [ǉǎǉ, ǉǎǊ, ǉǐǏ] have shown
that in the region above energies of ǋ·ǉǈƦƤ eV, the development of EAS in deeper and
more dense parts of the atmosphere behaves differently than in the lower energetic
cases or at higher altitudes. Electromagnetic processes are characterized by a formation
length that increases proportional with the energy and the density of the medium. If
it is sufficiently long, the process interferes with other in the medium and the coher-
ence is broken. ĉis can happen for multiple Coulomb scaĨering processes in air, for
instance. At very high energies the average scaĨering points converge and the events
begin to interfere. ĉis leads to an effective suppression of the radiation spectrum due
to a decrease of the cross-sections for pair production and bremsstrahlung [ǎǋ].

¹⁶Hans Bethe: bǊ. Juli ǉǑǈǎ in Straßburg; dǎ. März ǊǈǈǍ in Ithaca, New York, Nobel price (ǉǑǎǏ)
¹⁷WalterHeinrichHeitler: bJanuary Ǌ, ǉǑǈǌKarlsruhe, GermanEmpire dNovember ǉǍ, ǉǑǐǉ Zol-

likon, Meilen, Switzerland
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In the case of heavy primaries, such as iron e.g., the probability for the LPM-effect to
occur is negligible. ĉe energy per nucleon is usually not sufficient to reach the thresh-
old for anyLPMsuppression. In this case, the electromagnetic cascade is triggeredonly
aěer the ėrst hadronic shower steps. ĉus, the energy range is below the initial energy
of the primary and the LPM-effect unlikely to happen.

For UHE-γ on the contrary the probability is by far higher. A photon with an en-
ergy exceeding ǉǈƦƤ eV is very likely to suffer from LPM suppression. However, the
effect depends on the angle between the photons’s direction and the magnetic ėeld
lines¹⁸ [ǉǍǋ]. At the density of the upper atmosphere, the threshold for the LPM-effect
(ELPM) is approximately ǉǈ EeV. When the electromagnetic cascade develops into the
ground direction, it traverses layers of air with increasing density. Hence, not only the
ėrst interaction can be affected, also the consequent shower steps can be retarded. ĉe
interaction length increases even more and therefore, the effect is self-amplifying. For
photons, the LPM effect leads to a delayed shower development. For high energy neu-
trinos, the suppression is even stronger. As a consequence, the shower features such as
Xmax can Ěuctuate even stronger and moreover even create a multiple peak structure
of the intensity curve. Instead of one shower maximum, we can observe a number of
maxima. As a consequence the energy determination by experiments loses precision.
On the other hand it enables the unambiguous identiėcation of neutrino induced air
showers.

Ǌ.Ǐ CŃňŁĽķ RĵŏDĹŉĹķŉĽŃł

ĉe detection of cosmic rays underwent a development of one century of technical
evolution. From the ėrst balloon measurements with electroscopes to nowadays ob-
servatories, many obstacles have been overcome. ĉe progress in the ėeld of UHECR
physics has been a joined approach of both theoreticians and experimentalists. Contri-
butions of the two sides has lead to a beĨer theoretical understanding of the multiple
phenomena and has also pushed the barriers of detection farther out. However, as
pointed out in the recent chapter, we are still facing many obstacles. In order to mea-
sure the trans-GZKevents to ameaningful extent, large detector arrays have been built.
ĉis chapter is devoted to the introduction of the largest current UHECR experiments
in operation.

Successful astro-particle astronomy depends on a precise identiėcation of the prop-

¹⁸ĉe geomagnetic ėeld extends farther out into space than the earth’s atmosphere
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erties of themessenger particles. ĉe reconstruction of the properties of the air shower
is the technique to retrieve this information about the primaryã arrival direction, en-
ergy and the type of the particle. Key factors for the determination of the primary’s
characteristics are the direction and the ėrst interaction of the shower, the grammage
of the Ěuorescence light maximum and the total brightness. Moreover, the shape of
the shower front and the particle composition yield vital parameters for the event re-
construction.

Ǌ.Ǐ.ǉ DĹŉĹķŉĽŃł ŉĹķļłĽŅŊĹň

In the low energy regime of cosmic ray physics (i.e., E≤ ƥƤƥƩ eV), the cosmic ray Ěux
is sufficiently large to directly collect the events in detectors with balloon experiments
or from space. At high energies, the Ěux is far to low for the direct approach. UHECR
observation can only be performedbymeans of the secondary radiation - the detection
of UHECR induced extended air showers (EAS).

EAS can be observed by detecting the secondary particles (predominantly muons)
on ground in large arrays of scintillation detectors or Cherenkov tanks. ĉe great ad-
vantages of the particle detection is the nearly ǉǈǈ ƻ duty cycle. ĉe response is in-
dependent of weather conditions or day and night time. ĉe technique yields a good
sensitivity to showers with low zenith angles. ĉe quality of the recorded events im-
proves with the energy. Usually, each of the ground stations operates independently.
ĉedata is transferred to a central data processing unitwhich applies trigger algorithms
to the data set coming from all stations.

Alternatively, EAS can be observed in the UV range, by the Ěuorescence technique
or the Cherenkov technique. ĉe underlying method of the Ěuorescence technique is
calorimetry. ĉe light collectedby theUV telescopes serves as ameasure for the energy
deposited in atmosphere by the primary cosmic ray [ǊǏǐ]. Due to the Ěuorescence ef-
fect about four photons per charged particle and per metre of trajectory are isotropi-
cally emiĨed from the shower axis. ĉe photons can be collected by spherical mirrors
or lenses and then recorded by a UV-sensitive camera. In an optimal setup, the shower
is recorded by multiple telescopes from different directions. Hence, the stereoscopic
view allows for a straight forward direction reconstruction of the shower by geometri-
cal considerations. ĉe Ěuorescence technique is limited to nearly moonless nights for
a meaningful detector response. ĉerefore, depending on geographical and seasonal
constraints, the duty cycle is of the order of ǉǈ ƻ. ĉe quality of the recorded events
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increases with energy and inclination angle, since more light reaches the telescope.
A third option is the radio observation of the showers. EAS emit radio waves due

to geo-synchrotron emission. When the shower develops, the created electrons and
positrons are deĚected by the geomagnetic ėeld causing synchrotron radiation in the
radio range. ĉis emission is beamed along the shower axis towards the earth. [ǉǉǉ]
ĉis technique is the least developed compared to the other two above. However, it
could be an extremely helpful tool, since it would provide an additional weather and
daylight independent source of information. Moreover, the antennas needed are sig-
niėcantly easier to develop, mount and to maintain than any of the other devices.

In some experiments a combination of different techniques is used in a hybrid ap-
proach (Fig. Ǌ.Ǐ.ǉ). ĉis bears the advantage of cross-calibration of the methods and
additional information for the reconstruction techniques.

Figure 2.7.1: Hybrid approach: The secondary particles arriving to the earth can
be detected by scintillation detectors or Cherenkov water tanks. Simultaneously,
the shower development is monitored by UV telescopes. Taken from [177].

Ǌ.Ǐ.Ǌ EŎńĹŇĽŁĹłŉň

TļĹ PĽĹŇŇĹ AŊĻĹŇ OĶňĹŇŋĵŉŃŇŏ (PAO), is currently the largest UHECR experi-
ment on earth. It is designed to measure in a hybrid technique using both Cherenkov
water tanks and Ěuorescence telescopes. ĉe surface array consists of ǉǎǈǈ Cheren-
kov detector stations. A Cherenkov station consists of a cylindrical polyethylene tank
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with a diameter of ǋ.ǎ m and a hight of ǉ.ǍǍ m. It encloses a liner ėlled with ǉǊ ǈǈǈ l
of highly puriėed water. [Ǌ] When secondary particles of the EAS traverse the water,
they create Cherenkov light which is detected via photomultiplier counters. ĉese sta-
tions are arranged in a grid with a displacement of ǉ.Ǎ km to the neighbouring station.
In total, they cover a total area of ǋǈǈǈ kmƦ. Additionally, there are four Ěuorescence
telescope stations to monitor the air volume above the grid. Each of the Ěuorescence
station enclosures contains six UV telescopes adding up to Ǌǌ telescopes in total. ĉe

Figure 2.7.2: The Pierre Auger Observatory near Malargüe in Western Argentina.
The grid of deployed Cherenkov water tanks is indicated by red dots, the posi-
tion of the fluorescence telescope stations and their viewing angles by green lines.
Taken from [86].

PAO is conceived tomeasure UHECR over ǌ orders of magnitude in energy from ǈ.ǈǉ
Eev to above ǉǈǈ EeV [ǉǎǎ]. It has reached an exposure of ǌǈǈǈǈ kmƦsr [ǉǎǎ]. ĉe
Ěuorescence telescopes have a duty cycle of about ǉǈƻ [ǊǉǍ].

Originally, it had been envisaged to build a second array of the same size as the PAO
in the northern hemisphere to have full sky coverage. However, due to ėnancial con-
straints these plans have been put on hold. Nevertheless, future plans in the framework
of AugerNext for the PAO include all sky coverage, the additional use of radio antennas
as well as a new generation of muon detectors. [ǉǊǏ]

TļĹTĹŀĹňķŃńĹAŇŇĵŏ (TA) is anUHECRexperiment, situated in thewestern desert
in Utah, USA. It is a hybrid detector, consisting of a surface detector array of ǍǈǏ plas-
tic scintillator stations [ǉǋǏ]. Each of the stations contain a plastic scintillator of ǋ mƦ
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surface. ĉey can detect the muonic and electromagnetic components of the showers.
ĉe stations are arranged in a grid of ǉ.Ǌ km spacing, covering Ǐǈǈ kmƦ. Addition-
ally, three Ěuorescence detectors monitor the air volume above. In total, there are ǋǐ
Ěuorescence telescopes arranged in ǋ stations. [Ǎ] ĉe TA experiment is taking data
since Ǌǈǈǐ. ĉis UHECR observatory is the largest in the northern hemisphere. ĉe
telescope site is equipped with an on-site accelerator beam for direct calibration of the
UV-telescopes [ǉǑǎ]. ĉe telescope array site has a long history of cosmic ray experi-

Figure 2.7.3: Left: Fluorescence telescope station at Black Rock Mesa. One unit
consists of twelve reflecting spherical mirrors. Right: Surface detector of Telescope
Array. It is a plastic scintillator of 3 mƦ. Both taken from [225]

ments. It is actually the ǌth renewal of a series, starting with the Fly’s Eye experiment
in the early ǉǑǐǈs. [Ǌǐ] Following that, the HiRes (High Resolution Fly’s Eye) [ǉǏǉ]
andHiRes II [ǌǏ] experiments continued. ĉeTA experiment is taking data in hybrid
mode since Ǌǈǈǐ [ǊǍǋ].

Future plans for TA include low energy extension (TALE). ĉis extension lowers
the threshold of the sensitive energy range down to ƥƤƥƪ.Ʃ eV. ĉis will allow to ob-
serve the second knee and the predicted galactic-extragalactic transition of dominant
sources. Furthermore, at this energy air shower features can be compared to LHC re-
sults. Another plan is the exchange of detectors between PAO and TA. ĉis is an ap-
proach to beĨer evaluate systematic uncertainties between the two experiments, espe-
cially in terms of energy scales and Xmax determination. [ǉǑǎ]
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Figure 2.7.4: Map of Telescope Array. Black squares are surface detectors, green
squares show fluorescence telescope sites. Taken from [225].

Ǌ.Ǐ.ǋ CŊŇŇĹłŉ SŉĵŉŊň

In the last ǉǈǈ years of cosmic ray research amazing discoveries have been made. Es-
pecially in the ėrst Ǎǈ years cosmic ray science had been on the frontier of nuclear and
particle research. New particles have been discovered and new technologies have been
developed. Still UHECR research continues to be an active ėeld, breaching the gap
between particle and astrophysics.

As pointed out in the above sections, major questions still remain unsolved. ĉe
greatest puzzle is certainly the question regarding the origin of UHECR. Due to the
data acquired so far, a number of production scenarios have been ruled out, already.
However, the question of anisotropy is still open. ĉe data collected by the PAO seem
to indicate a correlationofUHECRwith thepositionofAGNs. Nevertheless, the claim
is still lacking independent conėrmation. Hence, it is too early to claim that the sources
of UHECR are anisotropically distributed in the sky. Moreover, we cannot neglect the
impact of magnetic ėelds, galactic or extragalactic, the results strongly depend on the
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Figure 2.7.5: Exposures of UHECR experiments including the cancelled Auger
Northern Observatory. Taken from [156].

methodology. [ǉǍǊ] Even if there were discrete sources - the anisotropy might be de-
stroyed due to deĚections. ĉis is evenmore likely if the primaries turn out to be heav-
ier nuclei than protons as suggested by the PAO [Ǒǈ]. However, the question of the
type of primary at UHE is still open, due to the fact that the PAO claims have not been
conėrmed by independent experiments. Nevertheless, the lack of UHE-γ and UHE-ν
in current observations could strengthen the position of the PAO. ĉe honest answer
to that question is that we do not really know, since the composition analysis is a com-
plicated task. Nowadays experiments yield contradictory answers. HiRes, Telescope
Array, HiRes-MIA and the Yakutsk array detectors indicate a proton-dominated flux,
while Fly’s Eye, Haverah Park and the PAO favour a mixed composition with a large
ratio of heavy nuclei, especially for ultra high energies. [ǊǊ, and references therein] It
is important to point out that the entire collection of CR events exceeding Ʃ · ƥƤƥƭ eV
gathered so far by all experiment worldwide is approximately Ǌǈǈ out of which a small
fraction has been observed in hybrid mode [ǉǎǏ].

Another open question concerns themaximum energy of UHECR.We know of the
existence of particles carrying energies as high as Ƨ · ƥƤƦƤeV. Is this the end of the spec-
trum? And if so, is that due to an intrinsic Emax of the sources or does it come from
interactions with the ISM on the way to earth? Why do we observe particles with en-
ergies above theGZK-limit? All these questions are closely interlinkedwith each other.
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One cannot ask only one and ignore the others at the same time. ĉe nuclear interac-
tion models we are applying during the measurement cannot be veriėed in accelerator
experiments, only for much lower energies. Even if the LHC has helped a lot in im-
proving the predictive power of the models, we cannot know for sure the behaviour of
particles interactions in our atmosphere at these energies.

ĉe only way to address these question is the collection of more events in the EHE
regime. Even though a great effort has beenmade, the open problems are closely linked
to a lack of statistics. ĉe current experiments are still too small by at least one order
of magnitude to measure a sufficient amount of data. Indeed, the planned renovations
and extensions will certainly improve the situation, at least in parts. Nevertheless, the
current experiments suffer from a major disadvantage. None of them can ever reach a
uniform exposure of the entire sky. To overcome the problems summarized here, an
entirely novel idea has been proposed ã the space based observation of UHECR.





Weare all in the guĪer, but some of us are looking at the stars.

Oscar Wilde

3
ĉeEUSOApproach

LĽŔŀĹĸŃŌĹĿłŃŌ about the extremeenergy endof the cosmic ray spectrum. Hence,
a novel approach in the detection of UHECR, to address the open questions regarding
the potential sources, composition and energy distribution in the realm of ƥƤƦƤ eV, is
indispensable.

ĉe idea of a space-borne UHECR detector was ėrst proposed by John Linsley¹ in
ǉǑǏǑ. ĉeproject called SOCĆS(SatelliteObservation ofCosmicRayAir Showers),
has been the ėrst proposal for a cosmic ray observatory in space [ǋǎ, ǋǏ, ǉǋǉ]. ĉis
space experiment was also supposed to detect UHE neutrinos. Linsley’s idea was to
use a large reĚective mirror of ǋǐ m diameter to observe an area of ǉǈƨ mƦ from an
altitude of Ǎǈǈ – ǎǈǈ km.

In ǉǑǑǍ, a workshop to investigate possibilities for space based approach with tech-
nologies that had not been available in the ǉǑǐǈs was held at theMarshall Space Flight
Center inHuntsville, Alabama in theUSA initiated byYoshiyuki Takahashi² [Ǒǋ], John

¹John Linsley bǉǊ March ǉǑǊǍ, Minneapolis, Minnesota, USA dǊǍ September ǊǈǈǊ, Albu-
querque, NewMexico, USA

²Yoshiyuki Takahashi bǉǋ September ǉǑǌǏ, Amagi-shi, Fukuoka-ken, Japan dǉǊ March Ǌǈǉǈ,
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Linsley andLivio Scarsi³ [Ǒǋ] (Fig. ǋ.ǈ.ǉ). Takahashi’s idea to use a lightweight Fresnel
optics with a wide opening angle forged Linsley’s vision into a tangible plan. Follow-
ing this workshop, the idea of the OWL project [ǊǌǍ] emerged in the US, whereas the
European approach Airwatchwas born in Italy.

Figure 3.0.1: From left to right: Takahashi, Linsley, Scarsi. Taken from [93].

ĉe Airwatch project, renamed Extreme Universe Space Observatory (EUSO) at
the end of the Ǒǈs, was led by Scarsi as the principal investigator (PI) [Ǌǋǉ]. From
Ǌǈǈǈ until Ǌǈǈǌ, a ėrst phase A study was carried out by the European Space Agency
(ESA). ĉe EUSO mission was planned to be launched in the ėrst decade of the new
century and was supposed to be aĨached to Columbus, the European module of the
international space station ISS [ǊǍǎ]. ĉe instrument was consisting of a refractive
UV telescope with Fresnel lenses and a focal surface detector equipped with multi-
anode photomultipliers (MA-PMTs) [ǊǈǏ]. It was planned to be transported to the
ISS by an American Space ShuĨle. Due to programmatic issues, mainly regarding the
future of the ISS and the Columbia disaster, the mission was put on hold in Ǌǈǈǌ. In
Ǌǈǈǎ, the mission was re-established by the name of JEM-EUSO under the leadership
of Takahashi, planned for assembly on the Japanese ExperimentModule ( JEM) at the
ISS [Ǒǋ, ǊǍǉ]. ĉeExtremeUniverse SpaceObservatory on board the Japanese Experiment
Module, is essentially basedon thedesignof the formerEUSOmission. However, JEM-
EUSO has slightly different dimensions and uses updated technologies.

At the same time, a Russian aĨempt to measure UHECR from space emerged. ĉe
TUS/KLYPVEprogramaims at comparable objectives but uses a reĚective optical sys-
tem instead (see Chap. ǋ.ǐ.ǉ) [ǋ, ǉǍǈ, ǉǍǉ].

Nashville, Alabama, USA
³Livio Scarsi bǊǍMay ǉǑǊǏ, Rocca Grimalda, Italy dǉǎMarch Ǌǈǈǎ, Rocca Grimalda, Italy
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ǋ.ǉ SńĵķĹ BĵňĹĸUHECROĶňĹŇŋĵŉĽŃłň

ĉe basic idea of the space-based approach to the exploration of UHECR, is to moni-
tor the earth’s atmosphere with an UV telescope from above (Fig. ǋ.ǉ.ǉ). Depending
on the opening angle of the optics and the altitude of the instrument, it can monitor
a large fraction of the atmosphere. ĉis air volume serves as a target mass for incom-
ing UHECR. When primary particles strike the nitrogen or oxygen molecules of the
atmosphere, an avalanche of secondary particles is triggered and develops into ground
direction. ĉis is an extended air shower. By collecting the UV photons of the emiĨed
Ěuorescence and Cherenkov radiation, the shower can be registered. From the geo-
metrical and timing information of the photons the direction, energy and type of the
primary particle can be reconstructed. ĉis idea is appealing in many regards. ĉeUV

Figure 3.1.1: Schematic sketch of the space approach. Taken from [208].

setup relies on the already well understood Ěuorescence technique. ĉe Cherenkov
signal can serve as an additional source of information. ĉe space approach enables a
ǌπ sky coverage, whereas earth bound detectors only feature a maximum exposure in
one of the two hemispheres. Above all, the space borne design yields a high aperture
ã exceeding the highest apertures reached on earth by at least one order of magni-
tude. For such a space based instrument, we can think of an instantaneous geometrical
aperture up to Aeff ≈ ƥƤƪkmƦsr. ĉis in an equivalent to a target mass of more than
ǉǈƥƦ tons [ǊǊǏ]. A further advantage is a higher duty cycle compared to earth bound
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Ěuorescence telescopes. A typical EAS Ěuorescence light maximum develops at an al-
titude of ǋ to Ǎ km from ground [Ǎǋ]. ĉus, the EAS maxima are less obstructed by
clouds, when observed from above. Besides, the atmospheric conditions of the up-
per half of the atmosphere are more stable, since it tends to be less affected by weather
disturbances. ĉerefore, assuming a duty cycle of approximately Ǌǈ ƻ, an exposure of
Aexp ≈ ƥƤƪkmƦsr yr can be reached within Ǎ years of operation [ǊǊǏ]. ĉe space ap-
proach will furthermore overcome a number of typical problems of ground telescopes
arising from the close proximity of the detector to the EAS, such as difficulties in the
determination of the solid angle and changing aĨenuations of the UV light of the same
shower in atmosphere. ĉe almost constant Ěuorescence emission rate at various alti-
tudes below the stratosphere allows for simple approximations of the relation between
energy, Ěuorescence yield and time structure of the emiĨed photons, and the EAS alti-
tude at which they have been produced. From space, the scaĨering by aerosols, which
is relevant at altitudes below the atmospheric boundary layer, can be neglected [Ǎǋ].

On the downside of space observation are a number of disadvantages, mostly im-
posed by ėnancial constraints. Since payloadmass is a limiting factor in any spacemis-
sion, a space based observatory will most likely comply of only one detector. Two or
more detectors would allow for a stereoscopicmode. ĉis would bear the advantage of
an improved angular resolution, as well asXmax determination and an improved trigger
scheme. ĉe space approach imposes strong limits on the instrument’s power supply
and data budget. Telemetry constraints require a sophisticated trigger system to trans-
mit only those events to earth that are regarded as potentially valuable. Another chal-
lenge is the speed of the moving detector. Depending on the altitude, the pathway of
the satellite projectedongroundmoves at a velocity of theorder of somekilometres per
second, thus the observation conditions change and the detector and data evaluation
have to account for that. A good knowledge of the atmospheric properties is inevitable.
Hence, the instrument would need to be equipped with additional detection devices
to monitor the atmosphere.

ĉese challenges can be successfully addressed or at least controlled by an advanced
detector design and the stake of new technologies. Within the cosmic ray community
it is widely agreed upon that a major breakthrough to address the fundamental unan-
swered questions can be only achieved by increasing nowadays exposure by one order
of magnitude [ǉǈǎ, ǉǎǏ, ǊǊǊ]. ĉe space approach will effectively meet this demand.
ĉis newgeneration telescope,marks the advent of a newkindof astronomy. So far, the
only carrier of information to be usedwere various forms of electromagnetic radiation.
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Space based UV telescopes are the beginning of UHECR astronomy [Ǎǉ].

ǋ.Ǌ TļĹ JEM-EUSOMĽňňĽŃł

JEM-EUSO, the Extreme Universe Space Observatory on board the Japanese Experiment
Module is a space-borne UHECR telescope. It will use the earth’s atmosphere as a
large detector target volume to measure cosmic rays with energies around the GZK
cut-off [Ǒǌ, ǊǉǏ, ǊǍǐ, Ǌǎǉ, ǊǏǍ]. In the current conėguration of the mission the launch
is planned for ǊǈǉǏ with a Japanese HǊB rocket. It will be transferred to Kibo⁴, the
Japanese module, by a H-II Transfer Vehicle (HTV). ĉe telescope will be removed
from its hatch of the spacecraě by theKibo’s robotic arm, the JEM remotemanipulator
system (JEMRMS), and deployed to one of the equipment exchange units (EEUs) of
the exposed facility (EF).ĉeexposed facility provides amulti purposeplatformwhere
the experiments, which require an open environment, are operating. From here, the

Table 3.2.1: Key facts about the JEM-EUSO mission [227].

Expected Launch ǊǈǉǏ
Duration of Mission ǋ (+Ǌ) years
Launcher HǊB Rocket
Transport Vehicle HTV
Location JEM on ISS
Instrument Mass ǉǑǋǐ kg
Power Budget (op./non-op.) ǋǍǊ W/ ǑǊǎ W
Data Downlink ǊǐǍ kbps
Orbit Altitude ∼ ǌǈǈ km
Orbit Inclination ± Ǎǉ.ǎ°

JEM-EUSO instrument will observe the earth’s atmosphere in the UV range between
ǋǈǈ to ǌǈǈ nm (Fig. ǋ.Ǌ.ǉ). ĉe instrument consists of an optical system, to focus
the light emiĨed by the EAS on a focal surface detector (FSD). ĉe FSD is equipped
with photo-detection modules (PDMs). Each PDM is made of a set of multi-anode
photomultiplier tubes. ĉis detector setup has single photon count abilities and a high
time resolution. ĉe signal is identiėed by a trigger system, recorded and transmiĨed
to earth. From the signal characteristics, the properties of theUHECR can be inferred.
JEM-EUSOwill start its operation in nadirmode andwill be tilted in a second phase of

⁴Kibo (jap.): Hope, former name: JEM, hĨp://kibo.jaxa.jp
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Figure 3.2.1: Concept of the JEM-EUSO mission. Taken from [7, 57].

operation to increase the exposure. ĉe telescope will reach an instantaneous aperture
between ǎǍ and Ǌǐǈ times larger than the PAO, depending on the tilting angle. It corre-
sponds to an observational area of Ʀ·ƥƤƩ kmƦ in nadir and ƫ·ƥƤƩ kmƦ in tiltedmode [Ǒǋ].
ĉe planned operation time will be at minimum three years with a planned extension
of twomore years. ĉus, in the scope of the mission JEM-EUSO is expected to collect
approximately ǉǈǈǈ events with E > ƫ · ƥƤƥƭ eV [Ǎǋ]. It will increase the statistics at
the high energy end of the spectrum by an order of magnitude. Its energy threshold
of about Ʃ · ƥƤƥƭ eV allows for cross calibration with the already existing ground based
UHECRobservatories. Mounted on the ISS, the telescopemoves at a speed of approx-
imately Ǐ km/s in the latitude range of ± Ǎǉ° [ǊǍǉ]. ĉis will provide a homogeneous
exposure to both hemispheres.

JEM-EUSO is the successor of (ESA-)EUSO, but differs in some important regards.
First of all, instead of the European Columbus module, the detector is now hosted on
board the JEM.ĉe telescope features an improved overall performance. Even though,
the instrument design itself differs only slightly, the use of new technologies, such as an
improved optical design, new lens material, photomultipliers with a higher quantum
efficiency and a revised trigger scheme, decrease the energy threshold to Ʃ · ƥƤƥƭ eV.
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Figure 3.2.2: JEM-EUSO field of view over the Mediterranean sea. left: nadir
mode, right: tilted mode, tilting angle of 20°. Pics. are a courtesy of K. Shi-
nozaki.

And ėnally, by tilting the instrument, the effective area can be enlarged by a factor of Ǎ
[Ǒǋ] (Fig. ǋ.Ǌ.Ǌ).

ǋ.ǋ IłňŉŇŊŁĹłŉDĹňĽĻł

Deployed at the ISS, the extended JEM-EUSO telescope has a cylindrical shape of
about Ǌ.ǎ m in diameter. Its net weight is estimated at the moment with ǉǑǐǋ kg. Its
power consumption is expected to be ǑǊǎ W in operation and ǋǍǊ W during stand by
[ǐǉ].

ĉe telescope comprises of four major components: ĉe optical system, the focal
surface detector, the electronics and the structure. ĉis is accompanied by two subsys-
tems: an atmospheric monitoring system and a calibration system. Systems for energy
supply and data downlink are provided by the host module [ǉǌǉ, ǊǍǏ].

ǋ.ǋ.ǉ OńŉĽķĵŀ ňŏňŉĹŁ

ĉe optical system of the telescope is a refractive system of three lenses. Its purpose
is to collect the Ěuorescence and Cherenkov light emiĨed by the EAS and to focus it
onto the focal surface of the telescope. ĉe photons of interest are in the UV range
between ǋǈǈ and ǌǈǈ nm. Since the signal is extremely faint, a high optics throughput
efficiency is required in this wavelength range. At the same time, the optics has to have
a large opening angle to cover a volume of air which enables a sufficient exposure of the

⁵sidecut optics
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Table 3.3.1: Key parameters of the JEM-EUSO telescope [227].

Field of View ± ǋǈ°
Aperture Diameter⁵ Ǌ.Ǎ m
Focal Surface Area ǌ.Ǎ mƦ

Observational Area > ƥ.Ƨ · ƥƤƩ kmƦ

Pixel Field of View ǈ.ǈǏǍ°
Pixel Size on Ground ∼ ǍǍǈ m
Number of Pixels ǋ.Ǌ·ǉǈƩ
Time Resolution Ʀ.Ʃμs
Dead Time < ǋƻ
Optical Bandwidth ǋǈǈ – ǌǈǈ nm
Duty Cycle ∼ Ǌǈƻ

mission. ĉe size of the lenses is a determining factor for the instrument’s collection
power. However, in a refractive design, the mass of the system increases with the size,
as well. Moreover, exceeding a certain diameter, the lenses become unstable under
their own weight. To cope with these preconditions, the JEM-EUSO instrument is
equippedwith a systemof Fresnel lenses. ĉis concept allows for awide opening angle,
slim and therefore lightweight lenses and a point spread function in compliance with
the requirements. Currently, different designs are under study. Essentially, the system
is made of a set of three lenses. ĉe entrance pupil is a curved Fresnel entrance lens
with an iris behind. ĉe second lens is Ěat with a symmetric diffractive surface on the
one side and a Fresnel surface on the other. Its purpose is to correct for chromatic
aberration. ĉe third lens is again a curved, double sided Fresnel lens. Furthermore,
the optical unit consists of a ėlter, which selects the wavelengths of interest, the lens
frame and housekeeping sensors (Fig. ǋ.ǋ.Ǌ).

ĉe performance requirements imposed on the optical system are the following:

ǉ. ĉe ėeld of view (FoV) of the optics has to be larger than ± ǋǈ°, which corre-
sponds to a spatial resolution of ∼ ǈ.ǉ° or less. (ĉis corresponds to approxi-
mately to the FOV of a single pixel);

Ǌ. ĉe spot size has to be smaller than the pixel size of the focal surface detector;

ǋ. Amaximum photon collection efficiency in the UV range between ǋǋǈ and ǌǈǈ
nm;
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Figure 3.3.1: The optical system of the JEM-EUSO telescope. Taken from [257].

ǌ. ĉe optics must be space qualiėed for a life span of Ǎ years or more in the ISS
environment.

Two designs have been proposed that fulėl the speciėcations above - a baseline and
an advanced design. In the baseline case, the material is proposed to be polymethyl
methacrylate (PMMA)⁶. In the advanced design option, the entrance lens is made of
CYTOP⁷. CYTOP bears the advantage of being more radiation resistant than PMMA
and having beĨer optical properties. However, this comes at the price of higher costs
and almost twice the weight.

ĉe lenses will be shaped with amaximumdiameter of Ǌ.ǎǍm. However, by cuĨing
two parallel sides of the lenses to ǉ.Ǒ m, a so called side cut design has been proposed
to make the best use of the dimensions of the HTV’s cargo bay.

ǋ.ǋ.Ǌ FŃķĵŀ ňŊŇĺĵķĹ ĸĹŉĹķŉŃŇ

ĉe focal surface detector of the JEM-EUSO telescope detects the focused Ěuores-
cence and Cherenkov light. It measures the position of the incoming photons as a
function of time and follows the spatial and temporal air shower development.

⁶PMMA is a product of Mitsubishi Rayon Co., Ltd.
⁷CYTOP is a product of AGC Co., Ltd.



ǎǐ ǋ. ĉe EUSO Approach

Figure 3.3.2: Cross section of the optics of the JEM-EUSO telescope. Taken
from [257].

ĉe focal surface detector is essentially composed of ǉǋǏ photo detection modules
(PDMs), each of which is made of ǎ× ǎ multi-anode photomultipliers (MA-PMTs).
ĉeMA-PMTs aremounted in a support structure that also contains important supply
components such as the PDM board with the ėrst trigger level and the readout elec-
tronics, the high voltage divider and the high voltage power supply. ĉe entire focal
surface detector is supported by the focal surface structure. ĉe PDMs are deployed
on the focal surface in a paĨern that most efficiently takes advantage of the area, since
any dead space between PDMs contribute to detection inefficiencies [ǉǌǏ].

Apart from the common requirements for spacemissions like a high reliability and a
stability over the expected duration of the mission, the performance requirements are
[ǉǌǏ], [ǊǍǏ, p. ǐǐ]:

• a single-photon sensitivity in the ǋǈǈ to ǌǈǈ nm range to detect extremely faint
air showers,

• a fast response (below ǈ.ǉ μs) to follow the EAS space-time development,
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Figure 3.3.3: left: Focal surface detector, right: MA-PMT assembly Taken from
[257].

• a noise rate two orders smaller than the rate of the nightglow background,

• a good and uniform overall detection efficiency (averaged over all the FS, shall
be εPD ≥ ǈ.ǉǊ),

• an optimal cover of the optical focal surface with a maximal sensitive area due
to reduced dead or inefficient spaces,

• a low sensitivity to magnetic ėelds of the order of magnitude of ǉ Gauss,

• a high reliability according to space mission requirements over at least a Ǎ years
of operation time.

ĉe centrepiece of the focal surface detector is the MA-PMT (Fig. ǋ.ǋ.ǌ). Within
one PDM, the MA-PMTs are organized in elementary cells of ǌ × ǌ MA-PMTs. ĉus,
one PDM contains ǋǎ MA-PMTs. ĉe entire FS detector therefore is made up of ǉǋǏ
PDMS · ǋǎ = ǌǑǋǊ MA-PMTs. ĉe envisaged MA-PMT model as the baseline option
is the Hamamatsu RǉǉǊǎǍ-Mǎǌ. It has the size of Ǌǎ.Ǌ mm × Ǌǎ.Ǌ mm and a height
of Ǌǈ.ǊǍ mm. ĉe mass is ǊǏ.ǋ g. Its ǐ×ǐ square pixels have a dimension of of Ǌ.ǐǐ
× Ǌ.ǐǐ mm, resulting in a maximum sensitive area of Ǌǋ.ǈǌ × Ǌǋ.ǈǌ mm [ǉǌǏ]. ĉe
RǉǉǊǎǍ-Mǎǌ is characterized by the following speciėcations [ǊǍǏ, p. Ǒǈ]:

• ĉe tube is equipped with an ultra-bialkali photo-cathode and a ǈ.ǐ mm thick
UV- transmiĨing window;

• ĉedevice has ametal channel dynode structurewith ǉǊ stages, providing a gain
of the order of ǉǈƪ at ǈ.Ǒ kV with a tapered voltage divider;

• It has a quantum efficiency higher than ǋǍƻ (maximum ǌǈƻ);
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• ĉe anode pulse rise-time is about ǉ.Ǎ ns;

• ĉe transit time spread has a duration of ǈ.ǋ ns;

• It has a cross talk of approximately ǉƻ.

Figure 3.3.4: The Hamamatsu R11265-M64 photomultiplier. Taken from [257,
p.90].

In addition to the baseline option using MA-PMTs, a second advanced option is
under discussion ã the use of silicon photomultipliers (SiPM). ĉe SiPM is a novel
type of light detector which bears the advantage of a high quantumefficiency, lowmass
and compactness at relatively low costs. It is a semiconductor device which needs only
a low voltage supply. Up to several ten thousands of avalanche photo-diodes can be
accommodated on one chip. ĉese photo-diodes work in Geiger mode at very high
speeds [ǊǍǏ, p. ǉǈǐ-ǉǉǊ]. Different kinds of SiPM have been reviewed and tested re-
garding their potential deployment in the JEM-EUSO detector. However, the space
robustness and radiation hardness are still subject to study. ĉerefore further investi-
gations are ongoing.

ǋ.ǋ.ǋ EŀĹķŉŇŃłĽķň ĵłĸ TŇĽĻĻĹŇ

ĉe JEM-EUSO control electronics include several sub-systems, among them the ISS
communication and power interfaces, housekeeping data system, the thermal control,
a position determination system as well as management systems for the control of the
atmospheric monitoring system, lid operation and calibration, monitoring and align-
ment devices management system. We will concentrate here on the scientiėcally most
relevant.
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ĉe electronics of the JEM-EUSO detector, responsible for the data acquisition is
hierarchically structured on different levels. Aěer activation of the PMTs, the signal
is read out and saved into a ring buffer on the PDM board. ĉe PDM board provides
the ėrst trigger level (Lǉ). When a trigger is issued, the data is transferred to the cluster
control board (CCB). ĉis is an important component of the read-out electronics. It
bundles the information of about ǐ PDMunits⁸ and accommodates the second trigger
level (LǊ). ĉe main purpose of the CCB is data acquisition from a number of PDM
boards, the selection by application of the LǊ trigger and further transmission to the
mission data processor (MDP). It plays an important role for data reduction [ǋǊ, ǋǋ].
ĉe interface between the PDM board and the CCB board is a boĨleneck for the data
Ěow of the entire system. To transmit the event data (around Ǌ.Ǐ Mbit per PDM and
event) sufficiently fast, an ǐ-bit wide, source synchronous data bus running at ǌǈMHz
has been implemented. Commands, conėguration and status messages of the PDM
can be send via a standard serial peripheral interface (SPI).

Aěer receiving a Lǉ trigger message from any of the connected PDMs , the CCB
broadcasts the signal to the remaining PDMs and requests the contents of their ring
buffers. ĉis data is consequently transmiĨed to the CCB and the LǊ trigger is applied
in a parallel way. If the CCB trigger is issued for at least one of the PDMs the data is
forwarded to the mass memory module of the MDP. CCB and MDP are interfaced by
SpaceWire⁹, due to its approved reliability [ǋǊ, ǋǋ].

Purpose of the trigger is to discriminate a potential signal from background counts.
For a space mission like JEM-EUSO strict criteria are applying, since the downlink
data budget is severely limited. ĉerefore, the trigger algorithm has to act very conser-
vatively, i.e. the ratio of real to fake events should be rather large. At the same time,
the event types, JEM-EUSO is primarily looking for are still very precious. Even a
high aperture experiment like JEM-EUSO cannot afford to loose a substantial num-
ber. Moreover, the algorithm should not consume too much hardware resources and
energy.

To process the large amount of data coming from the∼ ǋ ·ƥƤƩ pixels, the JEM-EUSO
detector will be equipped with a two-level trigger system. ĉe ėrst trigger level is ap-
plied directly at the PDM board. ĉis bears the advantage that the trigger searches for
signals just in a small part of the focal surface, but in parallel on every PDM. Each of
them is sufficiently large to contain a signiėcant part of a typical signal track.

⁸still to be deėned
⁹SpaceWire: a network dedicated for spacecraěs, developed by ESA
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ĉeėrst trigger level consists of three sub-levels implemented in an integrated circuit
(ASIC) at the PDM board.

ǉ. ĉe Anode-level trigger, an analogue discriminator which detects single photo-
electron events at each anode. Electronic noise is reduced, since the strong an-
odic pulses are clearly above the pre-ampliėer electronic noise;

Ǌ. ĉe Pixel-level digital trigger, a gated counter and a digital comparator. Here, a
threshold is set according to the background intensity. If the amount single-
photoelectrons recorded by an anodic chain within a GTU is higher than the
threshold the signal is passed on. ĉis level greatly reduces random light back-
ground counts;

ǋ. ĉe EC digital trigger is also a gated counter and a digital comparator like the
second sub-level. It uses the same technique, but this time for a number of con-
secutive GTUs and groups of pixels (persistency trigger).

Figure 3.3.5: Trigger rates of the two-level trigger system of the JEM-EUSO
instrument. Taken from [257, p. 115].

ĉe second trigger level is situated at the cluster control board. ĉe data of ǐ PDMs
arrive at a rate of around ǍǏ Hz, at the CCB. ĉe LǊ trigger is programmed within a
Xilinx Virtex-ǌQV FX-ǉǌǈ FPGA¹⁰ onboard the CCB. To distinguish the unique pat-
tern of anEAS frombackground, theLǊ trigger algorithm is trying to identify amoving
spot over a predeėned time. ĉe PDMelectronics will send a starting point, GTU and
pixel coordinates from the Lǉ trigger. ĉese coordinates are used by the LǊ as a trigger
seed. It moves small integration box around this seed into a predeėned set of directions
and integrates the number of photon counts in time . ĉe LǊ trigger is issued, once the
integrated number exceeds a pre-set threshold value [ǑǏ, ǑǑ]. ĉe integration box is

¹⁰Field Programmable Gate Array
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made of ǋ × ǋ pixels that is moved into ǎǏ directions and integrates ± Ǐ GTUs. ĉe
triggering events are transmiĨed to the onboard CPU at a rate of Ǎ mHz [ǋǋ].

Figure 3.3.6: The hierarchical scheme of the focal surface of the JEM-EUSO
instrument. Taken from [257, p. 119].

ǋ.ǋ.ǌ CĵŀĽĶŇĵŉĽŃł

In the course of the mission, the instrument is expected to suffer from a number of
deėciencies, among themare uncertainties in the atmospheric conditions, background
levels, as well as timing uncertainties. Moreover, parameters of the instrument can be
affected, e.g. the tilt angle, pointing errors (due to the aĨitude instability of the ISS),
temperature variations and the age of the instrument [ǐ]. Two different calibration
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systems will provide information on these uncertainties.

ĉe internal calibration of the instrument components will be conducted by means
of built in UV light sources. A light source is made of a LED, placed together with a
calibrated photo diode within an integrating sphere. A number of these light sources
is placed behind the optics to directly illuminate the focal surface detector. Another
set of sources is installed at the edges of the focal surface to emit in the direction of
the optics. ĉe light passes the optics and is reĚected by the inner side of the closed
lid, propagates back through the optics and onto the focal surface. ĉese two setups
allow for both, calibration of the MA-PMTs and the optics. However, both methods
are relative calibrations to monitor the degradation of the components in time. An
absolute calibration of the different parts of the instrument will be performed before
launch [ǉǉǐ, ǊǊǎ].

To inquire more global information of the setup of instrument and atmosphere, a
ground calibration system (or Global Light System - GLS) of xenon Ěashers and lasers
is planned to regularly provide well determined portions of light fromdifferent regions
of the earth’s surface [ǐ, ǉǑǍ] (Fig. ǋ.ǋ.Ǐ). ĉe laser beams can mimic EAS tracks of

Figure 3.3.7: Candidate sites for the GLS units. Taken from [8].
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UHECR. Recorded by JEM-EUSO, the angular reconstruction accuracy can be de-
termined and corrected if necessary. ĉe xenon Ěash lamps provide UV light Ěashes
of well deėned intrinsic luminosities as a standard candle. Using this knowledge, the
accuracy of the energy reconstruction of UHECR events can be improved [ǐ]. It is
envisaged to mount one laser and xenon Ěasher unit on board of an aircraě. ĉis pro-
vides a Ěexible andmobile solution and enables the possibility tomimic horizontal and
downward showers.

ǋ.ǋ.Ǎ AŉŁŃňńļĹŇĽķ MŃłĽŉŃŇĽłĻ

ĉe observational properties of EAS depend on the conditions of the atmosphere. Es-
pecially the impact of clouds on the reconstruction of its properties is a major deter-
mining factor, due to the scaĨering and aĨenuation of the signal light. In order to dis-
criminate well-recorded events from insufficient ones or to correct accordingly, a good
knowledge of the cloud’s position and the cloud top altitude is inevitable. (See Chap.
ǋ.Ǎ) To retrieve this information, JEM-EUSO is equipped with an atmospheric moni-
toring system, consisting of an infrared (IR) camera and a light detection and ranging
(LIDAR) device. In the broader sense, also theGLS (see ǋ.ǋ.ǌ) can be regarded as part
of the AM system, since it will also deliver information on the atmospheric conditions.
Moreover, JEM-EUSO will make use of meteorological data by weather forecasting
services, like theNational Centers for Environmental Predictions (NCEP), theGlobal
Modeling and Assimilation Office (GMAO) and the European Centre for Medium-
Range Weather Forecasts (ECMWF) [Ǌǉǐ, Ǌǎǎ].

TļĹ IR ķĵŁĹŇĵ will deliver information on the cloud coverage and retrieve the al-
titudes of optically thick clouds. It collects IR photons emiĨed by the cloud top to
estimate its altitude. ĉis can be inferred, due to the effect that the target temperature
and emissivity are correlated to the clouds altitude. ĉisworks best in the troposphere,
where there is a linear dependence of ǈ.ǎ K per ǉǈǈ m of height.

ĉe IR camera setup is a refractive optics, made of germanium and zinc selenide
and an uncooled microbolometer [ǊǍǏ, p. ǉǐǈ] (Fig. ǋ.ǋ.ǐ). It takes data in the wave-
length band of ǉǈ – ǉǊ μm. Its FOV is identical to the one of the main telescope, with
an angular resolutionof about ǈ.ǉ°. ĉecamera accomplishes an accuracy of ǋK,which
corresponds to an error of Ǎǈǈ m in cloud top estimation. It has a frame rate of ǉ/ǋǈ s
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and transfers the data every ǋǈ s, which corresponds to half of the FoV of the telescope,
due to the movement of the ISS.

Figure 3.3.8: The JEM-EUSO Infrared Camera. Taken from [218].

TļĹ ŀĽĸĵŇ will infer the altitudes of optically thin cloud tops and the optical depth.
ĉe device uses a Nd:YAG laser and a pointing mechanism which steers the beam by
a mirror in the direction of the EAS event, once a trigger occurs. It is operated at a
wavelength of ǋǍǍ nm. ĉe main telescope acts as the receiver for the reĚected lidar
beam.

ǋ.ǌ SķĽĹłŉĽĺĽķ OĶľĹķŉĽŋĹň

ĉe JEM-EUSO mission has been developed to address the exigent questions in UH-
ECR research. It will investigate the nature of the extreme energy side of the universe.
However, due to its unique design, the telescope is prepared to deliver data on other
scientiėc objectives at the same time. JEM-EUSO is a high aperture and high sensi-
tivity instrument. Its MA-PMTs have single photon count abilities and a fast temporal
resolution. ĉis novel setup for UV imaging of the atmosphere can be suitable for at-
mospheric science, as well as for geophysical research [ǊǏǎ].
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ǋ.ǌ.ǉ MĵĽł OĶľĹķŉĽŋĹň

TļĹ ĽĸĹłŉĽĺĽķĵŉĽŃł Ńĺ ňĽłĻŀĹ ňŃŊŇķĹň is the main mission goal of JEM-EUSO.
ĉe exposure of JEM-EUSO in combination with its angular resolution accuracy will
decisively distinguish between the isotropic and the anisotropic scenario. In the laĨer
case, it will collect ameaningful amount ofUHECR to effectively identify the potential
sources. Owed to the ǌ π coverage of the celestial sphere, it can thereforemap the entire
sky. Its data will allow to correlate the cluster of arriving UHECR with astronomical
objects [ǊǍǏ, p. Ǐ].

TļĹ ňńĹķŉŇŃňķŃńŏŃĺ ĽłĸĽŋĽĸŊĵŀ ňŃŊŇķĹň is the next step aěer their identiėcation.
Most of the recent experiments have conėrmed a strong suppression of the UHECR
Ěux at ƪ · ƥƤƥƭ eV. However, it is unclear whether this steepening is a feature of the
GZK effect or resulting from an potential acceleration limit. JEM-EUSO can perform
a spectral analysis of different spatially separated regions of the sky. ĉis will enable us
to constrain acceleration and emission mechanisms [ǊǍǏ, p. ǉǉ]. JEM-EUSO will for
the ėrst time enable astronomy through the particle channel.

ǋ.ǌ.Ǌ EŎńŀŃŇĵŉŃŇŏ OĶľĹķŉĽŋĹň

TļĹ ĸĹŉĹķŉĽŃł Ńĺ UHE-γ is the top exploratory objective of the mission. ĉe com-
position ofUHECR arriving to the earth should, at least to some extent, includeUHE-
γs. ĉese photons are either produced as a propagation feature, by means of the GZK-
effect or directly in the sources as secondary products. A third scenario, predicts UHE-
γ as a result of the decay of super-heavy dark maĨer.

ĉe ratio of expected UHE-γ strongly depends on the production process of UH-
ECR. In the ėrst case, γ appear as secondary particleswhenUHE-protons interactwith
relic photons of the cosmic microwave background. (See Chap. Ǌ.Ǎ.ǉ) In this case, the
ratio of UHE-γ is estimated to be of the order of ǉǈƻ. ĉus, for conventional UHECR
observatories, the UHE-γ Ěux is far too low for a clear measurement. Due to its large
aperture, JEM-EUSO has a sensitivity, sufficient for the detection of fractional Ěuxes
(Fig. ǋ.ǌ.ǉ). Moreover, it would allow even for the detection of secondary γ from in-
dividual sources. ĉerefore, JEM-EUSO will help to further constrain exotic models.
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Figure 3.4.1: Upper limits on the fraction of photons in the integral cosmic ray
flux at 95% confidence level as a function of primary energy. Solid lines corre-
spond to the expected upper limits for JEM-EUSO in Nadir mode and dot-dash-
dot lines correspond to a combination of Nadir and Tilted modes. A Gaussian
uncertainty on the determination of the Xmax parameter of 100 g cmƦ is assumed
for the calculations. The shaded region indicates the prediction for GZK photons.
Black arrows are experimental limits, HP: Haverah Park, A1 and A2: AGASA,
AHY and ASD: PAO, AY: AGASA-Yakutsk, Y: Yakutsk. Pic. and caption taken
from [247].

UHE-γ, being neutral particles are interesting messengers, since their trajectories are
not distorted by magnetic ėelds and will therefore pinpoint the direction of their cre-
ation sites [ǊǌǏ].

TļĹ ĸĹŉĹķŉĽŃł Ńĺ UHE-ν is the second exploratory goal of the mission. Due to the
GZK-effect or to the nuclei disintegration effect (described in Chap. Ǌ.Ǎ) cosmogenic
neutrinos are steadily produced. ĉus, detecting these cosmogenic neutrinos can give
a beĨer understanding of the primary composition of UHECR. By detecting extreme
energy neutrinos, we can observe sources far beyond the GZK horizon, since there
is no magnetic bending. Moreover, apart from the cosmological red shiě, no energy
losses occur on their way through the interstellar medium [ǊǍǏ, p. Ǌǈ]. Both pro-
cesses, GZK and nuclear disintegration have characterizing imprints on the neutrino
spectrum. An experiment, highly sensitive to neutrinos, could therefore discriminate
themodels from another. In case of top-downmodels an even larger fraction of neutri-
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nos is expected. Many of them have been ruled out already on the base of the existing
data from ground experiments. A high aperture experiment like JEM-EUSO can effec-
tively reduce these limits and help to further constrain top-down models.

However, two problems arise for the successful detection of neutrinos. First of all,
since their cross section is very low, a huge target volume is required to observe a rele-
vant number of them. Additionally, the discrimination of neutrinos from other parti-
cles such as protons or nuclei by taking advantage of the EAS maximum is a sophisti-
cated task. Large efforts have been invested to study the neutrino observation capabil-
ities of JEM-EUSO [see ǎǌ, ǉǋǑ, for details] and are still ongoing. A recent study has
shown the neutrino trigger capabilities of JEM-EUSO [ǊǌǏ] (Fig. ǋ.ǌ.Ǌ).

Figure 3.4.2: Trigger efficiency as a function of the grammage of the first inter-
action point corresponding to electron neutrino showers that hit the ground on the
center of the field of view of the JEM-EUSO telescope in Nadir mode. The zenith
angle of the showers is θ = 80°. Pic. and caption taken from [247].

TļĹ ňŉŊĸŏ ŃĺŁĵĻłĹŉĽķ ĺĽĹŀĸň is anothermission objective. JEM-EUSO can play a
key role toprobe themagnetic ėelds between the emiĨerofUHECRand the earth. ĉe
spatial distributionof the potentialUHECRsources carries informationon the galactic
and extra-galactic ėelds. By analysing the smearing of the image created by UHECR
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Figure 3.4.3: Deformation of the point spread function of individual sources as
a function of energy and location on the sky for a certain possible realization of
the Galactic magnetic field. Black corresponds to the highest energy, 10ƦƤ eV and
red to the lowest, 10ƥƭ.ƨ eV. Different realizations produce distinctive patterns. Pic.
and caption taken from [179].

of different energies, the direction and strength of the traversed magnetic ėeld can be
inferred [ǊǍǏ, p. Ǌǌ] (Fig. ǋ.ǌ.ǋ).

TļĹ ŋĹŇĽĺĽķĵŉĽŃł Ńĺ ŉļĹ ĻĹłĹŇĵŀ ŉļĹŃŇŏ Ńĺ ŇĹŀĵŉĽŋĽŉŏ (GTR) is regarded as
a potential task for the mission. UHECR are understood as a tool to probe the theory
of general relativity for Lorentz factors of γ ≈ ƥƤƥƥ. ĉe spectral shape of trans-GZK
eventsmay be forged by non-standard physics. ĉese featureswould be disguised from
current ground experiments simply by the scarcity of events exceeding ǉǈƦƤ eV. By an
increase of statistics by at least one order of magnitude, JEM-EUSO could serve as a
key experiment to discover new physics at the highest energies [ǊǍǏ].

AŉŁŃňńļĹŇĽķ PļĹłŃŁĹłĵ can be observed by JEM-EUSOdue to its designated de-
sign since it is essentially a large UV camera that monitors the atmosphere with a high
time resolution. ĉe IR-system and the lidar provide additional information on the
observed air volume. ĉis combination of instruments allows for the observation of
atmospheric events including meteors, meteoroids and other atmospheric phenom-
ena [ǎǏ, ǊǏǎ].

Meteors arrive to the earth at hypersonic speeds between ǉǉ and Ǐǋ km/s. While
traversing the atmosphere, their kinetic energy is converted to heat and light via col-
lisions of the body with air molecules. ĉe temperatures reach up to ǊǍǈǈ K. ĉus,
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along the trajectory ions and free electrons produce light by de-excitation. ĉe wave-
lengths of the emiĨed radiation are in the visible, but also in the IR andUV range. ĉe
spectrum consists of a black body component and discrete emission lines of nitrogen,
oxygen, but also metals injected by the meteor itself [Ǎǐ, ǐǋ]. ĉe distribution of their
size and inventory is a major concern of modern planetary science. ĉis knowledge
is important to constrain theories of the evolution of the smaller bodies in the solar
system. Moreover, these studies are vital to evaluate impact hazards on the terrestrial
biosphere [ǊǍǏ, p.ǋǈ].

High energetic meteors create dangerous dust clouds that can potentially harm air-
craěs. An efficient ėreball detection system could help to ease the threads of meteorite
impacts for human life and infrastructure. Current meteor observatories are networks
of ground based telescopes. Space-borne observation facilities can provide coverage of
a wider area of the sky with respect to ground based detectors. ĉeir dependence on
weather condition is less strong, due to the fact that a large portion of the atmosphere is
above the clouds. Due to its high sensitivity in theUV range between ǋǈǈ and ǌǈǈ nm,
JEM-EUSO can be an efficient tool to observe these events. It can serve as a pathėnder
for a future space-based detection system of meteors and ėreballs [Ǎǐ, ǐǋ].

TŇĵłňĽĹłŉ ŀŊŁĽłŃŊň ĹŋĹłŉň (TLE) were ėrst proposed in the ǉǑǊǈs. However, it
took until ǉǑǐǑ for the ėrst observations. TLE, are a classiėcation for various electric
discharge phenomena in the upper atmosphere:

• Sprites are bright Ěashes at altitudes of ǌǈ - Ǒǈ km. ĉey occur in groups above
thunderstorm clouds and last typically a few ms. ĉe mechanism behind is not
fully understood. Observation in the μs order could help to explain their origin
and development;

• Halos occur above sprites at altitudes of ǏǍ- ǐǍ km. ĉey are diffuse bright re-
gions with extensions of ǉǈǈ km;

• Elves are the most common among TLE. ĉey are rapidly expanding light discs
at altitudes around ǐǍ - ǑǍ km. ĉe extension of the discs can reach diameters
up tǈ Ǌǈǈ km;

• Blue jets are Ěashes ejected by centre regions of thunderstorms that are not going
down to earth but upwards in the ionosphere. ĉey can reach total energies of
the order of ǋǈ MJ;
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• Terrestrial gamma ray Ěashes have ėrst been recorded in ǉǑǑǌ by the Compton
Gamma Ray Observatory. ĉey are most likely produced at the top of thunder-
storm clouds.

BymonitoringTLEs, JEM-EUSOwould contribute to our understanding of the atmo-
spheric plasma structure [ǊǍǏ].

Figure 3.4.4: Transient luminous events (TLE) in the upper atmosphere. Taken
from [257].

ǋ.Ǎ EŎńĹķŉĹĸ PĹŇĺŃŇŁĵłķĹň

ĉe JEM-EUSO mission will effect unprecedented performances in UHECR detec-
tion, owed to outstanding gains in both aperture and exposure with respect to any cur-
rent ground observatory [Ǐ, Ǎǌ, ǍǍ, ǍǏ]. ĉe expected performance has been evaluated
by means of extensive simulation studies. ĉese estimates aim not only at quantify-
ing the exposure, but also on the angular, Xmax and energy resolution. In this chapter
we brieĚy report on the exposure as well as on the Xmax / energy resolution. ĉe an-
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gular resolution, being the essence of this dissertation, is extensively discussed in the
following chapters.

ǋ.Ǎ.ǉ EŎńŃňŊŇĹ

To estimate the exposure of the telescope, the aperture is calculated, ėrst of all. ĉe
aperture is convolutedwithotherdetermining factors, suchasobservational duty cycle,
cloud efficiency and the expected loss of coverage. In a high statistics study, UHECR
events have been simulated in an area, signiėcantly larger than the actual FOV. ĉe
geometrical aperture is deėned by:

A(E) =
Ntrigg

Ninject
· Sinject · ΩƤ (ǋ.ǉ)

with the ratio of triggered to injected events, ΩƤ = π sr, the solid angle acceptance for
ǈ° < θ < Ǒǈ° and Sinject the area in which the showers are injected [Ǐ, ǍǏ] (Fig. ǋ.Ǎ.ǉ).

Figure 3.5.1: Geometrical aperture as a function of energy. The filled circles and
squares indicate geometrical apertures for the entire observation area and R < 150
km respectively, where R indicates the distance of the impact location of the EAS
from the center of FoV. The open circles and squares include a zenith angle cut of
h > 60°. Pic. and caption taken from [7, 57].

A major determining factor for the exposure is the role of clouds. In cloudy condi-
tions, it is affected depending on cloud-top altitude and optical depth. ĉe extent to
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which clouds impact the observation, depends on the zenith angle of theUHECR.ĉe
steeper the particle arrives, the more likely it is that the EAS Ěuorescence light maxi-
mum might develop below the cloud top [ǉǊǌ].

Low-clouds might only obstruct the end of an air shower. As long as the major
part of the shower is visible to the telescope, information on energy and Xmax can still
be recovered. In some light-polluted environments, low clouds might even improve
the measurements by aĨenuating parasitic photons originating from man-made light
sources. ĉe AM system will play a vital role to locate cloud distributions and to de-
termine their top altitudes. Using this information, together with the Cherenkov foot-
print, allows for an improved estimate of the EAS impact position on the cloud [ǉǊǌ].

Also high altitude clouds with small optical depths are not expected to strongly in-
terfere with the EAS detection. However, due to a slight aĨenuation, the energy recon-
struction could be affected. To overcome this potential problem, the AM system will
identify problematic scenes and allow to correct the data. A clear atmosphere (ǋǊƻ
of the cases) provides good conditions for measurements. Considering the additional
low cloud occurrences, ǎǉƻ of the events can be used for analysis in ‘good scene’ con-
ditions, while Ǌǈƻ of the cases can be regarded as cloudy. Nevertheless, a signiėcant
part of the signal can still reach the detector [ǉǊǌ, ǊǊǌ]. ĉese events can be discrim-

Figure 3.5.2: Ratio of the geometrical aperture for averaged cloudy condition
(circles) to that from clear atmosphere (triangles) as a function of energy. For the
cloudy case, HC < Hmax or τC < ƥ are required for triggering EAS events. The
error bars denote an estimated uncertainty on κC. Pic. and caption taken from
[124, 224].

inated from those observed in good condition by the use of data acquired by the AM
system. Most likely, the determination of E andXmax will suffer from extinction losses.
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Despite that, angular reconstruction with a less precise quality will still be possible to
some extent. To conclude, the overall cloud efficiency κC has been estimated as ǏǊ ƻ
[ǉǊǌ, ǊǊǌ]. It is a major parameter determining the exposure (Fig. ǋ.Ǎ.Ǌ).

Anadditional parameter affecting theexposure in theobservational duty cycle. Since
the altitude of the ISS is at about ǌǈǈ km, one orbit takes about Ǒǈ minutes [ǊǍǉ].
During the ISS daytime, the instrument’s lid has to be closed to prevent damage of the
PDMs due to bright sunlight. Also at night, phases with too much moonlight can ren-
der the observation impossible. Based on the data of the Tatiana satellite [ǉǈǐ, ǉǈǑ], a
study has been conducted to estimate the duty cycle of the JEM-EUSO mission [ǍǍ].
ĉe observational duty cycle is deėned as the time fraction in which less than ǉǍǈǈ
photonsm−Ʀsr−ƥns−ƥ enter the telescope. It has been estimated as ηƤ =Ǌǈƻãa rather
conservative assumption [see Ǐ, ǍǏ, for details]. Further losses of coverage are induced
by lightnings (∼ Ǌƻ), auroras (∼ ǉƻ) and anthropogenic light sources (∼ Ǐƻ) are sum-
marized as the overall loss of coverage floc =ǉǈƻ [Ǐ, ǍǏ].

Taking into account κC, the observational duty cycle ηƤ = and the overall loss of
coverage floc, the annual exposure can be deėned as as

Annual Exposure ≡ A(E) · κC · ηƤ · (ƥ − floc) · (ƥ[yr]). (ǋ.Ǌ)

(Fig. ǋ.Ǎ.ǋ)

ǋ.Ǎ.Ǌ EłĹŇĻŏ ĵłĸ Xmax ŇĹňŃŀŊŉĽŃł

ĉe ability to reconstruct the energy of the primary particles is one of the key per-
formance parameters of the mission. Two complementary methods, the slant depth
method and the Cherenkov method have been investigated and yield comparable re-
sults. Especially for high energies and high zenith angles for which the results improve
in general, both methods are complementary [see ǑǑ, for details]. In the most recent
study [ǉǈǊ], the energy resolution of the instrument has been estimated for events dis-
tributed on the whole ėeld of view and for energies in the range ǉǈƥƭ – ǉǈƦƥ eV and
zenith angles between ǈ° and Ǒǈ° distributed as sin(Ʀθ) (Fig. ǋ.Ǎ.ǌ).

ĉe overall energy resolution is around Ǌǈ to ǋǈƻ above ƫ · ƥƤƥƭ eV. Considering
only those events in the centre of the FOV (± Ǌǈ km), the energy resolution is even
improved. Here the resolution yields between Ǎ to Ǌǈƻ [ǉǈǊ]. Applying cuts on the
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Figure 3.5.3: Annual exposure as a function of energy obtained for the two ex-
treme conditions shown in Fig. 3.5.1: (a) entire observation area (filled circles);
(b) cut on distance R < 150 km and on zenith angle h > 60° (open squares). Pic.
and caption taken from [7, 57].

Figure 3.5.4: JEM-EUSO energy resolution with the slant depth method: σ of
(Ereco-Ereal ) · /Ereal for all event sample and entire FOV. Events selected with
DOF > 4 χƦ /Ndf < 3. Taken from [102].

number of DOF and on χƦ /Ndf can discriminate successfully reconstructed events
from failed ones. However, the application of quality cuts decreases the reconstruction
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efficiency by about ǉǍƻ [ǑǑ] (Fig. ǋ.Ǎ.Ǎ).

Figure 3.5.5: The fraction of events surviving the cut DOF > 4 χƦ /Ndf < 3.
The fraction is shown with respect to the triggered events. Black dots: full FOV,
red triangles: inside a FOV radius of 150 km and zenith angles > 60°. Taken from
[102].

In the same study, the Xmax resolution has been assessed for the FOV region within
a box of (x: ± ǉǍǈ, y: ± ǉǍǈ) km. ĉe events have been simulated with zenith angle
between ǈ° and Ǒǈ° and for various energies. ĉe Xmax have been reconstructed by
means of their Cherenkovmark. In general, the Cherenkovmethod can be considered
as more solid for the Xmax determination. ĉe overall Xmax resolution is of the order
of ∼ ǉǈǈ g/cmƦ (Fig. ǋ.Ǎ.ǎ). By the application of quality cuts as described above, the
resolution can be further increased [ǑǑ].

ĉe science requirements for the angular resolution capabilities of the telescope are
deėned as≤ Ǌ.Ǎ° for showers with zenith angles exceeding ǎǈ°. ĉe scope of this thesis
is to verify if this requirement can be met.
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Figure 3.5.6: JEM-EUSO Xmax resolution for various zenith angles and energies
with the slant depth method:. Events are impacting in the centre area of the FOV.
The geometry has been reconstructed with the slant depth method. Pic. and cap-
tion taken from [102].

ǋ.ǎ PĵŉļĺĽłĸĹŇMĽňňĽŃłň

ĉreepathėndermissions are going to be conductedwithin the framework of the JEM-
EUSO preparations. All three pathėnders are essentially scaled down versions of the
large telescope. In each setup a small version of the focal surface detector works in
combination with an optical system that also resembles the one of JEM-EUSO. Two
of the pathėnders are technically relatively identical. Having a diameter of ǉ m, the
EUSO-Balloon and TA-EUSO are both approximately of the same size. Mini-EUSO,
the third pathėnder, is considerably smaller.

ĉe pathėnders serve to illustrate the technical readiness potential of the mother
mission. ĉey carry key components of JEM-EUSO such as the MA-PMTs, electron-
ics and the optical system. While operating, realistic end-to-end tests of the setups are
obtained. ĉeEUSO-Balloonwill play a special role, since it will conduct themeasure-
ments under quasi-space conditions. ĉis yields an even beĨer argument for thematu-
rity of the JEM-EUSOconcept [ǉǊǎ]. Moreover, the tests conducted by the pathėnder
missions will help to conėgure the main instrument. ĉe EUSO-Balloon and Mini-
EUSOare expected to deliver information on the atmospheric background conditions.
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ǋ.ǎ.ǉ EUSO-BĵŀŀŃŃł

ĉe EUSO-Balloon is a scaled down version of the JEM-EUSO detector. It is con-
structed of components, identical to the ones of the JEM-EUSO detector [ǊǍǑ, ǊǏǉ]
(Fig. ǋ.ǎ.ǉ). ĉe EUSO-Balloon is a UV refractor telescope, mounted on a strato-
spheric balloon gondola. A system of three Fresnel lenses made of PMMA focuses the
incoming light onto a single PDM on the focal surface. PDM, MA-PMTs, PDM read-
out board, CCB and data processor resemble the corresponding JEM-EUSO compo-
nents [Ǌǈǈ, Ǌǈǉ]. ĉe instrument does not have a circular lens system but a squared
one. Its ėeld of view is ǉǊ°× ǉǊ°.

Beginning in summer Ǌǈǉǌ, a number on stratospheric balloon Ěight will be con-
ducted at altitudes up to ǌǈ km. ĉe balloon will Ěy above various kinds of ground
conditions. ĉis allows for a deep analysis of how the background conditions change
with the ground composition.

Figure 3.6.1: Left: EUSO-Balloon equipped with floating pads for a soft touch
down and buoyancy in case of a water landing. Taken from [201]. Right: EUSO-
Balloon Scheme. Taken from [126].

ĉe scientiėc goal of the mission is to conduct a background study with varying
ground conditions such as urban areas, sea, forests, etc. Due to its relatively small
effective aperture, the possibility of the actual observation of a real UHECR event is
regarded as minor. During the mission however, it is planned to test the trigger algo-
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rithms, the near real time analysis (NRTA) soěware and reconstruction techniques by
using artiėcial EAS.ĉese EASwill be induced by a lasermounted on a helicopter. ĉe
major advantage is that the timing as well as the energy and the spectrum are exactly
known, making it easier to calibrate the detector accordingly [ǊǏǈ, ǊǏǉ].

ĉeėrst balloon launch is scheduled for summerǊǈǉǌ inTimmins,Ontario inCanada.
In the future,multiple Ěightswill be conducted under the guidance of theFrenchSpace
Agency CNES¹¹ [ǉǊǎ, ǊǍǑ].

ǋ.ǎ.Ǌ TA-EUSO

Like the EUSO-Balloon, Telescope Array EUSO (TA-EUSO) is a scaled down version
of the JEM-EUSO instrument. It is identical to theBalloon-EUSOpathėnderwith two
exceptions: ĉe optical system ismade of only two lenses. ĉemiddle lens (diffractive
lens) is not necessary in this setup, since the ėeld of view is more narrow (± ǌ°) with
respect to EUSO-Balloon. However, the other lenses are square Fresnel lenseswith the
side length of ǉ metre. ĉe PDM is the same as for the EUSO-Balloon, Mini-EUSO
and JEM-EUSO [ǏǑ]. ĉis pathėnder is deployed at the Telescope Array site in Utah,
USA [ǐǈ, ǉǊǎ] (Fig. ǋ.ǎ.Ǌ).

Figure 3.6.2: left: TA-EUSO, right: TA-EUSO Optical system. Pic. taken from
[126].

ĉe purpose of this pathėnder is to demonstrate via an entire end-to-end setup the
advanced state of the proposed JEM-EUSO components. ĉe TA-EUSO pathėnder
takes advantage of the already existing infrastructure of the TA site, i.e. the electron

¹¹CNES: Centre National d’Etudes Spatiales
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beam facility and a ground laser for calibration [Ǌǎǌ], [ǏǑ]. ĉe utilization of the same
calibration devices allows for cross-calibrations between the two detectors and an ab-
solute energy calibration [ǊǋǏ]. Also different from the EUSO-Balloon pathėnder,
TA-EUSO is equipped with an external trigger line [ǏǑ]. ĉus, whenever TA records
an UHECR event and the FOV is identical, it should also be registered by TA-EUSO.

Figure 3.6.3: The TA-EUSO detector deployed at the TA site in front of the
Black Rock Mesa station. Electron light facility (ELF) and central laser facility
(CLF) indicated.

ǋ.ǎ.ǋ MĽłĽ-EUSO

ĉe third pathėnder under construction, is the Mini-EUSO mission. Being approxi-
mately ǉǈ times smaller than the JEM-EUSO instrument, it will consist of ǉ PDM and
the corresponding readout and data processing electronics like the other pathėnder
missions. ĉe optical system, made of two Fresnel lenses, will have a diameter of ǊǍ
cm (Fig. ǋ.ǎ.ǌ). Mini-EUSO will be transported to the ISS by one of the supply car-
riers that arrive at the space station regularly [ǍǊ]. Accessible by the astronauts, it will
be used tomonitor the earth’s atmosphere from inside the pressurized section through
one of its UV transparent windows. Currently, it is planned tomake use of the Russian
module Zvezda and to look downwards to earth to the nadir. ĉe intention of the mis-
sion is to validate the duty cycle for ISS based UHECR experiments and to determine
the energy threshold. It is not supposed to search for UHECR events ã this is out of
the scope of this mission. It is rather a possibility to study the UV background from
the altitude of the ISS. ĉe current background data available have been measured by
theTatiana satellites [ǉǈǐ, ǉǈǑ]. However, it has beenmeasuredwithout an optical sys-
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tem. Mini-EUSOwill be able tomake an absolute calibration of theMA-PMTs in Ěight
and to set the shower energy threshold. Even though, Mini-EUSOwill most likely not
be able to observe any UHECR induced EAS, due to its low aperture (limited by the
window size), it will certainly perform measurements of atmospheric phenomena like
lightnings and perhaps meteors [Ǌǎǈ].

Figure 3.6.4: Cross-section of the Mini-EUSO detector. Taken from [260].

ĉeMini-EUSOphase A study is at present under evaluation of the ROSCOSMOS
Scientiėc CommiĨee. ĉe ėnal approval is still pending [Ǌǎǈ].

ǋ.Ǐ AķķŃŁŃĸĵŉĽŃł SŉŊĸŏ: SńĵķĹX

Even though, originally planned to be launched by the JapaneseHǊB rocket and trans-
ferred to the ISS by means of the HTV, the accommodation on the SpaceX Dragon
Spacecraě is being discussed as a potential alternative. SpaceX is a commercial space
contractor [Ǐǌ]. It is the ėrst private companywhich has accomplished to deliver cargo
to the ISS [Ǌǎǐ] (Fig. ǋ.Ǐ.ǉ). In future, it is envisaged that alsomanned spacecraěs will
be launched by SpaceX.

ĉe Dragon has a payload capacity of ǎ t. It has a pressurized and an unpressurized
part. ĉe JEM-EUSO instrument can be accommodated in the unpressurized section
of the Dragon, called the Trunk. Since the Japanese HTV and the Dragon of SpaceX
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Figure 3.7.1: left: The Dragon Spacecraft of SpaceX, right: The Trunk of the
Dragon with three payloads. Pics. taken from [9] and references therein.

are differently structured, certain design changes of the telescope will be necessary.

Usually, the payloads transportedby theDragon are deliveredby the Ěight releasable
aĨachment mechanism (FĆM). Unfortunately, the mass of JEM-EUSO requires an-
other solution, since the FĆM cannot handle such heavy weights. ĉus, a custom
made solution is proposed [Ǒ].

Another change of the telescope’s design is imposed by the different shapes of cargo
bays of the two spacecraěs. ĉe original instrument has been proposed with a side cut
optics and a diameter of Ǌ.ǎǍ m to ėt in the hatch of the HTV.ĉeDragon on the con-
trary allows for a circular optics design, due to its annular shape. It would be possible
to maintain the same aperture, while decreasing the diameter of the optics. ĉis bears
the advantage of less weight and increased stability. Another beneėt is the aĨachment
of the payload in the Trunk. ĉe telescope could be aĨached to the Trunk at its focal
surface end, which is the most heavy part of the instrument. ĉe HTV conėguration
would require an aĨachment at the opposite side. ĉis means that the forces imposed
on the instrument during the launch phase, would need to be withstand by the tube
structure of the telescope body. ĉerefore, in the Dragon conėguration a less stable
tube structure is sufficient which saves additional mass [Ǒ]. For additional informa-
tion of the space available in the Dragon Trunk, see appendix Ǐ.Ǌ.
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ǋ.ǐ OŉļĹŇUHECRMĽňňĽŃłň

ǋ.ǐ.ǉ TUS ĵłĸ KLYPVE

Inparallel to (ESA-)EUSO/JEM-EUSO, theTUS/KLYPVEprogramemerged inRus-
sia in the ėrst decade of the Ǌǉst century [ǉǌǑ, ǉǍǈ].

ĉe program comprises of a sequence of missions for the observation of transient
luminous event phenomena and energetic particles impacting the upper atmosphere
[Ǌǈǋ]. Two small pathėnder missions, Tatiana and Tatiana Ǌ have been launched into
space already [ǉǈǐ–ǉǉǈ]. Both missions were supposed to conduct UV background
measurements, using PMTs alike the later, large missions. Unfortunately, the ėrst Ta-
tiana measurements have not been successful, due to technical errors. ĉe second
Tatiana mission, however has provided precious information on the UV background,
though it is important to note that the measurements have been performed without
any focusing optics [ǉǈǐ, ǉǈǑ].

Table 3.8.1: Key parameter of TUS and KLYPVE. Data from [93, 150, 151].

Mission

KLYPVE TUS
Orbit Altitude ∼ ǌǈǈ km ǋǍǈ – ǎǈǈ km
Mirror Area ǉǈ mƦ ǉ.ǌ mƦ

Focal Distance ǋ m ǉ.Ǎ m
Optics Aperture ǉǈ mƦ ǉ.ǐ mƦ

Geom. Aperture Ǌ.Ǌ·ǉǈƨkmƦ sr Ǌ.ǈ·ǉǈƨkmƦ sr
Annual Exposure ǋǈǈǈ linsl. yr−ƥ ǊǏǈǈ linsl. yr−ƥ

Pixel Angular Size < ǈ.Ǌ° ǈ.ǎ°
Field of View ǉǊ°× ǉǊ° Ǒ°× Ǒ°
Number of Pixel Ǌǋǈǌ ǊǍǎ
Time Resolution ǈ.ǌ μs ǈ.ǐ μs

TŇĵķĿ UV SĹŉŊń (TUS) relies on a reĚective optics using Fresnel mirrors [ǋ, ǉǍǉ]
(Fig. ǋ.ǐ.Ǌ). Its launch is scheduled for Ǌǈǉǌ [ǉǍǌ]. It is a pioneering mission for
the observation of UHECR, TLEs and the analysis of the UV background from space.
Accommodatedonboard theLomonosov satellite¹², itwill orbit the earth at an altitude

¹²Another payload on this platform is the UFFO (Ultra-Fast Flash Observatory) detector. Devel-
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Figure 3.8.1: The TUS detector as payload on board the Lomonosov satellite.
Taken from [151].

of ǋǍǈ – ǎǈǈ km. TUS can be regarded as a pathėnder for the JEM-EUSO mission in
the sense that it uses the same observation approach [Ǒǋ, ǉǌǍ]. Having amirror area of

Figure 3.8.2: Segmented Fresnel mirror of the TUS detector. Taken from [93].

ǉ.ǌ mƦ, TUS is expected to observe about Ǎǈ UHECR events per year from the energy
of Ǎ · ǉǈƥƭ eV on. It is equippedwith aHamamatsu RǉǌǎǋP photomultiplier of ǉǎ× ǉǎ
(=ǊǍǎ) pixels. According to simulations, it will be able to discriminateUHECR events
with energies> ǉǈƦƤ eV from background, even in moonlit nights [ǉǍǈ].

oped in parts by the Korean members of the JEM-EUSO Collaboration, it is an instrument to search
for gamma-ray bursts. ĉe trigger part of UFFO uses the PMT and electronics which will be used in
the JEM-EUSOmission [ǉǊǉ].
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KLYPVE is the main mission for UHECR observation. Instead of being part of a free
Ěyer satellite, it is going to be hosted by the Russian module Zvezda on board the ISS.
It is scheduled for launch not exceeding ǊǈǉǏ. Like TUS, it uses a Fresnel mirror to
focus the UV light emiĨed by the EAS onto the focal surface detector. ĉe mirror has
a diameter of ǌ metres and consists of ǉǎ segments as the current baseline. ĉey will
be assembled by Astronauts/Kosmonauts in space [Ǒǋ]. Due to its larger collection

Figure 3.8.3: Scheme of the KLYPVE optics and the segmented Fresnel mirror.
Taken from [93].

power itwill have an energy threshold lower thanTUS, of approximately ǉǈƥƭ eV [ǉǍǈ].
Moreover, its accuracy in the determination of the EAS properties will be higher than
the one of TUS, since it is equipped with about ǉǈ timesmore pixels. It is estimated to
be ∼ Ǎ° in arrival direction determination of the UHECR and ΔE/E ∼ Ǌǈƻ in energy
for particle energies above ǋǈ EeV.ĉeKLYPVEmission is expected tomeasure about
twice the event rate as TUS, ∼ ǉǈǈ events per year.

ǋ.ǐ.Ǌ SŊńĹŇ-EUSO

ĉe Super-EUSO (S-EUSO) mission has been proposed in the context of the ESA
Cosmic Vision Program ǊǈǉǍ – ǊǈǊǍ [ǊǊǐ]. Its observation principle is the same as
in (ESA-) EUSO, JEM-EUSO or the Russian space missions. However, S-EUSO is
conceived as a free Ěyer. ĉis has a number of advantages compared to ISS missions.
(See Fig. ǋ.ǐ.ǌ) ĉe orbit of such a mission can be tailored for this instrument, exclu-
sively. Besides, there are less stringent constraints in terms of power consumption or
the data rate. For S-EUSO an altitude of ∼ ǐǈǈ – ǉǉǈǈ km has been proposed. ĉis
altitude allows for a higher aperture compared to JEM-EUSO. It is envisaged to either
choose an elliptical orbit, having the perigee at ∼ ǐǈǈ km and the apogee at ∼ ǉǉǈǈ
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km or a circular orbit with variable altitudes. A variable orbit exploits the idea of an
ultra-high aperture at high altitudes and a high aperture and high precision at lower al-
titudes [Ǎǋ, Ǌǈǐ]. For the optics a Schmidt design is under study. ĉis is a deployable

Figure 3.8.4: The Super EUSO detector. left: The instrument is conceived as a
free flyer mision using a Schmidt-Optics. right: The telescope reaches an aperture
of ƥ.Ƨ · ƥƤƪ kmƦ sr. Pics. taken from [93].

catadioptric systemãa combination refractive lenses andmirrors. Pure reĚective de-
signs have the disadvantage of a blind spot on the mirror, due to the shadow caused by
the receiver. Hence, the telescope has to have a certain size, sufficient to compensate
for this intrinsic inefficiency. A purely refractive system on the other hand bears the
problem of heavy weight and instability for very large instruments. ĉerefore, this de-
sign dictates an upper limits for the detector size. Using a Schmidt design, as proposed
for S-EUSO, facilitates the realization of various sizes of the instrument without major
changes to the overall optics structure.

At the moment, an entrance pupil diameter of ∼ Ǐ metre has been proposed. ĉe
opening angle will be between ± Ǌǈ° – ± ǊǍ°. ĉis reĚects the fact that at high altitudes,
the EAS signal will appear extremely faint. ĉerefore, an improved optics throughput
efficiency is needed [Ǌǈǐ]. For the same reason, anext generationphotomultiplierwith
a high quantum efficiency is required,most likely silicon-basedGeiger-mode photode-
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tectors (SiPM) are a suitable choice. To reach a pixel granularity on ground, compara-
ble to the one of JEM-EUSO, but from a higher orbit, about ǉ million pixels are nec-
essary [Ǌǈǐ]. ĉis setup will allow for an energy threshold of ∼ ǉǈƥƭ eV. ĉe observed

Table 3.8.2: Parameters of the S-EUSO [181].

Orbit Altitude ǐǈǈ – ǉǉǈǈ km
Operation Period Ǎ – ǉǈ years
Orbital Period ǉǈǈ min
Duty Cycle ǈ.ǉ – ǈ.Ǌ
Optical Band Width ǋǋǈ – ǌǈǈ nm
Main Mirror Diameter ǉǉ m
Pupil Diameter Ǐ m
Field of view ∼± ǊǍ°
Focal Surface Diameter ǌ m
Optics Structure catadioptric
Photomultiplier Si-PMT
Aperture (ǐǈǈ km) ƥ.Ƨ · ƥƤƪ kmƦ sr

area at apogee will be ∼ ǈ.ǐ · ǉǈƪ kmƦ with an instantaneous geometrical aperture of Ǌ
· ǉǈƪ kmƦ sr, depending on the orbit and the FoV [Ǌǈǐ].

ǋ.ǐ.ǋ OWL / GŇĹĵŉ OWL

ĉe Orbiting Wide-angle Light Collectors (OWL) mission, is a concept design study
that employs the launch of two identical satellites, each having an aperture of ǋ me-
tres and a viewing angle of ǌǍ°. ĉe satellites Ěy in circular, near-equatorial orbits (∼

ǉǈ°) at initially at ǉǈǈǈ km. ĉe two satellite setup enables stereoscopic observation.
ĉis makes the event reconstruction tolerant to atmospheric conditions, since the at-
mospheric light absorption and scaĨering can be corrected. Nevertheless, the satellites
will have a lidar system tomonitor the atmospheric depths and the cloud distribution.
ĉe informationof the atmospheric conditions is complementedbydata received from
infrared satellites [ǉǍǏ]. ĉemonocularmode yields a high reliability and a larger aper-
ture (Fig. ǋ.ǐ.Ǎ).

ĉe OWL concept makes use of SiPM, as well. ĉe ǌ.Ǒ mƦ focal surface will be
equipped with ∼ Ǎ · ǉǈƩ pixels. Like the proposed S-EUSO telescope, OWL has a
Schmidt optics. To save weight, the optics structures are planned to be inĚatable. ĉe
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Figure 3.8.5: left: The stereoscopic view of the OWL concept, right: The OWL
instrument. Pics. taken from [157].

primary mirror has a diameter of Ǐ.ǉ m, this enables an effective aperture of ǋ.ǌ mƦ.
ĉis corresponds to a projected surface area on ground of ∼ ǉǈƪ kmƦ, and an instanta-
neous aperture of ∼ Ǌ · ǉǈƪ kmƦ sr. With a duration of the mission assumed as Ǎ years,
an exposure of ∼ ǉǈƪ kmƦ sr yr is reached. ĉe energy threshold is estimated to be ǎ
·ƥƤƥƭ eV [ǉǍǏ].

GŇĹĵŉ OWL is a even more visionary approach to measure GZK-cosmogenic neutri-
nos. For this up scaled version of the OWL detector, the energy threshold should be
lowered to < ǉǈƥƬ eV. ĉis requires the optics to be enlarged by a factor of ∼ ǎ, i.e. a
ǌǊ m diameter primary mirror, ǉǐ m corrector and ǉǋ.ǐ m focal plane is required. Due
to payload restrictions, it would be impossible to realize a telescope of that size, using
conventional technologies. ĉus, the entire instrument would have to be made of in-
Ěatable structures, employing techniques developed for large-area antenna and solar
power systems [ǉǍǏ].





Truth is stranger than ėction, but it is because ėction is
obliged to stick to possibilities; Truth isn’t.

Mark Twain

4
ESAF

TļĹĹŎńĹķŉĹĸńĹŇĺŃŇŁĵłķĹŃĺ JEM-EUSOis evaluatedbymeansof extensive com-
puter simulations. ĉe end-to-end approach allows for a detailed assessment of the ef-
ėciency of the telescope’s single components and their interfaces. ĉus, in the scope
of the simulations, every aspect of the UHECRmeasurement from space must be cov-
ered by the soěware package in detail.

ĉe EUSO Simulation and Analysis Framework (ESAF) had originally been devel-
oped in the context of the former ESA-EUSO mission [ǋǐ, ǏǊ, ǊǎǊ, Ǌǎǋ]. It is wriĨen
in an object oriented way. Main parts of the code are programmed in C++, other in
Fortran. Moreover, it uses libraries of the ROOT¹ package [ǏǍ]. ESAF is organized
in modules, each of them devoted to simulate a speciėc part of the entire simulation
chain. Due to this modularity, it is relatively simple to exchange one module with an-
other. ĉis yields the advantage that this soěware is not bound to simulate only the
original EUSO mission. For the simulation of the JEM-EUSO mission, a new model

¹ROOT is a data analysis soěware developed in the context of the Large Hadron Collider at
CERN. [hĨp://root.cern.ch]
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of the telescope has been designed to replace the original [ǉǈǈ]. Furthermore, we use
the same soěware to simulate the pathėnders of JEM-EUSO.

Not only the technology of the detectorsãmay they be space-borne or notã can
be substituted. Also the modules describing the ‘physics’ can be interchanged. For in-
stance, the use of different kinds of air shower generators or models of the atmosphere
helps us to beĨer understand the behaviour of the expected signal. Interchangeable
components of the telescope, such as lenses or focal surface detector components, al-
low for a beĨer performance estimation and optimization of the instrument.

ĉe sequence of the modules is organized in a hierarchical order. Generally, the
simulation part is separated from the reconstruction part. ĉis is important for a com-
pletely independent assessment of the performance of the telescope. Both sequences
share only a collection of parameters describing the instrument and atmospheric data-
bases.

A full end-to-end study begins with the interaction of the UHECR particle in the
atmosphere. Next steps are the development of the air shower, Ěuorescence and Che-
renkov light production and the photon propagation in atmosphere. ĉis includes dif-
ferent kinds of scaĨering , reĚection and aĨenuation effects. Once, the photons arrive
to the entrance pupil of the telescope, the whole chain of events within the instrument
is addressed. Photon propagation through the optical system, photoelectron creation
and signal readout as well as the trigger chain is simulated. Aěer the detector response
data is wriĨen to disc, the reconstruction chain can be executed to reconstruct the
properties of the UHECR primary by following a step by step approach. First of all,
the signal must be disentangled from electronic noise and background photons. Sec-
ondly, the position and direction of the EAS is reconstructed which also allows for a
particle type determination. Eventually, the energy of the particle can be computed.

Additionally, to the simulation/reconstruction part of the soěware package, a small
collection of utilities is included in ESAF. ĉey offer some analysis features as well as
macros to generate vital allocation tables needed for the computation parts:

• ĉe opticsresponsemacro generates a database of optics throughput efficiencies,
depending on the arrival angle of the photons to the lenses, by shooting a pre-
deėned number of test photons onto the optics;

• MakePixelAngleMapPhotonFile is a macros to create the pixel-angle-map table.
In this table, every pixel on the focal surface detector is correlated to a certain
arrival direction of photons to the entrance lens and the corresponding errors



ǌ.ǉ. Event Simulation ǉǈǋ

(Pixeli → ni(θFOVi , φFOVi ), σ(θFOVi ), σ(φFOVi ))

• EEventViewer is an analysis tool to visualize the output of intermediate simula-
tion steps, such as the distribution of charged particles within the air shower or
the spectrum of photons arriving to the detector site.

ǌ.ǉ EŋĹłŉ SĽŁŊŀĵŉĽŃł

ĉe simulation part of ESAF begins with the particle interaction in atmosphere and
ends with the instrument’s measurement data wriĨen to disc, including the trigger in-
formation. For each of the intermediate simulation steps a variety of interchangeable
packages is available. Depending on the purpose of the simulation, the single modules
are selected in accordance. ĉis allows to quick check certain parts of the simulation
chain or to conduct full end-to-end studies, e.g..

ĉe sequence of the simulation part of the framework is guided by the SimuAppli-
cation. It is the program part which executes the requiredmodules in a logical order. It
basically consists of two parts ãDetector and ‘nature’, represented by the LightToEuso
part (Fig. ǌ.ǉ.ǉ). ĉe LightToEuso part is again subdivided into a handful of modules,

Figure 4.1.1: Schematic sketch of the simulation part of the ESAF framework.
Taken from [99].

responsible for the generation of the shower, creation of photons and light transfer to
the telescope (Fig. ǌ.ǉ.Ǌ). For a speciėc simulation run, the order of modules and the
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Figure 4.1.2: The LightToEUSO application calls a number of sub-packages.
Taken from [97].

setup of the single modules themselves is deėned by means of their dedicated conėg-
uration ėle. I.e., threshold values, multiplication factors, methods and the location of
databases are saved within it (List. ǌ.ǉ).

Listing ǌ.ǉ: Example of a simulation conėg ėle

# c o n f i g f i l e f o r ShowerLightSource ob j e c t
#
ShowerLightSource . F luoCalcu lator = nagano
ShowerLightSource . CrkCalculator = s imple
ShowerLightSource . fLambdaMin = 250
ShowerLightSource . fLambdaMax = 485
ShowerLightSource . EnergyDistr ibut ionType = parametr ized
ShowerLightSource . EnergyDistributionName = g i l l e r
ShowerLightSource . Latera lDistr ibut ionName = NKGhadron
ShowerLightSource . AngularDistributionName = ba l t ru
ShowerLightSource . fUseAngDev = no

For a complete listing of the parameters utilized in simulation runs, see appendix Ǐ.Ǌ.
In this chapter, we will only brieĚy mention packages and procedures that are part of
ESAF but have not been used in the scope of this thesis. Instead, we will put the em-
phasis on the description of the packages that have been utilized in this study.

ǌ.ǉ.ǉ SļŃŌĹŇ SĽŁŊŀĵŉĽŃł

ĉe simulation part of the entire chain begins with the generation of the air shower.
Within ESAF, we can utilize the built-in solution provided by the SLAST shower gen-
erator. Alternatively, already existing air showers generated by external shower gener-
ators can be imported to ESAF via dedicated interfaces: CONEX [ǉǊ, Ǎǈ, Ǌǉǈ, Ǌǉǉ],
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CORSIć [ǉǊǑ] orUNISIM [Ǐǉ].

SLAST is a shower generator that uses parametrizations to simulate the distribution of
chargedparticles. Dependingon the energy and zenith angle of theUHECR, the longi-
tudinal development is described by a parametrization according to the Greisen, Ilina,
Linsley (GIL) function [ǉǏǈ]. ĉe formula dates back to the Greisen parametrization
describing the longitudinal shower development ofUHE-γ [ǊǊǈ]. Modiėed by Ilina in
ǉǑǑǊ, it was set to describe nuclei initiated showers [ǉǋǐ]. In Ǌǈǈǉ, Linsley proposed
the following version [ǐǊ, ǉǏǈ]:

Ne =
E
Eƥ

· e−[t−tmax−Ʀ t·ln(s)] (ǌ.ǉ)

with the slant depth t = x−xƥ
xƤ

, xƤ = Ƨƫ.Ʃg/cmƦ, Eƥ=ǉǉ.ǌǍ GeV, the shower age:

s =
[ ƥ+tmax

t

Ʀ

]−ƥ

, (ǌ.Ǌ)

and tmax deėned by

tmax = a+ b ·
[
ln
(
E
ε

)
− lnA

]
. (ǌ.ǋ)

Here, a=ǉ.Ǐ denotes an offset constant, b=ǈ.Ǐǎ the elongation rate and ε= ǐǉMeV, the
critical energy. ĉe GIL function (Eq. ǌ.ǉ), is visualized in (Fig. ǌ.ǉ.ǋ). ĉe lateral

Figure 4.1.3: Greisen Ilina Linsley (GIL ) parametrization for longitudinal devel-
opment of extended air showers. Taken from [99].

distribution of charged particles follows theNKGhadron parametrization according to
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Kamata and Nishimura [ǉǌǎ] and Greisen [ǉǉǑ]:

f(x) =
Γ(ƨ.Ʃ − s)

ƦπΓ(s)Γ(ƨ.Ʃ − Ʀs)

(
r
rƥ

)(s−Ʀ)(
ƥ +

r
rM

)(s−ƨ.Ʃ)

(ǌ.ǌ)

with r, the distance to the shower core in metres and rM being the Molière radius:

rM = Es
Xƥ

ε
(ǌ.Ǎ)

with the scale energy Es ≈ Ǌǉ MeV and the radiation length in air Xƥ = Ƨƫ cm−Ʀ. ĉe
local Molière radius is obtained by rM/ρ(h) ≈ ƭ.ƪ g cm−Ʀ/ρ(h). ĉe NKG function is
however a modiėed version, ėne tuned by a scale factor as in [ǉǉǎ] to ėt Monte Carlo
simulations. ĉis is in good agreement with the JNC function [Ǐǎ, ǏǏ].

Depending on the age parameter s, the shape of the particle spectrum for energies
between the critical energy and the energy of the primary electron or photon that trig-
gers the electromagnetic cascade ε ≪ E ≤ EƤ is

ƥ
Ne

dNe

d ln E
∼ E−s. (ǌ.ǎ)

It can be analytically expressed according to Nerling [ǉǑǌ], Giller [ǉǉǍ, ǊǏǌ] or Hillas
[ǉǋǋ]. ĉe Giller distribution follows Monte Carlo simulation between ǉǈƥƭ to ǉǈƦƤ

eV, describing the electron energy spectra depending on the shower age:

ƥ
Ne

dNe

d ln E
= C(s) ·

{
ƥ − a · exp

[
−f(s) · E

ε

]}
·
(

ƥ +
E
ε

)−[s+b·ln( E
c·ε)]

(ǌ.Ǐ)

with Ne, the total number of electrons, a=ǉ.ǈǈǍ, b=ǈ.ǈǎ, c=ǉǐǑ, f(s)= Ǐ.ǈǎ · s + ǉǊ,ǌǐ
and C(s)=ǈ.ǉǉǉ · s + ǈ.ǉǋǌ for ǈ.Ǐ ≤ s ≤ ǉ.ǋ (Fig. ǌ.ǉ.ǌ). ĉe Giller parametriza-
tion is taken as the standard particle energy spectrum within ESAF, since the other
parametrizations do not seem to reproduce theMonte Carlo results above ǉǈƥƭ eV suf-
ėciently.

ĉe angular distribution of the Cherenkov light follows the empirical formula de-
veloped by Baltrusaitis et al. in the context of the Fly’s Eye experiment [ǊǑ].

dN
dΩ

∝
exp

(
− θ

θƤ

)
ƦπθƤ sin(θ)

(ǌ.ǐ)
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Figure 4.1.4: Electron Energy Spectrum according to Giller [115, 274] for various
shower ages. Each curve represents the average of 10 proton showers of 10ƥƭ eV.
Taken from [115].

with the emission angle θ (relative to shower axis) and θƤ=ǌ.ǈ ± ǉ.Ǌ° the multiple scat-
tering parameter for Ǌǈ ≤ ET ≤ ǎǈ MeV, the threshold energy for Cherenkov light
emission.

θƤ[rad] = a · ET[MeV]−b (ǌ.Ǒ)

ET depends on the refraction index of the medium traversed.

ET = Ƥ.Ʃƥƥ[Ʀ(n− ƥ)]−ƥ/Ʀ (ǌ.ǉǈ)

ĉe parameters a and b have been approximated by different studies according to Tab.
ǌ.ǉ.ǉ. ĉe merit of SLAST, with the built-in parametrized approach, is a very quick

Table 4.1.1: θƤ parameters a and b. From [29, and references therein].

a b

[ǊǌǊ] ǈ.ǐǋ -ǈ.ǎǏ
[Ǒǎ] ǈ.ǏǏ -ǈ.ǎǍ
[Ǒǎ, ǉǋǋ] ǈ.ǐǍ -ǈ.ǎǎ

and efficient solution for the shower production. ĉe shower can be produced within



ǉǈǐ ǌ. ESAF

seconds, whereas the more sophisticated generators consume far more computing re-
sources. Of course, the Monte Carlo methods yield a more realistic outcome. How-
ever, since the GIL formula is tuned in accordance to Monte Carlo simulations, the
results are comparable [ǐǊ]. ĉerefore, SLAST can be regarded as a robust and conve-
nient tool for code testing, evaluation of the reconstruction algorithms and to give ėrst
estimates on the instrument’s performance.

CONEX is a one-dimensional hybrid shower generator for high energy air showers
[ǉǊ, Ǎǈ, Ǌǉǈ, Ǌǉǉ]. At the ėrst stages of the shower development, the high energy par-
ticle interaction is computed by a Monte Carlo simulation. For the less energetic sub-
showers CONEX relies on solving the hadronic and electromagnetic cascade equa-
tions numerically [Ǎǈ]. ĉis yields the advantage of saving computing time compared
to a full Monte Carlo simulation, especially at ultra high energies. ĉe two parts of
the program are steered by the same physics. Different hadronic interaction models
can be selected: SIBYLL Ǌ.ǉ [ǉǉ], QGSJETǈǉ [ǉǌǌ], QGSJETII-ǈǌ [ǉǑǑ] and EPOS
LHC [ǋǉ, ǎǐ, ǊǉǊ] are implemented for the high energy part, GHEISHA [ǉǈǋ] for
the low energy part. ĉe high energy electromagnetic part is computed by the built-in
EGSǌ code and additional LPM-effect supplements [ǉǊ]. Photo-nuclear interaction
and muon production follow the CORSIć program. Once, the secondary particle
energy falls below a pre-set threshold, the particles behaviour is described by cascade
equations for the interaction processes like bremsstrahlung, Compton effect and pair
production. CONEX yields remarkably similar results as the full Monte Carlo COR-
SIć code (Fig. ǌ.ǉ.Ǎ). CONEX can not only simulate proton induced air showers,
but also UHE neutrinos and photons [Ǌǌǎ].

CORSIć, being a fullMonteCarlo simulator for cosmic ray induced air showers, cer-
tainly yields the most natural results [ǉǊǑ]. It has a choice of various built-in hadronic
interactionmodels such asNEXUS, SIBYLLǊ.ǉ,QGSJETǈǉ,QGSJET II-ǋ andEPOS
ǉ.ǎ. ĉe CORSIć output can be injected into ESAF by means of a designated inter-
face. However, CORSIć requires a computing time by orders of magnitudes higher
than SLAST or CONEX.

UNISIMhad been developed at the time of (ESA-) EUSO, to provide proton and neu-
trino showers to ESAF [Ǐǉ]. A number of studies has been carried out so far [ǎǌ, ǊǊǑ].
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Figure 4.1.5: Figure 5: Left panel: Average longitudinal profiles of charged par-
ticles and photons of energies above 1 MeV for proton-initiated vertical showers
of EƤ = 10ƥƬ eV. Right panel: Particle energy spectra of photons, electrons, and
positrons for the atm. depths X = 700 and 1000 g/cmƦ. Shown are the results
from the hybrid calculation (dashed line), pure MC simulation (points), and nu-
merical cascade Eqs. solution (full line). In addition CORSIKA predictions are
given by stars. Pic. and caption taken from [50].

However, since the code is not supported any longer, current and future neutrino sim-
ulation studies are being conducted, utilizing the CONEX code instead [ǉǋǑ, ǊǌǏ].

ǌ.ǉ.Ǌ LĽĻļŉ GĹłĹŇĵŉĽŃł

Aěer the shower generation by SLAST or import of a generated shower by an exter-
nal code such as CONEX, the distribution of particles and their energy distribution
is handed over to the ShowerLightSourcemodule. Its task is the production of Ěuores-
cence andCherenkov photons. Twophoton bunches are assigned to each shower step;
one for Ěuorescence, the second for Cherenkov photons. ĉe light yield is calculated
for each of the shower bunches.

FŀŊŃŇĹňķĹłķĹ ŀĽĻļŉ is produced by taking into account the number of electrons in
the shower step Ne according to GIL (Eq. ǌ.ǉ) and integrate the spectral distribution
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of the electron energies ƥ
Ne

dNe
dE as well as the Ěuorescence yield FYLλ [ǋǐ]

dNfluo

dL
= Ne(s)

∫
E

[(
ƥ
Ne

dNe

dE
(s)

)∫
λ
FYLλ (E, P,T) dλ

]
dE. (ǌ.ǉǉ)

For the Ěuorescence yield, either the Kakimoto parametrization [ǉǌǊ] or the Nagano
parametrization [ǉǑǉ, ǉǑǊ] can be used.

ĉeKakimoto parametrization ėts themeasurements performed byKakimoto et al.
in ǉǑǑǎ [ǉǌǊ]:

FYLλ =
(dE
dx

)(dE
dx

)
ƥ.ƨ MeV

· ρ
{

Aƥ

ƥ + ρBƥ
√
T
+

AƦ

ƥ + ρBƦ
√
T

}
(ǌ.ǉǊ)

with dE/dx, the electron energy loss, (dE/dx)ƥ.ƨ MeV evaluated at ǉ.ǌMeV respectively,
the air density ρ [kg m−Ƨ] and the temperature T [K]. ĉe constants Aƥ,Ʀ, Bƥ,Ʀ can be
inferred from Tab. ǌ.ǉ.Ǌ

Table 4.1.2: Yield parameters Aƥ,Ʀ and Bƥ,Ʀ. Taken from [142].

Aƥ ǐǑ.ǈ ± ǉ.Ǐ mƦ kg−ƥ

AƦ ǍǍ.ǈ ± Ǌ.Ǌ mƦ kg−ƥ

Bƥ ǉ.ǐǍ ± ǈ.ǈǌ mƧ kg−ƥ K−ƥ/Ʀ

BƦ -ǈ.ǎǎ ± ǈ.ǋǋ mƧ kg−ƥ K−ƥ/Ʀ

ĉeNaganoparametrization follows themeasurements byNagano et al. [ǉǑǉ, ǉǑǊ]:

FYLλ =
(dE
dx

)(dE
dx

)
Ƥ.ƬƩ MeV

Ai ρ
ƥ + ρBi

√
T

(ǌ.ǉǋ)

with

A =

(dE
dx

)
Ƥ.ƬƩ MeV ΦƤ

hν
and B =

RNƦ

√
T

p′i
=

ƨσnnτƤRNƦ√
πkM

, (ǌ.ǉǌ)

where RNƦ=ǊǑǎ.Ǒ mƦ s−ƦK−ƥ is the speciėc gas constant for nitrogen and the air pres-
sure ρ. ĉe electron energy deposit dE/dx, required by both yield parametrizations is
calculated according to [ǊǋǍ]

dE
dX

= −ρ
Ƥ, ƥƩƧƩƧƪ

βƦ
Z
A
B Ekin. (ǌ.ǉǍ)

For a direct comparison of the Ěuorescence yields as computed in ESAF see Fig. ǌ.ǉ.ǎ.
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Figure 4.1.6: Fluorescence yield according to Kakimoto and Nagano. Taken from
[99].

CļĹŇĹłĿŃŋŀĽĻļŉ isproducedwhenever a chargedparticle traverses adielectricmedium
at a velocity exceeding the speed of light within it. It is emiĨed in a pencil beam along
the direction of motion of the particle [ǌǑ, p. ǌǌǋ]. In ESAF, the photon production
is computed in analogy to the Ěuorescence case

dNCkov

dL
= Ne(s)

∫ ∞

Ethresh

[(
ƥ
Ne

dNe

dE
(s)

)
CYL(E, n)

]
dE. (ǌ.ǉǎ)

were CYL(E, n) is the integrated Cherenkov yield. It is described by

CYL(E, n) = Ʀπ · α · Ʀδ
(

ƥ −
(
Ethres

E

)Ʀ)
·
(

ƥ
λmin

− ƥ
λmax

)
, (ǌ.ǉǏ)

with δ = ρ(h)/ρ(Ƥ), the ratio of air densities at altitude h and on ground level, the
threshold energy for Cherenkov light production Ethres and the ėne structure constant
α [ǋǐ] (Fig. ǌ.ǉ.Ǐ). ĉe opening angle of the Cherenkov cone has a few degrees and
depends on the altitude.

ǌ.ǉ.ǋ AŉŁŃňńļĹŇĽķ TŇĵłňńŃŇŉ

ĉe atmosphere used for simulation within ESAF can be selected from either the

ǉ. U.S. Standard Atmosphere ȕȝțȚ [ǉǑǐ] or
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Figure 4.1.7: Cherenkov yield as calculated in ESAF for three shower ages s.
Taken from [38].

Ǌ. theMSISE empirical model of the atmosphere [ǉǋǈ, ǊǈǑ].

ĉe Rayleigh scaĨering and ozone absorption is computed with help of the LOW-
TĆNǏ² [Ǌǌ] atmosphere package [ǑǑ]. Every photon bunch of the shower has its
unique position and direction as well as certain photon properties in terms of spectral,
longitudinal, lateral and angular distribution. ĉe propagation of photons through the
atmosphere to the instrument canbe conductedby twopossible atmospheric transport
modules ã the very fast, parametrized Bunch algorithm or the Monte Carlo transfer.
ĉe laĨer, being signiėcantly slower and demanding in terms of computing power, but
certainly closer to nature than the ėrst. ĉe evaluation of the differences between the
two algorithms and the impact on the angular resolution has been part of this work.

TļĹBŊłķļTŇĵłňĺĹŇ, uses a parametrized approach. It is a very fast and efficientway
to propagate the photons to the detector. ĉe idea behind the algorithm is to consider
not the single photons, but the entire bunch. ĉe threemajor types of photons arriving
to the detector are treatedby the algorithm: ǉ) the Ěuorescence photons, directly prop-
agated onto the ėrst lens of the detector without undergoing any further atmospheric
interactions. Ǌ) ĉe Cherenkov photons impacting on ground and being reĚected to
the instrument. ǋ) ĉe Cherenkov photons arriving to the detector aěer scaĨering

²LOWTĆN: Low Resolution TransmiĨance Code
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with aerosols or molecules. ĉe bunch algorithm neglects additional components of
Ěuorescence light which is scaĨered or reĚected from ground [ǋǐ, ǉǐǑ]. ĉe direct Ěu-
orescence component is propagated towards thedetector in a simple approach. Among
themany Ěuorescence photons produced, only an extremely small fraction reaches the
ėrst lens. ĉis is owed to the fact that the photons are homogeneously emiĨed in ev-
ery direction and the ∼ Ǎ square metre detector entrance is ∼ ǌǈǈ km away. Simple
geometrical considerations show that only

lense surface · ƥƤƤ
ƨπ · (ISS altitude)Ʀ

=
∼ ƩmƦ · ƥƤƤ

ƨπ · (∼ ƨ · ƥƤƩ m)Ʀ
≈ ƥƤ−ƥƤ% (ǌ.ǉǐ)

of the photons can reach the detector on a straight line. ĉus, instead of tracking each
photon and analyze its probabilities to be scaĨered or aĨenuated, the candidate pho-
tons are taken and propagated towards the detector. ĉe single photons inherit their
properties from their parent bunch. Now, only the probability of being aĨenuated on
the way is calculated according to its wavelength and distance.

ĉe Cherenkov component is computed in a similar way. However, in this case a
single scaĨering interaction is taken into account. Typically, within each Cherenkov-
bunch, a sub sample of photons is scaĨered in such a way that the new direction of the
photon intersects the instrument’s entrance pupil. Usually, the pathway in atmosphere
ismuch longer than for the Ěuorescence component. Of the reĚected component, only
a minor part reaches the detector. Due to the earth’s albedo of about Ǎƻ [ǐǌ], a large
fraction of the photons is lost. Furthermore, since it traverses the low layers of the
atmosphere, reĚected Cherenkov light is affected by ozone absorption. For the Ěuo-
rescence photons it usually does not play amajor role. In nature, all photons are subject
to scaĨering processes of both Mie and Raleigh scaĨering. ĉe bunch algorithm how-
ever, does only take scaĨering effects for the Cherenkov photons into account. ĉis
is an approximation, owed to the fact that calculating scaĨering effects for such a large
amount of photons over some scaĨering orders consumes a large amount of comput-
ing time. ĉis algorithm has nevertheless proven to be very useful in evaluating the
expected performances of the detector and in a number of important tests.

TļĹ MŃłŉĹ CĵŇŀŃ transport of photons in atmosphere is the more advanced ap-
proach. Here the interaction of the photons in the atmosphere is taken into account up
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Figure 4.1.8: Signal tracks of the same shower event (proton, E=10ƦƤ eV, θ=60°)
on the JEM-EUSO focal surface. Left: Bunch algorithm for transport of photons
in atmosphere. Right: Monte Carlo algorithm taking into account five scattering
orders.

to the nth order. For each photon, its properties likewavelength, position and direction
within the bunch must be assigned by the help of a random generator, weighted with
the corresponding physical distribution. For each interaction, the probability to be-
come aĨenuated or scaĨered within ǌ π direction is again randomly determined. ĉis
happens for each photon up to the pre-set nth order or to the point when the detector is
reached. To avoid the computing for all of the photons generated within the shower, a
reduced version of the full Monte Carlo mechanism is applied [ǋǐ, ǉǑǈ] (Fig. ǌ.ǉ.ǉǉ).
ĉis simpliėcation is valid since the detector is not part of the scaĨering medium but
rather distant. I.e., between the top of the atmosphere and the detector, no Monte
Carlo calculations areneededand for thosephotons leaving the atmosphere, only those
have to be considered that fall into the (very small) solid angle of the telescope. ĉe
method has been evaluated and compared to similar atmospheric simulations by [ǋǐ].
Due to the contributions of higher scaĨering orders, the signal tracks appear broader
on the focal surface and more outstretched in time (Fig. ǌ.ǉ.ǐ).

ǌ.ǉ.ǌ DĹŉĹķŉŃŇ

ĉe telescope simulation consists of a number of modules, each responsible for the
simulation of a speciėc part of the detector and its sub-components. Major parts are
theoptics, the focal surfacedetector and the readout electronics. An additional, but im-
portant sub-system for the JEM-EUSOmission is the atmosphericmonitoring system,
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Figure 4.1.9: Light curve of the same shower event (proton, E=10ƦƤ eV, θ=60°)
and its components observed by JEM-EUSO. Left: Bunch algorithm for transport
of photons in atmosphere. The fluorescence light is not affected by any scattering
interaction, whereas the Cherenkov light is assumed to undergo one single interac-
tion, either scattering or ground reflection. Right: Monte Carlo algorithm taking
into account five scattering orders.

i.e. the LIDAR and the IR camera. ĉe AM system, however, is at the moment only
partly implemented within ESAF. ĉe LIDAR simulations can be performed within
the framework, the necessary simulation for the infrared camera are carried out by a
stand-alone code [ǊǉǑ, ǊǎǍ].

TļĹ ŃńŉĽķň of the JEM-EUSO telescope can be simulated by utilizing three different
possible options; a parametrized optics implementation and two kinds of optics ray-
traces.

ĉe ėrst andmost simple solution is the parametrized optics. Tracking the photons
through the optics by means of mathematical functions bears the advantage of negli-
gible computing time. ĉe parametrized approach yields the simplistic picture of an
ideal optics and thus focusses the signal in a perfect manner without any perturbations
one would expect in reality. ĉerefore, it is not used for any serious performance es-
timate. However, it can be used as a ėrst step when seĨing up the entire end-to-end
simulation for the ėrst time for a new detector.

Advancedoptions are theRIKENray-trace and theDubna ray-traceoptics. ĉeDubna
ray-trace is based on Geantǌ³. ĉe RIKEN ray-trace does not require any further li-
braries. Both ray-trace codes yield virtually indistinguishable results fromone another.
In the scope of this dissertation, we have been using the RIKEN ray-trace, exclusively.

³Geantǌ is a toolkit for the simulation of the passage of particles through maĨer. Its areas of ap-
plication include high energy, nuclear and accelerator physics, as well as studies in medical and space
science. It is developed at CERN. [hĨp://geantǌ.cern.ch]
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Figure 4.1.10: Signal components of the same shower event (proton, E=10ƦƤ eV,
θ=60°) on the telescope’s entrance pupil. Left: Bunch algorithm for transport of
photons in atmosphere. Right: Monte Carlo algorithm taking into account five
scattering orders.

TļĹ ĺŃķĵŀ ňŊŇĺĵķĹ ĸĹŉĹķŉŃŇ ĉe description of the focal surface detector com-
prises the layout ėle which contains vital information on the PMTs. Arranged on an
ideal focal surface (Fig. ǌ.ǉ.ǉǊ), each of them has a unique identiėer. ĉe FS layout ėle
is an allocation table which connects the unique ID of each PMT to a speciėc PDM,
whose position and pitch in three dimensions is also given here. ĉe simulation of
the single PMTs is done in accordance to database tables containing the parameters of
the PMTs, such as dimensions and efficiencies, cross-talk, etc.. ĉe type of PMT can
be easily exchanged, given that the data of the speciėc model is made available by the
producer. ĉe current baseline used for simulations in the scope of this work is the
Hamamatsu RǉǉǊǎǍ-Mǎǌ.

TļĹ ĹŀĹķŉŇŃłĽķň simulation treats every step of the detector readout part. Starting
at the level of the PDM electronic board where the signal is read out in the form of an-
ode currents, the simulation include the electronic processing, addition of background
and the application of the trigger algorithms. ĉe signal readout is done within an el-
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Figure 4.1.11: Working scheme of the Monte Carlo algorithm to simulate photon
transport in atmosphere for n scattering interactions. Taken from [38], modified.

ementary cell, a matrix of two by two MA-PMTs by an ASIC⁴ [ǐǏ]. ĉe ASIC is part
of the PDM board which controls the data Ěow for the entire PDM. At this stage, the
background is added, to circumvent the problem of simulating the many background
photons in atmosphere. ĉe resulting background paĨern on the focal surface is rela-
tively homogeneous, characterized by Poissonian Ěuctuations. In reality we expect to
observe an intensitymaximum at the centre of the focal surface and a decrease in back-
ground intensity in the outer parts. ĉis is owed to a decrease in throughput efficiency
for larger optics radii. At the moment a constant background is taken into account,
though. Furthermore, at the PDM-board, the ėrst trigger level Lǉ is applied, reducing
the data rate by a factor of about ǎ ·ƥƤƨ [ǐǏ]. ĉe Lǉ trigger is called persistent track
trigger (PĈ). It checks inside a box of three by three pixels for signals that last longer
than a preset time duration of typically ėve consecutive GTUs. If this is the case and
the total number of counts within this box exceeds another preset threshold value, a
trigger signal is issued. When a signal passes the ėrst trigger stage, the data is sent to
the cluster control board (CCB). Here, the data of about seven PDMs⁵ is collected,
scanned by the second trigger level LǊ and sent to the main CPU in case a trigger sig-
nal given. ĉeLǊ is called linear tracking trigger (LĈ). It searches for pixels exceeding

⁴ASIC: Application-speciėc integrated circuit
⁵decision on the number of PDMs pending
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Figure 4.1.12: Left: The shape of the focal surface is described by a sphere of
∼ 2.5 m radius. Right: The PDMs are arranged on the FS in an x,y layout with a
centre PDM. Taken from [257].

a certain threshold. Once, such a red pixel is found, an integration box of three by three
pixels is moved along predeėned paths intersecting it. Again, a second threshold must
be passed to issue the trigger. ĉis is supposed only to happen for the case when the
integration boxmoves approximately along the axis of a signal track andnot for clusters
of background [ǑǑ].

Following the digitization of the signal by the ASICs, the electronics simulation is
carriedout in a parametrizedway. ĉis is considered as appropriate, sinceno signiėcant
signal losses or distortions are expected aěer this stage [ǑǑ]. ĉe event data, including
intermediate results from the single simulation steps, are saved in an output ėle and
wriĨen to disc.

ǌ.Ǌ EŋĹłŉ RĹķŃłňŉŇŊķŉĽŃł

ĉe reconstruction part of the ESAF soěware aims at estimating the direction, Xmax

position and energy of the primaryUHECR. Like the Simu part of the framework, also
theReco part is subdivided into severalmodules, each of them responsible for a speciėc
sub task (Fig. ǌ.Ǌ.ǉ). In the course of the event reconstruction process, the modules
used for the simulation of the event data remain untouched. All relevant actions nec-
essary for the reconstruction are performed independently from the simulation part
of the framework. Starting from the raw data, read out from the ROOT ėle, the re-
construction sequence ėrst checks for the trigger information and tries to recover the
actual signal track within the distribution of background counts. Following that, from
the position, shape and timing information of the track, the direction can be inferred
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Figure 4.2.1: Schematic sketch of the reconstruction part of the ESAF frame-
work. Taken from [99].

by the dedicated angular reconstruction module. Knowing the position and direction
of the EAS in the atmosphere, an estimate of the Xmax and energy can be computed.
For the different taskswithin the reconstruction chain, a number ofmodules have been
developed. Some of the date back to the time of (ESA-)EUSO, others have been devel-
oped to suit the needs of the new mission. ĉus, for every task a choice of designated
modules exist. Like in the simulation part, the sequence of modules is deėned within
a conėguration ėle (List. ǌ.Ǌ).

Listing ǌ.Ǌ: ĉe RecoModuleList conėguration ėle

# PATTERN RECOGNITION MODULES:
#
Module = LTTPreClustering
Module = PWISE
#Module = RobustModule
#Module = HoughTransform
#
# TRACK DIRECTION MODULES: e i t h e r TD2 or TDPlane+TD.
#
#Module = TrackDetectorPlane
#Module = TrackDirect ion
Module = TrackDirect ion2
#
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# ENERGY MODULES:
#
Module = PmtToShowerReco

ǌ.Ǌ.ǉ PĵŔĹŇł RĹķŃĻłĽŉĽŃł

ĉemotivation behind the paĨern recognitionmodule is to extract the real signal track
from background and noise. Atmospheric background photons originate from the at-
mospheric night glow, weather phenomena or human light sources. ĉe noise is in-
troduced by the electronic components of the detector itself. Its contribution to the
overall background is relatively small.

Originally, ESAF had been equipped with two kinds of paĨern recognition: cluster
analysis [ǉǏǌ] and Hough transform [ǉǋǎ, ǉǏǍ]. Some preliminary results have been
obtained using these methods [ǉǐǉ, ǉǐǊ]. However, in the scope of the simulation
studies conducted in the framework of JEM-EUSO the existing paĨern recognition
modules haveproven tobe insufficient tomeet the JEM-EUSOscientiėc requirements.
ĉerefore, three newmodules have been developed to facilitate an appropriate paĨern
recognition ã the PWISE module [ǎǊ, ǉǊǋ], the Robust module [ǎǉ] and the LĈ-
PreClustering module [Ǎǎ, ǎǊ].

PĹĵĿ ĵłĸ WIłĸŃŌ SEĵŇķļĽłĻ (PWISE) is the recently developed signal ėlter for
the ESAF reconstruction [ǉǊǍ]. Unlike the former, original paĨern recognition mod-
ules it does not search for logically connected groups of neighbouring pixels, but anal-
yses each of them individually in time. ĉe technique works in three major steps [ǉǊǊ,
ǉǊǋ]:

ǉ. Among the many pixels derived from the triggered PDMs, PWISE takes only
those into consideration with a maximum photon count exceeding the peak-
threshold.

Ǌ. Now, a time interval is identiėed thatmaximizes the signal-to-noise ratio (SNR)
deėned by

SNR =
( ƥ
Δτ · RMS

)∑
Δτ

pc(t), (ǌ.ǉǑ)

with pc(t), the photon-counts at the time t, Δτ, the width of the time window
around themaximum count peak of the pixel and the root-mean square RMS of
the photon-counts.
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ǋ. Only if the maximum SNR is above a pre-set SNR-threshold, the counts in this
timewindow are regarded as signal counts and passed on to the direction recon-
struction.

ĉe rejection power depends on the ėne tuning of the two thresholds. Focus of its
development was to provide a clean track with sufficient signal counts for the angular
reconstruction. A relatively conservative threshold seĨing comes at the expenses of
loosing a fraction of the actual signal track [ǉǊǋ]. A great advantage of the PWISE
is its power to reject multiply scaĨered photons that produce counts far off the main
sequence of the signal track and introduce uncertainties in its subsequent ėĨing. Like
scaĨered photons originating from perturbations of the optics these counts contribute
to a fuzzy image of the signal track. Moreover, they are characterized by delayed arrival
times due to themultiple scaĨering and can therefore have a negative impact especially
on the Θ reconstruction (Fig. ǌ.ǉ.Ǒ).

TļĹLĽłĹĵŇTŇĵķĿĽłĻTŇĽĻĻĹŇPŇĹ-CŀŊňŉĹŇĽłĻ technique can be applied before-
hand the actual signal identiėcation. ĉeunderlying technique is according to the same
algorithm as implemented in the second trigger level ã the Linear Tracking Trigger.
However, since the event reconstruction is not affected by time or power budget con-
straints, the same logic is applied with higher accuracy, delivering more sophisticated
results [Ǎǎ, ǎǊ, ǉǉǏ].

Figure 4.2.2: x-t and y-t plots of the focal surface with a signal track embedded
in background. Left: before and Right: after LTT Pre-Clustering selection. Both
taken from [56].

Like the LĈ, it searches for red pixels with a maximum number of counts. In the
next step, it takes an integration box and moves it into a number of directions inter-
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secting this pixel. In this step the major difference from the LĈ arises, due to the fact
that computing power on earth allows formanymore directions than onboard the tele-
scope. ĉe module ėnally selects the path which maximizes the number of counts. It
does not extract the signal from background but signiėcantly reduces the area of the
focal surface massively which potentially contains the track (Fig.ǌ.Ǌ.Ǌ).

Only a narrow track of pixels is passed on to the PWISE module or another paĨern
recognition. ĉe other pixels are neglected. A box of the size of about eight by eight
pixels reduces the amount of pixels to be analysed by the successivemodule to about ǋ
ƻ, relatively independent of the energy of the EAS. At the same time it conservesmore
than Ǒǈ ƻ of the signal counts originating from the UHECR. LĈ-PreClustering can
further enhance the performance of the angular reconstruction under some circum-
stances [ǎǊ].

ǌ.Ǌ.Ǌ DĽŇĹķŉĽŃł RĹķŃłňŉŇŊķŉĽŃł

Once the signal is extracted from background, the spatial and timing information of
the signal counts allow to reconstruct the position and direction of the air shower. ĉe
only information for the reconstruction chain to start with comes in the form of front
end electronics objects (FEE).OneFEEconsists of the pixel ID and the recording time
of the signal.

TļĹńĽŎĹŀ-ĵłĻŀĹ-Łĵń is anallocation table that comprehends the information,which
pixel on the focal surface is connected to a speciėc arrival angle of photons to the ėrst
lens (Fig. ǌ.Ǌ.ǋ). ĉus, the FEEs are effectively converted to information in terms of

Figure 4.2.3: Left: Plot showing the position of pixel on the FS. Right: First
entries of the pixelanglemap lookup table. Both taken from [181].

incoming direction of photons to the detector in spherical coordinates and its error.
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For every pixel i, we obtain

ǉ. the zenith angle θFOVi and its error σθFOVi
,

Ǌ. the azimuth angle and its error σφFOVi
,

ǋ. the number of signals Nhits
i ,

ǌ. and the time of arrival of the photons ti

[ǉǐǉ, Ǌǈǎ, ǊǍǈ, and references therein].

TļĹ TŇĵķĿ DĹŉĹķŉŃŇ PŀĵłĹ (TDP)⁶ is a mathematical concept of a plane, inter-
secting both the shower axis and the detector It is deėned by the two unit vectors V̂ ⊥
TDP and Ŵ ∥ TDP (Figs. ǌ.Ǌ.ǌ and ǌ.Ǌ.Ǎ). Using the TDP as an intermediate recon-

Figure 4.2.4: Direction Reconstruction System and the position of the TDP.
Taken from [56, 181].

struction step, reduces the problem to two dimensions (Fig. ǌ.Ǌ.Ǎ). ĉus, the direction
reconstruction algorithms applied hereaěer, ėrst aim at reconstructing the angle β in-
side the TDP (Fig. ǌ.Ǌ.Ǎ). ĉen, from β, using the knowledge of V̂ and Ŵ, we can

⁶Track Detector Plane: in some other UHECR experiments also referred to as Shower Detector
Plane (SDP)
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Figure 4.2.5: The Track Detector Plane (TDP) and the relevant vectors and an-
gles within it. Taken from [56, 181].

retrieve Ω̂(Θ,Φ) by

Ω̂(Θ,Φ) = Ŵ · cos β+ V̂ · sin β. (ǌ.Ǌǈ)

To infer the vector V̂ ⊥TDP, the air shower is approximated as one-dimensional. ĉe
signal track is projected into the x-t- and y-t planes. ĉe spatio-temporal information
can be retrieved by a linear ėt [ǉǐǉ, ǊǍǈ]

sin(αij)V̂ = n̂i · n̂j. (ǌ.Ǌǉ)

ĉemethod uses the arrival times of the photons ti to the detector in combinationwith
the arrival directions n̂i corresponding to certain pixels. ĉe x- and y- components of
the signal track are related to the photon’s arrival angles θFOV and φFOV by:

x = − tan θFOV cos φFOV (ǌ.ǊǊ)

y = − tan θFOV sin φFOV. (ǌ.Ǌǋ)

ĉe knowledge of the x-t and y-t behaviour enables us to estimate the position of the
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TDP. ĉe point were the plane intersects the detector is deėned to (ǈ,ǈ,ǈ). Now, the
position can be ėxed with the help of the line rtdp which is established when the TDP
intersects the earth’s surface (Fig. ǌ.Ǌ.Ǎ). May the plane p’ be tangent to the ground
below the telescope’s nadir. ĉen, rtdp can be parametrized by its slope M and its in-
tersection point Q (ǈ,ǈ,ǈ), by

x(t) = vxt+ xƤ (ǌ.Ǌǌ)

y(t) = vyt+ yƤ (ǌ.ǊǍ)

=⇒ rtdp : Ƥ =

(
vy
vx

)
x− y+

(
yƤ −

vy
vx
xƤ
)

(ǌ.Ǌǎ)

Ƥ = M · x − y + Q. (ǌ.ǊǏ)

ĉe plane in ǋ-dimensional space is described by

Ƥ = ax+ by+ z (ǌ.Ǌǐ)

Since its intersection with the plane p’ equals rtdp, the system can be solved. V̂ is de-
termined as

V̂ =

(
M
HISS

Q
,−HISS

Q
, ƥ
)

(ǌ.ǊǑ)

ĉedetermining vector Ŵ is ėxedby the intersectionof theTDPwith theplaneparallel
to the ground at the altitude of the ISS. Inside the TDP we use the angles αi and β. αi
is deėned by

αi = arccos(n̂i · Ŵ). (ǌ.ǋǈ)

β is the angle between Ω̂ and Ŵ

β = arccos(Ω̂ · Ŵ). (ǌ.ǋǉ)

Once β is determined, Θ andΦ can be easily computed. A systemwith two unknowns
(Ω̂ and β) must be solved. {

V̂ · Ω̂ = Ƥ
Ŵ · Ω̂ = cos β

(ǌ.ǋǊ)

as explained in [ǉǐǉ, ǊǌǑ, ǊǍǈ].

Within the TrackDirectionȖModule, there are currently ėve different algorithms im-
plemented. ĉe ėrst two approximate the angular velocity of the shower as constant
and make an analytical aĨempt to solve the problem, the next two try to reconstruct
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the direction by means of a numerical approach [ǊǌǑ].

• Analytical Approximate ȕ (AAǉ): approximates the angular velocity of the track
projected in the x-t and y-t planes as constant to infer the primary’s arrival direc-
tion in an iterative approach;

• Analytical Approximate Ȗ (AAǊ): approximates the velocity projected on a plane
perpendicular to the detector as constant;

• Numerical Exact ȕ (NEǉ): uses the arrival time of photons to the instrument to
make a χƦ minimization to reconstruct the shower direction Ω̂;

• Numerical Exact Ȗ (NEǊ): uses the arrival angle of photons to the instrument to
make a χƦ minimization to obtain Ω̂;

• Analytical Exact ȕ (AEǉ): exploits the exact relations between photon arrival
times and pixel viewing directions.

NEǊ and AEǉ are independent of the TDP. All of the methods require AAǉ to be exe-
cuted, ėrst of all. Its result is then used as a starting point for further calculations.

TļĹ ŇĹĺĹŇĹłķĹ ňŏňŉĹŁ to express the origin of the cosmic rays uses a right handed
coordinate systemwith its z-axis aligned to the nadir point of the telescope. ĉe arrival
direction of the primary is deėned by

Ω̂ =

sinΘ cosΦ
sinΘ sinΦ

cosΘ

 (ǌ.ǋǋ)

ĉus, the vector Ω̂(Θ,Φ) points up in the sky, where the UHECR has come from. In
the scope of the reconstruction we also use the coordinate system having its origin in
the detector to describe the arrival directions of the shower photons to the detector.

n̂ =

 sin θFOV cos φFOV

− sin θFOV sin φFOV

− cos θFOV

 (ǌ.ǋǌ)

Wedeėne theunit vector n̂max pointing fromthe telescope to the showermaximum, the
altitude of the shower maximum Hmax and Pc, the Cherenkov impact point or shower



ǌ.Ǌ. Event Reconstruction ǉǊǏ

core. Pi and Pj are two generic points of the air shower. ĉeir distances to the detector
are Ri and Rj and the shower segment between Pi and Pj is

|⃗Lij| = |R⃗i − R⃗j|. (ǌ.ǋǍ)

With this relation, the origin of the primary Ω̂ is linked to the emission site of the Ěu-
orescence photons:

R⃗j − R⃗i = L⃗ij → Rjn̂j − Rin̂i = LijΩ̂. (ǌ.ǋǎ)

Hence, we can relate the photon arrival time to the telescopewith the shower direction

c(ti − tj) = Lij + Ri − Rj (ǌ.ǋǏ)

with Lij > ǈ for ti > tj. ĉe shower velocity is approximated as the speed of light c.
Using (Eq. ǌ.ǋǏ) within the TDP, we receive an expression that displays the arrival
time of photons in dependence of β

ti(tj,Rj, αj, αi, β) = tj −
Rj

c
·
[
sin(αj − αi) + sin(αi + β)− sin(αj + β)

sin(αi + β)

]
. (ǌ.ǋǐ)

For a more detailed derivation see [ǊǍǈ, and references therein].

TļĹ AłĵŀŏŉĽķĵŀ AńńŇŃŎĽŁĵŉĹ ǉ algorithm is the ėrst direction reconstruction al-
gorithm. It can either be executed as a ėrst approach, providing essential information
to the following algorithms or it can be run, exclusively. It makes use of the TDP and
reconstructs the arrival direction ėrst in the coordinate system of the TDP and trans-
lates the outcome in a second step into the reference frame in terms of Ω̂(Θ,Φ). ĉe
AAǉ works in an iterative approach by alternately reconstructing Hmax and β. Differ-
entiating the function (Eq. ǌ.ǋǐ) with respect to αi and replacing the jth pixel for the
pixel pointing to the shower maximum tteoi (tmax, αmax,Rmax, αi, β) yields

ω =
dαi
dti

= − c
Rmax

[
sinƦ(αi + β)

sin(αmax + β) · [cos(αi + β)− ƥ]

]
. (ǌ.ǋǑ)

Neglecting the αi dependence of ω and conceiving it as constant is an approximation
which is feasible due to the fact that the detector is very remote from the EAS.ĉus, for
short EAS αi changes only slightly from point to point and therefore we approximate
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αi ≈ αmax. Now, (Eq. ǌ.ǋǑ) can be simpliėed. Hence, we can write ω as function of
αmax, Rmax and β which is constant for the entire signal track.

ω ≈ − c
Rmax

sin(αmax + β)
cos(αmax + β)− ƥ

(ǌ.ǌǈ)

and we get

β = Ʀ arctan
(

c
ω · Rmax

)
− αmax. (ǌ.ǌǉ)

To obtain ω, we perform a linear ėt of α(t). ĉe slope of the ėt yields the angular ve-
locity. To retrieve β we have to infer Rmax, the distance between the telescope and the
EAS maximum

Rmax =
(
R♁ + HISS

)
· cos θFOVmax

−
√(

R♁ + Hmax
)Ʀ − ((

R♁ + HISS
)
· sin θFOVmax

)Ʀ
, (ǌ.ǌǊ)

ėrst of all. Here, R♁ stands for the radius of the earth and Hmax the altitude of the
showermaximum. θFOVmax is the θ-component of the unit vector n̂max(θFOVmax , φFOVmax ) point-
ing from the detector to the shower maximum. ĉe shower maximum is inferred by a
Gaussian ėt of the light curve, thus we get n̂max(θFOVmax , φFOVmax ). Since Hmax is unknown,
it has to be initially assumed to be Ǎ km ã a typical value for protons. ĉis enables us
to compute β with Eq. ǌ.ǌǈ. Knowing β, we can easily calculate a ėrst estimate of the
shower direction Ω̂ using (Eq. ǌ.Ǌǈ) [ǊǌǑ, ǊǍǈ]. ĉis is the ėrst iteration within the
AAǉ reconstruction cycle as shown in Fig. ǌ.Ǌ.ǎ.

Now, we can recalculate Hmax by utilizing a simple parametrization of the atmo-
sphere⁷ which is a function of the zenith angle of the shower Θ and its slant depth
Xmax:

Hmax = c · log
[
(Xmax · cosΘ − a)

b

]
. (ǌ.ǌǋ)

As a ėrst approximation, Xmax is assumed to be ǐǋǉ g/cmƦ, the parameters a, b, c are
inferred from (Tab. ǌ.Ǌ.ǉ). Xv is calculated by Xv = Xmax · cosΘ.

Now, using the more realistic Hmax value, we can recalculate β and translate it into
the arrival direction of the primary particle Ω̂(Θ,Φ) using (Eq. ǌ.Ǌǈ) [ǉǐǉ, ǊǌǑ, ǊǍǈ].

⁷conducted by John Linsley, based on experimental data of the US Standard Atmosphere
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Figure 4.2.6: Schematic sketch of the AA1 direction reconstruction algorithm.
Taken from [181].
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Table 4.2.1: a,b,c parameters of Linsley’s atmospheric parametrization.
XƤ=1036.1 g/cmƦ, Xƨ=631.1 g/cmƦ and XƥƤ=271.1 g/cmƦ. From [249].

Xv < XƥƤ XƥƤ < Xv < Xƨ Xƨ < Xv < XƤ

a ǈ.ǎǉ -Ǒǌ.ǑǊ -ǉǐǎ.Ǎǎ
b ǉǋ.ǈǍ ǉǉǌǌ.Ǒǉ ǉǊǊǊ.ǎǎ
c ǎ.ǋǎ ǐ.Ǐǐ Ǒ.Ǒǌ

TļĹ AłĵŀŏŉĽķĵŀ AńńŇŃŎĽŁĵŉĹ Ǌ algorithm requires the position of the TDP, to-
gether with the knowledge of αmax, inherited from the AAǉ algorithm. Like AAǉ it
reconstructs the direction of the shower by ėĨing the angular velocity of the signal.
However, AAǊ uses the plane perpendicular to the shower axis and assumes the speed
as constant. An iterative approach is not necessary here, since some information has
already been provided by AAǉ. First of all, AAǊ ėts the speed in x(t) and y(t) compo-
nents by a least squares ėt. ĉen it retrieves the x and y speeds from the slope of the
ėĨing function.

vx = slope[x(t)] vy = slope[y(t)] =⇒ v =
√
vƦx + vƦy (ǌ.ǌǌ)

and using αmax
γ = Ʀ · arctan

(v
c
· sin αmax

)
(ǌ.ǌǍ)

then β can be calculated by

β = − γ +αmax (if ƭƤ◦ − αmax < β < ƭƤ◦) (ǌ.ǌǎ)

β = γ +αmax (if β > ƭƤ◦ − αmax, β > ƭƤ◦). (ǌ.ǌǏ)

From β we can calculate the primary’s arrival direction, using (Eq. ǌ.Ǌǈ) [ǊǌǑ, ǊǍǈ].

TļĹ NŊŁĹŇĽķĵŀ EŎĵķŉ ǉ algorithm tries to retrieve the shower direction within the
TDP by performing a χƦ-minimization between the arrival times of photons from the
measured data and photons expected from a theoretically computed signal track

texp = tƥ −
Rmax

c

[
sin(αƥ − αi) + sin(αi + β)− sin(αƥ + β)

sin(αi + β)

]
. (ǌ.ǌǐ)

ĉe Rmax value is inherited from previous modules, the β as computed by the algo-
rithms before is used as a starting point. ĉe algorithm varies the parameters of the
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above function to minimize

χƦ(tƤ,Rmax, β) =
nFEE∑
i=ƥ

(tdatai − texpi )Ʀ

σƦi
· Nhits

i . (ǌ.ǌǑ)

ĉe β thatminimizes the χƦ-functionmatches the true shower at its best. To translate β
from the TDP coordinate system in the detector system, we use (Eq. ǌ.Ǌǈ) and obtain
Ω̂(Θ,Φ) [Ǐǈ, ǊǌǑ, ǊǍǈ].

TļĹ NŊŁĹŇĽķĵŀ EŎĵķŉ Ǌ algorithm works independently of the TDP. However, it
requests the values for Θ and Φ, as reconstructed by the AAǉ algorithm, as a starting
point. Now, it takes advantage of the endpoint of the shower (this can be the Che-
renkov mark or simply the end of the track, where the shower is assumed to hit the
ground) as a ėxed reference point (Fig. ǌ.Ǌ.Ǐ). By varying the free parameters Θ and

Figure 4.2.7: The vectors and angles used by the NE2 algorithm. Taken from
[56, 181].

Φ of a theoretical shower and comparing the arrival angles of photons coming to the
detector to the arrival angles in the data of the measured shower we can estimate the



ǉǋǊ ǌ. ESAF

direction of the true shower. First of all, L⃗i the vector between Pc and Pi is deėned as

xi = xc + Li sinΘ cosΦ (ǌ.Ǎǈ)

yi = yc − Li sinΘ sinΦ (ǌ.Ǎǉ)

zi = zc − Li cosΘ (ǌ.ǍǊ)

=⇒ Li = Rc

(
cos θ′ − sin θ′

tan β′

)
(ǌ.Ǎǋ)

for ti < tc, Li is positive. θ′ can be expressed as a function of the unit vector Ω̂(Θ,Φ)

and the coordinates of Pc, the endpoint (or Cherenkov mark) of the track

θ′ = arccos
(

R⃗c

|R⃗c|
· Ω̂(Θ,Φ)

)
. (ǌ.Ǎǌ)

Using (Eq. ǌ.ǋǏ), we can plug in ti and express the angle β′ by

β′ = Ʀ arccot
(
c(ti − tc)
Rc sin θ′

+ cot
(
θ′

Ʀ

))
. (ǌ.ǍǍ)

ĉe formulas in (Eq. ǌ.Ǎǈ) express the coordinates of every Pi as function of the angles
Θ andΦ. ĉus, the vector R⃗test

i which connects Pi to the detector can be computed due
to the knowledge of the coordinates of the endpoint of the shower

R⃗test
i = R⃗c + L⃗i. (ǌ.Ǎǎ)

For every pixel, the angle ψ i which lies between n̂measuredi and n̂testi =
R⃗test
i

|R⃗test
i | , can be cal-

culated

ψ i(Θ,Φ) = arccos
(
n̂measuredi · R⃗test

i

|R⃗test
i |

)
. (ǌ.ǍǏ)

ĉe χƦ function

χƦ(ψ i) =

npixel∑
i=ƥ

ψƦ
i (Θ,Φ)

σƦi
· Nhits

i (ǌ.Ǎǐ)

has aminimum, once the arrival angles of the photons from the theoretical trackmatch
the ones of the measured track. ĉe Θ and Φ of the test track are then taken as the
incoming direction Ω̂(Θ,Φ) of the true shower [Ǐǈ, ǉǐǉ, ǊǌǑ, ǊǍǈ].

TļĹ AłĵŀŏŉĽķĵŀ EŎĵķŉ ǉ algorithm (AEǉ) is independent of the TDP. However, it
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requires theknowledgeof thedirectionof the showermaximum(θ̂
FOV
max , φ̂

FOV
max , R⃗max, tmax)

from previous modules. We deėne Li as the distance between a generic point of the
shower Pi = Ri · n̂i and Pm. ĉis yields a system with two unknowns, L⃗i and R⃗i [ǊǍǈ]:

|Pmax − Pi|Ʀ = LƦ
i (ǌ.ǍǑ)

c(tmax − ti) = R⃗max + L⃗i − R⃗i. (ǌ.ǎǈ)

In a loop over all the pixels containing the shower track, we can calculate for every pixel
with (ti < tmax)

R⃗i =
Ʀc · (−ti + tmax) · R⃗max − (c · (ti − tmax))Ʀ

Ʀ · [R⃗max · (−ƥ + cos δ) + c · (−ti + tmax)]
(ǌ.ǎǉ)

and
L⃗i =

√
R⃗Ʀ
i + R⃗Ʀ

max − Ʀ · R⃗i · R⃗max · cos δ, (ǌ.ǎǊ)

with δ, the angle between the two vectors R⃗i and R⃗max

cos δ = cos θFOVi · cos θFOVmax + sin θFOVi · sin θFOVmax · cos(φFOVi − φFOVmax ). (ǌ.ǎǋ)

For arrival times of photons (ti > tmax) we calculate for every pixel pixel

R⃗i =
Ʀc · (−ti − tmax) · R⃗max + (c · (ti − tmax))Ʀ

Ʀ · [R⃗max · (ƥ − cos δ) + c · (ti − tmax)]
(ǌ.ǎǌ)

and
L⃗i = −

√
R⃗Ʀ
i + R⃗Ʀ

max − Ʀ · R⃗i · R⃗max · cos δ. (ǌ.ǎǍ)

Now, for every arriving photon we have the relation to the originating position of the
shower track in dependence of the maximum position. ĉe coordinates and their er-
rors are expressed by

xi = Ri · sin θFOVi · cos φFOVi σxi =
Ƥ.ƥ
Nhits

i
(ǌ.ǎǎ)

yi = Ri · sin θFOVi · sin φFOVi σyi =
Ƥ.ƥ
Nhits

i
(ǌ.ǎǏ)

zi = Ri · cos θFOVi σzi =
Ƥ.ƥ
Nhits

i
(ǌ.ǎǐ)

with the ėeld of view of a pixel ∼ ǈ.ǉ. By performing a linear ėt of xi, yi, zi we ėnally
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retrieve Ω(Θ,Φ) [ǊǌǑ, ǊǍǈ].

Due to the different approaches of the ėve algorithms, their performance varies de-
pendingon the circumstances of the showers. Factors like energy, zenith angle andėeld
of view position have an impact on the precision of the estimate. ĉe ėne tuning and
the assessment of the performance of the different angular reconstruction algorithms
is one of the major tasks of this work.

ǌ.Ǌ.ǋ EłĹŇĻŏ ĵłĸ Xmax RĹķŃłňŉŇŊķŉĽŃł

ĉe module to infer the Xmax of the air shower and the energy of the primary particle
is called PMĈoShowerReco. As the name suggests, it starts with the PMT signals and
tries to inversely process the way of the signal and photons respectively through the
photomultiplier tubes, optics, atmosphere and shower, by applying correction func-
tions to account for the several perturbations they are undergoing on their way to the
instrument’s readout (Fig. ǌ.Ǌ.ǐ) [Ǎǎ, Ǒǐ, ǑǑ, ǉǈǊ].

Figure 4.2.8: Overview on the PMTToShowerReco module. Taken from [102].

First of all, the module reads the trigger information and takes only the triggered
events into account for further processing. ĉe process chain begins from the signal
distribution in time (signal curve) and corrects the suddendropsof the curvewhich are
created when the signal traverses gaps between the PMTs and the larger voids between
thePDMson the focal surface. ĉerefore, themodule retrieves thepositionof the track
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on the FS.ĉe corresponding parts of the signal track that touch dead areas are ignored
for the further processing. Now thebackground is subtracted. It is a ėxed value for each
pixel-gtu which is calculated as the square root of the amplitude value. Following that,
themodule tries to recover both theĚuorescencemaximumand theCherenkovpeak, if
there is any. Unfortunately, the identiėcation is not always possible. ĉeprocedure can
be challenging due to signal Ěuctuations. ĉus, a sophisticated identiėcation algorithm
has been developed [ǑǑ]. ĉe algorithm assumes the particle to be a proton ėrst of all.

To reconstruct the light curve on the focal surface level, the efficiencies of the front-
end electronics and the PMTs have to be taken into account, as well as the transmit-
tance of the optical ėlter (BGǋ). ĉe correction is performed by a multiplication of
the single contributing factors.

To reconstruct the light curve at the entrance pupil level, the algorithm has to ac-
count for the optics inefficiencies, by utilizing the opticsresponse. ĉis is a data table
which contains the probabilities to focus the photons into a spot with the radius of ǋ
mm, weighted by the throughput efficiency. Both abilities depend on the zenith angle
of the photons arriving to the telescope. ĉis ‘trigger throughput’ is also affected by
the lateral expansion of the shower. Moreover, the algorithm uses information of the
pixelanglemap. ĉis allows the estimation of an efficiency factor for each point of the
signal track. By now, the global efficiency of the telescope is taken into account and
treated respectively [ǑǑ].

ĉe shower luminosity, the total number of photons within the shower, can only be
obtained if the distance to the detector is known. Due to geometrical reasons the dis-
tance affects the estimation of the photons Ěux by a factor of ǉ/dƦ. ĉus, the intermedi-
ate task is the estimation of the Xmax position (Fig. ǌ.Ǌ.Ǒ). ĉere are two possibilities:

ǉ. ĉeCherenkovmethod: uses theCherekov peak (if properly identiėed) and takes
the time delay between the photons arrival times coming from the maximum
and the ones coming from the Cherenkov reĚection mark to compute Xmax.

Ǌ. ĉe slant depth method ėts the shape of the shower with a shower parametriza-
tion (GIL) and reads out the Xmax value. ĉis method requires the angular re-
construction data [ǑǑ].

Knowing the Xmax position, the atmospheric transmission is calculated by use of the
LOWTĆN code. It delivers the photon distribution at the shower site. However, we
cannot distinguish between Ěuorescence and Cherenkov photons. ĉerefore, to give
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Figure 4.2.9: Hmax Reconstruction in the PMTToShowerModule. Left: The Che-
renkov method. Right: The slant-depth method. Both taken from [102].

a proper estimate of the shower electrons, the problem of determining the amount of
Cherenkov photons must be solved. Since this number is interlinked with the number
of shower electrons, the problems have to be disentangled by an iterative approach. It
starts with the ansatz of assuming no Cherenkov contamination, at all. ĉus, the elec-
tron number is calculated by using the Nagano [ǉǑǉ] Ěuorescence yield parametriza-
tion. From the obtained electron distribution the created Cherenkov photons can be
computed. ĉey are subject to absorption and scaĨering. ĉe scaĨered ones are con-
sidered as contamination in the next step. ĉose Cherenkov photons that are neither
absorbed, nor scaĨered are considered in the next step. ĉe amount of electrons can
be recalculated by using the Ěuorescence yield with the corrected amount of photons.
ĉis procedure is carried out step by step iteratively for the entire shower. ĉe shower
electron distribution is ėĨed with the GIL [ǉǏǈ] function to obtain the energy and
Xmax of the shower [ǑǑ].

ĉe whole reconstruction process described here can simply be expressed by

dNpe

dL
=∫ λmax

λmin

{
Ne (X(L),Xmax, E) ελFY (H(L), s(L))

ƥ
ƨπ

+ ΨCH(λ, P⃗(L))
}

Aopt cos θ
RƦ

· Ts(λ, P⃗(L), D⃗) · Ta(λ, P⃗(L), D⃗)εopt(λ, θ, π)TBGƧ(λ)εPMT(λ)εFE dλ. (ǌ.ǎǑ)

ĉe above formula displays the relation between the number of signal counts of the
front-end electronics Ne and a step of the EAS. ĉe parameter ελFY represents the dif-
ferential Ěuorescence yield. Major determining factors of the detector areAopt the lens
surface area, εopt the optics throughput efficiency, TBGƧ the transmission of the opti-
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cal band ėlter, εPMT the efficiency of the photomultiplier (which is determined by the
quantumefficiency and the covering factor) and εFE the efficiency of the front end elec-
tronics. ΨCH describes the Cherenkov component:

ΨCH(λ, P⃗(L)) =∫ L

Ƥ

[
Ne (X(l),Xmax, E) ελCH (H(l), s(l)) · Ts(λ, P⃗(l), P⃗(L))Ta(λ, P⃗(l), P⃗(L))

]
dl

·
(
−Ṫs(λ, P⃗(L))dl

)
αanys. (ǌ.Ǐǈ)

ĉis formula convolutes the electrons in each shower stepwith the differential Cheren-
kov yield ελCH. ĉe terms Ts and Ta denote transmission losses due to scaĨering and
aĨenuation [Ǎǎ, Ǒǐ, ǑǑ, ǉǈǊ].





Double, double toil and trouble; Fire burn, and cauldron
bubble.

Macbeth (Act IV, Scene I)

5
Angular Resolution: NadirMode

TļĹ ĸĹŉĹŇŁĽłĵŉĽŃł Ńĺ ŉļĹ ŃŇĽĻĽł of UHECR can be regarded as the primary
objective behind any future UHECR observatory ã this applies to the space borne
experiments as well. Ground based observatories can rely on hybrid techniques and
stereoscopic vision. Hence, their spatial resolution capabilities will largely remain un-
matched, whereas in space, several constraints arise. ĉese are imposed mainly due
to limitations in payload, power consumption and data budget. Moreover, the safety
relatedpolicies of the space agencies only allow thedeployment of spacequaliėedhard-
ware. ĉerefore, novel technologies can only be implemented to some extent. ĉus,
in terms of pure spatial resolution, a space based detector cannot rival the already well
established experiments. It is only by means of its unprecedented exposure in combi-
nation with a sufficient angular resolution that a space telescope can prevail over the
ground based experiments. Hence, it will be the key experiment to identify the sources
of UHECR.

ĉis dissertation aim to quantify the potential angular resolution performance of
the JEM-EUSO instrument. We place a special emphasis on the evaluation, how the
measurement is affected by Rayleigh scaĨering of the Ěuorescence photons. In addi-
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tion to this, we estimate the impact on the angular resolution when the instrument is
tilted from its nadir alignment by Ǌǈ° and ǌǈ° (see Chap. ǎ).

Within the context of JEM-EUSO, a number of pathėnders and potential alterna-
tive setups have emerged in the course of mission development. Smaller in size and
weight, these instruments serve as technology demonstrators (EUSO Balloon, TA-
EUSO)or possible alternatives to the originally developed instrument (SpaceXEUSO,
EUSOǍǈǈ). While focussing on the JEM-EUSO baseline instrument, we have con-
ducted end-to-end simulations for these instruments as well and addressed their ex-
pected performance in terms of their angular resolution capabilities.

AŁĹĵňŊŇĹof the instrument’s angular resolution is deėnedbymeansof the separation
angle γ (Fig. Ǎ.ǈ.ǉ). It is the angle between the true arrival direction of the cosmic ray
Ω̂(Θ,Φ) and the reconstructed Ω̂r(Θr,Φr). It is always positive by deėnition.

γ = �(Ω̂, Ω̂r) = arccos ((pƦ · pƧ) + (pƨ · pƩ) + pƥ) (Ǎ.ǉ)

with

pƥ = cosΘ · cosΘr

pƦ = sinΘ · sinΘr

pƧ = cosΦ · cosΦr

pƨ = sinΦ · sinΦr

pƩ = sinΘ · sinΘr

In our study we use the separation angle γ to express the angular resolution in two
ways. First of all, we display themean value in combination with its standard deviation
calculated by

σ(γ) =

√√√√( ƥ
N

)
·

N∑
i=ƥ

(γi − γmean)Ʀ (Ǎ.Ǌ)

Moreover, we use the γƪƬ valuewhich expresses the cumulative distribution of γ reach-
ing ǎǐƻ of the reconstructed events. I.e. ǎǐƻ of all reconstructed events have a sepa-
ration angle γ ≤ γƪƬ.



ǉǌǉ

Figure 5.0.1: The separation angle γ lies between the vector of the true incom-
ing direction and the reconstructed. It is positive by definition (left). To compare
the angular resolution of JEM-EUSO to other detectors we define γƪƬ. Here, the
cumulative distribution of γ reaches 68% of the reconstructed events (right).

Being a practical tool for intercomparison of different detectors at a glance, we can-
not rely upon the separation angle only. Neither does it differentiate between statis-
tical Ěuctuations and systematics, nor does it contain any information on the Θ and
Φ resolution. ĉerefore, a holistic picture of the detector performance only emerges
if we consider both ⟨γ⟩, γƪƬ and additionally ⟨Θ⟩ and ⟨Φ⟩ in combination with their
standard deviations

σ(Θr) =

√√√√( ƥ
N

)
·

N∑
i=ƥ

(Θr,i − ⟨Θr⟩)Ʀ (Ǎ.ǋ)

and

σ(Φr) =

√√√√( ƥ
N

)
·

N∑
i=ƥ

(Φr,i − ⟨Φr⟩)Ʀ. (Ǎ.ǌ)
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Ǎ.ǉ JEM-EUSO: NĵĸĽŇMŃĸĹ SĽŁŊŀĵŉĽŃłň

ĉe JEM-EUSO telescope will begin its operation aligned to the nadir direction. At a
second stage, the instrument is planned to be tilted from its nadir to increase the expo-
sure. ĉe assessment of the expected performances of the instrument in nadir mode, is
therefore the ėrst objective of this thesis. For a good understanding of the reconstruc-
tion performances it is inevitable to address the analysis of the signal behaviour.

Ǎ.ǉ.ǉ SĽĻłĵŀ BĹļĵŋĽŃŊŇ

ĉe detector for the measurement of UHECR must be understood as an entity com-
prising of the atmosphere acting as the detector volume and the actual telescope itself.
During the course of the signal analysis it is therefore vital to examine the output of the
intermediate steps of the measurement chain in close detail. Each of the intermediate
steps can be parametrized by the utilization of dedicatedmodels. Each of them has the
potential to introduce systematic errors in the ėnal results.

ĉe shower development in this study uses the SLAST parametrization for the gen-
eration of the shower as described in Chap. ǌ.ǉ.Ǌ. For illustration of the virtual mea-
surementwe follow a standard shower¹ event through the entire end-to-end chain. First
of all, a distribution of particles along the shower is created (Fig. Ǎ.ǉ.ǉ).

Figure 5.1.1: Standard shower: Number of electrons/positrons per altitude (left)
and the temporal development (right).

Fromthedistributionof chargedparticles, thenumbers of Ěuorescencephotons and
Cherenkov photons are generated (Fig. Ǎ.ǉ.Ǌ) according to the corresponding light
yields (Fig. Ǎ.ǉ.ǋ).
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Figure 5.1.2: Standard shower: Fluorescence (left) and Cherenkov Photons
(right)

Figure 5.1.3: Standard shower: Fluorescence (left) and Cherenkov Photon Yield
(right).

ĉe spectrum of the Ěuorescence photons is a discrete line spectrum with the ma-
jor contribution in the UV range between ǋǈǈ and ǌǈǈ nm, whereas the Cherenkov
spectrum is continuous (Fig. Ǎ.ǉ.ǌ).

Since the atmospheric part of the process chain is impossible to describe in perfect
detail, we essentially rely upon approximations. ĉese can be relatively simple such
as parametrizations derived from former atmospheric measurements. Another, more
sophisticated approach is the use of Monte Carlo computation methods which try to
reproduce the numerical results in a stochastical approach by repeated sampling. Of
course, even the most sophisticated Monte Carlo simulations are only able to predict
within their limited abilities imposed by the underlying physical models assumed.

¹A standard shower event is induced by a proton with an energy of ǉǈƦƤ eV and a zenith angle of
ǎǈ°.
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Figure 5.1.4: Standard shower: Fluorescence (left) and Cherenkov Photon Spec-
trum (right).

On their way to the detector, the photons suffer from losses due to atmospheric at-
tenuation. ĉe transmiĨance is wavelength dependent (Fig. Ǎ.ǉ.Ǎ).

Figure 5.1.5: Standard shower: Fluorescence (left) and Cherenkov Photon Trans-
mittance (right). In gray photons before atmospheric transport, in red hereafter.
The blue line indicates the ratio of the two distributions.

Once the photons reach the instrument stage of the measurement, we have the ad-
vantage of a relatively precise knowledge of the instrument’s properties. Here, the in-
termediate results can be computed by means of analytical formulas or the help of da-
tabases. Hence, this part of the measurement chain is not expected to introduce major
uncertainties to the ėnal estimate. ĉephotons arriving to the ėrst lens are transported
through the optics via a ray-trace code. ĉe losses due to aĨenuation in the lens mate-
rial and the scaĨering on the Fresnel surfaces are taken into account (Fig. Ǎ.ǉ.ǎ).
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Figure 5.1.6: An example for a standard shower, E=10ƦƤ eV, Θ= 60°: photon
distribution in time on the first lens (purple), reaching the focal surface (red) and
making signal (green). The event has been placed in the centre of the FOV.

Ǎ.ǉ.Ǌ AłĻŊŀĵŇ RĹňŃŀŊŉĽŃł

To evaluate the expected angular resolution performance of the JEM-EUSO telescope
wehave generated a database ofUHECR induced extended air showerswith ėve differ-
ent ėxed energies and four different ėxed zenith angles. ĉe energy ranges from Ǎ·ƥƤƥƭ

eV, Ǐ·ƥƤƥƭ eV, ǉ·ƥƤƦƤ eV, ǋ·ƥƤƦƤ eV to Ǎ·ƥƤƦƤ eV. ĉe simulated zenith angles include ǋǈ°,
ǌǍ°, ǎǈ° and ǏǍ°. ĉe azimuth angles are randomly chosen between ǈ and ǋǎǈ°. All pri-
maries are exclusively proton events. ĉe events have been distributed within an area
which is well larger than the actual ėeld of view (FOV) of the telescope. ĉe idea be-
hind is to provide a more realistic scenario with stray light reaching the detector and
causing possible triggers without without having a real shower event recorded, but also
to investigate the impact of those air showers that appear not entirely inside the FOV
but intersect its boundaries. ĉe shower impact points have been set inside x= ± ǊǏǈ
km× y= ± ǉǑǈ km.

ĉe angular resolution measured in terms of the γƪƬ shows a clear dependence on
the different energies and zenith angles (Fig. Ǎ.ǉ.Ǐ). In general, the relation is evident.
ĉe more energy the primary deposits in the atmosphere, the more photons are pro-
duced. Hence,more photons reach the detector and consequentlymore information is
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Figure 5.1.7: JEM-EUSO nadir mode: Angular resolution in terms of γƪƬ, ob-
tained by the NE2 algorithm for proton events plotted against the true zenith an-
gle for different energies (colour coded).

delivered to the reconstruction modules. ĉe argument of the zenith angles is similar
but slightly different. ĉemore inclined the showers are, the longer the tracks become.
ĉis is due to the fact that they develop higher in the atmosphere, where the air pres-
sure is lower. ĉerefore, there are less targets and so the secondary particles and the
produced photons are distributed over a longer track. Furthermore, since the showers
develop beneath the telescope, the viewing angle of the shower with reference to the
detector changes in such a way that the shower is beĨer seen from the side, whereas for
low inclinations this component appears in a rather unfavourable way.

In Fig. Ǎ.ǉ.ǐ, we show the trigger efficiency (blue), the reconstruction efficiency
(green) and the product of the two, the effective efficiency (red). It is important to
point out that the trigger efficiency as shown here should not be mistaken for the real
expected trigger efficiency. ĉe trigger efficiency as deėned in this work means sim-
ply the ratio of triggered events to simulated events without taking the proper FOV
geometry into account. A number of showers might appear partially inside the FOV
of the instrument’s optics, without being in the FOV of a PDM. ĉis is simply due to
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Figure 5.1.8: JEM-EUSO nadir mode: trigger efficiency (blue), reconstruction
efficiency (green) and the effective efficiency (red) for the different zenith angles
and cumulative energies.

the fact that the rectangular PDM layout only roughly approximates the shape of the
side-cut circular optics. We can assume, if properly calculated, the trigger efficiency of
the ƥƤƦƤ eV, Θ=ǎǈ° standard event to be ǉǈǈƻ [ǑǑ]. ĉus, the efficiency plots shown
here, serve to illustrate the differences between the detector conėgurations tested in
this work and not as absolute numbers. ĉe reconstruction efficiency denotes the ra-
tio of reconstructed events to triggered events. Reconstructed means that during the
ėĨing procedure of the track which has been identiėed by the paĨern recognition be-
fore, the ėt has converged and there is a sufficient amount identiėed signal counts for
the direction reconstruction module to apply the algorithms. However, it does not
express a quality evaluation. For instance, an event can be triggered, labelled as recon-
structed but point Ǌǈ° away from the true incoming direction of the primary particle
even though this is relatively unlikely.

ĉe angular resolution in Fig. Ǎ.ǉ.Ǐ has been estimated by theNEǊ algorithmwhich
proves to be the overall best performing algorithm in this setup. However, depending
on the circumstances which are primarily the zenith angle and the energy but also the
position of the shower inside the FOV, another algorithm can be the beĨer choice for
the direction reconstruction. Figs. Ǎ.ǉ.Ǒ and Ǎ.ǉ.ǉǈ show the dependencies.
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Figure 5.1.9: JEM-EUSO nadir mode: ⟨γ⟩ for the five algorithms (colour
coded)and their standard deviation plotted as function of the true zenith angle
together with the reconstruction efficiency (red bars).

Figure 5.1.10: JEM-EUSO nadir mode: reconstructed ⟨ΔΘ⟩ (left) and ⟨ΔΦ⟩ dis-
tributions (right) for cumulative energies. The colours represent the five different
algorithms to show their individual performance. The error bars indicate the stan-
dard deviations.

ĉe angular resolution performance of the JEM-EUSO telescope also features a de-
pendency on the position inside the FOV. In the very centre of the FOV, the recon-
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struction module performs at its best and so does the trigger algorithm. ĉe more the
events are displaced from the centre, the lower the resolution becomes and the less ef-
ėcient both trigger and reconstruction efficiency are (Fig. Ǎ.ǉ.ǉǉ). ĉe reason for this

Figure 5.1.11: JEM-EUSO nadir mode: top: ⟨γ⟩ for the five algorithms (colour
coded) and their standard deviation plotted as function of the FOV radius.
bottom: trigger (blue), reconstruction (green) and effective efficiency (red) as
function of the FOV radius.

comes partly from the effect that events occurring in the outer ring of the FOV, have a
greater possibility to intersect the boundaries of the FOV and appear therefore only in
parts. ĉis applies mostly to the red events in Fig. Ǎ.ǉ.ǉǊ. Another factor introducing
difficulties is the degradation of the optics throughput efficiency. In the centre about
ǋǈƻ of the photons reach the focal surface, whereas in the remote regions it drops to
less than Ǌǈƻ. Moreover, events in this area are also farther displaced from the tele-
scope’s nadir point and thus, less photons arrive even to the entrance pupil of the in-
strument. In Fig. Ǎ.ǉ.ǉǊ, we plot the population of the maxima of the events that (ǉ)
did not trigger (in red), (Ǌ) have been triggered, but not reconstructed (yellow) and
(ǋ) have been successfully reconstructed (green).
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(a) FOV position of event maxima: su-
perimposed view

(b) Reconstructed events

(c) Failed events (d) Non-triggering events

Figure 5.1.12: JEM-EUSO nadir mode: shower maxima positions within the tele-
scope’s FOV. Red: Population of non-triggering events. Yellow: Events, triggered
but not reconstructed. Green: Events, triggered and successfully reconstructed.
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Ǎ.ǉ.ǋ QŊĵŀĽŉŏ CŊŉň

ĉe precision to which the UHECR direction of origin can be reconstructed depends
on a variety of variables within nature such as energy of the primary or the zenith an-
gle and position of the resulting shower with reference to the telescope. Besides that,
the design of the instrument itself imposes certain inefficiencies which alter or aĨenu-
ate the signals. Hence, the quality of the reconstruction data ranges from poor in some
cases to excellent in others. TobeĨer quantify the impact of the shower positionwithin

Figure 5.1.13: JEM-EUSO nadir mode: Angular resolution in terms of γƪƬ in-
side a 150 km radius from the centre. Results obtained by the NE2 algorithm in
dependence of the true zenith angle for different energies (colour coded).

the telescope’s ėeld of view on the reconstruction quality, we have analyzed a sub-class
of events having their shower maximumwithin a radius of ǉǍǈ kilometres. Within this
reduced FOV, we expect the resolution to improve with regard to the overall event re-
construction quality due to two different effects mostly: First of all, these events occur
within an area inside the FOV in which the optical system of the instrument features
its highest throughput efficiency. Hence, less photons suffer from aĨenuation while
being propagated through the optics. Secondly, taking into account these events only
prevents us from accidentally trying to reconstruct signal tracks of which major parts
are missing due to intersecting the FOV borders (Fig. Ǎ.ǉ.ǉǋ).
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A second sub-class of events analyzed are the bright events. Depending on the factor
pointed out above, we expect to observe extremely luminous events on the one hand,
but also a number of events which have either intrinsically or aĨenuation-imposed a
rather faint or short signature on the focal surface. For this estimate we have chosen
only those events, having a minimum of Ǌǈ pixels belonging to the integrated track
(Fig. Ǎ.ǉ.ǉǌ). ĉe populations of both quality cut analyses made arguably overlap in

Figure 5.1.14: JEM-EUSO nadir mode: Angular resolution in terms of γƪƬ for
events with a minimum of 20 pixels selected. Results obtained by the NE2 algo-
rithm in dependence of the true zenith angle for different energies (colour coded).

parts. For instance, events occurring at the very edge of the FOV and appearing only
partially will certainly fall into both categories. Furthermore, events with relatively
low energy and zenith angles that occur more than ǉǍǈ km displaced from the cen-
tre of the FOV and are therefore stronger aĨenuated by the less efficient optics than
their centre-placed counterparts, might also only produce signal tracks with less than
Ǌǈ pixels. However, we could not ėnd a clear correlation between these two quality
cuts imposed. Both describe the behaviour of their own class of events in their own
way and are therefore important tools to assign reconstruction quality labels on real
events in the future.
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Ǎ.Ǌ JEM-EUSO: IŁńĵķŉ Ńĺ RĵŏŀĹĽĻļ SķĵŔĹŇĽłĻ

ĉe recently published angular resolution study as presented in Chap. Ǎ.ǉ.Ǌ, has been
simulated without addressing the expected air scaĨering effects of the Ěuorescence
light component. ĉis is a valid approach in the sense that the majority of photons
reach the detector without undergoing any scaĨering effects. Moreover, this kind of
study primarily aims at demonstrating the feasibility of the end-to-end simulation of
the entire mission, while giving a ėrst well-established evaluation on the potential an-
gular resolution of the instrument. However, in nature the signal photons are expected
to undergo interaction with air molecules up to a number of times. In order to evaluate
the impact of these scaĨering effects on the reconstruction quality this chapter is de-
voted to a study in which a Monte Carlo treatment is invoked during the transport of
photons from the air shower through the atmosphere to the telescope. We analyse the
effects on the recorded signal andpresent the extent towhich those changes potentially
affect the expected angular reconstruction performance.

Ǎ.Ǌ.ǉ SĽĻłĵŀ TŇĵķĿň Ńĺ SķĵŔĹŇĽłĻ EŋĹłŉň

ĉe Bunch algorithm used in many prior studies does not account for the scaĨering
effects of the Ěuorescence light photons. ĉis effect might be of less importance for
ground based experiments due to the close proximity of the showers. However, for a
telescope locatedmore than ǌǈǈ kmaway, scaĨering up tomultiple orders are expected
to have a non-negligible impact on the signal behaviour. We have therefore employed
Monte Carlo simulations with successively higher scaĨering orders to understand the
extent to which the scaĨering order impacts the signal (Figs. Ǎ.Ǌ.ǋ and Ǎ.Ǌ.ǌ). ĉe
eventswith aMonteCarlo simulationof photons in atmosphere differ from those using
the Bunch transfer in some important regards. First of all, the total number of photons
reaching the detector is signiėcantly higher ã in a number of conėgurations about
twice as many. See Tab. Ǎ.Ǌ.ǉ for the detailed account. However, the total number
of photons arriving to the telescope can be misleading. It cannot be understood in
the sense that the tracks appear twice as bright. In fact, the now additional photon
component appears to be spread over a much wider area than the Bunch track. Many
photons appear in close vicinity of the track axis, causing a broadening of the track.
However, a large fraction is dispersed all over the focal surface (Figs. Ǎ.Ǌ.Ǌ – Ǎ.Ǌ.ǌ).
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(a) MC: photon fraction (b) Bunch: photon fraction (includes
Cherenkov photons scattering, only.)

(c) MC: photon numbers (d) Bunch: photon numbers

(e) MC: signal components, pupil (f) Bunch: signal components, pupil

(g) MC: signal track (h) Bunch: signal track

Figure 5.2.1: Direct comparison between two standard showers with Monte Carlo
transfer of photons in atmosphere simulating 5 scattering orders (left) and Bunch
without scattering of fluorescence light, only Cherenkov (right) .
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Table 5.2.1: Intermediate results of the simulation chain. The numbers are aver-
age values from a statistics of 100 events distributed over the entire FOV.

simulation stage ƺ of particles

Bunch Monte Carlo

e± in shower ǌ.ǌ · ǉǈƥƦ ǌ.ǌ · ǉǈƥƦ
photons produced Ǒ.Ǒ ·ǉǈƥƩ Ǒ.ǐ · ǉǈƥƩ

photons emiĨed to detector

direct ǉǈǊǍǎ
scaĨ. Ǎǉǐǉ
reĚ. ǉǈǌǉ
total ǉǎǌǏǐ

direct ǉǈǉǐǐ
scaĨ. ǉǍǐǋǏ
reĚ. ǊǊǈǊ
total ǊǐǊǊǏ

photons on pupil ǉǈǊǉǑ ǉǐǎǌǉ
photons on focal surface ǊǌǊǏ ǌǊǊǋ
signals created ǎǍǈ ǉǉǌǍ
PDMs hit Ǌ ǉǉ

ĉeMonteCarlo signals do not only differ from theBunch tracks regarding their ge-
ometrical properties but also in their timing. Since the scaĨered photons travel longer
distances in atmosphere in comparison to their counterparts reaching the instrument
on a straight trajectory, their arrival time is delayed. ĉis effect extends the duration
of the entire event from the detector point of view up to factors of ǉǈ. For instance, a
ƥƤƦƤ eV, Θ=ǎǈ° event without any scaĨering effect taken into account, such as the one
shown in Fig. Ǎ.Ǌ.ǋ c, d, the duration takes ǍǑ GTUs, whereas if ėve scaĨering orders
are taken into account the same events last up to ǌǐǉ GTUs as shown in Fig. Ǎ.Ǌ.ǌ e, f.

ĉe three effects pointed out, contribution to background photons around the sig-
nal, broadening of the track and dilation of the signal timing occur in dependence of
the energy and the zenith angle of the shower, since it is related to the overall number
of photons (Fig. Ǎ.Ǌ.Ǌ). Moreover, the effect depends on how many scaĨering orders
are being considered. In our simulations we have found that for up to ėve orders of
scaĨering, we can see an obvious contribution, however with ever decreasing signiė-
cance (Figs. Ǎ.Ǌ.ǋ and Ǎ.Ǌ.ǌ). Due to the fact that higher scaĨering orders exceeding
the ėěh, contribute only marginally, we have selected ėve scaĨering orders as the rea-
sonable number for taking the scaĨering into account for the present study. Any higher
order would not inĚuence the signal in a signiėcant way, but increase the computing
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(a) 5e19 eV, 30° (b) 5e19 eV, 45° (c) 5e19 eV, 60° (d) 5e19 eV, 75°

(e) 7e19 eV, 30° (f) 7e19 eV, 45° (g) 7e19 eV, 60° (h) 7e19 eV, 75°

(i) 1e20 eV, 30° (j) 1e20 eV, 45° (k) 1e20 eV, 60° (l) 1e20 eV, 75°

(m) 3e20 eV, 30° (n) 3e20 eV, 45° (o) 3e20 eV, 60° (p) 3e20 eV, 75°

(q) 5e20 eV, 30° (r) 5e20 eV, 45° (s) 5e20 eV, 60° (t) 5e20 eV, 75°

Figure 5.2.2: Shower tracks on the focal surface for different energies and zenith
angles using Monte Carlo transfer of photons to simulate five scattering orders.
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(a) Bunch: light curve
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(b) Bunch: track

(c) MC, order 0: light curve
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(d) MC, order 0: track

(e) MC, order 1: light curve

Gtus 0-124 Hits on screen: 1492
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(f) MC, order 1: track

(g) MC, order 2: light curve

Gtus 0-195 Hits on screen: 1734
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(h) MC, order 2: track

Figure 5.2.3: The influence of the scattering order on the light arriving to the
telescope: Light curves (left) and signal tracks (right). a) and b) show the case of
a Bunch track which includes Cherenkov light as 1st order scattered light. c) and
d) show the case of no scattering effect at all.
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(a) MC, order 3: light curve
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(b) MC, order 3: track

(c) MC, order 4: light curve
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(d) MC, order 4: track

(e) MC, order 5: light curve
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(f) MC, order 5: track

(g) MC, order 6: light curve
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(h) MC, order 6: track

Figure 5.2.4: The influence of the scattering order of Monte Carlo events. Up to
five orders of scattering, we can see an obvious contribution, however with ever
decreasing significance. Left: light curves on pupil, right: signal tracks.
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time to an unreasonable extent.

Since the properties of the signal change both geometrically and temporally due to
the scaĨering effects, the tasks for the paĨern recognition and the angular reconstruc-
tionmodules differ from the Bunch scenario. ĉe dilation of the signal timing does not
play a major role, since one snapshot of the telescope lasts for ǉǊǐ GTUs. ĉus, the
event will be truncated. However, this will not affect the measurement in a negative
way. ĉe visible light curve itself may be outstretched by about Ǌǈ or ǋǈ ƻ compared
to the Bunch events. Nevertheless, the entire rest of the decaying light curve is hardly
above the background noise. ĉus, loosing the GTUs aěer the ǉǊǐth will not play any
role. ĉe effect of the photons scaĨered far out of the signal track, landing somewhere
on the focal surface will neither affect the paĨern recognition process, nor the angular
reconstruction. ĉis effect basically contributes to the overall background of different
sources. Its contribution however is negligible compared to the other far more dom-
inant components such as the atmospheric night glow. Most likely, these PDMs will
not even be triggered. Hence, their data will not be transmiĨed down to earth. ĉe
broadening of the track however, will deėnitely have an impact on both the paĨern
recognition and the ėĨing procedure of the track direction module. To estimate this
potential impact an entire end-to-end study has been conducted.

Ǎ.Ǌ.Ǌ RĹķŃłňŉŇŊķŉĽŃł Ńĺ SķĵŔĹŇĽłĻ EŋĹłŉň

A comparable database of showers as simulated inChap. Ǎ.ǉ.Ǌ, has been produced for a
MonteCarlo transport of photons in atmosphere to the detector. ĉis time the highest
energy is represented by Ʃ · ƥƤƦƤ eV. ĉe area in which the shower impact points have
been set has been chosen as x: ± Ǌǎǈ km× y: ± ǉǐǈ km compared to x: ± ǊǏǈ km×
y: ± ǉǑǈ km in the previous study. ĉe margin is still considered as suitable, but the
amount of showers simulated outside the FOV is thereforeminimized. Whenwe com-
pare the γƪƬ distribution of the Monte Carlo events (Fig. Ǎ.Ǌ.Ǎ) compared to the γƪƬ

distribution of the Bunch events (Fig. Ǎ.ǉ.Ǐ), we can immediately see that the angular
resolution has decreased by about ǈ.Ǎ° to ǉ°. ĉe effect apparently affects all the ener-
gies simulated to the same extent. In terms of zenith angle dependency, we note that
the small zenith angles are stronger affected than the large ones. For ǋǈ° we observe a
worsening of about ǉ° in resolution, whereas the ǏǍ° inclined events suffer from about
ǈ.Ǎ° degradation at maximum.
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Figure 5.2.5: JEM-EUSO nadir mode, multiple scattering: Angular resolution in
terms of γƪƬ obtained by the NE2 algorithm for proton events plotted against the
true zenith angle for different energies (colour coded).

ĉe effective efficiency is substantially reduced in comparison to the Bunch events.
ĉis limitation is mainly imposed by the reconstruction efficiency. ĉe trigger effi-
ciencies have remained stable at around ǐǈƻ. ĉe reconstruction efficiencies have de-
creased fromǏǍƻ to ǌǍƻ for the ǋǈ° showers, fromǐǍƻ to ǎǈƻ for the ǌǍ° showers and
from Ǒǈƻ to Ǐǈƻ for the ǎǈ° showers. Only for the ǏǍ° showers it remains at a Ǒǈƻ re-
construction efficiency (Fig. Ǎ.Ǌ.ǎ). Whenwecompare the angular resolutionbetween
the two scenarios in terms of themean γ values, it becomes obvious that the resolution
has degraded even more than indicated by the γƪƬ plots. For the low zenith angles at
ǋǈ°, the difference between the γƪƬ resolution of the Bunch events and the γƪƬ resolu-
tion of theMonteCarlo events is approximately ǉ° to ǉ.Ǎ°. For the highest zenith angles
the worsening is about ǈ.Ǎ°. Now comparing the mean γ distribution to one another,
the difference is about Ǌ° to Ǌ.Ǎ°. ĉis means that on average the resolution worsens
by about Ǌ°, even if for the best ǎǐƻ the decline is smaller. ĉus, the spread of the re-
construction quality within the population of reconstructed events has become larger.
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Figure 5.2.6: JEM-EUSO nadir mode, multiple scattering: trigger efficiency
(blue), reconstruction efficiency (green) and the effective efficiency (red) for the
different zenith angles and cumulative energies.

Comparing the radius dependencies of the separation angle and the efficiencies of the
two scenarios, we can conėrm that the detector’s trigger response to both shower types
remain at a level of almost ǉǈǈƻ with the ėrst ǉǍǈ km of radius. ĉen, both feature a
sudden but slight jump to ǐǍƻ due to the side-cut. From here on, the trigger curve
decreases to Ǎǈƻ at ǊǊǈ km and features a cut-off at ǊǍǈkm, the edge of the FOV in the
x-direction. ĉe reconstruction efficiency curve however, looks clearly different. In
the Bunch scenario, we can reconstruct almost every event within a radius of ǉǈǈkm.
Aěerwards we witness a steady decline to ǐǈƻ at Ǌǌǈ km with a sharp cut off at the
edge. In the multiple scaĨering scenario, the reconstruction efficiency begins already
at the centre at a level of ǐǈƻ and features a slight decrease until ǉǈǈ km. From here
on, it decreases to about ǎǈƻ at the rim of the FOV which resembles the behaviour of
the non-scaĨering case. ĉus, it is obvious that for the centre region the relatively low
reconstruction efficiency for Monte Carlo events dominates the effective efficiency.
From about Ǌǈǈ km on, the trigger ėlters out many events and thus leaves only the
very bright showers for reconstruction (Fig. Ǎ.Ǌ.Ǒ). Comparing the population of the
showermaxima of the reconstructed, the failed and the non-triggering events between
the two scenarios it becomes even more obvious that it the outer region of the tele-
scope’s FOV, we loose the events mainly due to a low trigger efficiency, whereas in
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Figure 5.2.7: JEM-EUSO nadir mode, multiple scattering: ⟨γ⟩ for the five algo-
rithms (colour coded)and their standard deviation plotted as function of the true
zenith angle together with the reconstruction efficiency (red bars).

Figure 5.2.8: JEM-EUSO nadir mode, multiple scattering:reconstructed ⟨ΔΘ⟩
(left) and ⟨ΔΦ⟩ distributions (right) for cumulative energies. The colours represent
the five different algorithms to show their individual performance. The error bars
indicate the standard deviations.

the central area the lower reconstruction efficiency dominates. For the Bunch showers
however, within a radius of ǉǍǈ km this applies only to an almost negligible extent (Fig.
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Figure 5.2.9: JEM-EUSO nadir mode, multiple scattering:top: ⟨γ⟩ for the five
algorithms (colour coded) and their standard deviation plotted as function of the
FOV radius.
bottom: trigger (blue), reconstruction (green) and effective efficiency (red) as
function of the FOV radius.

Ǎ.Ǌ.ǉǈ).
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(a) FOV position of maxima, superim-
posed view

(b) Reconstructed events

(c) Failed events (d) Non-triggering events

Figure 5.2.10: JEM-EUSO nadir mode, multiple scattering: shower max. posi-
tions within the telescope’s FOV. Red: Population of non-triggering events. Yel-
low: Events, triggered but not reconstructed. Green: Events, triggered and suc-
cessfully reconstructed.
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Ǎ.ǋ SńĵķĹX EUSO

ĉeaccommodationof the JEM-EUSOdetectoronboard theSpaceXspacecraěDragon
requires an updated instrument design as described in detail in Chap. ǋ.Ǐ. ĉe most
important changes which are expected to have an impact on the instrument’s perfor-
mance are listed in Tab. Ǎ.ǋ.ǉ. ĉe new focal surface layout is basically a rearrangement

Table 5.3.1: Key parameter of JEM-EUSO and SpaceX EUSO simulations. Pa-
rameters and components from K. Shinozaki and [78].

Mission

JEM-EUSO SpaceX EUSO
Lens dimensions ǊǎǍǈ× ǉǑǈǈ mm ǊǍǈǈ mm circular
Lens area ǌ.ǌ mƦ ǌ.Ǒ mƦ

Focal surface layout ǉǋǏ PDM ǉǊǑ PDM
Pixel-angle-map accordingly accordingly
Focal surface diameter ǊǎǍǈ× ǉǑǈǈ mm ǊǊǈǈ mm circular shape
Lens thickness ǉǈ mm Ǐ mm

of the outermost PDMs. Someof themhave been relocated, others have been removed
entirely. ĉe boĨom line employs ǉǊǑ PDMs instead of ǉǋǏ (Fig. Ǎ.ǋ.ǉ).

Figure 5.3.1: SpaceX EUSO: focal surface layout. Blue: Added PMTs, Green
removed (moved), Red: removed (cut). Pic. taken from [78].
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Ǎ.ǋ.ǉ AłĻŊŀĵŇ RĹňŃŀŊŉĽŃł Ńĺ SńĵķĹX EUSO

To assess the angular resolution performance of the slightly modiėed detector, a study
comparable to theone for the baseline JEM-EUSO instrument has been conducted. To
meet the changed geometry of the ėeld of view of the instrument, the showers impact
points have been placed within a square of x: ± Ǌǌǈ km× y: ± Ǌǌǈ km. ĉe energies
and zenith angles have the same conėguration as the previous Monte Carlo studies.
ĉe primarie’s energies are set to Ǎ·ƥƤƥƭ eV, Ǐ·ƥƤƥƭ eV, ǉ·ƥƤƦƤ eV, ǋ·ƥƤƦƤ eV and Ǎ·ƥƤƦƤ eV.
ĉe simulated zenith angles include ǋǈ°, ǌǍ°, ǎǈ° and ǏǍ°. ĉe primaries are protons
only and the Φ directions of the showers are randomly set between ǈ and ǋǎǈ°. ĉe

Figure 5.3.2: SpaceX EUSO: Angular resolution in terms of γƪƬ obtained by the
NE2 algorithm for proton events plotted against the true zenith angle for different
energies (colour coded).

overall angular resolution clearly improveswith respect to the JEM-EUSObaseline de-
tector (Fig. Ǎ.ǋ.Ǌ). ĉis applies to all zenith angles, except for the highest. At ǏǍ° and
supposedly beyond, we cannot observe any improvement with respect to the side-cut
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case. Here the resolution remains the same, independent of the energy of the primary.
On the contrary, for all lower zenith angles we can conėrm a strong improvement of
the resolution. Most remarkably, in particular the higher energies beneėt more than a
factor of Ǌ. Beyond that, also the lower energies gain between ǉ° and ǉ.Ǎ° in resolution.
In terms of efficiencies the situation changes only slightly. ĉe trigger efficiencies re-

Figure 5.3.3: SpaceX EUSO: trigger efficiency (blue), reconstruction efficiency
(green) and the effective efficiency (red) for the different zenith angles and cumu-
lative energies.

main comparable to the side-cut instrument and therefore very good. Regarding the
lower zenith angles ǋǈ°, ǌǍ°, ǎǈ° however, we note a small but signiėcant decrease in
efficiency. ĉis leads to a decrease of the effective efficiency for these conėgurations
by ǉǈ ƻ to ǉǍ ƻ.

Naturally, like the γƪƬ distribution, also themean γ distribution improves (Fig. Ǎ.ǋ.Ǎ).
Like in the side-cut case, the different algorithms agree to a good extent in their angu-
lar determination and the errors are small. ĉis also applies when we check the perfor-
manceof the individualΘandΦdeterminationof the single algorithms. In the side-cut
instrumentwe couldnot observe a severe systematics nor a high variationof the results.
Likewise, in the circular case there are only small deviations from themean value (Fig.
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Figure 5.3.4: SpaceX EUSO: γƪƬ vs zenith angle for the different energies
(colour-coded). The values have been obtained by the NE2 algorithm. Addition-
ally, the reconstruction efficiencies for the single energies have been plotted with
reference to the right y-axis.

Ǎ.ǋ.Ǎ). Analysing the impact of the FOV radius on the angular resolution and the effi-
ciencies, we can spot the difference between the circular and the side-cut instrument.
In the baseline instrument we could observe a distinctive jump at the radius where the
side-cut applies (at ǉǎǈ km), whereas the circular instrument features a very smooth
curve both for the resolution as well as for the efficiency (Fig. Ǎ.ǋ.Ǐ). ĉe trigger effi-
ciency remains at a very high level of almost ǉǈǈƻup to a radius of ǉǏǈ km. Only in the
border region of the FOV it clearly decreases. ĉe reconstruction efficiency decreases
from a smaller radius on (∼ ǐǈ km). ĉis is owed to the decreasing throughput effi-
ciency of the optics. However, it reaches Ǎǈƻ only at about ǉǐǈ km from the centre.
Due to the circular shape, more events than in the side-cut case remain inside this area.

ĉe interpretation above is clearly supported when we analyse the maximum posi-
tion of the showers within the FOV (Fig. Ǎ.ǋ.ǐ). ĉe distribution of the shower max-
ima of the non-triggering events (in red), the events which the algorithms failed to re-
construct (yellow) and the distribution of successfully reconstructed events (green).
It illustrate very well the behaviour we have already seen from the previous plot. Inside
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Figure 5.3.5: SpaceX EUSO: ⟨γ⟩ for the five algorithms (colour coded)and their
standard deviation plotted as function of the true zenith angle together with the
reconstruction efficiency (red bars).

Figure 5.3.6: SpaceX EUSO: reconstructed ⟨ΔΘ⟩ (left) and ⟨ΔΦ⟩ distributions
(right) for cumulative energies. The colours represent the five different algorithms
to show their individual performance. The error bars indicate the standard devia-
tions.

the central area of the ėeld of view, there is almost no event without a trigger. More-
over, the density of failed events is small and increases only slowly towards the outer
regions. Having the highest density in the central part, their behaviour is complemen-
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Figure 5.3.7: SpaceX EUSO: top: ⟨γ⟩ for the five algorithms (colour coded) and
their standard deviation plotted as function of the FOV radius.
bottom: trigger (blue), reconstruction (green) and effective efficiency (red) as
function of the FOV radius.

tary to the population of reconstructed events. Still, from the paĨern of the green pop-
ulation it becomes evident that there are no PDM parts which lie within a blind area.

ĉe reason behind this rather convincing performance of the circular instrument
with respect to the side-cut telescope can be understood in the context of the tilted
mode studies (Chap. ǎ). Also for the nadir instrument the same determining factors
apply. First of all, the distance of the event from the telescope has a major impact. In
comparison to the side-cut instrument, the circular telescope observes showers that
are closer to the detector, on average. Events that appear on the very outer parts (X=
-Ǌǈǈ – -Ǌǋǈ km and X= Ǌǈǈ – Ǌǋǈ km) of the side-cut instrument’s FOV, are not vis-
ible to the circular detector due to its smaller FOV diameter. On the other hand, the
regions that were formerly cut (Y= -ǉǏǈ – -Ǌǈǈ km and Y= ǉǏǈ to Ǌǈǈ km) do observe
shower events now. ĉerefore, the detector receives more light per event than before.



Ǎ.ǋ. SpaceX EUSO ǉǏǉ

(a) Position of maxima, superimposed
view

(b) Position of maxima, reconstructed

(c) Position of maxima, failed (d) Position of maxima, not triggered

Figure 5.3.8: SpaceX EUSO: Detector FOV, projected on ground. Shower fluo-
rescence light maximum distribution in the FOV of the tilted instrument for the
reconstructed events (green), the failed (i.e. triggered but not successfully recon-
structed) events (orange) and the non-triggering events (red).
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Moreover, the optics throughput efficiency has a less severe impact on the outer FOV
events due to its smaller diameter. ĉus, there is an extra gain of light for those events.
And especially those events are responsible for the worsening of the angular resolution
when we evaluate the overall performance of the instrument. Hence, it is not surpris-
ing and serves as a good conėrmation for the results obtained for the circular detector,
when we compare them to the results obtained with the baseline instrument and re-
strict ourselves to the quality cut events as presented in Chap. Ǎ.ǉ.ǉǋ.

Ǎ.ǌ EUSOǍǈǈ

Since the original instrument accumulates to almost ǉ.ǐ tons the JEM-EUSO collabo-
ration was trying to meet the demand of a downscaled instrument. ĉus, during the
course ofmission planning, a lightweight and smaller version of the JEM-EUSOdetec-
tor had been evaluated. ĉe technology resembles the one of the JEM-EUSO baseline
instrument at large but only weights approximately Ǎǈǈ kg. Now, the diameter of the
lenseswas supposed to be ǉmetre, the entire outer ring of PDMswas removed. Hence,
the focal surface detector now complied of ǉǈǉ PDMs, arranged in a circle. Having
these speciėcations, the FOV corresponds roughly to the quality cut (ǉǍǈ km) of the
side-cut baseline instrument. However, EUSOǍǈǈ has a smaller optics diameter than
JEM-EUSO (Fig. Ǎ.ǌ.ǉ). As expected, poorly reconstructed events populate the outer

Figure 5.4.1: left: JEM-EUSO FOV, right: EUSO500 FOV. The colour code indi-
cates the resolution expressed in ⟨γ⟩.

FOVparts of both telescopes. In theEUSOǍǈǈ case, there aremore of themeven in the
central part. ĉis is a feature owed to the much smaller optics. EUSOǍǈǈ receives less
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Figure 5.4.2: EUSO500:Angular resolution in terms of γƪƬ obtained by the NE1,
NE2, AE1 algorithms for proton events plotted against the true zenith angle for
different energies (colour coded).

light then its larger counterpart. Hence, less bright events, even in the centre might
suffer from a lower efficiency. To evaluate the potential performance of such a light
weight instrument, we have created a preliminary virtual test setup of a Ǎǈǈ kg version
ã EUSOǍǈǈ. Most of the components used, were simply downscaled parts of the
JEM-EUSO instrument. For instance, we have used the same focal surface, this time
thoughwehave deactivated the outer ring of PDMs. To estimate the angular resolution
performance of this setup, we have conducted a small study, similar to the previously
presented, butwith a lower statistics andwithout a proper characterizationof the signal
behaviour. Comparing the angular resolution in terms of the γƪƬ values, we can see that
the resolution decreases by a factor of ǉ° to Ǌ° with respect to the side-cut instrument.
Especially the lower energies are affected (Fig. Ǎ.ǌ.Ǌ). On the contrary, the overall ef-
ėciency is well comparable and even slightly higher than the baseline instrument (Fig.
Ǎ.ǌ.ǋ).

Analysing the reconstruction of the Θ and Φ components, we can immediately see
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Figure 5.4.3: EUSO500: trigger efficiency (blue), reconstruction efficiency
(green) and the effective efficiency (red) for the different zenith angles and cu-
mulative energies.

clear differences compared to the baseline instrument. ĉe results of the different al-
gorithms for theΘ estimation differ bymore than ǋ° for the ǋǈ° inclined showers. (ĉe
difference is only ǉ.Ǎ° for the side-cut instrument) Also the standard deviation of the
Φ reconstruction is about twice as large as for the original telescope (Fig. Ǎ.ǌ.ǌ).

Figure 5.4.4: EUSO500: reconstructed ⟨ΔΘ⟩ (left) and ⟨ΔΦ⟩ distributions (right)
for cumulative energies. The colours represent the five different algorithms to
show their individual performance. The error bars indicate the standard deviations.



Ǎ.Ǎ. JEM-EUSO Balloon ǉǏǍ

Figure 5.4.5: EUSO500: top: ⟨γ⟩ for the five algorithms (colour coded) and their
standard deviation plotted as function of the FOV radius.
bottom: trigger (blue), reconstruction (green) and effective efficiency (red) as
function of the FOV radius.

Inside the FOV, the trigger and reconstruction efficiencies are remarkably constant
with a sharp decrease at the rim. ĉe angular resolution starts already at the centrewith
ǋ° to ǌ°< γ > and increases up to ǉǈ° for the outer radii. (Fig. Ǎ.ǌ.Ǎ). ĉe reason for
this stable efficiency at most focal surface radii can certainly be explained by a smaller
dominance of the proximity effect. Since the ėeld of view of the EUSOǍǈǈ instrument
is relatively small, it does not play a large role compared to the side-cut instrument. ĉe
overall angular resolution, however is reduced due to the smaller amount of photons
collected.

Ǎ.Ǎ JEM-EUSOBĵŀŀŃŃł

Ǎ.Ǎ.ǉ PŃŉĹłŉĽĵŀ RĹňŃŀŊŉĽŃł Ńĺ ŉļĹ EUSO-BĵŀŀŃŃł

For the simulation of the EUSO Balloon, we have used a downscaled version of the
JEM-EUSO detector, replaced the optical system with the one of the balloon and re-
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moved all but the central PDM from the focal surface. Although this exercise is an ap-
proximation, it is expected that the real instrument will perform in a comparable way.
As described in Chap. ǋ.ǎ.ǉ, the EUSO-Balloon was not designed as a UHECR mis-
sion. Its purpose is to demonstrate the readyness potential of the main instrument’s
technology and to perform background measurements. Moreover, it will record fake
showers, produced by a laser device. ĉe probability to measure real EAS is very small
for a Ěight time of some hours. Nevertheless, this small study aims to determine the
potential angular resolution performance of the EUSO-Ballon for UHECR induced
air showers. In general this should also apply to the reconstruction of the laser induced
events aswell. In this studywehaveused air showerswith energies betweenǉǈƥƬ eVand

Figure 5.5.1: EAS signal track of 1e19 eV, 20 deg proton event as it could
appear within the balloon’s FOV with background included (left) and without
(right).

ǉǈƥƭ eV andwith inclination angles between ǉǈ° and ǎǈ°. Showers with higher energies
are extremely unlikely to be observed due to the small exposure of the balloon. ĉe
small focal surface with only one PDM does not permit to measure strongly inclined
showers simply due to spatial constraints. In Fig. Ǎ.Ǎ.ǉ, we can see a ǉǈƥƭ eV shower
with a zenith angle of Ǌǈ° which already occupies two thirds of the entire PDM. ĉus,
even for the unlikely case that the balloon observed anUHECR event the focal surface
might not contain the entire signal track, especially for the larger zenith angles. ĉis
behaviour can clearly be seen when we analyze the separation angle in dependence of
the radius of the FOV. In general, the balloon can resolve the arrival direction of the
showers to a very high precision of about ǉ°. But this is only possible if the showers
are placed right in the centre of its FOV. Once, the track is not fully contained, the
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Figure 5.5.2: EUSO Balloon: ⟨γ⟩ of the best algorithm plotted as function of the
FOV radius. The error bars indicate the standard deviation.

resolution rapidly worsens. Evaluating the angular resolution capabilities as a function

Figure 5.5.3: EUSO Balloon: reconstructed ⟨ΔΘ⟩ (left) and ⟨ΔΦ⟩ distributions
(right) for cumulative energies. Data points show the results of the NE2 algo-
rithm. The error bars indicate the standard deviation.

of the zenith angle of the showers, we can see a similar response. ĉe steep showers,
leaving short tracks can be reconstructed, but from about ǋǈ° on the Θ resolution de-
clines rapidly. ĉis is owed to the fact that theΘ reconstruction depends on the proper
knowledge of the timingwhich is lostwhen signiėcant parts of the signal track aremiss-
ing. ĉe Φ reconstruction on the contrary is still possible with a smaller part of the
track, since the track length is less important for its reconstruction (Fig. Ǎ.Ǎ.ǋ).





It is by the fortune of God that, in this country, we have three
beneėts: ěeedom of speech, ěeedom of thought, and the wis-
dom never to use either.

Mark Twain

6
Angular Resolution: TiltedMode

TļĹłŃŉĽŃłŃĺĵŉĽŀŉĹĸUVŉĹŀĹňķŃńĹ allowing to further increase the already large
detection area by some factor is an important programmatic aspect of the JEM-EUSO
mission. ĉis idea is strongly appealing for the reason that without further instrument
design improvements, the exposure to UHECR above ǉǈƦƤ eV could be raised consid-
erably. It could yield a sufficient exposure even for the observation of UHE neutrinos.
Certainly, the energy threshold would increase and the angular reconstruction quality
is expected to decay. To quantify the effect on the angular resolution, we have con-
ducted an extensive study to analyse the effect of an operation mode tilted by Ǌǈ° and
by ǌǈ°.

ǎ.ǉ PļŃŉŃł ĵłĸ SĽĻłĵŀ AłĵŀŏňĽň Ǌǈ°

To evaluate how the signal behaviour is affected by tilting the instrument by Ǌǈ° from
the nadir axis, we have ėrst conducted a study on the incoming signal photons. We use
an air shower with an energy of ǉǈƦƤ eV and a zenith angle with Θ=ǎǈ° as a standard
candle. ĉe brightness of the shower using SLAST in combination with the Bunch
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photon transfer module can be regarded as almost constant, making it a good tool for
this purpose. We inject ǌǌǈǈǈ showers within the greater ėeld of view of the telescope
and check how many photons per event reach the telescope, pass through the optics
make a signal on the focal surface detector and give a trigger signal in the end. In Fig.

Figure 6.1.1: JEM-EUSO tilted mode, 20°: distribution of photons arriving to the
instrument. Top: FOV as seen from above, amount of photons per event is colour
coded, bottom left: y-profile of the FOV, bottom right: x-profile of the FOV.

ǎ.ǉ.ǉ, we observe that those showers which develop right below the telescope yield the
highest rate of photons reaching the instrument. ĉe further away showers are placed
from the telescope, the less photons per event arrive, simply owed to geometrical rea-
sons ã the number scales with ǉ/dƦ. ĉe events located right beneath the telescope
are now shiěed away from the centre of the instrument’s FOV and are situated in a
part of the optics which is not as efficient as the centre. ĉe throughput of the optical



ǎ.ǉ. Photon and Signal Analysis Ǌǈ° ǉǐǉ

Figure 6.1.2: JEM-EUSO tilted mode, 20°: Optics efficiency. Top: FOV as seen
from above, optics efficiency is colour coded, bottom left: y-profile of the FOV,
bottom right: x-profile of the FOV.

system depends on the inclination angle under which the light hits the ėrst lens. For
photons arriving orthogonal to the entrance pupil, the probability of arriving on the
focal surface is around ǋǈ ƻ. However, with increasing inclination, it drops to ǉǈ ƻ at
the very edge of the FOV at approximately ǋǈ° inclination. ĉis corresponds to a dis-
tance of about Ǎǈǈ km on ground from the detector’s nadir position. From Fig. ǎ.ǉ.Ǌc,
we note that now a larger part of the FOV lies within an area where the optics is not as
efficient as in the centre. ĉis bears the consequence that those showers, already shin-
ing fewer photons to the telescope, suffer more from optical losses than those showers
which are in closer proximity to the telescope (Fig. ǎ.ǉ.ǋ). ĉus, the relatively steep
decrease in photons per event reaching the focal surface is a result of two effects. First,
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Figure 6.1.3: JEM-EUSO tilted mode, 20°: photons/event distribution on focal
surface. Top: FOV as seen from above, amount of photons per event is colour
coded, bottom left: y-profile of the FOV, bottom right: x-profile of the FOV.

the geometrical effect and second, the additional optical loss factor. Analysing the dis-
tribution of signal counts per event in dependence of the FOV position of the showers
yields a similar result. ĉe shape of the decreasing ‘signal curve’ (Fig. ǎ.ǉ.ǌ) resem-
bles the one of the ‘photons on the focal surface curve’ (Fig. ǎ.ǉ.ǋ). ĉe difference in
total numbers derives from the quantum efficiency multiplied by the covering factor¹
which yields the total collection efficiency. ĉis total efficiency however, is the same
over the whole focal surface and has no angular dependence. Hence, the probability of
photons to create a signal is the same, independent of their actual ėeld of view position
. PloĨing only those events that trigger the PDMs, the actual ėeld of view of the tilted

¹ĉe covering factor denotes the ratio of sensitive area to dead spaces on the focal surface.



ǎ.ǉ. Photon and Signal Analysis Ǌǈ° ǉǐǋ

Figure 6.1.4: JEM-EUSO tilted mode, 20°: signals/event distribution on focal
surface. Top: FOV as seen from above, number of signals per event is colour
coded, bottom left: y-profile of the FOV, bottom right: x-profile of the FOV.

instrument becomes visible (Fig. ǎ.ǉ.Ǎ). Moreover, we can see that at the very end of
the remote part of the ėeld of viewwe are loosing a small amount of events. In this part,
the signal is very weak due to the different factors explained above. For those events,
intersecting the borders of the FOV, the remaining visible track can be too short to
issue a trigger. Events with energies and zenith angles below ǉǈƦƤ eV and Θ=ǎǈ° are
affected even stronger.



ǉǐǌ ǎ. Angular Resolution: Tilted Mode

Figure 6.1.5: JEM-EUSO tilted mode, 20°: signals/triggering event distribution
on focal surface. Top: FOV as seen from above, number of signals per triggering
event is colour coded, bottom left: y-profile of the FOV, bottom right: x-profile of
the FOV.

ǎ.Ǌ AłĻŊŀĵŇ RĹňŃŀŊŉĽŃł: Ǌǈ° TĽŀŉĽłĻ

For the scenario of a tilted telescope with an angle of Ǌǈ°, we have created a shower
database with the same energies and zenith angles as in the previous study. For this
setup however, the impact points of the showers have been placed within a rectangu-
lar area of x: -ǍǍǈ km – +ǉǈǈ km × y: -ǊǍǈ km – +ǊǍǈ km. ĉis is again larger than
the actual FOV of the tilted instrument. For each of the energy/zenith angle combi-
nations the amount of triggering events is of the order of Ǌǈǈǈ or higher. ĉe higher
statistics of events compared to the nadir mode study is owed to the increased ėeld of
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Figure 6.2.1: JEM-EUSO tilted mode, 20°:Angular resolution in terms of γƪƬ
obtained by the NE2 algorithm for proton events plotted against the true zenith
angle for different energies (colour coded).

view. ĉe angular resolution of the tilted (Ǌǈ°) telescope decreases compared to the
nadir instrument. ĉe effect mainly depends on the zenith angle of the showers, to a
smaller extent on the energy. On average we observe a worsening of the angular reso-
lution by approximately ǉ°. ĉe low zenith angle showers experience a shiě by about
ǉ.Ǎ°. ĉe ėndings are in fact relatively similar to the numbers of the nadir instrument
while taking into account the multiple scaĨering orders using Monte Carlo transport
of photons in atmosphere. ĉis picture also applies to the efficiencies (Fig. ǎ.Ǌ.Ǌ). ĉe
effective efficiency, being the product of trigger and reconstruction efficiency, drops by
almost ǌǈƻ for the low zenith angles. However, in this scenario the trigger efficiency
has become a determining factor. While in the Monte Carlo scenario, the trigger ef-
ėciency remained at a relatively high level and the reconstructability of the triggered
events rapidly dropped, for the tilted mode it is the contrary. We can see a decrease of
the trigger efficiency even for the ǏǍ° events and a strong decline for ǋǈ° events. ĉe
various reconstruction algorithms react differently to the tilted scenario in compari-
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Figure 6.2.2: JEM-EUSO tilted mode, 20°: trigger efficiency (blue), reconstruc-
tion efficiency (green) and the effective efficiency (red) for the different zenith
angles and cumulative energies.

son to the Monte Carlo case. We can clearly see that for a speciėc zenith angle, the Ǎ
different reconstruction algorithms yield more diverse results than for the nadir case.
However, for the nadir conėguration and Monte Carlo transfer, the answer has been
evenmore diverse with additionally a stronger variance of the single algorithms. (Figs.
ǎ.Ǌ.ǋ and ǎ.Ǌ.ǌ) Investigating the cause for the signiėcant loss of both efficiency and
angular resolution, we consider the ėeld of view position of the shower. In Fig. ǎ.Ǌ.Ǎ,
we can see that the overall angular reconstruction performs relatively constant with
only a small increase as function of the FOV radius. Starting from a radius of about
ǋǍǈ km however, there is a slightly stronger increase towards the outer FOV regions.
For the efficiency, though, we observe an almost linear dependence with the radius.
With a full trigger efficiency and a high reconstruction efficiency (∼ Ǒǈƻ) at the very
centre, there is a severe decline to almost zero at Ǎǈǈ km radius. Up to a radius of about
ǋǈǈ km, this is mostly due to the very clear decrease of the reconstruction efficiency.
However, from there outwards the trigger efficiency decreases rigorously. Hence, for
the FOV parts beyond ǋǈǈ km, the few events that pass the trigger, yield a relatively
high reconstruction efficiency. ĉis picture becomes even more clear, when we plot
themaximumposition of the showers within the tilted FOV (Fig. ǎ.Ǌ.ǎ). ĉe distribu-
tionof the showermaximaof thenon-triggering events (in red), the events the soěware
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Figure 6.2.3: JEM-EUSO tilted mode, 20°: ⟨γ⟩ for the five algorithms (colour
coded)and their standard deviation plotted as function of the true zenith angle
together with the reconstruction efficiency (red bars).

Figure 6.2.4: JEM-EUSO tilted mode, 20°: reconstructed ⟨ΔΘ⟩ (left) and ⟨ΔΦ⟩
distributions (right) for cumulative energies. The colours represent the five differ-
ent algorithms to show their individual performance. The error bars indicate the
standard deviations.
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Figure 6.2.5: JEM-EUSO tilted mode, 20°: top: ⟨γ⟩ for the five algorithms
(colour coded) and their standard deviation plotted as function of the FOV radius.
bottom: trigger (blue), reconstruction (green) and effective efficiency (red) as
function of the FOV radius.

failed to reconstruct (yellow) and the distribution of successfully reconstructed events
(green) clearly conėrm the study conducted for the photon behaviour during the sim-
ulation part. ĉere is an area inside the FOV, where there are almost no non-triggering
events and the density of failed events is small, as well. ĉis is the area in which almost
every event has been both triggered and reconstructed. Among those events populat-
ing this area that have not been triggered we still can see a rectangular paĨern. ĉese
are events with low energies and zenith angles, falling into the dead spaces between
PMTs and PDMs. For the outer FOV parts at -ǋǍǈ km to Ǎǈǈ km, on the contrary, we
can be sure that the events that were triggered and succesfully reconstructed in the end
were among the ones with highest energies and zenith angles. When we compare the
area inwhich both triggering and reconstructionworks on a high level, to the same area



ǎ.Ǌ. Angular Resolution: Ǌǈ° Tilting ǉǐǑ

(a) FOV position of maxima, superim-
posed view

(b) Reconstructed events

(c) Failed events (d) Non-triggering events

Figure 6.2.6: JEM-EUSO tilted mode, 20°:shower maxima positions within the
telescope’s FOV. Red: Population of non-triggering events. Yellow: Events, trig-
gered but not reconstructed. Green: Events, triggered and successfully recon-
structed.
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in the nadir case, we must note that it is smaller in the tilted case.

However, we have identiėed the lack of photos arriving to the detector as the main
reason behind the low efficiencies. ĉe tilted mode is primarily supposed to increase
the exposure for extreme energy cosmic rays events, i.e. events having an energy higher
than ǉǈƦƤ eV. ĉerefore, we evaluate how the reconstruction quality is affected, if we
consider onlyEHEevents (Fig. ǎ.Ǌ.Ǐ). ComparingFig. ǎ.Ǌ.Ǐ toFig. ǎ.Ǌ.Ǎ reveals a clear

Figure 6.2.7: JEM-EUSO tilted mode, 20°, extremely high energies: γ vs FOV
radius and efficiency.

improvement of the reconstruction quality, once we restrict ourselves to the detection
of EHE events exclusively. ĉemean separation angle for events near the centre of the
FOVhas improved by almost Ǌ° for EHE events. It reaches the level of about ǌ° only af-
ter ǋǈǈkm displacement from the nadir position. Also in terms of efficiency, the ‘EHE
only scenario’ shows a signiėcant increase in the overall performance. Reaching ǉǈǈ ƻ
efficiency in the centre region, the efficiency drops to Ǎǈ ƻ is at ǌǈǈ km distance from
the detector’s nadir point. In comparison, if we consider all energies, the efficiency
drops down to Ǎǈƻ already at a radius of about Ǌǈǈ km. ĉe maximum reachable effi-
ciency at the centre is only ǐǍ ƻ.

We can clearly see that the sensitive area in which a meaningful reconstruction of
the events is still possible is clearly larger when we use the detector for EHE events.
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(a) FOV position of maxima, superim-
posed view

(b) Reconstructed events

(c) Failed events (d) Non-triggering events

Figure 6.2.8: JEM-EUSO tilted mode, 20°, extremely high energy: shower max-
ima positions within the telescope’s FOV. Red: Population of non-triggering
events. Yellow: Events, triggered but not reconstructed. Green: Events, triggered
and successfully reconstructed.
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ĉis becomes even clearer when we check the distribution of the successfully recon-
structed, the triggered and the non-triggering events within the FOV for EHE events
(Fig. ǎ.Ǌ.ǐ). ĉe area in which events are not even triggering is by far smaller than in
Fig. ǎ.Ǌ.ǎ and lies in the border region of the FOV.ĉe same applies to the distribution
of failed events. In the case of all energies, these events could be found on the entire
focal surface, whereas for EHE events, almost every event within a radius of ǊǍǈ km
could be triggered and reconstructed.

ǎ.ǋ PļŃŉŃł ĵłĸ SĽĻłĵŀ AłĵŀŏňĽň ǌǈ°

From the previous tilting of the instrument by Ǌǈ° it became evident that there is a sub-
stantial impact of the tilting on the signal behaviour. For the ǌǈ° tilting, we therefore
expect a similar, but even more increased effect. ĉus, we have conducted an addi-
tional study of the expected signal aĨenuation for the ǌǈ° case. Again, we have utilized
air showers with an energy of ǉǈƦƤ eV and a zenith angle withΘ=ǎǈ° as a standard can-
dle. To account for the far larger ėeld of view, we have deployedmore than Ǌ ·ƥƤƩ events
homogeneously distributed in the entire FOV. Again, we check howmany photons per
event reach the telescope, pass through the optics, produce a signal on the focal surface
detector and give a trigger signal in the end. Obviously, for the ǌǈ° tilted telescope the
proximity effect, i.e. the loss of photons due to the ǉ/dƦ scaling effect plays a far more
dominant role than for the Ǌǈ° case. From Fig. ǎ.ǋ.ǉ we learn that also for the ǌǈ° tilt,
showers that develop right below the telescope yield the highest rate of photons reach-
ing the instrument. However, the showers in the outer region of the FOV are much
farther away from the detector than in the Ǌǈ ° tilted case. Now, the remote showers
that are nevertheless still inside the ėeld of view are up to ǉǋǈǈ km displaced from the
detector’s nadir point. To check the validity of the proximity effect, we plot the num-
ber of arriving photons per event as function of the event’s distance d to the detector.
Moreover, we compensate for the effect that the entrance pupil can only be seen under
a certain angle α which depends on the horizontal distance to the detector by adding a
cosine term (Fig. ǎ.ǋ.Ǌ).

scalefactor =
ƥ
dƦ

· cos [α + ƨƤ◦] (ǎ.ǉ)
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Figure 6.3.1: JEM-EUSO tilted mode, 40°: photons/event distribution arriving
at the telescope. Top: FOV as seen from above, amount of photons per event
is colour coded, bottom left: y-profile of the FOV, bottom right: x-profile of the
FOV.

ĉeǌǈ° termappears due to the reason that the detector is tilted by actually−ƨƤ. ĉus,
when an event appears ǋǋǍ km horizontally displaced from the nadir point it points
orthogonally to the lens. Now we assume that the showers have their maximum at
approximately ǎ km altitude and express the event’s distance d by the radius from the
detector’s nadir point to the event r.

scalefactor =
ƥ

(Ƨƭƨ km)Ʀ + rƦ
· cos

[
arctan

(
r

ƨƤƤ km

)
+ ƨƤ◦

]
(ǎ.Ǌ)

Due to the strong tilting of the telescope, the optimal optics performance is now
situated within an area, in which the showers are already relatively far away from the
telescope. Comparing the position of the brightest events to the distribution of the
optics efficiency, we can see that these regions do not strongly overlap (Figs. ǎ.ǋ.ǋ and



ǉǑǌ ǎ. Angular Resolution: Tilted Mode

Figure 6.3.2: JEM-EUSO tilted mode, 40°: To verify the impact of the proximity
effect, we superimpose the photons per event as function of the FOV radius with
the graph of the analytical formula.

ǎ.ǋ.ǉ). ĉus, the proximity effect and the optical aĨenuation effect leads to a scenario,
where the instrument never reaches its full performance. Hence, the photons arriving
to the focal surface per event is reduced by ǊǍƻ, from ǌǈǈǈ photons at maximum to
ǋǈǈǈ photons (Fig. ǎ.ǋ.ǌ). ĉe superposition of the two effects leads to a strongly at-
tenuated photon Ěux on the focal surface and eventually to a strongly aĨenuated signal
behaviour. (Fig. ǎ.ǋ.Ǎ) ĉe losses are in fact remarkable. From a maximum of about
ǐǍǈ signal counts per event at X=-ǉǍǈ km, the count curve drops to about ǉǍǈ counts
per event at X=-ǎǈǈ kmãthis is only about half the entire FOV (X-component). ĉis
is actually the threshold from which on the events cannot be triggered. Consequently,
about Ǎǈƻ of the entire FOV is not sensitive to ǉǈƦƤ eV, ǎǈ° events (Fig. ǎ.ǋ.ǎ). How-
ever, in terms of total area within the theoretical ėeld of view of the tilted telescope,
the majority of events are situated in a part which is not sufficiently efficient to trigger
them. Itwould require far brighter eventswith higher energies andhigher zenith angles
than ǉǈƦƤ eV, ǎǈ° events.
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Figure 6.3.3: JEM-EUSO tilted mode, 40°: Optics throughput efficiency. Top:
FOV as seen from above, efficiency is colour coded, bottom left: y-profile of the
FOV, bottom right: x-profile of the FOV.
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Figure 6.3.4: JEM-EUSO tilted mode, 40°: photons/event distribution on the
focal surface after passing the optical system. Top: FOV as seen from above,
amount of photons per event is colour coded, bottom left: y-profile of the FOV,
bottom right: x-profile of the FOV.
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Figure 6.3.5: Tilted Mode 40: signals/event distribution on the focal surface.
Top: FOV as seen from above, number of signals per event is colour coded, bot-
tom left: y-profile of the FOV, bottom right: x-profile of the FOV.
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Figure 6.3.6: JEM-EUSO tilted mode, 40°: signals/triggering event distribution
on the focal surface. Top: FOV as seen from above, number of signals per trig-
gering event is colour coded, bottom left: y-profile of the FOV, bottom right: x-
profile of the FOV.
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ǎ.ǌ AłĻŊŀĵŇ RĹňŃŀŊŉĽŃł: ǌǈ° TĽŀŉĽłĻ

As for the evaluation of the nadir and tiltedmode (Ǌǈ°) we have generated a third indi-
vidual database of showers. Again, the same energies and zenith angle conėgurations
have been used. For the tiltedmode (ǌǈ°), the statistics have been increased again to an
order of about Ǎǈǈǈ triggering events for the lower energies and even exceeding ǉǈǈǈǈ
triggering events for the higher energies. ĉe impact points of the simulated show-
ers have been placed in a rectangle with the dimensions of x: -ǉǋǈǈ km – ǈ km × y:
-ǌǈǈ km – +ǌǈǈ km. ĉis is again well larger than the actual FOV of the tilted instru-
ment. ĉe angular resolution of the tilted (ǌǈ°) telescope decreases compared to the

Figure 6.4.1: JEM-EUSO tilted mode, 40°: Angular resolution in terms of γƪƬ
obtained by the NE2 algorithm for proton events plotted against the true zenith
angle for different energies (colour coded).

tilted (Ǌǈ°). Also here, the effect mainly depends on the zenith angle of the showers
and to a smaller extent on the energy. ĉe decline of the angular resolution is about
ǉ.Ǎ° compared to the tilted (Ǌǈ°) case. Interestingly, there seems to be almost no en-
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ergy dependence for the highly inclined showers. ĉe effective efficiencies decrease by
about Ǎǈƻ compared to the tilted (Ǌǈ°) mode. ĉis means a decrease of almost ǐǈƻ
for the ǏǍ° zenith angles and still almost ǎǈƻ for the ǋǈ° zenith angles. Apparently,

Figure 6.4.2: JEM-EUSO tilted mode, 40°: trigger efficiency (blue), reconstruc-
tion efficiency (green) and the effective efficiency (red) for the different zenith
angles and cumulative energies.

the reconstruction efficiency itself does not seem to suffer very much. ĉe substantial
loss of effective efficiency is clearly owed to the rapid decline of the trigger efficiency.
ĉose events that survive the ėrst selection are thus more likely to be reconstructed
(Fig. ǎ.ǌ.Ǌ). ĉe analysis of the behaviour of the different reconstruction algorithms
supports the assumption that the angular reconstruction module is already perform-
ing at an optimum. From Figs. ǎ.ǌ.ǋ and ǎ.ǌ.ǌ we can infer that the delivered results
are relatively close to each other, with the exception of the AAǊ algorithm (in cyan).
Furthermore, the variance of the results of the individual algorithms is very low. ĉe
error bars indicating the standard deviation of the mean γ in Fig. ǎ.ǌ.ǋ and the mean
Θ in Fig. ǎ.ǌ.ǌ are not even visible in the histogram plots. In ploĨing the separation
angle distribution and the efficiencies as function of the radius inside the telescope’s
FOV, we can see the reason for themassive degradation in both angular resolution and
efficiency. From Fig. ǎ.ǌ.Ǎ we can see that the overall angular reconstruction works
relatively constant at γ ≈ ǌ° within the ėrst ǌǈǈ km of the FOV radius. From there
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Figure 6.4.3: JEM-EUSO tilted mode, 40°: ⟨γ⟩ for the five algorithms (colour
coded)and their standard deviation plotted as function of the true zenith angle
together with the reconstruction efficiency (red bars).

Figure 6.4.4: JEM-EUSO tilted mode, 40°: reconstructed ⟨ΔΘ⟩ (left) and ⟨ΔΦ⟩
distributions (right) for cumulative energies. The colours represent the five differ-
ent algorithms to show their individual performance. The error bars indicate the
standard deviations.

to the outer parts of the FOV, it continuously increases up to γ ≈ ǐ° at ǐǈǈ km. Be-
yond that the behaviour becomes a liĨle chaotic. ĉis is due to the lack of sufficient
statistics, since in this region of the FOV, the efficiency has already fallen below Ǎƻ. In
the tilted (ǌǈ°) setup, the detector never reaches a full trigger efficiency. As shown in
Chap. ǎ.ǋ, this arises from the circumstance that the showers in relatively close prox-
imity to the detector appear within a part of the FOV, where the optics throughput is
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relatively low, compared to the centre. ĉe centre part of the optics however, with its
maximum throughput detects only those showers that are already ǋǌǈ km displaced
from the detectors nadir point. Hence, from its maximum effective efficiency of ǎǈƻ
at Ǌǈǈ km radius, we experience an almost linear decrease to about ǐǈǈ km radius. Be-
yond a radius of about Ǒǈǈ km, the detector is essentially blind ã even for the very
bright events. To support this, we show the distributions of the shower maxima in-

Figure 6.4.5: JEM-EUSO tilted mode, 40°: top: ⟨γ⟩ for the five algorithms
(colour coded) and their standard deviation plotted as function of the FOV radius.
bottom: trigger (blue), reconstruction (green) and effective efficiency (red) as
function of the FOV radius.

side the tilted FOV for the three populations: non-triggering events, failed events and
reconstructed events (Fig. ǎ.ǌ.Ǐ).

Taking a closer look at the plots in Fig. ǎ.ǌ.Ǐ, we note that the area in which the
tilted detector allows for a meaningful trigger scenario is only a relatively small region
at around x= -Ǌǈǈ km, y=ǈ km. However, the same area seen in the plots of the failed
and reconstructed population does not allow for any conclusion, since both plots are
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Figure 6.4.6: JEM-EUSO tilted mode, 40°: γƪƬ and efficiencies.

saturated here. ĉis means that some classes of events cannot be reconstructed even
in this most efficient part of the detector FOV, while others apparently can. ĉus, we
have to reconsider the same plots, this time neglecting all energies below ǉǈƦƤ eV. We
assume that this kind of detector conėguration might allow for observation of the ex-
treme energies, only.

Indeed the picture changes when we limit the resolution study to extreme energy
events above ǉǈƦƤ eV.ĉeoverall angular resolution performance increases and so does
the efficiency. However, the improvement is not as clear as in the Ǌǈ° tilting case. Also
here, we can observe an improvement in angular resolution of about ǉ° (from ǌ° to
ǋ°) for centre events (Fig. ǎ.ǌ.ǐ). But already at a radius of ǌǈǈ km, both distribution
become indistinguishable (Fig. ǎ.ǌ.Ǎ). ĉis means that restricting ourselves to EHE
events only, does not improve the results for remote events, but compensates for optics
inefficiencies in the centre region of the FOV.

In terms of efficiency, the ‘EHE-only scenario’ shows an improvement. However,
even in the EHE case, it never reaches its full efficiency. In the centre region we see an
increase from ǎǈ ƻ to ǐǈ ƻ. Also the Ǎǈ ƻ efficiency radius increases from about ǋǈǈ
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Figure 6.4.7: JEM-EUSO tilted mode, 40°: Shower fluorescence light maxi-
mum distribution in the FOV of the tilted instrument for the reconstructed events
(green), the failed reconstruction events (orange) and the not-triggered events
(red).
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km to about Ǎǐǈ km (Fig. ǎ.ǌ.ǐ). Still major parts of the FOV remain at low efficiencies
and a bad resolution. PloĨing the maximum position of the non-triggered, the failed

Figure 6.4.8: JEM-EUSO tilted mode, 40°, extremely high energies: γ vs FOV
radius and efficiency.

and the reconstructed events, it becomes clear that the sensitive area inside the tilted
FOV increases. However, it does not apply to the remote parts of the FOV.ĉe results
beyond a radius of ǌǈǈ km remains largely unaffected by selecting only EHE events.
ĉe only major difference concerns the area between -ǉǈǈ to -ǋǍǈǈ km. Here, we can
clearly see an improvement. More events are triggered and also reconstructed (Fig.
ǎ.ǌ.Ǒ). But obviously this increase does not compensate for the losses we experience
whenwe tilt the telescope by ǌǈ°. Between -ǎǈǈ and -ǐǈǈ kmwe have a strong accumu-
lation of failed events. In this region of the FOV, the trigger still recognizes a number
of extremely high energetic events. However, the amount of light reaching the detector
is not sufficient in order to provide enough information to the track direction module.
ĉe angular determination becomes challenging, if not impossible. Beyond -ǐǈǈ km in
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the rest of the FOVwe clearly see the population of events which is not even triggered.
ĉe detector cannot see them.
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Figure 6.4.9: JEM-EUSO tilted mode, 40°, extremely high energies: Shower flu-
orescence light maximum distribution in the FOV of the tilted instrument for the
reconstructed events (top), the failed reconstruction events (middle) and the non-
triggering events (bottom).





ĉe fact that we live at the boĪom of a deep gravity well, on
the surface of a gas covered planet going around a nuclear
ėreball ȝȔ million miles away and think this to be normal
is obviously some indication of how skewed our perspective
tends to be.

Douglas Adams,ĉe Salmon of Doubt

7
Conclusio

TļĹĵłĵŀŏňĽň of the angular resolution capabilities of the instruments within the con-
text of the JEM-EUSOmissionhas been the objective of this dissertation. In the course
of our studies the following topics have been successfully addressed:

• ĉe evaluation and debugging of the angular reconstruction algorithms within
the ESAF soěware, the veriėcation of the performance of the paĨern recogni-
tion and direction reconstruction modules under various conditions;

• ĉe evaluation of the angular resolution of the JEM-EUSO baseline instrument
in nadir mode. An emphasis is dedicated to quality cuts in order to achieve a
beĨer resolution for a subclass of UHECR events;

• ĉeeffect ofRayleigh scaĨering on the behaviour of the Ěuorescence light signal
and its impact on the angular resolution of the telescope;

• ĉe assessment of the angular resolution capabilities of SpaceX-EUSO, a modi-
ėed version of the JEM-EUSO telescope, in nadir mode;
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• A study of the angular resolution capabilities of a slim and lightweight version
of the JEM-EUSO instrument ã EUSOǍǈǈ;

• Simulations and a brief performance estimate of the EUSO Balloon pathėnder
experiment;

• An extensive analysis how the behaviour of the Ěuorescence light signal changes,
once the JEM-EUSO telescope is tilted from its nadir position by Ǌǈ° and ǌǈ°. In
a second step we have quantiėed, how this affects the angular resolution of the
instrument and the efficiency of the reconstruction procedure.

In the assessment of the angular reconstruction performance of an UHECR obser-
vatory, our judgement is ėrst of all guided by the resolution. ĉis is expressed by the
distribution of the separation angles or by ΔΘ and ΔΦ. However, we should also con-
sider the fact that in a number of measurements no high quality result can be obtained.
Hence, a second indicator for the reconstruction quality is the rate of successfully re-
constructed events ã the efficiency. Of course, the notion of what can be considered
as ‘successfully reconstructed’ depends on the quality cuts imposed which discriminate
events considered as useful for the scientiėc objective under study from those that are
not. In Chap. Ǎ.ǉ.ǋ, we have introduced two possible quality cuts to show that un-
der certain conditions and for a sub-range of all collected events, JEM-EUSO is able to
deliver a resolution which is higher than the average. Nevertheless, also for the other
results presented in this work without naming them quality cuts, certain selection cri-
teria have been applied. ĉe very existence of the efficiency curves reĚects the fact that
in all of the event distributions analysed, we have always identiėed a number of events
as not qualifying and therefore excluded them from the resolution plots. ĉis has been
the case for events that

ǉ. did not feature a sufficient amount of pixels hit (ǉǈ pixels at min.),

Ǌ. did not feature sufficiently bright pixels (Ǐ counts at min.),

ǋ. or exhibit a signal paĨern which could not automatically be ėĨed.

Certainly, all three conditions formulated here are not ėxed and can be adjusted to a
certain extent. ĉey have been selected in view of a quality of events that can allow
source identiėcation studies. Naturally, once one or more conditions are changed,
both the resolution and the efficiency curves will be shiěed in accordance. In that
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sense, these results must be regarded as a pair of scales. Considering only the resolu-
tionwithout taking into account the exact conditions underwhich the efficiencies have
been obtained, is therefore not meaningful. ĉis applies especially, when comparing
the data to other UHECR experiments.

TļĹ ĵňňĹňňŁĹłŉ Ńĺ JEM-EUSO Ľł łĵĸĽŇ ŁŃĸĹ has been one of the key objectives
of this thesis. ĉe scientiėc requirements as stated in [Ǌǋǈ], demand an angular resolu-
tion of ǋ° or beĨer for energies above ǐ·ƥƤƥƭ eV (expressed in terms of γƪƬ). We can con-
ėrm that the angular resolution estimates obtained in Chap. Ǎ.ǉ.Ǌ are meeting the sci-
entiėc requirements of themission. ĉerefore, the expected resolution can considered
as appropriate to identify the sources of UHECR. Considering detector modiėcations
and taking the changes in the evaluation methods into account, the results obtained
are well in accordance with former studies [ǎǊ, ǉǐǉ, ǉǐǌ, for comparison]. Comparing
the results to the ėndings of an independent group, i.e. Berat et al. [ǋǐ], is not a trivial
task. Being part of the former (ESA-) EUSO collaboration, this group has simulated
an instrument that is comparable inmany regards (standard EUSOparameters). How-
ever, the details differ in some important aspects. For instance, the EUSOmission had
been equippedwith a circular optics and theHamamatsuMǋǎ photomultiplier instead
of the Mǎǌ to name only two major discrepancies. Both studies have used the ESAF
package for the end-to-end simulations. However, the techniques used for the event
reconstruction are clearly different, since the PWISE module had not been available
of the time of Berat et al.. Additionally, improvements of the angular reconstruction
module change the reconstruction scenario. Finally, the authors of Berat et al. do not
mention the reconstruction efficiency, making it virtually impossible to compare the
results to one another. Interestingly, the performance estimates are still in the same
range, at least for the high zenith angles. For the lower zenith angles JEM-EUSO shows
a clearly improved performance.

MŊŀŉĽńŀĹ ňķĵŔĹŇĽłĻ Ńĺ ĺŀŊŃŇĹňķĹłķĹ ńļŃŉŃłň in atmosphere has been con-
sidered in this dissertation for the ėrst time in an angular resolution performance es-
timate for an UHECR space observatory, to this extent. As expected and despite of
ėne tuning of the reconstruction procedure, the resolution worsens by about one de-
gree in such a scenario. ĉis is not surprising, since the behaviour of the signal changes
clearly with respect to the non-scaĨering scenario, as shown in Chap. Ǎ.Ǌ.ǉ. Never-
theless, it is remarkable how close the numbers are to those results obtained without
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taking scaĨering effects into account. Especially, when keeping in mind that the pat-
tern identiėcation and angular reconstruction algorithms have been developed for the
bunch scenario. ĉerefore, we are conėdent that tuning the reconstruction techniques
and tailoring the modules in accordance to the more complex multiple scaĨering sce-
nariowill enable us to reach the resolution obtained as for the non-scaĨering case. ĉis
claim is clearly supported, if we take a closer look at the fraction of events that have not
successfully been reconstructed. Many of them appear to be able to be ėĨed by hand,
at ėrst glance. ĉus, it is rather the automatic ėĨing procedure which appears to have
problems adapting to the broadened shape of the signal tracks. All this will be subject
of further studies.

TĽŀŉĽłĻ ĵł UHECR ĸĹŉĹķŉŃŇ Ľł ňńĵķĹ has never been evaluated in an end-to-end
simulation before. Hence, there is no data available to compare the results obtained
with. From the analysis how the signal tracks behave and the from the experience
gained innadirmode studies the results canbe regardedas coherent and self-consistent.
A priori, we have decided to probe two tilting angles ã Ǌǈ° and ǌǈ°. From the results
obtained, it appears that an intermediate choice would be interesting to investigate.
ĉe ǌǈ° tilting does not seem to yield an advantage from the angular resolution point
of view. A large fraction of the detector becomes virtually blind, even to extremely en-
ergetic UHECR events. At the same time the overall resolution signiėcantly worsens.
ĉe gain we receive in the FOV by tilting is neutralized to a large extent, due to the
low light intensities when we try to observe the very remote showers. On the contrary,
tilting the detector just moderately by Ǌǈ° increases the FOV only slightly. At the same
time, the losses are far less severe than for the ǌǈ° case. By restricting the observation to
EHE events, the entire FOV remains sensitive. It will be the objective of future tilting
studies to ėnd the optimum tilting angle to meet the scientiėc objectives.

SńĵķĹX EUSO yields an improved and satisfactory resolution compared to the base-
line instrument. ĉe expected angular resolution performance of SpaceX EUSO can
approximately be compared to the performance of the baseline side-cut instrument
when quality cuts are applied and we concentrate on those events within the centre
part of the ėeld of view of the baseline detector. However, the overall achievement
of SpaceX EUSO even outperforms this sub-sample by an improvement of the angu-
lar resolution of about ǉ°. Evaluating the reasons why the alternative setup excels also
explains why the tilted instrument faces difficulties and reconstruction of events in the
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outer FOVregions canbe challenging. ĉemain factor determining the angular resolu-
tion performance is identiėed as the distance of the air shower to the telescope. Due to
the fact that the circular SpaceX EUSO observes events which on average occur closer
to the detector compared to the side-cut JEM-EUSO, it beneėts from a signiėcantly
higher reconstruction quality.

In the scope of the different analyses conducted, we have evaluated the expected an-
gular resolution performances of the JEM-EUSO detector for nadir and tilted mode,
furthermore we have estimated the expected impact of the scaĨering effects in atmo-
sphere. Apart from characterising the JEM-EUSO instrument under different condi-
tions and theother sister instrumentsof theEUSOfamily, a greaterpicturehas emerged.
We understand that the resolution is guided by four major determining factors which
apply to all of the inspected scenarios. ĉree of them are related to the distance of the
shower to the detector.

• ĉe proximity effect: Events occurring in the vicinity of the detector appear
brighter than those farther away. Since the amount of photons reaching the
telescope is scaled by a factor of ǉ/dƦ the signal aĨenuates remarkably for the
showers that are displaced from the nadir point (Fig. Ǐ.ǈ.ǉ).

• Projected pixel size on ground: the size of one pixel inside the FOV determines
theminimum theoretically reachable air shower resolution of the telescope. ĉe
more remotely a pixel is projectedon ground thehigher, theminimumreachable
resolution becomes. For instance, at the nadir point right below the telescope,
one pixel has the size of ∼ ǈ,Ǎ km by ǈ,Ǎ km. In the most extreme scenario, i.e.
the ǌǈ° tilted mode , a pixel which is displaced by ǉǉǈǈ km has the size of ǉ.Ǎ by
ǉ.Ǎ km (Fig. Ǐ.ǈ.Ǌ).

• Optics throughput: Events occurring in the outer parts of the FOV exceedingly
suffer from optical losses, due to a lower transmiĨance of the optical system.
ĉus, having already fewer photons arriving to the telescope with respect to the
centre events, theprobabilityof being aĨenuatedordefocussedby the telescopes’s
optics is clearly larger (Fig. Ǐ.ǈ.ǋ).

• Skimming effect: ĉe ratio of the lens surface area to outer borders is at an opti-
mum for an instrument with a circular optical system in nadir mode operation.
Here, the probability for shower events to skim the ėeld of view and appear only
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partially on the FS is at its lowest. When the circular FOV is deformed by either
side cuts or tilting of the detector, the probability of skimming events increases.
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Figure 7.0.1: Proximity effect as function of the distance from the detector’s
nadir point. Normalized.

By their nature, all of the effects described above show an increased relevance with ad-
vancing radii within the FOV.Moreover, the negative impact is weighted even stronger,
due to the fact that the air volume monitored in the outer regions is disproportion-
ately high. ĉis scenario suggests the best performance of the spatial resolution of the
instrument for the nadir mode and a non-side-cut optics. If a high resolution space
borne UHECR telescope with an exposure exceeding the one of a SpaceX EUSO type
detector is desired, two possible strategies apply. Either the additional exposure would
have to be accomplished by a longer mission duration or by deploying more than one
detector into space. ĉe laĨer solution would bear the advantage of a more sophisti-
cated trigger scheme and the possibility of stereoscopic shower observation. ĉis in
turn would increase the angular resolution even more.

ĉe studies presented in this dissertation can be improved in two aspects: the air
shower simulation and the background treatment. All studies conducted made use
of the SLAST event generator instead of a more sophisticated CONEX or even a full
Montecarlo code such as CORSIć. To meet constraints on computing time and en-
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Figure 7.0.2: Pixel size projected on ground as function of the distance from the
detector’s nadir point.

Figure 7.0.3: Optics throughput as function of the field angle. The plot addi-
tionally accounts for the focussing power by including only those photons that fall
inside a bucket of 2.5 mm on the FS. 30° corresponds to the edge of the FOV. (∼
230 km from nadir point for JEM-EUSO, ∼ 1200 km for the 40° tilted telescope.)
The colours represent three different optics designs . Taken from [238].
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able a high statistics of events, SLAST qualiėes as the appropriate tool. Moreover, hav-
ing limited ourselves to the exclusive simulation of proton events permiĨed this choice.
At the same time, using a parametrized approach and solely protons as primaries, is cer-
tainly an immanent weakness of our studies. When we compare SLAST to CONEX
generated showers, the most striking difference is the lack of random sampling of the
ėrst interaction. ĉus, the SLAST showers develop always in the same atmospheric
depth. ĉe CONEX showers, on the contrary appear as randomly shiěed in both di-
rections. Another feature is the number of particles produced in the showermaximum.
ĉe CONEX showers show a maximum that is lower by about ǉǈƻ compared to the
SLAST events. Nevertheless, since the shape of the distribution is practically the same
and thediscrepancies are of theorder of a fewpercent, webelieve that theuseof SLAST
for this purpose is adequate. ĉis is supported by Catalano et al. [ǐǊ]. We expect the
impact on the angular resolution to be minor. ĉe current debate, whether the UH-
ECR primaries detected so far are proton or heavier is not yet concluded. However,
even for the case of heavier primaries, the angular resolution is not expected to be neg-
atively affected.

ĉe background treatment must still be regarded as preliminary. ĉe value of Ǎǈǈ
photons m−Ʀ sr−ƥ ns−ƥ can be considered as a very reasonable approximation and in
goodagreementwith results obtainedby theTatianaǊ satellite [ǉǈǑ] andBABY¹ [ǉǎǈ].
However, both setups have their own inadequacies. ĉe BABY measurements for in-
stance have been taken at altitudes of ∼ ǋǈ to ǌǈ km. ĉe atmospheric night glow how-
ever originates from an altitude of about ǉǈǈ km. Tatiana Ǌ is a real space based UV
detector orbiting the earth. However, it is not equipped with any focussing optics and
the position of the instrument has not always been clear due to an uncontrolled rolling
of the instrument. ĉus, at the moment our knowledge on the real UV atmospheric
background to be expected from space is afflicted with uncertainties. ĉe JEM-EUSO
pathėnders will certainly contribute to our understanding of the background. ĉe
EUSO-Balloon, will perform a number of Ěight under different meteorological con-
ditions and Ěy over different ground compositions. ĉis will enable the JEM-EUSO
collaboration to beĨer determine the impact on the expected background from space.
Mini-EUSO has the potential to measure the background, including the atmospheric
night glow, exactly from the position of the future JEM-EUSOdetector, using the same
technology. It can therefore be regarded as a precious tool for a proper background es-

¹BABY: BAckground BYpass, a balloon borne mission to measure the nocturnal UV background.
Conducted by the AIRWATCH collaboration.
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timation. ĉe simulation studies of the future will deėnitely proėt from these ėndings.
ĉe distribution of the background on the focal surface has been assumed as constant
all over the focal surface. Due to the degrading optics efficiency towards the outer re-
gions of the FOV, we can also expect the background to decrease here. ĉerefore the
signal to noise ratio has been systematically overestimated and we expect the angular
resolution to improve in the outer parts, once this effect has fully been taken into ac-
count. ĉis also applies to the trigger efficiency. However, compared to the absolute
number of signal photons, the impact of the signal to noise ratio can be considered as
minor.

In general, the results presented in this work have to be regarded a conservative es-
timate. ĉe main source of errors in the reconstruction process utilized in the studies
presented here are the automatic ėĨing procedures. A total amount of ∼ Ǎ·ƥƤƩ events
have been generated and reconstructed. Once, real data from the JEM-EUSO mis-
sion will be available, the analysis will be conducted on an individual base ã shower
by shower. During the entire mission time, JEM-EUSO is expected to measure ǉǈǈǈ
events. ĉus, there are sufficient capacities to shiě the emphasis from a fast and effi-
cient event reconstruction to a careful analysis. ĉis arguments applies even more to
multiple scaĨering events.

Ǐ.ǉ PŇŃňńĹķŉň

ĉeuncertainties of the current studies identiėed above demand for future studies ad-
dressing these issues. Prospective assessments of the expected angular reconstruction
for an EUSO like detector will have to aim into two directions. First, to improve the
details of the simulation and second, to upgrade the reconstruction algorithms further
in order to enhance their precision.

A major step towards a more ‘true-to-life’ simulation will certainly include the tran-
sition from SLAST to CONEX showers to circumvent the justiėed critique, why an
outdated and perhaps simplistic technique is used to simulate a future space mission.
ĉis can be accomplished in a rather straightforward manner, since all the necessary
technical requirements have already been allocated. ĉe designated interface to inject
CONEX showers into the ESAF simulations is in a stable conėguration. A database
of CONEX showers has already been produced. Hence, this step can be regarded as a
technical formality. However, it is not likely that this will have a signiėcant impact on
the overall picture. A second task will necessarily include a more sophisticated treat-
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ment of the background simulation. Being assumed as constant all over the FOV, as
a ėrst step, the background distribution needs to roughly feature a cosine distribution
in order to reĚect the optical transmiĨance of the lenses. Even if the implementation
of the new background distribution itself is feasible in a relatively short period of time,
the consequenceswill require further aĨention. For instance, the trigger algorithmwill
need to have an in-built focal surface map with a distribution of signal to noise ratios
in dependence of the FS position. the same applies to the paĨern recognition and in
a wider sense also to the track reconstruction module. Implementing these proposed
changes into theESAF soěwarewill require an extensive approach and is not feasible in
a short amount of time. However, the consequencesmight have a signiėcant impact on
the expected performance of the telescope. Especially the effect on the tilted mode is
not trivial to approximatewithout dedicated simulations. Doubtlessly, the background
related uncertainties of our estimates will severely decrease.

ĉe multiple scaĨering of Ěuorescence light in the atmosphere has been neglected
in many space based UHECR observatory studies in the past. Even though, in this
work a multiple scaĨering approach has already been undertaken, this will have to be
implemented for the tilted mode as well as for the SpaceX EUSO detector in future
studies. ĉe technical requirements are given and well understood. A limiting factor is
certainly the computing time. Especially for the tiltedmode which requires a far larger
database of events, the use of dedicated computing resources is inevitable. However,
this issue can be successfully addressed by an allocation of supercomputing facilities
within the JEM-EUSO collaboration.

Apart from creating a more realistic seĨing for the virtual UHECR measurement,
there is still room for improving the performance of the event reconstruction chain.
ĉis concerns the paĨern recognition in order to copewith themultiple scaĨering sce-
nario but also the angular reconstruction module itself. ĉe extraction of the signal
from background will have to account for the broadened tracks without loosing major
fractions of the signal. ĉis is necessarily a trade-off. On the one hand, the direction
reconstruction in principle only needs the central axis of the signal track, neglecting its
lateral expansion. ĉus, the paĨern recognition could be tuned in accordance, deliver-
ing only the very distinct and well-focussed centre part. On the other hand, this would
be insufficient for the energy reconstruction which requires a precise light curve.

A second improvement concerns the angular reconstruction module itself. Cur-
rently, a starting point for the ėrst angular reconstruction algorithm is the approxima-
tion of the altitude of the shower maximum Hmax. ĉis is achieved in a simplistic ap-



Ǐ.Ǌ. Personal achievements ǊǉǑ

proach utilizing a parametrization of the atmosphere. ĉe uncertainties in the Hmax

determination affect the reconstruction of theΘ direction to some extent, introducing
systematic errors. Hmax is determined to a higher precision at a later stepãduring the
energy reconstruction procedure. A possible way to improve the Θ reconstruction is
therefore a second iteration of the track direction module, this time aěer the energy
reconstruction. It is even possible that the energy module, if applied for the second
time aěer the repeated track direction module run, might proėt from that.

Ǐ.Ǌ PĹŇňŃłĵŀ ĵķļĽĹŋĹŁĹłŉň

In the course of the three year PhD-programme we have been involved in the assess-
ment of different JEM-EUSO detector conėgurations and feasibility studies. ĉe im-
portant milestones have been presented in this dissertation. All of them are the result
of a collective effort in the context of the JEM-EUSO collaboration. Without the vi-
tal discussions during the frequent JEM-EUSOmeetings and especially the designated
JEM-EUSO simulation group meetings, these ėndings would have been unthinkable.
ĉe outcomes have also been presented at international conferences in form of poster
presentations or oral contributions.

• International Cosmic Ray Conference, Beijing, Ǌǈǉǉ

• European Cosmic Ray Symposium, Moscow, ǊǈǉǊ

• Annual Meeting of the Deutsche Physikalische Gesellschaě, Dresden, Ǌǈǉǋ

• International Cosmic Ray Conference, Rio de Janeiro, Ǌǈǉǋ

ĉeparticipation to these conferences wasmade possible due to generous travel grants
by the Deutsche Akademische Austauschdienst (DAAD), the Deutsche Physikalische
Gesellschaě (DPG) and the Kepler Graduiertenkolleg of the University of Tübingen.

Being the ėrst author or co-authoring, a number of articles has emerged from our
research:

• “Performances of JEM-EUSO: angular reconstruction”; ĉe JEM-EUSO col-
laboration, corresponding authors: S. Biktemerova, A. Guzman, T.Mernik. Ex-
perimental Astronomy, Ǌǈǉǌ [ǎǊ]

• “Performances and air-shower reconstruction techniques for the JEM-EUSO
mission”; M. Bertaina, S. Biktemerova, K. BiĨermann, P. Bobik, D. Campana,
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F. Fenu, A. Gorgi, F. Guarino, A. Guzman, K. Higashide, G. Medina-Tanco, T.
Mernik, D. Naumov, M. Putis, M. D. Rodriguez Frias, S. Toscano. Journal for
Advances in Space Research, Ǌǈǉǌ [Ǎǎ]

• “An evaluation of the exposure in nadir observation of the JEM-EUSOmission”;
ĉe JEM-EUSO collaboration. Astroparticle Physics, Ǌǈǉǋ [Ǐ]

• “Performances of JEM-EUSO”; M. Bertaina, P. Bobik, F. Fenu, F. Garino, A.
Guzman, K. Higashide, G. Medina Tanco, T. Mernik, G. Saez Cano, A. Santan-
gelo and K. Shinozaki. UHECR ȖȔȕȖ - International Symposium on Future Direc-
tions in UHECR Physics, Ǌǈǉǋ [ǍǍ]

• “ĉePeakandWindowSearchingTechnique for theEUSOSimulationandAnal-
ysis Framework: Impact on the angular reconstruction of EAS”; A. Guzman, T.
Mernik, A. Santangelo, G.Medina-Tanco,M. Bertaina, K. Shinozaki, F. Fenu, A.
Gorgi and the JEM-EUSO collaboration. Journal of Physics, Ǌǈǉǋ [ǉǊǋ]

• “ESAF-Simulation of the EUSO-Balloon”; T. Mernik, A. Guzman, A. Santan-
gelo, K. Shinozaki, N. Sakaki, C. MoreĨo, D. Monnier-Ragaigne, H. Miyamoto,
S. Dagoret-Campagne, C. Catalano, P. von Ballmooss for the JEM-EUSO Col-
laboration. Proceedings of the International Cosmic Ray Conference, Ǌǈǉǋ [ǉǐǍ]

• “Simulating the JEM-EUSO Mission: Expected Reconstruction Performance”;
T. Mernik, A. Guzman, F. Fenu, K. Shinozaki, A. Santangelo, M. Bertaina for
the JEM-EUSO collaboration. Proceedings of the International Cosmic Ray Con-
ference, Ǌǈǉǋ [ǉǐǌ]

• “UV night background estimation in South Atlantic Anomaly”; P. Bobik, M.
Putis,M. Bertaina, S. Biktemerova, D.Campana, F. Fenu, F.Guarino, K. Kudela,
T.Mernik, B. Pastircak, K. Shinozaki for the JEM-EUSOcollaboration. Proceed-
ings of the International Cosmic Ray Conference, Ǌǈǉǋ [ǎǑ]

• “A study on JEM-EUSO’s trigger probabillity for neutrino-initiated EAS”; A.
Guzman, D. Supanitsky, E. Iwotschkin, T. Mernik, F. Fenu, G. Medina-Tanco,
A. Santangelo for the JEM-EUSO collaboration. Proceedings of the International
Cosmic Ray Conference, Ǌǈǉǋ [Ǌǌǐ]

• “ĉe JEM-EUSOMission: Status and Prospects in Ǌǈǉǉ”; ĉe JEM-EUSO col-
laboration. Instrumentation and Methods for Astrophysics, ǊǈǉǊ [Ǌǎǉ]
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• “ĉe ESAF-Reconstruction Framework of UHECR Events for the JEM-EUSO
Mission”; T. Mernik, F. Fenu, D. D’Urso, A. Santangelo, K. BiĨermann, K. Shi-
nozaki, M. Bertaina, S. Biktemerova, D. Naumov, G.Medina-Tanco on behalf of
the JEM-EUSO collaboration. Proceedings of the International Cosmic Ray Con-
ference, Ǌǈǉǉ [ǉǐǋ]

• “ĉe ESAF Simulation Framework for the JEM-EUSO Mission”; F. Fenu, T.
Mernik, A. Santangelo, K. Shinozaki, M. Bertaina, L. Valore, S. Biktemerova, D.
Naumov, G.Medina-Tanco on behalf of the JEM-EUSO collaboration. Proceed-
ings of the International Cosmic Ray Conference, Ǌǈǉǉ [ǉǈǉ]

• “Estimation of aperture for extreme energy cosmic rays observation by JEM-
EUSOTelescope”; K. Shinozaki,M. Bertaina, S. Biktemerova, P. Bobik, F. Fenu,
A.Guzman, K.Higashide,G.MedinaTanco, T.Mernik, J. A.Morales de losRios
Pappa, D. Naumov. Proceedings of the International Cosmic Ray Conference, Ǌǈǉǉ
[ǊǋǑ]

• “Requirement and expected performances of the JEM-EUSOmission”;M. Ber-
taina, A. Santangelo, K. Shinozaki, F. Fenu, T. Mernik, P. Bobik, F. Guarino, K.
Higashide, G. Medina-Tanco, and G. Saez-Cano on behalf of the JEM-EUSO
collaboration. Proceedings of the International Cosmic Ray Conference, Ǌǈǉǉ [Ǎǌ]

Further co-authorships include: [ǎǏ], [ǉǊǌ], [ǉǈǊ], [ǍǏ], [ǊǌǏ], [ǊǉǑ], [ǊǎǍ], [ǐǈ],
[ǉǉǐ], [ǊǏǈ], [ǐǏ], [ǐǉ], [Ǎǐ].
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Appendix

AńńĹłĸĽŎ A

A detailed view and the dimensions of the ‘Trunk’ of the SpaceX Dragon.

Figure 7.2.1: Space available for payload in the SpaceX Dragon Trunk. Taken
from [9].



AńńĹłĸĽŎ B: TļĹ JEM-EUSOCŃŀŀĵĶŃŇĵŉĽŃł. FŊŀŀ ŁĹŁĶĹŇ ŀĽňŉ





AńńĹłĸĽŎ C: SĽŁŊŀĵŉĽŃł PĵŇĵŁĹŉĹŇň JEM-EUSO, NĵĸĽŇMŃĸĹ

ƺƺ conėg ėle dump generated by ESAF
ƺƺ Dump for class name BunchRadiativeTransfer

BunchRadiativeTransfer.DepthStep = ǉǈ
BunchRadiativeTransfer.fStep-along-track = ǈ.Ǎ
BunchRadiativeTransfer.fCloudStatus = yes
BunchRadiativeTransfer.fDecoupled = optimized
ƺƺ End of dump for class name BunchRadiativeTransfer

ƺƺ Dump for class name CCB-LĈTrigger
CCB-LĈTrigger.EC-PDM = ǈ
CCB-LĈTrigger.fDebug = ǈ
CCB-LĈTrigger.fGtu-light = ǈ.ǏǌǑǐǉ
CCB-LĈTrigger.fPixel-size = ǈ.ǍǍ ƺ AVE. OVER FS (PPPǊǈǉǈ)
CCB-LĈTrigger.f InputTrigger = ǉ
CCB-LĈTrigger.f IntegrateSum = ǑǏ ƺ FOR AVE. BG LEVEL (ǈ.ǌǊ)
CCB-LĈTrigger.fNum-Dir = ǋǊǌ
CCB-LĈTrigger.fNum-Steps = Ǐ
CCB-LĈTrigger.f Yellowĉreshold = ǋ ƺ Ǌ
CCB-LĈTrigger.fDataDirectory = DirectionFiles
CCB-LĈTrigger.fDirectionFileName = angles-livǋ.dat
ƺƺ End of dump for class name CCB-LĈTrigger

ƺƺ Dump for class name ConicBaffle
ConicBaffle.fTopRadius = ǉǋǊǍ. ƺ baffle radius
ConicBaffle.fPos.Z = ǉǋǊ.ǐǑǌǊǐǈ ƺ the base of the boĨom lens
ConicBaffle.DZdown = ǉǋǌ ƺ height of the baffle
ConicBaffle.fAlpha = ǋǎ ƺ TO SECURE FOV ƺ baffle’s ėeld of view
ƺƺ End of dump for class name ConicBaffle

ƺƺ Dump for class name DetectorTransportManager
DetectorTransportManager.f InnerRadius = ǉǋǊǍ
DetectorTransportManager.fMaxIterations = ǉǈ
ƺƺ End of dump for class name DetectorTransportManager

ƺƺ Dump for class name ElectronicsFactory
ElectronicsFactory.AfeeType = Full
ElectronicsFactory.Detector = Euso
ElectronicsFactory.ElementaryCellType = Standard
ElectronicsFactory.FrontEndType = Standard
ElectronicsFactory.MacroCellType = Standard
ElectronicsFactory.PmtType = RǐǑǈǈMǎǌPhotomultiplier



ElectronicsFactory.TelemetryType = Standard
ƺƺ End of dump for class name ElectronicsFactory

ƺƺ Dump for class name Euso
Euso.fAltitude = ǌǈǈ ƺ ALTITUDE ǌǈǈKM
Euso.fRadius = ǉǋǊǍ
Euso.fLightToEuso = standard
ƺƺ End of dump for class name Euso

ƺƺ Dump for class name EusoDetector
EusoDetector.fFieldOfView = ǋǎ
EusoDetector.fMaxRadius = ǉǋǊǍ
EusoDetector.fScaleFactor = ǉ
EusoDetector.fFixMaxRadius = yes
ƺƺ End of dump for class name EusoDetector

ƺƺ Dump for class name EusoElectronics
EusoElectronics.fFrontEndSize = ǊǍǎ ƺ (Mǎǌ)
EusoElectronics.fLowSignalMacrocellĉreshold = ǋ
EusoElectronics.fNightGlowCode = -Ǌ
EusoElectronics.fNightGlowEnd = -ǉ
EusoElectronics.fNightGlowRadiance = Ǎǈǈ
EusoElectronics.fNightGlowRateOnAxis = ǈ.ǌǊ
EusoElectronics.fNightGlowStart = -ǉ
EusoElectronics.fPmtSide = ǐ
EusoElectronics.fAddRandomGtuPhase = yes
EusoElectronics.fEnable = yes
EusoElectronics.fFocalSurfaceFile=@cfg/Electronics/layout-ǉǋǏ-PPPǊǈǉǈ-ǈǐc-mǎǌ-
pmtǊǏmm.fsr
EusoElectronics.fNightGlow = byRate
EusoElectronics.fNightGlowShape = Flat
EusoElectronics.fSimulateLowSignalMacroCells = absolute
ƺƺ End of dump for class name EusoElectronics

ƺƺ Dump for class name EusoMapping
EusoMapping.fMapFile = @cfg/Optics/mapKenji-NEW.gz
EusoMapping.fUseCache = no
ƺƺ End of dump for class name EusoMapping

ƺƺƺƺƺƺƺƺƺƺƺƺƺƺƺƺ ƺƺ Dump for class name IdealOpticalAdaptor
IdealOpticalAdaptor.fCathode.reĚectivity = ǈ
IdealOpticalAdaptor.fFilterĉickness = Ǌ
IdealOpticalAdaptor.fHeight = Ǌǈ



IdealOpticalAdaptor.fSide = ǊǏ
IdealOpticalAdaptor.fSmallSide = Ǌǋ.ǎǎǉǎ
IdealOpticalAdaptor.fFilter = BGǋ
ƺƺ End of dump for class name IdealOpticalAdaptor

ƺƺ Dump for class name LowtranManager
LowtranAtmosphere.Gndalt = ǈ
LowtranAtmosphere.Icld = ǈ
LowtranAtmosphere.Icstl = ǈ
LowtranAtmosphere.Ihaze = ǈ
LowtranAtmosphere.Im = ǉ
LowtranAtmosphere.Iseasn = ǈ
LowtranAtmosphere.Ivsa = ǈ
LowtranAtmosphere.Ivulcn = ǈ
LowtranAtmosphere.Linf = ǊǍǈ
LowtranAtmosphere.Lsup = ǌǐǍ
LowtranAtmosphere.Noprt = ǈ
LowtranAtmosphere.Rainrt = ǈ
LowtranAtmosphere.Salb = ǈ
LowtranAtmosphere.Vis = ǈ
LowtranAtmosphere.Whh = ǈ
LowtranAtmosphere.Wss = ǈ
LowtranAtmosphere.model = ǎ
ƺƺ End of dump for class name LowtranAtmosphere

ƺƺ Dump for class name LowtranRadiativeProcessesCalculator
LowtranRadiativeProcessesCalculator.fStep-detector = ǈ.Ǎ
ƺƺ End of dump for class name LowtranRadiativeProcessesCalculator

ƺƺ Dump for class name MacroCell
MacroCell.fGtuTimeLength = ǊǍǈǈ
MacroCell.fSize = Ǌǈǈ
MacroCell.fTriggerĉreshold = Ǎ
MacroCell.fTriggerType = ǉǈǊǌǈ ƺ PĈ+CCB-LĈ TRIGGER
MacroCell.fLogicEnabled = no
MacroCell.fSaveAllChipGtuData = yes
ƺƺ End of dump for class name MacroCell

ƺƺ Dump for class name NOpticalSystem
NOpticalSystem.EsafRandom = ǈ
NOpticalSystem.fPos.Z = ǈ
NOpticalSystem.lens-dir = conėg/Optics/NOpticalSystem/
NOpticalSystem.tel-par = telparm-PPP-Ǌǈǉǈ-ǈǐa-NOptics



ƺƺ End of dump for class name NOpticalSystem

ƺƺ Dump for class name OpticsFactory
OpticsFactory.fBaffle = ConicBaffle
OpticsFactory.fFocalPlane = PolarFocalPlane
OpticsFactory.f IdealFocalSurface = NIdealFocalSurface
OpticsFactory.fOpticalAdaptor = IdealOpticalAdaptor ƺFakeOpticalAdapator
OpticsFactory.fOpticalSystem = NOpticalSystem
OpticsFactory.fTransportManager = Standard
OpticsFactory.fWalls = WallInteraction
ƺƺ End of dump for class name OpticsFactory

ƺƺ Dump for class name PĈTrigger
PĈTrigger.Integration = ǋǊ ƺ FOR AVE. BG LEVEL (ǈ.ǌǊ)
PĈTrigger.Persistency = Ǎ
PĈTrigger.Pixelĉr = ǋ ƺ Ǌ ƺ FOR AVE. BG LEVEL (ǈ.ǌǊ)
PĈTrigger.fDebug = ǈ
ƺƺ End of dump for class name PĈTrigger

ƺƺ Dump for class name PolarFocalPlane
PolarFocalPlane.fDZdown = Ǎǈǈ
PolarFocalPlane.fPos.Z = ǋǍǑǋ.ǉǌǉ ƺ FOR PPPǊǈǉǈ OPTICS
PolarFocalPlane.fRadius = ǉǋǊǍ
ƺƺ End of dump for class name PolarFocalPlane

ƺƺ Dump for class name RǐǑǈǈMǎǌPhotomultiplier
Photomultiplier.PmtDeadInner = ǈ.ǈǈǉ
Photomultiplier.PmtDeadLateral = ǉ.ǎǎǑǊ
Photomultiplier.PmtGain = ǌ.ǐe+ǈǎ
Photomultiplier.PmtGainSigma = Ǒǉǈǈǈǈ
Photomultiplier.PmtQuantum = ǈ.ǊǎǑǍ
Photomultiplier.PmtSide = ǐ
Photomultiplier.PmtSize = ǊǏ
Photomultiplier.PmtTimeWidth = ǉ
Photomultiplier.fDarkNoiseRate = ǈ
RǐǑǈǈMǎǌPhotomultiplier.fAngularDependence.FileName=AngularDependence.dat
RǐǑǈǈMǎǌPhotomultiplier.fCollectionEfficiency.FileName=AverageCollectionEfficiency-
mǎǌ-ǈ.ǐǈ.dat
RǐǑǈǈMǎǌPhotomultiplier.fCrossTalk.FileName=AverageCrossTalk-mǎǌ-nocrosstalk.dat
RǐǑǈǈMǎǌPhotomultiplier.fQuantumEfficiency.FileName=AverageQuantumEfficiencyǊǈǈǏǈǐǊǏ.dat
RǐǑǈǈMǎǌPhotomultiplier.fgUsePmtAdd = no
ƺƺ End of dump for class name RǐǑǈǈMǎǌPhotomultiplier



ƺƺ Dump for class name RadiativeFactory
RadiativeFactory.ClearSkyPropagator = alongtrack
RadiativeFactory.Ground = test
RadiativeFactory.RadiativeProcessesCalculator = lowtran
ƺƺ End of dump for class name RadiativeFactory

ƺƺ Dump for class name ShowerLightSource
ShowerLightSource.fLambdaMax = ǌǐǍ
ShowerLightSource.fLambdaMin = ǊǍǈ
ShowerLightSource.AngularDistributionName = baltru
ShowerLightSource.CrkCalculator = simple
ShowerLightSource.EnergyDistributionName = giller
ShowerLightSource.EnergyDistributionType = parametrized
ShowerLightSource.FluoCalculator = nagano
ShowerLightSource.LateralDistributionName = NKGhadron
ShowerLightSource.fUseAngDev = no
ƺƺ End of dump for class name ShowerLightSource

ƺƺ Dump for class name SimuRootFileManager
SimuRootFileManager.fMaxFileSize = ǉǈǈǈ
SimuRootFileManager.fDetector.fNightGlowFillable = yes
SimuRootFileManager.fDetector.fPhotonFillable = yes
SimuRootFileManager.fDetector.fPhotonFillingMode = All
SimuRootFileManager.fRootOutputFile = output/euso
SimuRootFileManager.fSaveAtmosphere = yes
SimuRootFileManager.fSaveCCB-LĈTrigger = yes
SimuRootFileManager.fSaveChipTrackTrigger = no ƺ yes
SimuRootFileManager.fSaveDetector = yes
SimuRootFileManager.fSaveLĈTrigger = no ƺ noyes
SimuRootFileManager.fSaveLblTrackTrigger = yes
SimuRootFileManager.fSavePĈTrigger = yes
SimuRootFileManager.fSaveRunTree = yes
SimuRootFileManager.fSaveShower = yes
SimuRootFileManager.fSaveSimpleDetector = yes
ƺƺ End of dump for class name SimuRootFileManager

ƺƺ Dump for class name StandardLightToEuso
StandardLightToEuso.fGenerator = slast++
StandardLightToEuso.fLightSource = shower
StandardLightToEuso.fRadiativeTransfer = bunch
ƺƺ End of dump for class name StandardLightToEuso

SlastLightToEuso.Albedo = ǈ.ǈǍ



SlastLightToEuso.AtmTemperature = Ǌǐǐ
SlastLightToEuso.GTU = ǈ.ǐ
SlastLightToEuso.WaveRangeMax = ǌǐǍ
SlastLightToEuso.WaveRangeMin = ǊǍǈ
SlastLightToEuso.AtmCurvature = Curved
SlastLightToEuso.AtmosphericType = USStandard
SlastLightToEuso.DoCherenkov = yes
SlastLightToEuso.DoFluorescence = yes
SlastLightToEuso.EnergyDistributionParametrization = Hillas
SlastLightToEuso.ShowerParametrization = GIL
ƺƺ End of dump for class name SlastLightToEuso

ƺƺ Dump for class name TestGround
TestGround.fAlbedo = ǈ.ǈǍ
TestGround.fAltitude = ǈ
TestGround.fSigma = -ǉ
TestGround.fSpec = ǈ.ǏǍ
TestGround.fWindSpeed = ǉǉ
TestGround.fType = lambertian
ƺƺ End of dump for class name TestGround

ƺƺ Dump for class name WallInteraction
WallInteraction.fSpecularReĚectivity = ǈ
ƺƺ End of dump for class name WallInteraction

ƺPhPRootFileLightToEuso.fAltitude = ǌǈǈ

GeneratorLightToEuso.DepthStep=ǉǈƺStep for the showerdevelopment [g/cmǊ]
ǉǈ
GeneratorLightToEuso.InteractionType=noneƺ randomXǉ=none, ėxedposition=POS,
ėxed Xǉ=Xǉ
GeneratorLightToEuso.InteractionVectorX = ǉǌǈ ƺ Interaction X Point [km]
GeneratorLightToEuso.InteractionVectorY = ǉǌǈ ƺ Interaction Y Point [km]
GeneratorLightToEuso.InteractionVectorZ = Ǐǈ ƺ Interaction Z Point [km]
GeneratorLightToEuso.InteractionXǉ = ǋǍ ƺ grammage of the ėrst interaction (if ėxed
Xǉ)
GeneratorLightToEuso.ImpactMode = ASL ƺ TOA or ASL(in a square)
GeneratorLightToEuso.altitude = ǌǈǈ ƺ
GeneratorLightToEuso.FoV = ǋǍ ƺ Euso Field of View [deg]
GeneratorLightToEuso.RejectFakeEvents = no ƺ reject cosmic rays that (did not inter-
act in atmosphere || not in FoV)
GeneratorLightToEuso.RejectNoXmax=noƺ reject showerswithoutXmax in theFoV
GeneratorLightToEuso.ImpactXmin = -ǊǏǈ ƺ impact X Point [km]



GeneratorLightToEuso.ImpactXmax = ǊǏǈ ƺ impact X Point [km]
GeneratorLightToEuso.ImpactYmin = -ǉǑǈ ƺ impact Y Point [km]
GeneratorLightToEuso.ImpactYmax = ǉǑǈ ƺ impact Y Point [km]



Acronyms

AGASA: Akeno Giant Air Shower Array
AGN: Active Galactic Nuclei
AMS: Alpha Magnetic Spectrometer
ASIC: Application Specific Integrated Circuit
a.s.l.: above sea level
BABY: BAckground BYpass
BR: Baryonic resonances
CCB: Cluster Control Board
CERN: Conseil Européen pour la Recherche Nucléaire
CORSIć: COsmic Ray SImulation for ćscade
CR: Cosmic Ray
CMB: Cosmic Microwave Background
CPU: Central Processing Unit
DLR: Deutsches Zentrum für Luě und Raumfahrt
DOF: Degrees Of Freedom
EAS: Extended Air Showers
EBL: Extragalactic Background Light
EC: Elementary Cell
ECMWF: European Centre for Medium-Range Weather Forecasts
EE: Extreme Energy
EEU: Equipment Exchange Unit
EF: Exposed Facility
ESA: European Space Agency
ESAF: Euso Simulation and Analysis Framework
EUSO: Extreme Universe Space Observatory
FEE: Front End Electronics
FOV: Field Of View
FPGA: Field Programmable Gate Array
FĆM: Flight Releasable AĨachment Mechanism
FS: Focal Surface
GDR: Giant Dipol Resonance
GIL: Gaisser Ilina Linsley
GMAO: Global Modeling and Assimilation Office
GMF: Galactic Magnetic Filed



GRB: Gamma Ray Burst
GTR: General ĉeory of Relativity
GTU: Gate Time Unit
GZK: Greisen Zatsepin Kuzmin
HiRes: High Resolution Fly’s Eye
HTV: H-II Transfer Vehicle
HST: Hubble Space Telescope
IAAT: Institut für Astronomy und Astrophysik Tübingen
IGM: InterGalactic Medium
IGMF: InterGalactic Magnetic Field
IR: InfraRed
ISM: InterStellar Medium
ISS: International Space Station
JAXA: Japan Aerospace eXploration Agency
JEM: Japanese Experimental Module
JEM-EUSO: Extreme Universe Space Observatory onboard the Japanese Experiment
Module
JEMRMS: JEM Remote Manipulator System
LHC: Large Hadron Collider
LIDAR: Light Detection And Ranging
LOWTĆN: LOW-resolution TĆNsmiĨance
LĈ: Linear Tracking Trigger
MA-PMT: Multi Anode PhotoMulTiplier
MC: MonteCarlo
MDP: Mission Data Processor
NASA: North American Space Agency
NCEP: National Centers for Environmental Predictions
NS: Neutron Star
OWL: Orbiting Wide angle Light collectors
PAO: Pierre Auger Observatory
PDM: Photo Detection Module
PF: Photo-Fragmentation
PI: Principal Investigator
PMMA: PolyMethyl MethAcrylate
PMT: PhotoMulTiplier
PPP: Pair Production by Protons
PSF: Point Spread Function
Pulsar: PULSating stAR
QDP: Quasi-deuteron processes
Quasar: Quasi-Stellar Radio source
rad-hard: rad(iation)-hardened
ROC: ReadOut and Control
SCU: Storage and Control Unit



SDP: Shower Detector Plane
SHDM: Super-Heavy Dark MaĨer
S-EUSO: Super- Extreme Universe Space Observatory
SLAST: Shower Light AĨenuated to the Space Telescope
SM: Standard Model
SNR: Supernova Remnant
SOCĆS: Satellite Observation of Cosmic Air Showers
TA: Telescope Array
TD: Topological Defect
TDP: Track Detector Plane
TLE: Transient Luminous Events
UFFO: Ultra-Fast Flash Observatory
UHE: Ultra High Energy
UHECR: Ultra High Energy Cosmic Ray
UV: Ultraviolet
VLT: Very Large Telescope
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Leslie Lamport and based on Donald

Knuth’s TEX. ĉe body text is set in ǉǉ point
Arno Pro, designed by Robert Slimbach in
the style of book types from the Aldine Press
in Venice, and issued by Adobe in ǊǈǈǏ. ĉe
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permissive ŁĽŉ (Ŏǉǉ) license, and can be
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