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ABSTRACT

The Extreme Universe Space Observatory on a Super Pressure Balloon 2 (EUSO-SPB2)

is a precursor for a space-based astroparticle observatory such as the Probe Of Extreme

Multi-Messenger Astrophysics (POEMMA). EUSO-SPB2, scheduled for launch from

Wanaka NZ in April/May 2023, will fly two novel telescopes to make new measurements

from sub-orbital altitude. The Fluorescence telescope (FT) will make the first optic

measurements of high-energy cosmic rays at the EeV scale, from sub-orbital space. The

Čerenkov Telescope (CT) will make the first measurements of PeV energy cosmic rays from

sub-orbital space by pointing above the earth’s limb. It will also be tilted below the earth’s

limb to search for PeV energy neutrinos from astrophysical sources. The two telescopes

feature segmented glass mirrors in Schmidt configuration. The telescopes have a

UV/UV-visible sensitivity and point spread functions of a few mm. The FT demonstrates

a significant performance improvement relative to the FT flown on EUSO-SPB1. Key

features of the telescopes include the design and manufacture of the mirror mount system.

The mirror bonds, that secure the glass segments to the mounting structure, achieve a

strength that is in compliance with engineering requirements and regulations stated in the

NASA Gondola Structural Design Requirements (820-PG-8700.0.1) document 2019. A test

beam was built to provide parallel light across the 1 m telescopes’ entrance pupils, and the

test beam system was then used to measure the telescopes’ focus and optical efficiency.

Both telescopes were successfully tested in the desert at the Utah Telescope Array (TA)

site in 2022. A customized pulsed high-energy UV-laser system was used to test both

telescopes. The telescopes recorded the night sky background, lasers, and artificial point

sources. The FT field tests included an absolute photometric calibration of the telescope

that is compared to a piece-wise laboratory calibration. Both telescopes are built, tested,

and at the launch site ready for installation in the balloon gondola.
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CHAPTER 1

INTRODUCTION

Telescopes measure light or optical signals from a distance. They di�er technically

depending on their scienti�c use. The Extreme Universe Space Observatory on a Super

Pressure Balloon 2 (EUSO-SPB2) will 
y two novel optical telescopes as a payload of a

super-pressure balloon in a NASA mission from New Zealand. The targeted trajectory is a

100-day 
ight in the stratospheric vortex above the Southern Ocean. One telescope will

measure 
uorescence emission of ultra-high energy cosmic rays (UHECR) at the EeV scale,

from sub-orbital space. A second high-speed telescope will measure�Cerenkov emission of

PeV energy cosmic rays from sub-orbital space by point above the earth's limb. It will also

be tilted below the earth's limb to search for PeV energy neutrinos from astrophysical

sources. Both telescopes have Schmidt optics with point spread functions of a few mm. A

challenging aspect of the EUSO-SPB2 telescopes is that they will 
y in the stratosphere.

They also have a much wider �eld of view than astronomical telescopes and they are much

lighter than ground-based�Cerenkov and 
uorescence telescopes. Although observations

from sub-orbital altitudes have advantages like more volume in the �eld of view, the

instrumentation is more technically demanding. The path�nder EUSO-SPB2 as a

technological and astroparticle pioneer lays the foundation for future space experiments,

such as POEMMA to discover the nature and sources of the highest energy cosmic rays

and neutrinos.

Overall, this thesis describes how the required sensitivity of the optics for both

telescopes was achieved, including the manufacturing and alignment of the mirror segment

holding structure of the primary mirrors. It also describes how the telescopes were tested

and their performance was measured in the �eld, and why this matters from a scienti�c

point of view. This thesis is organized as follows:
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ˆ A introduction to high-energy cosmic rays and extensive airshows is provided in

Chapter 2

ˆ Why and how high-energy particles can be indirectly measured, along with an

excursion to ballooning itself is presented in Chapter 3.

ˆ An overview and technical details of EUSO-SPB2 are discussed in Chapter 4.

ˆ The building and testing of mirror bonds and holding structures are discussed in

Chapter 5. Particular attention is paid to the veri�cation tests of the pre-launch

NASA requirements and results. The veri�cation test results were approved in

subsequent reviews by NASA.

ˆ In Chapter 6 the optical properties of the telescope are discussed. Laboratory

measurements to measure the focus of both telescopes using the point spread function

and the throughput of both telescopes are described, along with corresponding data

analysis methods. These values are crucial to determine the telescope's performance

and the ability of the two telescopes to see extensive air showers. These laboratory

tests serve as preparation for the two �eld campaigns, with calibrated light sources.

ˆ In Chapter 7 simulations of �eld measurements are presented. Additionally, it is

shown how the simulation software O�Line package was adapted to customize the

speci�c application of using a laser as a calibrated light source. A correlation was

demonstrated between the laser energies and the energy of the cosmic particles, in

order to show that laser can be used to imitate features of the optical signature of a

high-energy cosmic ray interacting with the atmosphere. Additionally, a new

diagnostic was explored to measure the aerosol optical depth of the atmosphere to a

given height. The laser simulations with a bi-dynamical Lidar con�guration serve as

a basis and orientation for the subsequent implementation in the �eld of astrophysical

applications.
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ˆ The �eld preparation and operation, as well as results for the 2022 �eld campaigns,

one with the �Cerenkov telescope and one with the 
uorescence telescope, are

documented in Chapter 8. Both �eld campaigns were carried out successfully in 2022.

Results contain response signals from laser measurements demonstrating that both

telescopes are focused, their �elds of view were measured, and most importantly they

are able to measure extensive air showers. The FT trigger threshold was estimated

based on laser measurements. The aerosol explorative study shows the technique is

viable but requires further testing beyond the scope of this thesis. Measurements of

the absolute calibration of the FT piece-wise in the laboratory and in the �eld are

presented.

In summary, both telescopes are built, tested, and, at the time this thesis was written,

at the launch site ready for installation in the balloon gondola for the planned launch in

April 2023. EUSO-SPB2 absolute calibration, optics, and trigger e�ciency of the FT show

a major improvement to its predecessor EUSO-SPB1.
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CHAPTER 2

COSMIC RAYS AND NEUTRINOS

EUSO-SPB2 will measure 
uorescence and�Cerenkov emission from ultra-high-energy

cosmic rays and look for neutrinos. In this chapter, I introduce cosmic rays, the latest

�ndings, and extensive air showers, which are essential for indirect astroparticle

experiments. Special attention is paid to 
uorescence and�Cerenkov emission from

extensive air showers, as a consequence of cosmic particle interactions with the atmosphere.

Astroparticle physics began with a balloon experiment when Victor Hess 
ew in a balloon

to a 5 km altitude and measured the radiation intensity in the atmosphere in consecutive

experiments during the year 1911-1913. He discovered that the radiation increases with

altitude, compared to a baseline measurement of 1.5 km. His discovery ruled out the

generally accepted theory of Rutherford, which predicted a lowering of the ionization with

increasing altitude due to natural radioactivity of the Earth [1]. Where did this extra

radiation come from? 100 years later the answer is far from complete. Hess received the

Nobel Prize in 1936 for his discovery of cosmic rays [2, 3].

2.1 UHECR background

Hess's discovery of cosmic rays predated the Bohr atomic model in the year 1913 [4{6],

�rst quantization and the Schroedinger equation 1926 [7]. Early studies of the cosmic rays

[8] led to discoveries in particle physics. Elementary particles were discovered in cosmic ray

interactions, including the positrone+ [9], muon � [10], the pion� [11], the kaonK [12]

and in the following years in a particle physics race for new discoveries [13].

Cosmic ray particles primarily come from outside the solar system and are mainly

charged particles. Typically, they are elementary particles and nuclei. For the most part

they consist of protons and heavier nuclei, with iron being the most massive stable nucleus

and thus, likely represents the heaviest of cosmic rays. Although heavier isotopes than iron
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have been observed at low energies [14]. Primary particles are accelerated from

astrophysical sources and secondary particles are produced in interactions, e.g. antiprotons,

and positrons. Neutrinos, gamma rays, gravitational waves, and lower energy radiation {

like the cosmic background radiation below 10� 3 eV [15] { are often separated cosmic rays,

due to their di�erent sources and acceleration mechanisms. They are neutral and can not

be accelerated directly. UHE neutrinos come from CR and therefore the same sources.

One of the main questions of astroparticle physics is what the sources and acceleration

mechanism of cosmic rays are. Measurements of the energy, direction, and composition of

the primary cosmic ray 
ux give hints to the answer. The cosmic ray 
ux in �gure

Figure 2.1 spans nine orders of magnitude in energy and follows a nearly-perfect power law

spectrum dN
dE / E � 
 [18]. The exponent
 has a negative sign, with
 = 2:92� 0:02 before

1015 eV [19], and afterwards a steeper index
 = 3:293� 0:002(stat.) � 0:05(syst.) [20] until

it 
attens above 1018 eV 
 = 2:51� 0:03(stat.) � 0:05(syst.)[21]. A new feature, the insert,

is a change of the spectral index above the ankle to
 = 3:05� 0:05(stat.) � 0:10(sys.) and

above 5� 1019 eV sharply going to
 = 5:1 � 0:3(stat.) � 0:1(sys.) [21]. The term high

energy particles are for cosmic rays at energy's> 1013 eV, below that are the lower energy

cosmic rays starting from 109 eV. Ultra high energy cosmic rays, UHECR have energies

> 1018 eV = 1 EeV.

A steepening in the 
ux can be seen at> 1015. In astrophysical jargon, it is called

"knee". The interpretation is based on a �rst-order Fermi acceleration [22, 23], when the

limit energy for the acceleration of the primary particle in a supernova shock front is

reached, assuming a galactic origin for particles< 1018 eV. The lower 
ux can also be

explained by the escape of the low-energy particle with a galactic source from the magnetic

�eld of our barred spiral galaxy. Another "second knee" occurs approximately 26 times

higher around 1017 and could correspond to heavier nuclei, in particular iron, reaching the

energy limit of the supernova shock front acceleration. If there is a maximum energy at the

source, according to Peters [24] that means the maximum energy of the nucleus is

5



Figure 2.1 Scaled cosmic ray particle 
ux [16] per primary energy from 10 TeV to 100+ of
EeV where the measured statistics end for current experiments. The Auger energy scale
uncertainty is around 14% and is based on observations with the 
uorescence technique
[17]. Features of the 
ux include steeping between 1015 and 1016 eV, known as the "knee",
a "second knee" around 1017 eV, and the 
attening after 1018 as the "ankle". The larger
error bars close to the theoretical GZK cut-o� are due to the meager statistics of UHECR
at high energies.
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proportional to its atomic number, hence protons will cut o� �rst. The Peter cycle is

Emax (Z ) = Ze � Rc = Z � Emax (Z = 1), where Ze is the electric charge [25].

The ultra-high-energy end of the measured CR spectrum is shown in �gure Figure 2.2.

The suppression was �rst observed by the High-Resolution Fly's Eye (HiRes) [26] and later

con�rmed by the Pierre Auger Observatory and the Telescope Array experiment [27, 28] at

5 � 1019 eV. A theoretical upper limit, called Greisen{Zatsepin{Kuzmin-cuto� (GZK-cuto�

[29, 30]), was predicted shortly after the CMB was discovered in 1965 [31]. It is a

consequence of the energy-loss mechanism of the UHE-charged protons with the CMB,

that leads to the creation of � + baryons, or a delta resonance, which are higher-mass

excited protons, that will decay into a nucleon and a pion. The most common decay is

p + 
 ! � + ! p + � 0. However, the Pierre Auger Observatory data favors a heavy

composition at the ultra-high-energies and for this interpretation, the 
ux suppression

would be caused by the lack of sources or the photodissociation, which is a comparable

e�ect for heavier nuclei [32].

Figure 2.2 UHECR energy spectrum as measured by the experiments Pierre Auger
observatory (red) and EUSO-TA (black). The right picture restricted the observed sky
area or declination to 15� � � � 24:8� for better comparison.[33]

The dip at 3 � 1018, the "ankle", can be explained by a domination of the extra-galactic

source 
ux over the galactic 
ux [34], associated with the pair-production or protons on the

CMB p
 CMB ! e+ + e� + p [35]. The extra-galactic sources [36], the transition to galactic

cosmic rays, and the propagation of cosmic rays are areas of current research [37].
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Hints of anisotropy for energies aboveE > 32 EeV do point towards suspects around

Centaurus A, with a signi�cance of 3:9� and starburst galaxies with a signi�cance at 4:5�

[38, 39]. Data from the Pierre Auger Observatory indicate a mass-dependent anisotropy

above 1018:7 eV at a con�dence level of 3:3� [40], with lighter nuclei being associated with

directions far from the galactic plane. The dominant contribution above 1018 eV are light

nuclei, like protons, of extra-galactic origin that become heavier and purer for higher

energies, see Figure 2.3 to Figure 2.5. To resolve the composition above 1019:5 eV more

data is needed. Investigation of the composition of the primary particle at

ultra-high-energies uses di�erent hadronic interaction models, which are adapted from

particle accelerator data, in particular from the LHC [41], see Figure 2.4. Uncertainties in

these models severely complicate interpretation, however, most measurements are

compatible within systematical errors of the data [33].

Figure 2.3 The total particle 
ux and the mass composition of the spectrum as a
combination of direct particle measurements from ACE-CRIS, AMS-2, CREAM, HEAO,
H.E.S.S., PAMELA, Spacelab-2 [16, 42]. Protons are dominant in regions before the knee
and before iron takes over at the very end due to the GZK cut-o� suppression. The various
energy scales of the experiments can be seen in the insert in the lower left-side corner. The
method of a Global Spline Fit [43] was used to match the spectra.
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Figure 2.4 Measurements [44, 45] of the Pierre Auger Experiment and Tale with mass
fraction �ts with a composition fraction interpretations (EPOS-LHC) at ultra-high-energies
[37] to determine the relative abundance of di�erent nuclei. The error bars increase with
higher energies. A parameterization of the expectedX max distribution was used to obtain
the four mass group fractions, see next Figure 2.5.
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Figure 2.5 Shower maximum (Xmax see equation 2.6) measurements by di�erent ground
experiments to determine the UHECR composition at the very high end of the energy
spectrum using di�erent hadronic interaction models [37]. On the left side, the mean of the
shower distributions is shown, and on the right side the standard deviation of it.

2.2 Earth skimming cosmogenic neutrinos

Neutrinos are elementary particles within the Standard Model (SM). They are neutral

fermion leptons, which means they have a 1/2 Spin. There are three 
avors� l = � e; � � ; � � ,

corresponding to the three 
avors e,� ,� leptons and are elements of the special unitarian

group SU(2). The electron-anti-neutrino was detected in 1956 [46], in an inverse� -decay

experiment of free protons, after predictions and descriptions by Pauli and Fermi [47], [48].

The muon-neutrino was discovered 1962 [49] and the tau-neutrino in the year 2000 [50].

The Weinberg-Salam model combines QED with the weak interaction, where, due to

invariance, the weak hypercharge Y is introduced according to the Noether-Theorem,

which is an element of U(1). The gauge symmetry of the Lagrangian is denoted as

SU(2)T � U(1)Y .
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with B and W being gauge �elds andD � 	 L
l =

�
@� + i

2g� kW k� � i
2g0B �

�
	 L

l . The massive

bosons only couple with left-handed fermions, where left-handed means the spin is opposite

the linear momentum. There are no right-handed neutrinos in this theory because they

would break the gauge theory and parity, but if� i had mass too, there would be

right-handed neutrinos. Only mass-less left-handed neutrinos were thought to exist,

however, an observation of neutrino oscillation in the year 1998 [51], i.e. the conversion of a

neutrino generation into one other, suggests that neutrinos have a non-zero mass. A

solution to that is a gauge-invariant coupling to the Higgs boson like the Yukawa coupling,

that describes the interaction between a scalar �eld (Boson) and a Dirac �eld (Lepton). It

leads to the neutrino mass termm� = g� �p
2
, where g is the coupling constant. The neutrino

generation mix because the mass eigenstatesi di�er from the 
avor eigenstates l:

� l =
X

i

Uli � i ;

whereU is a unitary 3 � 3-matrix, also knows as Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix [52],[53]:

jUj =

2

4
jUe1j jUe2j jUe2j
jU� 1j jU� 2j jU� 3j
jU� 1j jU� 2j jU� 3j

3

5 =

2

4
0:801� 0:845 0:513� 0:579 0:143� 0:156
0:232� 0:507 0:459� 0:694 0:629� 0:779
0:260� 0:526 0:470� 0:702 0:609� 0:763

3

5

=

2

4
jc12c13j j s12c13j j s13 exp� i�CP j

j � s12c23 � c12s23s13 exp� i�CP j j c12c23 � s12s23s13 exp� i�CP j j s23c13j
js12s23 � c12c23s13 exp� i�CP j j � c12s23 � s12c23s13 exp� i�CP j j c23c13j

3

5 ;

(2.2)

with sij = sin( � ij ), cij = cos(� ij ) and the mixing angles� 12 = 33:44� +0 :77�

� 0:74� , � 23 = 49:2� +0 :9�

� 1:2� ,

� 13 = 8:57� +0 :12�

� 0:12� [54]. Measuring neutrinos, especially right-handed neutrinos to determine

the ratios of neutrino masses is at the frontier of current physics.
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The 
ux for neutrinos in the MeV-GeV region ranges from hundreds of thousands to

millions per cm2 per second. Those neutrinos' origins are mainly solar, supernovae,

radioactive decay within the earth, or from nuclear reactors. Neutrinos are very hard to

detect due to their small interactions and large mean free path, and they do not bend in

magnetic �elds. There are higher energetic atmospheric neutrinos with energies from MeV

to PeV, but are signi�cantly fewer in number than the lower energy neutrinos listed above.

Astrophysical cosmic VHE neutrinos [55], above the atmospheric neutrino background

[56, 57] were detected at the IceCube Neutrino Observatory with energies above TeV [58].

They are produced in hadronic interactions through pion decays within the astrophysical

sources, for example, the 
aring blazar TXS 0506+056 [59], or in UHECR interactions

through the GZK process [60]. The limits of the all-
avor ultra-high energy neutrino 
ux

can be seen in Figure 2.7. The leading 
avor components at the source are

� e : � � : � � = 1 : 2 : 0 after the � � decay. During propagation, the 
avor content oscillates

to an � e : � � : � � = 1 : 1 : 1 mix at arrival, which is assumed in the all-
avor neutrino 
ux.

The highest energy neutrinos are cosmogenic above EeV and their limits in 
ux are as

UHECRs, which means they are very rare. The cosmogenic neutrinos are particularly

interesting because they are possibly linked to dark matter candidates, like sterile

neutrinos ([61], [62]) and may o�er new explanations for fundamental symmetries.

� � with ultra-high-energies that propagate through the Earth's limb can be a source of

� -leptons. �Cerenkov telescopes look for conventional EASs originating at the limb of the

Earth, which are virtually created by � -leptons because they are massive enough to decay

into hadrons via the weak interaction and can decay in the atmosphere after exiting the

earth [63], see Figure 2.6. The probability to decay into a channel that can produce an

EAS is the following:

� � ! hadrons + � � ( �� � ) � 64:79 % (2.3)

� � ! e� + �� e (� e) + � � ( �� � ) � 17:82 % (2.4)

� � ! � � + �� � (� � ) + � � ( �� � ) � 17:39 % (2.5)
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High-energy muons can be produced by� � interaction close to the Earth or� -leptons

from � � interactions in the Earth and initiate conventional electromagnetic EASs while

interacting with the atmosphere. Monte Carlo simulations of PeV muon-induced airshower

showed that the �Cerenkov emission can mimic the brightness of much higher energy

� -lepton-induced upwards going airshowers which are lower in the atmosphere [63].

EUSO-SPB2 will look for the �rst measurements of Earth skimming neutrinos from near

space.

Figure 2.6 Schema of neutrino induced upwards going air-shower [63] (Not to scale). An
airborne experiment, like EUSO-SPB2, can search for upwards going airshower low in the
atmosphere by looking at the Earth's limb.
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Figure 2.7 All 
avor 
ux limits [18] for astrophysical (IceCube) and cosmogenic neutrinos
set by four experiments [64{67]. They are in agreement with the Waxman-Bahcall
benchmark 
ux (WB) [68]. Other models include a proton dip, galactic composition
scenarios, and models with 100% or 10% proton cosmic ray compositions [69, 70].
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2.3 Extensive air showers

Figure 2.8 The UHECR particle interacts causing an avalanche of secondary particles
called an extensive air shower EAS [71]. The EAS has a hadronic, electromagnetic, and
muonic neutrino component. Optical and radio experiments measure emissions from the
electromagnetic component indirectly.

Cosmic rays collide with nuclei in the upper atmosphere and create an extensive air

shower (EAS) at an atmospheric depth of about� 100� 200 g/cm2, which is between 20

and 10 km altitude MSL. This inelastic scattering initiates a cascade of secondary particles,

like kaons and pions, which split into a muonic, hadronic core, and electromagnetic

component as seen in Figure 2.8. The longitudinal particle density depending on the

amount of atmosphere traversed, or atmospheric depthX [g/cm2], can be described using

the Gaisser-Hillas function [72, 73]:

N (X ) = Nmax

�
X � X 0

X max � X 0

� X max � X 0
�

exp
�

X max � X
�

�
; (2.6)

with the attenuation parameter � and �rst interaction depth X 0. � and X 0 depend on the

nature of the primary particle and its energy. The EAS will grow after n interaction steps
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to its maximum particle number Nmax at a vertical depth X max , and then die away when

the rate of energy loss to the atmosphere excesses the rate of particle productions. After

the �rst few interactions, most of the shower energy is in the electromagnetic component.

The evolution of the electromagnetic component can be described with the Heitler model

[74], in which each photon from a neutral pion creates an electron-positron pair after a

splitting length d = � r ln2, where� r is the radiation length in medium (� r;air � 36:62 g/cm2

[75]) and each carrying half of the photon's energy. Each electron or positron then goes on

to create further photons through Bremsstrahlung which themselves create new

electron-positron-pairs leading to a chain where average particle energy decreases in each

step. Below a critical energyEc = 85:96 MeV the electrons will be absorbed [76], rather

than creating new particles and the maximum development of the shower will be reached.

Whether the shower reaches this point of development earlier or later through the medium

is strongly related to its primary particle's energy, mass, and incident angle. For example,

proton-induced showers have an averageX max of about 680 g/cm2, while for iron it's at 580

g/cm2 for the same primary energy of 1017 eV [77].

While propagating towards the ground, 
uctuations in the secondary particle

interactions { or relative stability { cause large di�erences in the shape of the longitudinal

development of the EAS components. This means showers with the same primary particle

energy and direction can still di�er due to these shower development 
uctuations.

However, the energyE of the primary particle can be reliably obtained by the total size of

the shower, taking the atmospheric depth into account. In summary, the total number of

particles in the shower used for energy reconstruction is independent of the primary

particle type, however, forX max that is not the case. This is because

X max / � ln[E=(AE c)], where A is the mass of the nucleus [74]. This means, the best way

to determine the particle type is to measure the energy andX max at the same time, which

can be achieved by looking at the electromagnetic component of a shower. To do this, one

can leverage the fact that all charged particles in the shower will cause both. The fast
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decay of neutral pions� 0 ! 

 drives the electromagnetic component of the shower and

causes relativistic charged particles, whose 
uorescence [78] and�Cerenkov emission [79] can

be measured with optical telescopes, giving a direct measurement of the shower pro�le and

thereforeN tot and X max . Similarly, measurements can be done using the radio emission of

charged particles in the atmosphere using antennas [80{82].

2.4 Measurement techniques for extensive air showers

There are two classic methods to measuring cosmic rays: Direct particle detection and

indirect detection through secondary particles in the atmosphere [76]. Because of the

extremely low 
ux of UHECR, about one event with E > 50 eV per month over a surface

of 3000km2 at ground level [83], they can only be measured indirectly in order to gain

signi�cant statistics. In practice, this is done by measuring radiation from the

electromagnetic component of the EAS in form of either�Cerenkov or 
uorescence emission.

�Cerenkov emission occurs when a particle propagates faster than light would in that

medium. The emission is forwards pointing along the shower axis with an opening angle of

cos(� c) = 1
�n [79]. The refractive index varies for di�erent media, for examplenair = 1:0003

and nwater = 1:33 for � ! 1. �Cerenkov emission is mainly relevant for gamma-ray

measurements, but expands to astrophysical neutrinos due to the ability to track fast speed

point-like events, and the increased interest in the �eld of high energy neutrinos [84{90].

Fluorescence emission occurs after the excitation and cooldown of molecules in the

atmosphere, for example, Nitrogen, and is isotropically scattered. The quantity of emission

throughout the full shower is proportional to the main particle's energy and the strength of

the signal means the determination of Xmax is more precise (� 20 g/cm2) than with other

classical detection techniques. Fluorescence detectors have a relatively small duty cycle and

angular resolution. Yet, they are very sensitive to rare, fast signals and the primary energy

and mass are almost independent of hadronic interaction models. Both,�Cerenkov or


uorescence emissions are typically measured at clear moonless nights [91] and require

atmospheric monitoring.

17



A third indirect measurement technique uses radio emission mainly from the de
ection

of charged particles in the Earth's magnetic �eld and other mechanisms [86, 92, 93].

Calorimetric measurements andX max sensitivity can be made with a systematic

uncertainty of 7 to 9 g/cm2 [94], similar to the 
uorescence technique, but with a 100%

duty cycle. Furthermore, the tracing back of the arrival direction can be done with an

accuracy comparable to a particle detector. The main disadvantage is the energy threshold

and detection e�ciency, that's why the radio technique often uses a particle detector as an

external trigger. Particle detectors at ground level are therefore used to complement radio

measurements as their duty cycle is also 100% and provide a convenient estimation of the

arrival direction. However, they require large detection areas to reach su�cient statistics.

For example, the Pierre Auger Observatory covers an area of 3000 km2 and has been

continuously upgraded [95]. Primary particle determination with surface particle detectors

is done by comparing the muon and electron components at the ground but currently

carries large uncertainties. Uncertain energy scales and hadronic interaction models cause

notable di�erences between simulation and observation, for example, the amount of muons

in a shower at round 1019 eV di�ers by 30 � 60% [96]. Hybrid operations and

cross-calibrations, for example between ground particle and 
uorescence detectors, do

compensate for each observation method's disadvantages and increase the accuracy of the

measurements, which is required to move forward in the �eld in the next decades [97{100].

To make data comparison of hybrid events possible, rescaling of the data is necessary to

adjust them to the sky coverage, reaction time, and systematical error of the individual

experiments.

Multi-messenger coincidences and restrictions allow further exploration of astroparticle

physics at high energies far beyond those achievable at ground-based particle accelerators

[99, 101, 102]. In underground experiments, [103], muons and neutrinos are searched for

while balloon and space experiments can look for rare UHECR and high-energy neutrinos,

due to their bigger �eld of view [104]. Measurements near the incident altitude of the
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primary particle or X max can detect particles without further loss of energy when passing

the atmosphere. With the help of these detection techniques and their advancements in

technical speci�cation, in particular, the energy threshold, energy resolution, and

sensitivity or exposure of UHECR, new frontiers of astroparticle physics at ultra-high

energies have the potential to be explored in the near future. With these advancements,

answers aim to illuminate the origin of UHECR and UHE-neutrinos, strengthen

interpretations of the energy spectrum, and combine composition and anisotropy to deliver

on the premise of charged particle astronomy.
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CHAPTER 3

HIGH ENERGY ASTROPARTICLES FROM SPACE

In the previous chapter, it was discussed that an event of UHECR is rare, i.e. one event

per month over a surface of 3000km2 at ground level [83]. To measure such an event,

cosmic ray particle detectors would need tons of cubic mass which would exceed the mass

of the biggest particle detector ATLAS with 7000 tons of mass [105] and

Super-Kamiokande, the biggest neutrino detector in the world with 50000 ton of water

capacity [106], which is not feasible for UHECR detectors. Thus, indirect measurements of

EAS on the ground use the atmosphere as a calorimeter. The largest surface detectors on

the ground are the Pierre Auger observatory [107] in the southern hemisphere and TA [108]

in the northern hemisphere. However, the surface detectors are geometrically constrained

by the area, daytime/nighttime, and moon cycles. Additionally, di�erent weather

conditions complicate the measurements and reduce observation time. To increase the rate

of possible measurements of the UHECR events, the idea is to move cosmic ray detectors

to higher elevations and eventually to space, to increase the volume of atmosphere seen,

decrease the EAS photon absorption between the �rst interaction and detector and

increase the duty cycle.

In the following chapter 
ying experiments of the Extreme Universe Space Observatory

(JEM-EUSO) leading to space-based missions, POEMMA (Probe Of Multi-Messenger

Astrophysics), will be introduced [109]. JEM-EUSO is a collaboration of 16 Countries, 84

Institutes, and 306 researchers, with the support of the most important International and

National Space Agencies and research funding institutions. Its mission research is focused

on UHECR EAS detection and the search for neutrinos. The JEM-EUSO experiments

include a ground base cosmic rays detector EUSO-TA [110]; a series of balloon-born

detectors EUSO-balloon [111], EUSO-SPB1 [112], and EUSO-SPB2; and space prototypes
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and detectors Mini-EUSO [113], TUS [114], K-EUSO [115] and POEMMA [104]. They all

have in common, that they are optical systems with a camera made of Multi-Anode Photo-

Multiplier Tubes (MAPMTs) or Silicon Photo-Multipliers (SiPMs) with an angular

resolution of 0.05 to 1� .

3.1 History of space-based experiments to date

The �rst idea of observing UHECR showers and neutrinos from space was set in the

year 1985 with SOCRAS (Space Observatory of Cosmic Ray Air Showers) [116]. The

instrument would have been using a large mirror made of mylar to look down at the

atmosphere from an altitude of 500 to 600 km. SOCRAS was planning to see 50 times

more countings than all existing ground-based detectors at that time. However, it was not

realized. The concept of the maximum-energy auger (air)-shower satellite (MASS) was

introduced in 1996 [117]. For the �rst time, advanced optics were considered for a

satellite-born observatory with segmented mirrors to see more than 103 events per year.

With that MASS was planned to be able to determine the energy spectrum, the mass

composition, and the arrival anisotropy of cosmic rays. A workshop was held in 1999 on

Observing Ultrahigh Energy Neutrinos with OWL (Orbiting Wide Angle Light collector)

[118]. The idea was to study UHECR and UHE neutrinos with a stereo detector, i.e. two

satellites with on-board calibration instrumentation. These were optical Schmidt telescopes

with a 3 m aperture and 45� �eld of view. [119, 120]. The stereo mode is an advantage for

precise event reconstruction because it is independent of the particle direction.

Additionally, it allows greater variation in atmospheric conditions.

At the same time JEM-EUSO, back then only EUSO, was accepted as an experiment

on board the Columbus module on the ISS and afterward replaced as part of the Japanese

Experiment Module (JEM Module), where it's part of the name JEM in JEM-EUSO

originated. The technical achievement lay in the design and the use of 3 Fresnel lenses,

which would give a short focal length for a wide aperture and thus, reduce the size of the

instrument where the lenses are as thin as 1-2 cm and a �eld of view of 60� [121]. The outer
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lens is a curved doublet Fresnel lens and serves as protection at the instrument's entrance

pupil. The second lens has a di�racted surface with grooves of 0.694 mm in height and 6

µm to 100 µm width. It is a vignetting and chromatic corrector. The 3rd lens is also a

curved doublet Fresnel lens that focuses the light. All three lenses are made of

Poly-Methyl-Meth-Acrylate (PMMA). The UV �lters are not at the Fresnel lenses but

glued to the MAPMTs. The JEM-EUSO mission was continued as EUSO-Balloon 08/2014,

EUSO-TA 03/2015, TUS 04/2016, K-EUSO 2022, EUSO-SPB1 24/04-06/05/2017,

EUSO-SPB2 ongoing, Mini-EUSO ongoing, POEMMA 2029-TBD.

3.1.1 Ballooning

NASA Scienti�c balloon programs provide new technologies and research observations

an inexpensive and 
exible way to put payloads in the space environment. Stratospheric

balloons worldwide are developing and launched since 1947 [122]. These high-altitude

helium balloons are used made of thin-�lm polyethylene and they mainly di�er in whether

or not they allow the gas to escape. Zero-Pressure balloons (ZP) have a hole at the bottom

and keep the same pressure at 
oat altitude, which leads to gas loss and dips after day and

night cycles, Figure 3.1. An example of a scienti�c astroparticle payload is the radio

experiment of UHE neutrinos ANITA (Antarctic Impulsive Transient Antenna) [123, 124],

that 
ys as a payload on a zero pressure balloon from Antarctica's McMurdor station, or

the newly proposed PUEO experiment (Payload for Ultrahigh Energy Observations) [125].

Super-pressure balloons (SPB) di�er from the ZP balloons as they are long duration

(LDB) balloons, see Figure 3.1. They do not have any vents or a hole at the bottom and

are sealed. SPBs have a higher pressure than the outside and their •pumpkin•shape provides

stability. The JEM-EUSO ballooning series EUSO-Balloon, EUSO-SPB1, and EUSO-SPB2

are payloads of SPB missions.
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Figure 3.1 Zero pressure (ZP) and super pressure balloons (SPB) height above sea level
[126]. SPB are long-duration balloons and ZP keep the same pressure at 
oat altitude,
which leads to dips after day and night cycles

The main goals for the technological achievements of an SPB are: SPB should be

capable of 
ying 2,000 lbs. of science instruments in a sustained 
ight at an altitude of

> 110,000 ft (> 33.53 km) of up to 100 days. It should perform independently of the science

mission and allow occasional dips due to rare extremely low temperatures. The balloon

capability of suspended Weight vs. altitude is shown in Figure 3.2. It shows the maximum

altitude for di�erent million cubic feet (MCF) helium balloons per weight at the same

temperature and pressure at that altitude. With the biggest balloon, that is under

quali�cation a scienti�c observatory can 
y up to 160000 ft with 1000 lbs. EUSO-SPB2

will 
y on an SPB with the Columbia Scienti�c Balloon Facility (CSBF) at about 33km

altitude. CSBF is administered by the Goddard Space Flight Center (GSFC) and launches,

tracks, and recovers large, unmanned, high-altitude research balloons, like EUSO-SPB2.

GSFC's mission models include two conventional balloon campaigns per year from Texas

and New Mexico, two LDB campaigns per year/every other year from polar regions, New

Zealand, and Australia, and the development of SPB in general. The scienti�c drivers are
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astrophysics, Earth science, planetary science, solar and space physics, which can have

piggyback opportunities for other science-related �elds.

The New Zealand campaign 2023 launches SuperBIT [127] and EUSO-SPB2. Past

campaigns 2022, launched XL-Calibur [128] and Sunrise [129] from Sweden, and 2022-2023

Roth 60MCF/BOOMS, SPIDER [130], LAURA Solar HL and Roth 60MCF/Aesop in

Antarctica.

Figure 3.2 NASA 
ight opportunity balloons' suspended weight and altitude. "MCF"
means a million cubic feet. The suspended weight includes the Science Payload and CSBF

ight support equipment [131, 132].

3.2 JEM-EUSO path�nder experiments towards space

3.2.1 Mini-EUSO, TUS

Mini-EUSO is an ultraviolet telescope operating at the ISS (International Space

Station) [133]. It is a prototype of a UHECR detector and maps the ultraviolet background

24



of the Earth's atmosphere from space. The telescope was successfully launched on August

22, 2019. With a spatial resolution of 6.3 km and temporal resolution of 2.5� s Mini-EUSO

observed various atmospheric phenomena. The results will be used for current cosmic ray

research [113]. The optical system consists of two Fresnel lenses with a �eld of view of

44� and the camera has a single photon count sensitivity in the UV range of 290 to 430 nm.

One of the main advantages of Mini-EUSO is the data processing that saves data in three

di�erent time sampling ranges, a 2.5� s sampling (D1), a 128-frame average for D2 (320µs)

and a 128� 128 frame average for D3 (40.96 ms), which allows for a wide range of scienti�c

targets to be measured as seen in Figure 3.3. First observations were made including fast

ELVEs with a 2.5 � s sampling, meteors with a 40.96 ms readout, 
ashes of lightning, and

terrestrial emissions. The periodic measurements of Mini-EUSO inboard the ISS are

expected to last at least a couple more years.

Figure 3.3 Signals from di�erent UV emitting sources in the Earth's atmosphere as seen by
Mini-EUSO [113].
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TUS (Tracking Ultraviolet Setup) is an orbital detector on board the Lomonosov

satellite (launched in 2016) [134]. In the 
ight duration of 1.5 years, TUS registered almost

80,000 events with relatively low sensitivity. TUS measured and UHECR event

TUS161003, with energy the order of 1021 eV [135].

The EUSO@Turlab project, inside the TurLab laboratory in Torino, equipped with a 5

m diameter and 1 m depth rotating tank, reproduced successfully the Earth's UV emission

and other various luminous phenomena as seen by the Mini-EUSO and TUS experiment

from the low Earth orbit [136].

3.2.2 EUSO Balloon and EUSO-SPB1

EUSO Balloon is the �rst prototype of a series of JEM-EUSO balloon missions and it

further validates the balloon-based telescope technology. The optical system consists of two

Fresnel lenses with an 1 m2 radius. The camera has an 11� 11� �eld of view and a spatial

resolution of 130 m. The integration time is 2.5� s. The balloon 
ight took place in 2014

from Canada and lasted 5 hours on a moonless night. The telescope observed

laser-simulated cosmic ray events [137][138] by looking down in the nadir position from

near space altitude. The calibration of the instrumentation while the 
ight was carried out

in a helicopter under-
ight. A UV-laser that simulates the signature of an EAS in the

atmosphere, UV-LED, and Xe-Flasher lights were detected. A set of 190 laser lights with

di�erent atmospheric and ground conditions were measured and their direction was

reconstructed [139]. EUSO-Balloon showed that detection of EAS from UHECR with the

JEM-EUSO optical system and instrumentation is feasible.

EUSO-SPB1 , Extreme Universe Space Observatory on a Super Pressure Balloon, is

the �rst 
uorescence telescope for UHECR observation on a super pressure balloon. It is a

precursor to EUSO-SPB2 and the main milestone for the future space-based cosmic ray

detector POEMMA. The launch was successful in the year 2017 in New Zealand. The

payload is equipped with a 
uorescence telescope consisting of two 1 m2 Fresnel Lenses and

a Photo Detector Module (PDM) with 2304 pixels at the focal surface. It has a �eld of
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view of 11� 11� and an integration time of 2.5� s, similar to EUSO-Balloon. However, it

also has a trigger to identify EAS signals from UHECR. Besides that, it is also equipped

with an IR camera for cloud monitoring, a pair of photodiodes to measure background

light, and a UV health LED. The �nal con�guration of the EUSO-SPB1 payload before the


ight can be seen in Figure 3.4.

Figure 3.4 EUSO-SPB1 payload on a super pressure balloon before launch in the year 2017
from Wanaka, New Zealand [140].

In the 
ight duration of 12 days, most data were downloaded at the unintended

termination of the 
ight, no hardware was recovered. The detector performed well and

establish a stable measurement of UV emission and direct cosmic rays [140].

3.2.3 EUSO-SPB2 and POEMMA

EUSO-SPB2 is an improved instrument built on EUSO-SPB1 experience and has two

custom telescopes that feature Schmidt optics. It searches in unexplored areas, i.e. EAS

27



observations from suborbital altitude. The two telescopes measure 
uorescence emission

and direct �Cerenkov emission above the limb. Additionally, it looks for� -neutrinos and

optical backgrounds with the Earth-skimming technique. It will be presented in full detail

in the next technical chapter. EUSO-SPB2 is a scienti�c and technical pathway (Figure 3.5)

toward POEMMA (Probe Of Multi-Messenger Astrophysics) [141]. POEMMA consists of

two satellites in stereo mode and will open two new cosmic objectives: Neutrinos from

transient astrophysical sources and extreme energy cosmic rays ( 20 EeV). POEMMA will

�nd answers to the question of the nature and origin of UHECR, observe neutrino emission

from extreme transient astrophysical sources above 20 PeV, test models of particle

interactions at extreme energies, measure Transient Luminous Events, Meteors, and exotic

particles. Mapping the atmosphere from space provides an order of magnitude improved

sensitivity over a wide range of energies due to the increased exposure, see Figure 3.6.

Figure 3.5 EUSO-SPB2 as a path�nder experiment [142] for high energy astroparticle
detection from space, aiming for the �rst measurements of UHECR from near space and
search for� � .

Due to the very low rate of UHECR, experiments are mainly constrained by their

exposure. Thus, a large area needs to be observed. This can be obtained by either
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enlarging the size of the experiment or going toward space, where there is full sky coverage

in the �eld of view. Figure 3.6 shows the outstanding exposures [104] for the 
uorescence

measurements of the space-based experiment POEMMA compared to the ground

experiments and the estimated event rate per hour of above-the-limb very-high-energy

cosmic rays (VHECR) for its �Cerenkov telescope [143].

(a) POEMMA UHECR exposure. (b) POEMMA above-the-limb event rate.

Figure 3.6 The planned space mission POEMMA for the year 2029 has increased growth in
exposure compared to current ground-based experiments. [104]. The estimated event rate
per hour of above-the-limb very-high-energy cosmic rays for the�Cerenkov telescope [143].
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