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1 Introduction

Since the beginnings of humankind, the fascination with the universe has been the main
driver for learning about nature and its laws. The motion of the stars and their patterns
in�uenced peoples life enormously for thousands of years, keeping the track of seasons
and time. The science of astronomy took a gigantic leap forward with the invention of the
optical telescope in the 1600s century, which enabled the systematic study of the universe.

In the last century, astronomy across the electromagnetic spectrum - ranging from
gamma-ray satellites to radio observatories - has established itself as a solid tool for
studying objects of our universe. However, with the discovery of cosmic rays and the
development of the Standard Model, we became aware that not only photons can be a
source of seemingly unlimited knowledge. In this context, with the recent detection at
LIGO and VIRGO of the gravitational wave GW170814, the product of two merging black
holes [1], the era of multi-messenger astronomy has o�cially begun.

Nevertheless, one of the �rst milestones of multi-messenger astronomy can be traced
back to exactly two decades ago: the detection of several neutrinos at the Kamiokande-II,
IMB and Baksan neutrino observatories from SN1987A - a supernova so close to earth
that it was easily visible to the naked eye [2].

Neutrinos are ideal messengers of galactic events since they are produced in many
di�erent processes and they can travel almost freely through the universe. However,
although their low interaction probability constitutes their biggest advantage as cosmic
messengers, it also makes their detection a very di�cult task. Nevertheless, scientists
have taken on the challenge and various large-volume neutrino detectors have been built
across the earth. IceCube, currently the biggest among them, is the �rst cubic kilometre
sized neutrino observatory and it was designed to detect high energy neutrinos from
astrophysical sources. It is located deep in the glacial ice at the South Pole, where several
strings with optical sensors are deployed - the �eyes� of the detector.

IceCube is in full operation since 2011 and it has already discovered a �ux of high-
energy neutrinos of cosmic origin with energies up toO(PeV) [3, 4], making it the �rst
experiment to prove the feasibility of neutrino astronomy. This provides the motivation
for new IceCube extensions that will dramatically boost IceCube's performance. In this
context, new concepts are being considered for the optical sensors that will be deployed
in these upgrades, taking advantage of the advances in technology and the knowledge
gained through the years of IceCube's operation. One novel concept is the multi-PMT
Digital Optical Module, or short mDOM. This module includes an array of small-size
photomultipliers inside a pressure vessel, instead of housing a single larger one, like in the
current IceCube modules.
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As the deep ice at the South Pole is almost free of optical activity, the light pro-
duced by the modules themselves represents the dominant background source. Therefore,
a very important aspect of the development of the mDOM is to understand this noise
to estimate the overall background of the detector and its in�uence on the signal pro-
cessing of real events. In this regard, two important light sources are Cherenkov and
scintillation photons produced by radioactive decays inside the module's pressure vessel.
The former, Cherenkov radiation, has already been studied in the framework of a Bach-
elor thesis considering40K decays [5], an important source of Cherenkov light inside the
vessels. However, it did not completely explain the observed background. Investigations
on the luminescence produced by these decays have been limited, although studies have
already shown its in�uence on pressure spheres of the AMANDA experiment [6, 7]. This
thesis aims to contribute to the understanding and characterisation of these background
processes and their impact on the mDOM performance.
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Part I

Basics
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2 Neutrino astronomy

This chapter provides a brief introduction to the detection of high-energy neutrinos with
the IceCube Observatory. This detector is part of the rapidly-developing neutrino as-
tronomy, therefore the next section will present one of the main motivations for this
investigation �eld.

2.1 The cosmic ray riddle

At the beginning of the 20th century, Victor Hess discovered that the Earth is constantly
being bombarded by charged particles, thecosmic rays . Ever since, the energy and
composition of this �ux have been measured with precision and today are known in great
detail. They are ionised nuclei, being about90 % protons, 9 % � -particles and the rest
heavier nuclei [8 (p. 6)]. Their most outstanding feature is their high-energy, as the
spectrum of these particles spans several orders of magnitude and events with energies
from � 10 GeV up to O(EeV) have been observed [8 (p. 12)].

Despite the vast studies done with cosmic rays, the origin and production mechanism
of these particles remains unclear. In this context, several models that could explain the
observed phenomena have been proposed and can be classi�ed into two classes. Atop-
down scenario assumes that cosmic rays are decay products of heavy remnants of the early
universe, such as topological defects or dark matter particles. These models, however, have
recently been essentially excluded due to constraints from experimental observations [9].
In contrast, bottom-up theories suggest that low-energy charged particles are gradually
accelerated to the observed energies. In this regard, various potential accelerating galactic
and extra-galactic objects have been suggested.

A promising source in the galactic region areSuperNove Remnants (SNR). After
the detonation of a supernova, a shock wave of the star's material is released at enormous
velocities into the interstellar medium. This provides the necessary conditions for the
acceleration of cosmic rays. Indeed, based on their energy release, SNRs are thought
to be the main galactic source of cosmic rays. On the other side, the charged particles
with the highest energies are considered to be accelerated outside the Milky Way. A
candidate for the acceleration of this extra-galactic component areActive Galactic
Nuclei (AGN). AGNs are compact regions in the centre of a galaxy, source of extremely
intense electromagnetic radiation. This radiation is believed to be caused by a super-
massive black hole surrounded by a dense accretion disc, from which mass is drawn. The
most distinctive feature of AGNs is, however, the two jets of extremely relativistic matter
emitted perpendicular to the accretion disk. In these jets, shock waves propagate, which
are assumed to e�ciently accelerate particles to very high energies [10].

Nevertheless, a de�nitive identi�cation of the source of cosmic rays is impeded by
the fact that as particles propagate from the acceleration zone, they are de�ected by
intergalactic magnetic �elds. Therefore, the directional information of the particles is
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lost before they arrive on Earth. To identify the sources, it is necessary to study the
neutral component of cosmic rays. As the charged particle is being accelerated, they can
interact hadronically with the surrounding matter, producing neutrinos and
 -rays. These
daughter particles feature also very high energies, as their energy spectrum is expected
to follow that of the cosmic rays.

In the case of
 -rays, their use for the search of extra-galactic sources is limited, as
their mean free path is restricted by their interaction with the interstellar medium and
the cosmic microwave background. For galactic sources, these e�ects start to be promi-
nent for rays with energies over100 TeV [11]. Nevertheless, with the increasing technical
capabilities, neutrino astronomy has become plausible and an increasingly important tool
in the exploration of the source of cosmic radiation. The next section introduces the fun-
damental properties of this particle and the mechanisms used in the neutrino astronomy
for its detection.

2.2 Neutrino properties and interactions

Neutrinos are elementary particles included in the lepton family and thus an integral part
of the Standard Model of particle physics. They are quasi-massless1, do not possess elec-
trical charge and being leptons, they do not undergo strong interactions. Thus, neutrinos
can only interact through the weak force.

These particles come in three �avours: electron, muon and tau neutrinos, correspond-
ing to the three charged leptons. A variety of experiments in recent decades have proven
that the neutrino lepton �avour is not conserved since the �avour of a neutrino �ux can
partially change after propagation in vacuum or matter. This process is referred to as
neutrino oscillation. Until now, the only consistent explanation for this property is a
nonzero neutrino mass, opposed as initially considered in the Standard Model [12].

The neutrino properties make their direct detection impossible and it has to be carried
out via charged secondary particles produced through interactions. At high energies
(> 10 GeV), these interactions are dominated by deep inelastic scattering with nucleons.
Depending on the exchanged boson, there are two branches in which neutrinos will engage
- the neutral current (exchange of aZ 0) or the charged current (exchange of aW � ):

� l + N Z 0

�! � l + X; � l + N W �

��! l + X; (2.1)

where � l represents a neutrino (or an antineutrino) with the lepton �avour l , N denotes
a nucleon (proton or neutron),l the emitted lepton (or antilepton) and X represents the
additional rest products of the interaction, which can be one or more hadronic particles.
In equation 2.1 the lepton �avour is strictly conserved, which may seem con�icting with
the aforementioned neutrino oscillation. It has to be emphasised that the �avour change is
a consequence of the �avour mixture of mass eigenstates after propagation. The violation
of the lepton �avour number in an interaction implies CPT symmetry breaking [13], a
violation that at this time has not been con�rmed by experiments [14].

As neutrinos posses a very small cross-section, they rarely interact with matter. There-
fore, large interaction volumes are needed for the detection of a su�cient number of these

1Although the neutrino mass is not exactly known, they are so light that the gravitational force can
be neglected in their interactions.
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particles. This is especially true for naturally occurring neutrinos, like the neutrinos from
astrophysical sources, since their �ux is quite low compared to, e.g. neutrinos produced
in reactors.

2.3 Detection of high-energy neutrinos via Cherenkov radiation

As we already saw, neutrinos cannot be measured directly. The charged secondary par-
ticles emitted in interactions such as the ones in the equation 2.1 can, however, be
detected by di�erent techniques. The most widespread method involves detection via
the Cherenkov e�ect, which is used, e.g. for the detection of high-energy neutrinos in
large-volume neutrino telescopes such as ANTARES, BDUNT, NESTOR and IceCube
[15, 16, 17, 18]. This e�ect will be explained in this section. Nevertheless, depend-
ing on the energy range and the issue of study, other techniques have been used, such
as radiochemical methods(e.g. the GALLEX/GNO and SAGE experiments [19]), tracking
calorimeters (MINOS, NO� A [20]) and radio detectors (ANITA, RICE, ARA [21, 22, 23]).

Fig. 2.1: Schematic of Cherenkov radia-
tion, in this case, being emitted by a muon
� .

The Cherenkov e�ect takes place when a
charged particle passes through a dielectric at
speeds greater than the phase velocity of light in
that medium. The electric �eld of the particle
polarises the medium (small displacements under-
gone by a vast number of electrons) and on the de-
excitation of the electrons (return to their normal
position), radiation is emitted. If the charged parti-
cle is slower than the phase velocity of this radiation,
the emission interferes destructively. If this is not
the case, i.e. it is faster than light in the medium and
the wavelets of the track are in phase overlapping
constructively on a wavefront, causing the coherent
emission of photons [24]. A sketch of this process is
shown in �gure 2.1. The Cherenkov radiation is re-
leased in the form of a cone with an opening angle�
relative to the particle's trajectory. This angle is de�ned by the velocity of the wavefronts
vw =

c
n

, which depends on the refractive index of the mediumn, and the velocity of the

charged particlevp = � � c, where � is the ratio of vp to the speed of lightc. Following
�gure 2.1 this angle is given by:

cos(� ) =
c � t � n� 1

� � c � t
=

1
� � n

: (2.2)

Employing the condition for the Cherenkov e�ect� > n � 1, we can directly determine the
minimal kinetic energyE th of a charged particle for the production of Cherenkov light as
follows:

Ekin = ( 
 � 1)m0c2 = m0c2
� 1

p
1 � � 2

� 1
�

> E th = m0c2
� 1

p
1 � n� 2

� 1
�

= m0c2
�
s

n2

n2 � 1
� 1

�
;

(2.3)
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where m0 is the invariant mass of the particle and
 =
1

p
1 � � 2

is the Lorentz factor.

Hence, the energy threshold only depends on the refractive index of the medium. After
inserting the characteristic index for icen = 1:31, the needed kinetic energy will be� 55 %
of its rest energy. For larger refractive indices, this energy threshold gets lower, as for a
typical glass, with n = 1:48, only � 36 %of the particle's rest energy is necessary. For an
electron, this results in� 0:28 MeV and � 0:18 MeV, respectively.

Fig. 2.2: Light deposition signa-
tures of showers (top), track (middle)
and double-bang events (bottom).
The colour indicates the arrival time
of the photos, going from red (early)
to blue (later), while the size of the
spheres illustrates the amount of de-
tected light. Figures taken from the
IceCube MasterClass
https://goo.gl/jXorcb .

The spectrum of the emission and the number of
photons radiated per unit length can be approximated
by the Frank-Tamm formula [25]

d2N
dxd�

=
2��
� 2

�
�

1 �
1

� 2n(� )2

�
;

whereN is the number of emitted photons and� � 1
137:04

is the �ne structure constant. It is noteworthy that the
emission spectrum, in the �rst order, is proportional to
� � 2, although there is a small dependence on the refrac-
tive index of the mediumn(� ). By recording the number
of emitted photons and its time distribution, di�erent
light patterns can be identi�ed, with which it is possi-
ble to reconstruct the energy and the direction of the
charged particle.

The light signatures produced by leptons after a
charged current neutrino interaction are reasonably dis-
tinctive depending on their �avour as their lifetime and
probability of interaction vary. These signatures start
at the interaction vertex, where a hadronic cascade,
originating from the debris of the hit nucleon, takes
place; this produces a near-spherical mark. Electrons or
positrons travel very short distances as electromagnetic
cascades are quickly generated as a result of scattering in
the medium, bremsstrahlung and pair production. Al-
together, their signatures resemble a point source with
maximum photon production in the centre and are called
showers . In contrast, highly energetic muons can travel
very long distances before they decay or are stopped and
thus produce atrack -like signature. Tau neutrinos will
emit a tauon, which, after a short distance, decays via
weak interaction into a muon, electron or producing light
mesons. These particles will create an electromagnetic
or a hadronic cascade, respectively. As spherical light

emission is produced by both cascades, the hadronic cascade at the interaction vertex
and the one originated from the tau decay, the signature is referred as adouble-bang .
An example of these three signatures can be seen in �gure 2.2.

A shower signature is also created by all neutrino �avours undergoing a neutral current
interaction, as it only induces a hadronic cascade. The energy of the neutrino can be
well reconstructed from the total light deposition with these kinds of signatures as all
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the energy is deposited inside of a relatively small volume. However, owing to its almost
spherical shape, the direction reconstruction is limited to only the time information. Track
signatures, on the other side, allow for very precise directional reconstruction, although
to derive the initial energy of the neutrino accurately, the interaction vertex has to be
measured within the detector.

The IceCube Observatory uses this method for the detection of neutrinos. In the next
section, di�erent parts of this detector and its main features are discussed.

2.4 The IceCube Neutrino Observatory

Fig. 2.3: Diagram of the IceCube Observatory at the South
Pole. Figure courtesy of the IceCube Collaboration.

IceCube is the �rst kilometre-
scale neutrino detector and is lo-
cated at the South Pole, starting
at 1450metres below the surface,
with a total of 5160 optical sen-
sors for detecting the Cherenkov
light produced by particle inter-
actions [18]. A sketch of the
Observatory is shown in �gure
2.3. The primary array con-
sists of 78 strings (cables) with
a length of 1 km distributed over
a square kilometre, each hold-
ing 60 digital optical modules
(DOMs) in 17 m vertical inter-
vals. The horizontal inter-string
distance is 125 m, which allows
the investigation of neutrinos in
an energy range between100 GeV
and O(PeV). The DOMs incor-
porate a 10-inch-diameter pho-
tomultiplier tube (PMT) facing
down, inside a glass pressure vessel, with circuit boards that allow near-autonomous
operation. PMTs are extremely sensitive devices that are capable of measuring single
photons. These are described later in this thesis in chapter 3.

Eight additional strings separated, on average, by about72 mare located at the centre
of the detector. The modules are deployed at depths ranging from2100 mto 2450 m, with
an inter-sensor spacing of only7 m. This more densely instrumented sub-detector is called
DeepCoreand is optimised to detect neutrinos of energies in the order of tens of GeV.

On the surface is locatedIceTop, which consists of water tanks near the top of each
string, with two DOMs each, forming a square kilometre air shower array. This can be
used as a veto against atmospheric neutrinos and as a detector for cosmic rays in the
300 TeV to 1 EeV region. All the cables from the detector are routed to the IceCube
Laboratory, which is the operation building of the detector located at the surface in the
centre of the array.

The IceCube's commissioning was completed 2011 and since then it has already dis-
covered a �ux of high-energy neutrinos of cosmic origin [3]. An overview of the recent
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�ndings of IceCube with regard to astrophysical neutrinos and cosmic rays can be found
in [26]. Nevertheless, the modest number of events limits the e�ciency of this observatory.
Therefore, a substantial expansion of the detector is sought,IceCube-Gen2, aiming at an
instrumentation of up to 10 km3 of glacial ice with novel technology [27].

2.4.1 IceCube-Gen2

Fig. 2.4: Benchmark detector string layout with a
string-to-string distance of about � 240 m. The new
120 strings surround the more densely instrumented
IceCube detector. Other geometries and sets of spac-
ing are under consideration. Figure taken from [27].

The benchmark detector layout for
IceCube-Gen2 considers the extension of
120 new strings, aiming for the detec-
tion of high-energy neutrinos, sometimes
called HEA (High-Energy Array)[27].

Following the calibration and the
building of IceCube, the optical proper-
ties of the glacial ice are now known in
detail over a range of great depth. The
absorption length of the ice for Cherenkov
light is larger than initially assumed and
exceeds100 m-200 m, depending on the
depth. This enables the instrumentation
of considerably larger volumes with lower
string densities than observed at IceCube.
In this context, spacings between240 m
and 300 m are being considered. An ex-
ample string layout is illustrated in �gure
2.4. The larger spacing results in a higher
energy threshold above� 50 TeV, but it
does not represent a loss of astrophysi-
cal neutrino signal. Owing to the size of
the detector, the HEA should be capable
of measuring neutrinos up to theO(EeV)
level.

Besides the HEA, an extension of
DeepCore is being proposed:PINGU, a
dense array for the detection of low-energy

neutrinos, which will target precision measurements of the atmospheric oscillation pa-
rameters and the neutrino mass hierarchy [27]. An expansion of the IceTop array is also
considered in the scope of IceCube-Gen2.

The detector sensitivities for neutrino point sources scale approximately with the
square-root of the increase in its cross-sectional area, but linearly with the angular res-
olution. The latter can be further improved with di�erent approaches, e.g. advanced
reconstruction methods and a more detailed model of the ice properties. In this respect,
new optical sensors are being proposed, which will increase not only the angular resolution
but also the overall e�ciency.

Two new concepts for optical sensors are being studied. On the one hand, the em-
ployment of wavelength-shifting and light-guiding techniques for an increased sensitivity
to UV photons and hence the Cherenkov spectrum is represented by the WOM project
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(Wavelength-shifting Optical Module) [28]. On the other hand, the segmentation of the
active area of the modules using several PMTs is being investigated. There are two ap-
proaches for this: the DEgg, which consist of two 8� PMTs facing downwards and upwards
[29] and the mDOM (multi-PMT Digital Optical Module), which features multiple small
photomultiplier tubes [30]. A more detailed introduction to the latter is presented in the
next section.

2.4.2 The multi-PMT digital optical module

Fig. 2.5: Explosion view of the mDOM
with its main components. Courtesy of
the IceCube Collaboration.

Fig. 2.6: Rendering of the current Ice-
Cube DOM. Courtesy of the IceCube
Collaboration.

The mDOM consists of243-inch-diameter PMTs fac-
ing multiple directions, as illustrated in �gure 2.5. In
contrast, the current IceCube DOM is shown in �gure
2.6. The mDOM PMTs are mounted surrounded by
a re�ector, which increases the sensitive area of the
module [31 (p. 160)], on a 3D-printed holding struc-
ture. An active base is attached to the end of the
PMT and provides the latter with high-voltage and
reads out its output. The signals are digitised by the
mainboard, located in the equatorial plane at the cen-
tre of the module. All these components are enclosed
by a glass pressure vessel that protects the module
against rough external conditions. Between the ves-
sel and the internal components of the module, there
is a layer of optical gel, which acts as an optical cou-
pler, thereby preventing light re�ections due to the
di�erent refractive indices of glass and air.

The segmentation of the sensitive area results in
a range of advantages in comparison to the conven-
tional single-PMT DOM, such as:

� a larger e�ective area (hypothetical geometri-
cal area of the module assuming100 %detection ef-
�ciency), since 24 3-inch PMTs provide a larger total
photocathode surface than one 10-inch PMT. More-
over, the mDOM has a near homogeneous4� angular
acceptance in contrast with the DOM, where the sen-
sitivity for the downward light is almost zero.

� intrinsic directional sensitivity, as the PMT orien-
tation entails information about the direction of the
detected light. In the case of the DOM, this is very
limited due to the large �eld of view of its PMT.

� better photon-counting, as the photons are de-
tected among the di�erent PMTs, their numbers and
arriving times can be reconstructed more easily, un-
like a multi-photon waveform from a single photomul-
tiplier. Consequently, multiple PMTs also feature a
better performance with regard to saturation.
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