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1 Introduction
There are many ways to look into the night's sky. One could just tilt their head up and
catch electromagnetic waves between around400 nm to 700 nm wavelengths with their
eyes. One could also use a radio telescope to catch electromagnetic waves with wave-
lengths between3 mm an 30 m and will �nd a completely di�erent view. Of course it
does not stop there: by now people all around the Earth are looking for many di�erent
messengers of events deep in the universe. From visible light, to gamma rays and cosmic
rays, to gravitational waves or neutrinos. Humans have developed remarkable creativity
in their quest to learn more about the universe.

The key word is "multi-messenger astronomy": each of the previously mentioned mes-
sengers has its own advantages and disadvantages hence physicists study events through
multiple di�erent lenses. Electromagnetic waves for example point directly towards their
sources since they do not carry mass, but on the other hand they are easily absorbed
by star dust or other objects in their path. In addition, similar gamma rays are gener-
ated in very di�erent processes which can lead to confusion. Cosmic rays o�er valuable,
high-energy information that is essential for multi-messenger astronomy. Their ability to
travel vast distances, often preserving information about their origin, provides unique in-
sights into high-energy processes and extreme conditions. However, their trajectories are
de�ected by magnetic �elds in the universe, making it challenging to trace them back to
their sources, which remains one of the major mysteries in science today. Moreover, upon
entering the Earth's atmosphere, cosmic rays create secondary particles, often leading to
entire particle showers, complicating the analysis of the original events.

Similarly to gamma rays, neutrinos also point directly towards their sources due to their
very small mass, but unlike gamma rays, neutrinos interact very rarely and are therefore
very likely to reach us untouched. This is a very important feature, since it conserves
valuable information about the origin of said particle, but it is also the greatest di�culty
in detecting neutrinos, since they interact on Earth just as rarely as on their way towards
it. That is why the IceCube Collaboration [1] designed a large scale neutrino telescope
- the IceCube Neutrino Observatory - at the South Pole consisting of over 5000 op-
tical modules inside the deep ice to form a1 km3 detection volume. Here it is currently
possible to detect signatures from neutrinos in a range from around6 GeV to high PeV
energies. This leads toIceCube Upgrade , where a new generation of optical modules
and calibration devices will be implemented to further improve the measurement of low
energy neutrinos down to1 GeV, neutrino oscillation, tau-neutrinos and the understand-
ing of Cherenkov light propagation produced by neutrino interactions inside the ice [1].
One of these new optical modules is themDOM , which features 24 photomultiplier tubes
(PMTs) that are capable of detecting even single photons produced by cosmic neutrinos
[2]. This is possible due to high precision calibration of the detection process of every
single photon that reaches a PMT .

This thesis further investigates optical phenomena on thin layers in the outer shell of a
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PMT that have an impact on the detection e�ciency of each sensor and therefore play a
crucial part in the detection process in IceCube Upgrade. This is to be be achieved by
creating a GEANT4 simulation framework for the optical system that is made of the
glass shell of a PMT together with the photocathode layer. The results are then to be
compared to re�ectance and transmittance measurements on simpli�ed samples to vali-
date the results.

In Chapter 2, the basics of neutrino properties and their detection using the IceCube
Neutrino Observatory are discussed, along with an explanation of photomultiplier tubes.
Chapter 3 provides the theoretical groundwork for understanding light propagation at
interfaces between media and includes a detailed analysis of optical phenomena in thin
layers. Chapter 4 introduces theGeant4 framework, detailing its setup for simulating
light propagation in media and the necessary implementations for this work. Chapter 5
describes the measurement setup and the samples used to verify the previous calculations
and simulations. The analysis of these measurements, along with comparisons between
theory, simulation, and experiment, is presented in Chapter 6. Finally, Chapter 7 sum-
marizes the key results, assesses their implications, and discusses future applications of
these �ndings for PMTs at IceCube.
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2 Neutrino Astronomy
In the following chapter we take a deeper look into the fundamental properties of neu-
trinos, why they are interesting for astronomy and the basic detection principle of the
IceCube Neutrino Observatory.

2.1 Neutrinos in the Standard Model

Neutrinos are fundamental particles of the Standard Model of particle physics. The Stan-
dard Model postulates 17 particles that are shown in Figure 2.1. These particles are
classi�ed into fermions and bosons, the fermions comprising the quarks and the leptons
and where the bosons consist of the four gauge bosons and the Higgs boson. Fermions are
the building blocks of matter, with quarks combining to form protons and neutrons, and
the electron, a lepton, orbiting around the nucleus of atoms. Bosons are force carriers:
photons mediate the electromagnetic force, gluons are responsible for the strong nuclear
force, W and Z bosons govern the weak nuclear force, and the Higgs boson gives particles
their mass through the Higgs mechanism [3, 4].

To each fermion there also exists an antiparticle of equal mass, but with the opposite
electric charge. Together, these particles and forces describe the fundamental interactions

Figure 2.1: Elementary particles of the Standard Model of particle physics. Shown are the
17 fundamental particles grouped into quarks, leptons, gauge bosons and the Higgs boson
based on [3].
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that govern the behavior of matter in the universe. Neutrinos, a type of lepton, are partic-
ularly intriguing within the Standard Model due to their unique properties. Unlike other
particles, neutrinos are extremely light, electromagnetically neutral and only interact via
the weak nuclear force and gravity, making them exceptionally elusive. There are three
types, or �avors, of neutrinos: electron neutrinos, muon neutrinos, and tau neutrinos,
each associated with their corresponding charged leptons [3, 5, 4].

Neutrinos rarely interact with matter, allowing them to travel vast distances through
space virtually undisturbed, which makes them valuable messengers in astronomy [6].
However, their small interaction cross section also poses signi�cant challenges for detec-
tion: it is near impossible to detect neutrinos directly. Instead, researchers rely on indirect
detection methods by observing secondary particles produced from neutrino interactions
with matter. This necessitates sophisticated and large-scale observatories like the Ice-
Cube Neutrino Observatory [5]. The following section will further explain the intricacies
of neutrino interactions.

2.2 Neutrino Interactions

Neutrinos are certainly not rare particles. On Earth, tens of billions of neutrinos pass
through an area of the size of a human thumbnail every second [7]. These can, for exam-
ple, stem from processes in the sun (solar neutrinos), or from particle showers caused by
cosmic particles (atmospheric neutrinos) that have reached the Earth. These come with
energies in the eV- to MeV range [8]. However, while these lower-energy neutrinos provide
valuable information about their sources, it is the high-energy neutrinos (several hundred
GeV and more) that are of special interest to researchers of the extragalactic universe.
High-energy neutrinos, which are produced in some of the most energetic and extreme
environments in the universe such as supernovae, active galactic nuclei, and gamma-ray
bursts, o�er unique insights into these powerful cosmic phenomena. Their detection and
study are crucial for advancing our understanding of the universe's most violent and en-
ergetic processes.

As previously mentioned neutrinos are neutral and therefore not a�ected by magnetic
�elds on their path towards Earth. Due to their very small cross section they might
surpass entire galaxies without interacting once [5]. This means that a neutrino reaching
Earth likely still retains its original trajectory and energy from when it was originally
produced - a huge advantage for astronomical observations compared to charged particles
or even photons. Another useful feature of high-energy neutrinos is the fact, that they
are a so called "smoking gun" for hadronic interactions. This characteristic can make
it easier to trace them back to their astrophysical sources compared to gammas, which
can be produced in both hadronic and leptonic interactions, thereby complicating source
identi�cation. But all of these points combined also make it extremely complicated to
detect cosmic neutrinos in the �rst place since the same cross section of course still applies
on Earth while also the abundance of high-energy neutrinos is magnitudes lower than for
example solar or atmospheric neutrinos. This is why the search for cosmic neutrinos is
near impossible without large scale detection volumes like at the IceCube Neutrino Ob-
servatory [4, 5].
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With the current state-of-the-art measurement techniques, direct detection of neutrinos
remains impossible. Instead, scientists detect charged secondary particles produced by
weak interactions. The weak force is mediated by theZ 0, W + , and W � bosons. Interac-
tions involving the neutral Z 0 boson are referred to as neutral current (NC) interactions,
while those involving the chargedW � bosons are known as charged current (CC) inter-
actions. For high-energy neutrinos in the range of GeV to several PeV the relevant cause
of interaction is the deep inelastic scattering at a nucleus. These interactions can be
represented as follows:

CC:
(� )
� ` + N W �

��! ` � + X; NC:
(� )
� ` + N Z 0

�!
(� )
� ` + X; (2.1)

where
(� )
� ` is a (anti-)neutrino of �avor ` and N is a nucleon, i.e. either a proton or

a neutron. In the case of CC-interactions, this results in à� of the neutrinos �avor,
together with X , which can be either several new hadronic particles or even an entire
cascade of those. In contrast, in NC-processes there is an outgoing neutrino of the same
�avor accompanied again by a hadronic particle. If the resulting particles carry charge
it is possible for them to cause Cherenkov radiation in a suitable detector, which will be
explained in the following part [4, 6].

2.3 Cherenkov radiation and detection principle

Understanding the generation of Cherenkov light, or Cherenkov radiation, is essential to
understand the functioning of the IceCube Neutrino Observatory. This phenomenon is
the primary method used for the indirect detection of neutrinos. Cherenkov radiation
occurs when a charged particle, such as an electron or muon, travels through a dielectric
medium, like water or ice, at a velocityv greater than the phase velocity of lightcn = c=n
in said medium, wheren is the refractive index of the medium andc is the speed of
light. This results in the emission of a cone of light along the particle's path. The e�ect
is analogous to the sonic boom produced by an object moving faster than the speed of
sound in air. The radiation is generated through a rather complex process, where the fast
moving charged particle induces temporary dipoles in the medium [4].

Since the charged particle moves faster than the speed of light in the medium, the po-
larization is not able to keep up with the induction of new dipoles and the radiation
interferes constructively, as can be seen in Figure 2.2. The opening angle of the cone is
characteristic for a particle at certain speedv in a medium of refractive indexn and be
calculated using the relation

� C = arccos
� c

n � v

�
; (2.2)

which results in a characteristic angle of around40� in ice with nice � 1:3 [10].

The intensity of the radiation is very low and hard to detect. Therefore it is necessary
to be highly sensitive to the wavelength of this radiation and also transparent enough
for the wave to reach a sensor to observe these elusive signals (which is why the medium
is ice in this case). Detecting Cherenkov radiation from high-energy neutrinos requires
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