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1 Introduction

In the early 20th century, the explanation of the continuous energy spectrum of electrons emitted in
the B-decay (8 ) had become a challenging puzzle to solve. At that time, only three particles were
known: the electron, the photon and the proton, and only the first ones could be detected together with
the daughter nucleus. This indicated that some part of the energy was missing, and even renowned
physicists such as N. Bohr suggested that maybe the law of conservation of energy held only in a
statistical sense [1].

The first step towards finding a solution was taken by W. Pauli, who postulated a new neutral
particle that should exist in the nucleus and be emitted together with the electron. He called this
particle neutron, but was later renamed by E. Fermi as neutrino after the discovery of the neutron by
J. Chadwick [2]. In addition, E. Fermi provided a more accurate description of the solution [3] and
stated that both the electron and the (anti)neutrino are created in the decay.

Even though W. Pauli was afraid that neutrinos might never be detected, it was first achieved
(for the electronic antineutrino) in 1956 by C. L. Cowen and F. Reines [4]. This opened up a new
world of opportunities, as the low interaction rate of neutrinos and their neutral character make them
ideal astrophysical messengers. Consequently, they represent the key to solving some of the mysteries
science is facing today, such as finding the origins and acceleration sites of high-energy cosmic rays.

As a consequence of the extremely low interaction rates of high-energy neutrinos, their detection
requires large instrumented volumes. In this context, IceCube [5] stands out as the world’s largest
neutrino telescope with ~ 1 km®. In IceCube, neutrinos are indirectly detected via the Cherenkov
radiation from secondary charged particles from neutrino interactions with the medium. The detector
is formed by more than 5,000 digital optical modules (DOMs) provided with a single photomultiplier
(PMT), which are deployed along 86 strings in the Antarctic ice. The ice serves as a support structure
for the array, and as an interaction medium for the neutrinos as well as a transparent Cherenkov
medium. The detector became fully operational in 2011, and high-energy astrophysical neutrinos
were detected for the first time in 2013 [6].

In view of a new generation of neutrino telescopes, which transitions from the era of discovery
to the era of precision, IceCube will undergo two extensions in the near future: IceCube Upgrade
and IceCube Gen2. They will extend the energy range of the detector and allow for better angular
sensitivity, detection rate and understanding of the properties of glacial ice and the response of the
modules. To achieve these objectives, the extensions are accompanied by new and improved optical
modules that feature several PMTs housed in a transparent glass vessel. These include the multi-
PMT Digital Optical Module (mDOM) and the eLongated Optical Module (LOM). Unlike the current
optical modules, the sensitive area is fragmented, which provides the modules with some advantages,
such as intrinsic directional resolution. In addition, they have a larger effective photosensitive area
and nearly uniform angular coverage. For technical reasons, the mDOM will only be deployed in the
IceCube Upgrade, and the LOM, which is a thinner design, is planned for IceCube Gen2. There are
two basic designs of this module. The one that will be considered throughout this thesis consists of
16 PMTs slightly larger than those of the mDOM also contained within a pressure vessel. A further
difference between the mDOM and the LOM is that the latter presents gel pads covering the front
part of the PMTs instead of reflectors, whose aim is to increase the sensitive area of the modules.

The aim of this thesis was to assist in the development of the LOM and to provide a better under-
standing of the performance of both new modules through simulations with Geant4. In this regard,
the performance for different gel pad casting approaches is considered in chapter 5, and the shape of
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the gel pads, together with the effect of imperfections caused by roughness and the latest LOM-16
configuration created by the IceCube collaboration, are discussed in chapter 6. Finally, in chapter 7,
the zenith angle resolution of the mDOM and the LOM for individual simulated atmospheric muons
in water was studied using machine learning for reconstruction.



2 Neutrino: a cosmic messenger

The properties of neutrinos make them ideal astrophysical messengers that can provide answers to
some of the questions currently intriguing the scientific community, such as the origin of cosmic rays.
The aim of this chapter is to introduce neutrinos and neutrino astronomy.

2.1 Neutrino physics

Neutrinos are elemental particles. More precisely, they are fermions and belong to the lepton family
together with the e, the 1™, the 7 and all the respective antifermions.
Neutrinos, v, and antineutrinos, 7, come in three different flavours: electron, v, and ,; muon, v,

and v,; and tauon, v, and .. Where v, (7;) is the neutrino (antineutrino) which is produced with It

o
("), or that produces [ (") in charged current (CC) weak interactions, being [ = e, u, 7.

Neutrino flavour oscillations have been observed (e.g. [7, 8]), and their discovery was the reason
for the Nobel Prize in Physics in 2015 [9]. This implies that given a source of neutrinos of a particular
flavour, e.g. v, with a given energy, £. The probability of finding a neutrino of a different flavour,
e.g. ., atasufficiently large distance, L, from the source of neutrinos is different from zero, P(v,, —
v.; E, L) # 0[10]. The reason behind that is neutrino flavour-eigenstates propagate as a superposition
of neutrino mass-eigenstates. Thus, neutrino oscillations are direct evidence that neutrinos have mass,
contradicting the Standard Model’s expectations.

Although the mass of neutrinos remains uncertain, it is known that they are near-massless parti-
cles. Recent experiments have set an upper limit for the one of the electron anti-neutrino at 0.8 eV/c?
with a confidence level of 90 % [11] . As a result, neutrino gravitational interaction can be neglected.
Being neutral particles and leptons, the only way they can interact is by means of the weak interaction.

Weak interactions can be differentiated into two main branches: charged current (CC), which is
mediated by the charged massive bosons W™ and W™ ; and neutral current (NC), mediated by the
neutral massive boson Z°. At the typical detection energies of neutrino telescopes (> 10 GeV), these
interactions are dominated by deep inelastic scattering:

[ VVi + = 7% o
e NYS ity x (o), 9+ NZ+ X (NO), 2.1.1)

where N is a proton or a neutron, X is the resulting set of final hadrons that can give rise to a hadronic
shower, and [ = e, y, 7.

2.2 Neutrino astronomy

Due to the extremely low interaction rate of neutrinos with matter and their neutral character, they
remain unaltered' from their creation until their detection. They are then advantageous over other
astronomical messengers like charged particles, which are deflected by galactic magnetic fields; and
electromagnetic radiation, which are quickly absorbed in matter, providing only information about
the surface of astrophysical objects [12]. Besides, the space is opaque to high energy y-rays (> PeV)
due to scattering on radiation fields such as the microwave background. However, it comes at the
cost that neutrinos are extremely difficult to detect, especially at the high energies of astrophysical

1Omitting neutrino flavour oscillations.
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neutrinos, which exhibit low fluxes as shown in Figure 2.2.1. For this reason, large volume detectors
are needed for neutrino astronomy.

The production of high energetic astrophysical neutrinos is related to cosmic rays. They2 are
ionised nuclei formed by ~ 90 % protons,~ 9 % alpha-particles and ~ 1% of heavier nuclei and
characterised by the very high energies they can exhibit, which have been observed up to 10%eVv
[13]. The main questions concerning cosmic rays refer to their origin and the places where they are
accelerated to such high energies. Neutrinos can be the key to solving these mysteries, as it is believed
they are produced in the same places, mainly after the decay of charged pions (and kaons) resulting
from cosmic rays interactions with matter and radiation fields.
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Figure 2.2.1: Theoretical and measured neutrino fluxes from natural and reactor neu-
trino sources. Image taken from [14].

Today, the most accepted theories about the origin of cosmic rays suggest a bottom-up scenario,
where low-energetic charged particles are gradually accelerated to the energies that are observed.
Promising galactic acceleration and creation candidates are supernova explosions, where collisions
of particles with the gas of the shock front that is created can accelerate them by the so-called Fermi
mechanism of first order. Furthermore, cosmic rays can be accelerated in regions with high magnetic
fields, where associated electric fields arise as a result of their variations. These regions include super
nova remnants such as pulsars i.e. a highly magnetised spinning neutron star [12]. Some of the most
energetic cosmic rays can be obtained from the acceleration in extragalactic regions such as Active
Galactic Nuclei (AGN). It is widely accepted that they consist of supermassive black holes at the
centre of galaxies which are powered by an accreting disk [15], where the motions of the plasma
generate strong electromagnetic fields. In addition to that, AGCs feature two relativistic jets perpen-
dicular to the accretion disk that are able to accelerate particles to high energies. In case one of the
jets is pointing towards our line of sight, AGCs are known as blazars. In this respect, neutrinos of
290 TeV have been detected with an arrival direction consistent with the location of the y-ray-blazar
TXS 05064056 [16].

Cosmic rays are attenuated by interactions with photons from the microwave background. These
are known as GZK interactions due to Greisen, Zatsepin and Kuzmin [17, 18]. Protons interactions
with such photons produce resonant AT particles that decay into pions ("), which in turn decay into
high energetic cosmogenic neutrinos ~ EeV (see Figure 2.2.1).

*Also known as primary charged cosmic rays.
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Other sources of astrophysical neutrinos are:

* Core-collapse supernoave:~ 99 % of the gravitational binding energy is released into neutri-
nos of all flavours [19].

¢ Solar neutrinos: As a result of the nuclear reactions in the Sun.

Neutrino astronomy experiments are usually set at great depths underground to minimise the
background in the already infrequent neutrino detections, e.g. coming from products of air showers.
Interactions of (primary) cosmic rays with the nuclei from the atoms of the atmosphere lead to the
creation of fluxes of secondary particles, that in turn can interact and produce tertiary particles and
so on. As a result, an air shower of particles is created as can be seen in Figure 2.2.2. Electrons,
positrons, photons and hadrons are absorbed rapidly in the atmosphere and at shallow depths. Hence,
only atmospheric neutrinos and high energetic atmospheric muons, which are mainly created after the
decay of charged pions (and kaons) as [20]:

T T U, (~100%), KT - pt 40, (~ 63.5%), 2.2.1)

constitute the main backgroundS. Especially in the large range of energies that atmospheric neu-
trinos can have, up to PeV (Figure 2.2.1).

h~ 35 km @ E- v

o— " — -

T
. e L I;‘ L n
‘:/ 4 L e P ’. ‘i‘“’ \
L - ' / m” T
C . "/ ) j‘.* Y N ¥
L ‘-* -g.l I\ .
*/ .*'L *' I'l/ l-\ﬂ +
N =10° :-E:;Z i::i' N, n,m)=03%  N(w)=1.7%

Figure 2.2.2: Schematic process of the development of a particle shower induced by a
primary cosmic ray, a proton in this case. The muon part can be seen in green. Image
taken from [21].

2.3 Cherenkov emission

Neutrinos are detected indirectly by means of the charged particles that are created after (weak) inter-
actions with the detector medium®. In particular, the detection principle of neutrino telescopes such
as IceCube [5], or detectors such as Super-Kamiokande [22] is based on the detection of Cherenkov
radiation emitted by using optical modules with photomultipliers (PMTs).

3Atmospheric muons can also decay and produce neutrinos and antineutrinos of the electron and muon flavours.
*And their decay products.
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emitted light

Figure 2.3.1: Diagram of a charged particle travelling through a dielectric medium.
The circles represent the successive field waveforms created by the particle. Left: The
velocity of the particle is less than that of the light in the medium (¢’). Right: The
velocity of the particle is greater than that of the light. Explanation on text. Image
taken from [23] (modified).

When a charged particle travels with a velocity greater than that of the light in a medium, an
electro-magnetic shock appears and photons are emitted by the electrons of the atoms that form the
dielectric medium on a cooperative phenomenon. Under such circumstance, the particle’s spherical
field wavelets interfere constructively (see Figure 2.3.1). As a result, light is produced on a conical
surface that forms an angle 6. with respect to the direction of the charged particle [23]. The angle 6,
can be obtained from geometrical arguments based on Figure 2.3.1 as

/
et _ 1 23.0)

vt nut nf’

cos(f,.) =

where ¢ is the phase velocity of light in the medium, n is the refractive index of the medium, c is the
velocity of light in vacuum, v is the velocity of the charged particle and S is v/c.

An approximate formula to obtain the number of photons emitted between the interval of wave-
lengths A\; and A\, was given by Frank-Tamm [24]:

1 1 1

where  is the fine structure constant, o = e/ (4meghc) ~ 1/137.036, [ is the travelled distance, and
n is the average refractive index for the given wavelengths.



3 The IceCube Neutrino Telescope

IceCube is the first cubic-kilometer neutrino telescope and it is located at the South Pole, where it
makes use of the transparent and sterile glacial ice as a Cherenkov medium for neutrino detection.
Its main objective was the detection as well as the identification of sources of high-energy neutrinos,
whereas secondary goals included the detection of supernova neutrinos, the search for dark matter
and other exotic particles, and the study of neutrino oscillations [5, 25].

It was fully operative in 2011, and shortly afterwards, in 2013, its size made it possible to detect
the most energetic astrophysical neutrinos to that time [6]. In this chapter, the IceCube array and its
future extensions will be described. In addition, the detection mechanism will be explained and the
new improved optical modules will be presented.

3.1 IceCube array

IceCube consists of 86 strings on the Antarctic
ice that are provided with digital optical modules
(DOMs), which are the sensitive components of
the detector. As it can be seen in Figure 3.1.1, its
main piece is a downwards 10-inch diameter pho-
tomultiplier (PMT) capable of detecting photons.

Cable Penetrator Assembly
PMT High Voltage Base Board

.. Flasher Board

High Voltage Generator &

Digital Control Assembily LED

Mu-Metal Magnetic

— Main board

In addition to that, they contain circuit boards that Shield Cage \; =
allow a near-autonomous operation [25]. - _\ Detay board
A sketch of the Ice-Cube array is shown in N ' 0
Glass Pressure /

Figure 3.1.2. The main in-ice array consists of 78
vertical strings each of them with 60 DOMs de-
ployed on the ice between 1450 m and 2450 m be-

Sphere
PMT

low the surface. They have a vertical separation
of 17 m and the horizontal spacing of the strings
is of 125 m forming an instrumented region of a

Figure 3.1.1: Drawing of the digital optical module
(DOM) currently deployed on the IceCube array. Im-
age courtesy of the IceCube collaboration.

cubic-kilometer capable of detecting astrophysi-
cal neutrinos in the energy range of TeV-PeV [25].

DeepCore consists of a denser sub-array where the average horizontal separation of strings is
reduced to 72 m. It is formed by eight specialised strings on the center of the array in addition to seven
regular in-ice strings. With such a configuration, DeepCore is focused on lower energies providing an
energy threshold of about 10 GeV, important for studies on atmospheric neutrinos oscillations, the
detection of supernova neutrinos and neutrinos from dark matter annihilation [26].

IceTop, on the contrary, is located on the surface and features 81 stations, each one with two
Cherenkov tanks filled with ice that are separated by 10 m and equipped with two DOMs [27]. It
serves as an air shower detector for cosmic rays in the energy range of PeV to EeV, as well as a veto
array.

Finally, the IceCube Laboratory, which is the main operations building, is found at the surface in
the centre of the array.
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IceCube Lab
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Figure 3.1.2: Schematic representation of the IceCube array. Explanation on the text.
Image courtesy of the IceCube collaboration.

3.2 Event types in IceCube

At high energies (above 10 GeV), a neutrino interacting weakly with a nucleus in the ice through
CC will generate a lepton that carries on average 50-80 % of the neutrino energy [5]. Furthermore, it
will transfer the rest of the energy to the nucleus involved in the interaction, which will give rise to
a hadronic shower near the interaction vertex. Depending on the original neutrino flavour, two main
event types can be distinguished: tracks and showers.

Tracks (Figure 3.2.1a) are formed by muons’ originating from CC interactions of v,. Due to the
low interaction cross section of the muons, they can travel long distances (up to 10 km at PeV energies
[SD) and the events are often not fully contained within the detector volume. Since only the energy
that the muon releases as it passes through the detector can be measured, the determination of the
initial neutrino energy is difficult. Yet, they provide good directional information, being IceCube’s
angular resolution for long muon tracks better than 1° [5].

On the contrary, showers are near-spherical events (see Figure 3.2.1b) that are very localised near
the interaction vertex. Electromagnetic showers arise from the electrons/positrons and the tau decay
products after CC interactions of v, and v.. On the other side, hadronic showers are created by the
tau decay products as well and by the nuclear fragments at the interaction vertex after CC or NC
interactions of any flavour. Since all the energy is released into a small volume that can be contained
within the detector, the energy reconstruction is better than with tracks. However, the directional
information is poorer.

At higher (PeV) energies, a CC interactions of v, can give rise to two clearly separated showers.
While the first is created at the interaction vertex by the nuclear fragments, the second results due to
the products of the 7 decay that experiment a slightly longer decay length. Therefore, this signature

3 Also by any kind of background muon e.g. atmospheric muons.
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is known as a double bang (see Figure 3.2.1c). Tau neutrinos are rarely generated in the atmosphere,
so their detection is typically related to astrophysical neutrinos.

Figure 3.2.1: Neutrino event types in IceCube. (a): Track. (b): Shower. (c¢): Double
bang. Each circle represents one module, the size of the circle corresponds to the
number of photons detected, and the color represents the detection time: from red
(earliest) to blue (latest). Image taken from [5] (modified).

3.3 IceCube extensions

The achievement of IceCube’s primary goal in 2013 with the first detection of high energetic astro-
physical neutrinos [6] motivated further extensions for a new generation of neutrino telescopes. These
are: IceCube Upgrade and IceCube-Gen2.

3.3.1 IceCube Upgrade

IceCube Upgrade will consists of 7 new densely instrumented strings with almost 700 modules placed
within the DeepCore region as it is seen in Figure 3.3.1a. It will allow to lower the detection energy
threshold to a few GeV. Moreover, it will increase the sensitivity for the detection of tau neutrinos
and neutrino oscillations [28].

The Upgrade entails new and improved optical modules, which include: the multi-PMT dig-
ital optical module (mDOM), which features 24 3-inch PMTs in a pressure vessel [29], the dual
optical sensor (D-Egg), which presents two 8-inch PMTs facing upwards and downwards on a UV-
transparent glass vessel [30], and PDOMs, which are high-quantum efficiency IceCube DOMs with
improved electronics [31].

Additionally, calibration functions will be performed. To this end, dedicated instruments will be
deployed and optical modules equipped with calibration devices such as cameras with flashers and
calibration LEDs. The aim is to better understand the response of the current deployed modules as
well as the properties of glacial ice, which will allow for improved reconstruction algorithms and
re-analysis of the data collected so far. Finally, research and development of IceCube Gen?2 optical
modules will be carried out.

Multi-photomultiplier Digital Optical Module (mDOM)

The mDOM (depicted in Figure 3.3.1b) follows the multi-PMT approach introduced by the KM3Net
optical module [32]. It features 24 3-inch PMTs inside a glass vessel that are optically coupled to
it by means of silicon-based gel and are sustained by a 3-D printed supporting structure. Each PMT
is equipped with an active base that generates high-voltage in situ. Furthermore, the front part of the
PMTs are surrounded by conical aluminium reflectors, whose aim is to reflect photons back to the
photocathode to increase the sensitive area of the module. This results in a sensitivity ~ 20 % higher
than with realistic alternative configurations [33]. However, as they are made of a conductive material
and placed close to a PMT operating at a negative high-voltage, they can induce dark rate noise, which
can be avoided by connecting the reflectors to the photocathode potential [34]. Calibration devices
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Figure 3.3.1: (a): IceCube-upgrade layout. In red the seven new strings that will be
deployed, whereas DeepCore is shown on green and the main in-ice array in blue. (b)
Exploded view of the mDOM. Images courtesy of the IceCube collaboration.

such as illumination LEDs, flasher LEDs and cameras to monitor the optical properties of ice are also
present [29, 33].

There are numerous advantages of the multi-PMT concept over the single-PMT design of the
current IceCube DOM [35]. First, 24 3-inch PMTs provide more than twice the photocathode area
of a single 10-inch PMT, and its distribution over the entire surface of the module ensures a nearly
homogeneous angular acceptance over the entire solid angle. In addition, the photon counting is
improved, as several PMTs can participate at the same time, which also extends the overall dynamic
range. The segmentation of the sensitive area provides the module with intrinsic directional resolution,
which can be used for event reconstruction (as will be done in chapter 7). Moreover, it is possible to
use local event coincidences e.g. to suppress some background events.

3.3.2 IceCube-Gen2

IceCube-Gen2 will be built to meet the requirements for the physics objectives of a next-generation
neutrino observatory, including improved sensitivity to point sources, a higher neutrino collection rate
and an extension of the energy range (to higher energies) by several orders of magnitude [36, 37].

To target higher energies, the volume of the current detector will be expanded by approximately
one order of magnitude up to 7.9 km®. This will be done in two ways, which are possible thanks to a
better understanding of the properties of glacial ice. On the one hand, the deployment of the modules
on the strings will be 125 m longer both above and below the current positions. On the other side, the
average distance between the strings will be extended. Hence, in the preliminary baseline design of
the optical array [36], 9600 new optical modules will be deployed on 120 strings, each one holding
80 modules, with an average horizontal and vertical separation of 240 m and 16 m, respectively, at
depths between 1325 m and 2575 m. A schematic of this new array can be seen in Figure 3.3.2.

As with the IceCube array, a surface array is planned for IceCube-Gen2, consisting of two ice-
Cherenkov tanks at the top of each string. Furthermore, IceCube-Gen2 will feature a radio detector
array that will target at energies above 10 PeV [37].
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v Gen2-Radio Gen2-Optical ® IceCube i IceCube Upgrade
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Figure 3.3.2: Schematic top view of the future IceCube Gen2 Neutrino Observatory.
From left to right: Gen2-Radio array, Gen2-Optical array, current IceCube array, Ice-
Cube Upgrade. Image courtesy of the IceCube Collaboration.

For technical reasons, narrower modules are designed to fit into a thinner ice column, which
saves time and fuel in the ice drilling process, whereas their lengths are restricted due to a maximum
weight of 26 kg [38]. In line with this, two versions of the eLongated Optical Module (LOM) are being
developed: the LOM-16 with a diameter of 313 mm and the LOM-18 with a diameter of 305 mm. The
main difference between them is two additional PMTs that are placed facing upwards and downwards
on the LOM-18. Of special interest for this thesis will be the LOM-16, hereafter referred to simply
as LOM.

eLongated optical module (LOM)

The LOM (see Figure 3.3.3) [38, 39] is a thinner redesign of the mDOM, which possessed a diam-
eter of 356 mm. It follows the multi-PMT concept, housing 16 4-inch diameter PMTs that provide
a slightly larger photocathode area than the mDOM. A further difference is the absence of metallic
reflectors surrounding the front part of the PMTs. Instead, they are covered by pads made of trans-
parent silicone gel (gel pads), which have two functions: In the first place, they solve the optical
coupling between the PMTs and the glass vessel. Secondly, they increase the sensitive area thanks
reflections® of the photons at the interface between them and the air inside the module. Since gel pads
bond the PMTs to the glass vessel, a 3D printed PMT supporting structure like the one of the mDOM
is no longer needed for the LOM, which saves on costs. In addition, there are no longer metallic
components (such as reflectors) near PMTs operating at high voltage that can induce dark rate noise.

The sensitivities for a LOM model with reflectors and a mDOM-like holding structure, and for a
regular LOM model with gel pads have been simulated in Geant4, resulting in ~ 7 % more photon
collection for the gel pad model [40]. One of the reasons is that total internal reflections are 100 %
efficient, while metallic reflectors only provide around 90 %. Secondly, gel pads are transparent and
therefore have a higher angular acceptance, whereas reflectors are limited to photons coming from
above. An increase in the sensitive area due to the gel pads has been experimentally confirmed [38].

In the scope of this thesis, Geant4 Monte Carlo simulation for the sensitivities of three different
gel pad casting approaches are done in chapter 5. Additionally, the shape of the gel pads as well as
the latest LOM-16 geometry are discussed based on simulations in chapter 6.

®And to some extent also refractions.
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Figure 3.3.3: Representation of the LOM-16, a multi-PMT optical module for
IceCube-Gen2. It features 16 PMTs on a glass vessel with a smaller diameter than

the one of the mDOM. Image courtesy of the IceCube collaboration.
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4 Geant4 simulations

Geant4 is a simulation toolkit [41] that allows to simulate the passage of particles through matter
making use of Monte Carlo methods. It employs object-oriented programming (in C++), and offers
a wide variety of classes for different purposes. It has its origins in the FORTRAN-based Geant3
simulation software and was first launched in 1998, having evolved into a major collaboration that
involves institutions and universities in Europe, Canada, the United States and Japan [42]. Applica-
tions of Geant4 can be found in diverse fields ranging from medical physics to the space industry and
accelerator design as examples.

The main results of this thesis will be obtained by means of simulations carried out with Geant4.
In this chapter, its functioning is briefly discussed together with some of the used tools.

4.1 Geant4 basics

Geant4 allows to simulate a customisable environment (world), in which objects and regions with
specific physical properties are created and placed. Different types of particles (primary events) are
launched, which can interact with all the different components of that environment through selected
physical processes. Furthermore, it is possible to track the particles and store all relevant information
(such as energy, position and time) as they reach sensitive regions. It also provides means to visualise
the created environment and the trajectories of the particles.

Geometry construction in Geant4 is a three-step process. First of all, a solid is created by speci-
fying the shape. For this purpose, Geant4 offers a series of classes that range from basic geometries
such as cones (G4Cons) or spheres (G4Sphere) to more sophisticated ones. Alternatively, it is pos-
sible to import geometries from CAD (computer-aided design). Boolean operations such as union,
intersection and subtraction of solids are possible. The next step consists of creating a logical volume,
by which physical properties are assigned to the solid, e.g. via the materials it is made of. Finally,
the solid is placed. Each solid must have a mother volume that encompasses it and from which it is
referred to. The only exception is the world.

Isotopes and elements are used to create materials through the G4Material class, where other
properties such as temperature, density, physical state and pressure can be specified. Common ma-
terials can also be extracted from a provided database. In addition, they can have optical prop-
erties such as refractive index or absorption length that are defined by a material properties table
(G4MaterialPropertiesTable).

Both, particles and physics interactions must be defined within the class G4VUserPhysicsList.
Physical interactions can be selected from the seven major categories that are provided. These are:
electromagnetic, hadronic, decay, photolepton-hadron, optical, parametrisation and transportation.
They must be assigned to a particle, which in turn are defined by their own class derived from the
class G4ParticleDefinition, and organised in the categories: lepton, meson, baryon, boson, shortlived
and ion [41].

4.2 LOM-16 in Geant4

The starting point of this thesis is the Geant4 code for the mDOM developed by [35, 43], which
was subsequently modified in the master’s thesis [40] to implement the LOM. A visualisation of the
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Figure 4.2.2: Quantum efficiency that was used for the calculations and the simula-
tions throughout this thesis. The values were measured by the AG Kappes (working
group) at the center of the photocathode for normal directions.

geometry of the LOM provided by Geant4 can be seen in Figure 4.2.1. It consists of 16 PMTs inside
a pressure vessel, which is formed by the union of a cylindrical main body and two semi-spheres,
one at the top and one at the bottom, and is 14 mm thick. The PMTs are distributed in four rows
that characterise the polar and equatorial positions of the PMTs, with four in each row, whose exact
positions can be found on [40]. The two hemispheres of the module are identical but the positions of
the PMTs feature a 45 degree shift around the Z-axis (vertical position in Figure 4.2.1).

The response of the PMTs is not taken into ac-
count, and a photon is detected if it reaches the
photocathode. There are some exceptions con-
cerning the quantum efficiency (QE), i.e. the ratio
between the number of photoelectrons produced
in the photocathode and the number of photons
reaching it. This property depends on the wave-
length of the photon, the arriving position on the
photocathode and the incident angle. To take it
into account, a function was implemented (by our
working group) that generates a random number
when a photon arrives at the photocathode. If the
number is smaller than the QE of the photon at its
wavelength, it is detected, otherwise it is "killed".
The values for the QE that were used in this thesis
correspond to measurements at the centre of the
photocathode incident normal to it and are given
on Figure 4.2.2.

Optical properties such as refractive indexes
and absorption lengths of all relevant materials are
taken into account in the simulation as a func-
tion of the photon wavelengths. The glass vessel

Equatorial
PMTs

Figure 4.2.1: Geant4 visualisation of the LOM.
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Figure 4.3.1: (a): Plane wave of photons (yellow beams) pointing to the centre of the
module simulated in Geant4 for the calculation of the effective area. The red arrow
represents the normal vector to the plane. (b) Characterisation of the direction of the
normal vector by the spherical angles 6 and ¢.

is made of borosilicate glass from Vitrovex [44] and the gel pads of ShinEtsu gel [45]. The rest of the
module is filled with air.

As of March 2022, the module design has undergone some changes compared to the one presented
in Figure 4.2.1, e.g. complete symmetry in both hemispheres. This will be covered in section 6.3.

4.3 Effective area calculation

The effective area is the parameter that is used to characterise the sensitivity of the modules as well
as their angular acceptance. To calculate it, the Geant4 code mdom_scan_angular was used, which
was created in the scope of a PhD thesis [35]. In it, a plane wave of mono-energetic photons with
a diameter large enough to cover the entire module is simulated and directed towards its centre as
can be seen in the Figure 4.3.1. The photons are defined by the class G4OpticalPhotons and undergo
the interactions defined in the classes G4OpAbsorption and G4OpBoundary. They include optical
absorption of the photons in the medium as well as reflections and refractions at the interfaces of
materials that have refractive indexes or reflectivity defined. To compare different LOM geometries,
it can be done at a single wavelength, therefore the QE is not considered. Unless otherwise specified,
the simulations are carried out with a photon wavelength of 470 nm in accordance with [40] and in
an ice environment.

The effective area, A.(6, ¢), for a particular direction of the incident wave characterised by the
azimuth (¢) and zenith () angles in spherical coordinates, is defined as:

. Ndet(‘gv ¢)
N,

emit

Aeff(ev ¢) : Abearna (431)

where Ny (6, ¢) is the number of the photons that are detected, IV, is the number of emitted ones
and Ay, is the area of the beam. It provides then a direct measurement of the angular acceptance.
An overall sensitivity value can be obtained by calculating the mean effective area, A.g, over the
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Figure 4.3.2: Example of the effective area as a function of the angles 6 and ¢ that
characterise the direction of the incident planes of photons using HEALPix pixelisa-
tion.

whole solid angle as:

Al / / Ag(0,0) - sin(0)dpdd, Ay = / / sin(0)derdd. 432)
total

Aeff =

In our case, eq. 4.3.2 is converted into a sum due to the discrete step in the simulations:

1

Ay = Augr(0,0) - sin(0)A0AG, A = > _ sin(6)A0AP, (4.3.3)

total 0,¢ 0,¢

To obtain the best angular coverage and simplify the calculations, the values for the simulated
(6, @) pairs are calculated by HEALPix, which can be implemented in python with the healpy package
[46]. HEALPix stands for Hierarchical Equal Area isoLatitud Pixelization, and provides a pixelisation
of the spherical surface in a way that every pixel covers the same area. As a result, sin(0)ApAf =
Apixer 1s constant. Thus, it is obtained

g0 Aen(0.9)
= SR

pixel

Atotal = Z Apixel =N, pixel * Apixelv At (4.3.4)
97¢

where Ny is the total number of pixels and A, is the area of one single pixel. Moreover, the
resulting pixelisation allows to represent the effective area as a function of the incident direction
angles (0, ¢) as shown in Figure 4.3.2. It must be highlighted that due to the symmetry of the module,
the overall sensitivity can be obtained by simply calculating the mean effective area over one octant
of the solid angle, with the rest being equivalent.

The errors are calculated following Gaussian propagation, where its source is considered only in
the number of detected photons as /Ny (0, ¢). These only include the statistical uncertainty and
do not cover systematic errors, such as the ones stemming from the material definition, construction
tolerances etc.
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As explained in section 3.3.2, gel pads are a new design feature of the LOM module compared to the
mDOM. They are used as an alternative to reflectors to increase the sensitive area of the module via
reflections’, whilst also serving as optical coupling between PMTs and glass vessel.

The aim of this chapter is to provide sensitivity studies through Geant4 simulations for different
approaches that have been considered for the production of gel pads: precasted pads, acrylic pads
and in-situ poured pads.

5.1 Gel pad casting approaches

Three pad casting approaches are being considered (see Figure 5.1.1) [39, 47]:

* Precasted gel pads: The gel is cured directly onto the glass of the PMTs using an external
mould which provides the desired gel pad shape and that is removed at the end.

¢ In-situ pouring: The gel is poured and cured directly whilst assembling a half-module by using
transparent (plastic) shells that surround the frontal region of the PMT which remains inside of
the module after the curing process.

* Acrylic pads: Instead of using a solid gel pad, an acrylic lens in the desired shape is placed in
front of the PMTs. However, for proper operation a thin layer of optical coupling (not restricted
to gel) must be deployed at both optical interfaced (with the PMT and the vessel).

Precasted pads correspond to the original concept of gel pads, which was already implemented in
Geant4 by [40] (see Figure 4.2.1). In this approach, the cured pad is assembled applying a thin layer of
liquid gel to its surface and pressing it against the vessel, taking special care to ensure that no residual
gasses remain in this interface to prevent delamination and bubble formation under module conditions
(i.e. underpressure and low temperatures). One main problem is that the liquid gel used to adhere the
gel pads to the vessel can leak out, leaving air voids and irregular surface adhesion, whereas the
resulting trails impedes calibration devices such as the LED flashers. As a possible solution, the in-
situ pouring method was considered, which retrains the gel to the desired shapes, while allowing for
a stronger bond between the glass vessel and the gel pads [39, 47]. To omit possible bubble formation
within the gel pads in module conditions and ease of production, acrylic pads were investigated as an
alternative.

Throughout this chapter, the sensitivities of in-situ shell and acrylic pads will be compared with
those of the original gel pad concept of the precasted method by simulating the respective effective
areas. Hence, in most cases, relative values will be given, as they provide a more direct comparison.
Furthermore, the absolute values are strongly dependent on the geometry of the gel pads, which
has been set as non-overlapping cones for this chapter, with polar semi-opening angles of 26 ° and

equatorial ones of 16 °%.

"That can be total internal reflections at a minimum incidence angle of ~ 45.4° with respect to the normal of the side of gel
pads.
$The definition of semi-opening angle is found on chapter 6.
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Figure 5.1.1: Gel pad casting procedures that were considered for the simulations in
this chapter: Left: Precasting mold (top) and precasted gel pad (bottom). Middle:
Gel pads from the in-situ pouring approach. Right: Acrylic pads. Images provided
by Markus Dittmer.

5.2 Acrylic pad simulations

As already mentioned, acrylic pads represent a good alternative to regular gel pads as they are easier
to produce. Its implementation in Geant4 consists of an acrylic body that is joined to the glass vessel
and to the photocathode by a coupling material, as can be seen in Figure 5.2.1.

The main differences on the performance between acrylic pads and regular gel pads are associated
with their different optical properties, such as the refractive indices and absorption lengths of the two
materials and the ones of the coupling material. Regarding the refractive index, the mean effective
area as a function of the acrylic and coupling refractive indices has been simulated and the results
are given in Figure 5.2.2. Steps of 0.25 have been taken for the refractive index and two different
coupling thicknesses (1 mm and 5 mm) have been considered.” The absorption lengths of the acrylic
and coupling material have been set to the corresponding value of the Shin-Etsu gel at 470 nm.

Regarding the thickness of the coupling, no significant differences in performance are observed.
The results in figure 5.2.2 indicate that the worst configurations feature a coupling material with a
lower refractive index than the gel (ng4; ~ 1.405). This is probably due to poor optical coupling
with the glass vessel, which exhibits a refractive index of ~ 1.48 at the current wavelength; and with
the acrylic materials, whose minimum simulated refractive index was 1.4. For the same reason, the
maximum overall value lies at refractive indexes of 1.5 = 0.25'° for both the coupling material and
the acrylic. In particular, the mean effective area is enhanced by ~ 9.6 % with respect to the one of
regular gel pads. In the vicinity of these values, the refractive indexes of the coupling, acrylic and glass
materials are approximately matched and the reflections produced at their interfaces are minimised.

°For a 5 mm coupling, there are regions where overlaps between the upper and lower couplings are observed due to the
minimal distance of the PMT photocathode window to inner vessel surface.
""The mean effective area for both materials at n=1.475 coincides within the error with that of n=1.5.
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Glass  Figure5.2.1: Acrylic pad in
Geant4. The gel pad is replaced
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pled to the photocathode and
the glass vessel by a coupling
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Moreover, following Snell’s law, a pad with higher refractive index (1.5 vs. 1.405) reduces the angle
at which total internal reflections occur from 45.4° to 41.8°, resulting in more efficient performance.

The next step is to take into consideration the absorption lengths of the materials. In this context,
the absorption lengths of three acrylic materials from [48] have been studied, all three featuring
refractive indices of ~ 1.5 over the entire wavelength spectrum that will be investigated. The values
are given together with those of Vitrovex glass and Shin-Etsu gel in Figure 5.2.3.

To observe the impact of the absorption length on the performance, the mean effective area as a
function of the wavelength has been simulated and the results can be seen in Figure 5.2.4 and Figure
5.2.5, where the values have been measured in steps of 10 nm from 300 nm to 570 nm. The choice
of the lower limit is due to the zero absorption length below 300 nm for Vitrovex glass, whereas the
upper limit corresponds to the data available in [48].

In Figure 5.2.4, 1 mm thick Shin-Etsu gel has been used as a coupler. Since acrylics have shorter
absorption lengths than the gel at shorter wavelengths, the values for the mean effective areas of the
acrylics are a few tens of percent worse at 300 nm, while the difference decreases with increasing
wavelength and, above a wavelength of 400 nm, they all have similar values. On the other hand,
in Figure 5.2.5, a hypothetical (coupling) gel with the same absorption length " like Shin-Etsu gel,
but with a refractive index of 1.5 has been implemented as the coupling material. Although the mean
effective areas of the acrylics present lower values at 300 nm, all acrylics outperform the gel at 360 nm
and above, approaching values of ~ 10% larger effective areas, which is in agreement with the results
from Figure 522.12

In order to compare the sensitivities expected from the different casting methods, sums and
weighed sums from the data in Figure 5.2.4 and 5.2.5 have been calculated and the results can be
found in tables 5.2.1 and 5.2.2. The left columns correspond to the sum of the mean effective areas
for the simulated data for each of the different acrylic materials and divided by the same sum using
regular gel pads (expressed in %). In addition, the second columns correspond to the same calculation
as before, but each mean effective area has been weighed by the quantum efficiency at the correspond-
ing wavelength. Finally, the last column represents a weighed sum in which the Cherenkov spectrum

"The absorption length of the optical coupler will not significantly affect the results as long as it is not set to a very low
value, which is not the case for the one of ShinEtsu gel.
"That was simulated at 470 nm.
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Figure 5.2.2: Mean effective area for the acrylic pad configuration as a function of the
refractive indices of the acrylic and the coupling material. Values are expressed as a
ratio (in percent) to the mean effective area of regular gel pads with the same geometry.
The blue cross lies at the maximum value at a refractive index of 1.5 for both materials,
which approximately matches that of the glass vessel material. Interpolations between
simulated data has been used.

and the quantum efficiency have been taken into account. For this, the Frank-Tamm formula (eq.
2.3.2) is considered, which indicates, in an approximate manner, the number of photons produced in
a given interval of wavelengths by Cherenkov radiation. The refractive index of ice can be approxi-
mated as a constant and thus eq. 2.3.2 results in a constant multiplied by the difference between the
maximum and minimum light frequencies in the interval that is considered. Then, a Cherenkov-QE
weighted sum can be obtained as such:

Aict A

Dy —
Senerentoy(Material) — Z [Aeff()\z‘) "QE(N;) — fgeff()\i—l) "QENi1) ( 1 1)]7

i=1
(5.2.1)

where \; = 300 nm, \y; = 570 nm and \; — \;_; = 10 nm. Moreover, QE()\) and A.4()\)
correspond to the PMT quantum efficiency and the mean effective area of the corresponding material
at wavelength \. As a result, eq. 5.2.1 considers an average mean effective area that is weighted
by the quantum efficiency in a given interval of wavelengths, and then it is multiplied by the factor
involving the wavelengths from the Frank-Tamm formula. The final result, Scyerenkovs 18 given by:

Scherenkov = Scherenkov (Acrylic)
e S Cherenkov (Gel)

- 100. (5.2.2)

The further the source is, the flatter is the photon wavelength spectrum, and the QE only weighing
is to be considered.

The performance of acrylic pads with gel as coupling material is only slightly worse compared
to the performance of regular gel pads, with losses ranging from 2 % to slightly more than 6 %
in the worst case. On the other hand, if a coupler with a refractive index of 1.5 is used, there are
improvements for all the different acrylics ranging from 0.5 % in the worst case to 6.7 % in the best
case.
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Figure 5.2.3: Absorption lengths of three acrylic materials: Posiang, Polycast and
Reynolds [48] together with Vitrovex [44] glass and Shin-Etsu gel [45]. The upper and
lower values given for Polycast and Reynolds materials are the result of uncertainties
and actual variations in the absorption lengths.

Table 5.2.1: Sums and weighed sums for the different acrylic materials using Shin-
Etsu gel as coupling. The values indicated are relative to the same weighed sums for
regular gel pads. Explanation on text.

Material Sum (%) Sum with QE (%) Sum with QE and Cherenkov (%)
Posiang 98.1210 + 0.0021  98.1343 + 0.0022 97.4022 4+ 0.0024
Worst Polycast  96.4581 4+ 0.0021 96.6894 + 0.0022 95.405 £ 0.005
Best Polycast  97.8546 & 0.0021 98.2501 4 0.0022 97.1442 + 0.0024
Worst Reynolds  94.6172 4+ 0.0021  94.5445 + 0.0022 92.6308 + 0.0023
Best Reynolds  95.5012 £ 0.0021 95.4876 4+ 0.0022 93.6089 + 0.0023

Table 5.2.2: Sums and weighted sums for the different acrylic materials using a gel
with a refractive index of 1.5 as coupling. The values indicated are relative to the same

weighed sums for regular gel pads. Explanation on text.

Material Sum (%) Sum with QE (%) Sum with QE and Cherenkov (%)
Posiang 106.7478 £+ 0.0021 106.6976 + 0.0022 105.6917 £ 0.0025
Worst Polycast  104.9399 4+ 0.0021 105.1075 £ 0.0022 103.509 + 0.006
Best Polycast  106.4315 4 0.0021 106.7749 + 0.0022 105.3699 £ 0.0025
Worst Reynolds  102.9387 + 0.0021  102.7802 £ 0.0022 100.4958 + 0.0024

Best Reynolds

103.8912 £ 0.0021

103.7955 £+ 0.0022

101.5493 £+ 0.0024




22 Chapter 5. Simulations for gel pad casting approaches

100
400 .
— —4— Shin-Etsu gel & 80 4
Né 300 7 e Posiang ;F” e Posiang
’\% 900 - -¢- Worst Polycast g -¢- Worst Polycast
~ —4$— Best Polycast % 60 - —$— Best Polycast
w0041 Worst Reynodls ~ Worst Reynodls
/ Best Reynodls Best Reynodls
’ . . 1044 . .
300 400 500 300 400 500
Wavelength (nm) Wavelength (nm)
(a) Absolute values. (b) Performance relative to regu-
lar gel pads.
Figure 5.2.4: Mean effective area as a function of the wavelength for different acrylic
materials and regular gel pads. 1 mm thick ShinEtsu gel has been used as coupling
material. (a): Absolute values. Some of them overlap in the plot and cannot be
distinguished. (b): Values relative to regular gel pads performance. The simulated
values were joined for clarity.
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Figure 5.2.5: Mean effective area as a function of the wavelength for different acrylic
materials and regular gel pads. A hypothetical 1 mm thick gel with a refractive index
of 1.5 has been used as coupling material.(a): Absolute values. Some of them overlap
in the plot and cannot be distinguished. (b): Values relative to regular gel pads perfor-
mance. The simulated values were joined for clarity.
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5.3 In-situ shell pads simulations

The geometry resulting from the in-situ shell approach has been created in Geant4 using a shell
material that surrounds the gel and has different optical properties to the latter, as can be seen in
Figure 5.3.1. The volume of the total pad is the same as that of the precasted pads. Therefore, the
thicker the shell, the thinner the gel and vice versa.

Plastic shell

Air
(delamination)

—, Glass vessel

Photocathode

Gel

Figure 5.3.1: Geant4 geometry of the gel pads following in-situ pouring approach. A
transparent plastic shell with its own optical properties covers the photocathode and
the gel.

To study the impact of this approach on the sensitivity, the mean effective areas as a function
of the thickness of the shell and its refractive index has been calculated and the results can be seen
in Figure 5.3.2. The step size taken for the thickness was 1 mm whereas it was of 0.5 in the case
of the refractive index. The values for the mean effective area are very similar in all the simulated
combinations, with maximum variations of ~ 1 %. It is found that the higher the refractive index
of the shell, the worse the performance. One reason could be a poorer optical coupling between the
shell and the gel inside it, resulting in reflections at their interface and thus photons being "lost". On
the contrary, slight gains are observed if the refractive index is kept at 1.5 and the thickness is higher
than 4 mm. As already stated in the last section, this is a refractive index that matches that of glass
materials.

One of the major problems with this approach is to find a material for the shell that features a
thermal expassion coefficient similar to that of the gel. Otherwise, delamination will occur and an air
gap between the shell and the gel will arise. The effects of this delamination were naively simulated
in Geant4 with an air layer of constant thickness placed between the shell and the gel, as it can be
seen in Figure 5.3.1. The mean effective area as a function of the thickness of the air gap can be seen
in figure 5.3.3a, where a 2 mm thick shell with a refraction index of 1.5 was used. It is observed
that the thicker the air gap, the smaller the mean effective area, which drops by almost 5 % for a
thickness of 3 mm. This can be attributed to two main reasons: First, the thicker the air, the smaller
the final volume of the gel pad. This has consequences on the final performance, as some regions of
the photocathode are not covered by either the gel or the acrylic/plastic shell and the surface area on
which reflections can occur is reduced. To illustrate this, in Figure 5.3.3b the mean effective area as a
function of the reduction of the gel pad diameter for regular gel pads is shown, where the losses range
from 0.5 % at 1 mm to 4 % at 4 mm. Secondly, air has a much lower refractive index than gel (n,;, ~
1 vs. nge ~ 1.4), so there are total internal reflections at the interface between the shell and the air
from the delamination, which has the same result as having an even more reduced gel pad. It has to
be stressed again that in a real case, the air gap resulting from delamination is not as uniform as the
one naively simulated. Yet, these simulations can give an idea of possible consequences.
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Figure 5.3.2: Mean effective area for shell pads as a function of the refractive index
of the shell and its thickness. The values are expressed in ratio to that of the regular
gel pads (in percent). Interpolation between simulated data has been performed.

Table 5.3.1: Sums and weighted sums for different pad configurations following the
in-situ pouring approach. The values indicated are relative to the same weighed sums
for regular gel pads. Explanation on text.

Material Sum (%) Sum with QE (%) Sum with QE and Cherenkov (%)
(£ 0.0021 %) (£ 0.0022 %) (£ 0.0024 %)
Shell 2 mm 99.7635 99.7676 99.7052
Shell 5 mm 99.8985 99.8996 99.7177
Shell 2 mm air 1 mm 98.1711 98.1662 98.1351

For the sake of completeness, the mean effective area as a function of the wavelength has been
calculated and the results are illustrated in Figure 5.3.4. In particular, three configurations have been
considered: a 2 mm thick shell, a 5 mm thick shell and a 2 mm thick shell with 1 mm thick of air
delamination. As for the shell material, any acrylic can be a potential candidate. For this reason,
the Posiang acrylic presented in the previous section has been chosen without loss of generality. For
all configurations, the mean effective areas are a few percent lower than those of regular gel pads
at 300 nm, especially true for the 5 mm thick case. This can be attributed to the shorter absorption
length of the acrylic at these energies. On the contrary, they provide more similar results at higher
wavelengths, as expected from the results of Figure 5.3.2.

For a global comparison, the table 5.3.1 provides the results of the sums and weighed sums for
the same calculations that were performed in the last section using the data in the figure 5.3.4a. It can
be concluded that this approach provides very similar results to regular gel pads, with losses lower
than 0.3 % with no delamination and up to 2 % for moderate delamination.
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Figure 5.3.3: (a): Mean effective area as a function of the delamination thickness for
pads following the in-situ approach. The values are given in ratio to the absence of
delamination (in %). (b): Mean effective area for regular gel pads as a function of the

reduction of its diameter. The values are given relative to the performance of full gel
pads (in %). Error bars cannot be seen.
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Figure 5.3.4: Mean effective area as a function of the wavelength for different pad
configurations following the in-situ pouring approach. (a): Absolute values. Some of
them overlap in the plot and cannot be distinguished. (b): Values relative to regular
gel pads performance. The simulated values were joined for clarity.
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5.4 Current status

The provided simulations have shown that all considered approaches can provide similar performance
to regular gel pads and even improve the module mean effective area for ideally matched refractive
indexes. Nevertheless, the acrylic pad approach was eventually discarded as the coefficient of thermal
expansion is different to that of the gel, resulting in delamination from the coupling material at low
temperatures. The same behavior was observed for in-situ shells, ultimately rendering both methods
futile. Expanding on-situ casting, the working group of the University of Wisconsin-Madison pursues
a hybrid approach where the shell consists of a thin rim of gel that is casted in an external mould
whereas the leftover cavity is filled during half-module assembly [39]. On the other side, the groups
at Miinster and Chiba Universities improve on the original concept of precasted pads, as potential
problems in the bond between the pad and the vessel can be solved by standardizing the procedures
and using partly cured gel as well as caulking to combat leakages. Hence, the two methods currently
being pursued provide the gel pads with the same optical properties as the original concept. At the
time of writing this thesis, the development is still progresses for which reason a definite approach
has not been selected yet.

In any case, the simulation studies presented in this chapter suggest the LOMs module perfor-
mance in terms of mean effective area is largely independent of the gel pad casting approach when
considering realistic values."?

PThat is acrylic pads having a refractive index of 1.5 and using gel (n~1.4) as optical coupler, since a coupler with refractive
index of 1.5 is not achievable. And using an equal acrylic material for the in-situ shell method, since finding a plastic
material with the same thermal expansion coefficient as gel is difficult.
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6 Studies on gel pad geometry

In this chapter, different aspects of the geometry of gel pads and the LOM module will be discussed,
based on Geant4 simulations. First, the sensitivities of three different gel pad shapes will be compared.
Then, the effect of roughness on the side of the gel pad on the performance will be studied. Finally,
the implementation in Geant4 of latest LOM-16 configuration as of March 2022 will be presented.

6.1 Gel pad shape

Gel pads make use of reflections at the interface between gel (n4¢; ~ 1.4) and the air that surrounds it
(ngir ~ 1) to increase the sensitive area of the module. Especially important are total internal reflec-
tions, which can occur with a minimum incident angle (measured from the normal at the interface) of
45.4 degrees and have an efficiency of 100 % in contrast to those originating from reflective coating
materials. Due to the nature of reflections, the geometry of the gel pad plays a fundamental role for
a good performance. In this section, three different shapes for the gel pads are going to be discussed
based on results from mean effective areas. These are: conical shapes, ellipsoidal shapes and Winston
cones.

6.1.1 Conical and ellipsoidal gel pads

Conical and ellipsoidal shapes can be easily implemented in Geant4 by means of the classes G4Ellipsoid
(ellipsoidal shape) and G4Cons (conical shape). Once they are created, they must be cut by means
of boolean operations with the PMT to avoid overlaps. The final result can be seen in Figure 6.1.1b
(conical shape) and 6.1.1a (ellipsoidal shape).

The parameters that characterise the ellipsoidal shape are the semi-major axis a and the semi-
minor axis b, that can be observed in Figure 6.1.1a. On the other side, the conical shape is defined by
its semi-opening angle 6. Both gel pad geometries were implemented in the Geant4 code of the LOM
in the scope of the master thesis [40], where optimisation studies as a function of the different shapes
for the polar and equatorial positions14 were also carried out. In this thesis, these studies are going
to be repeated implementing a further constraint, i.e. gel pads are not allowed to overlap. In order to
achieve this, the results from [40] will be used as a starting point.

Overlaps can occur in two different situations: between neighbouring gel-pads (either polar-polar
or equatorial-polar) and between equatorial gel pads and a nearby PMT in the polar position. The first
situation apply to both geometries, while the second one is only found in ellipsoidal gel pads.

Concerning conical shapes, in [40] a maximum of the mean effective area as a function of the
polar and equatorial semi-opening angles was found at 76° and 17° for the polar and equatorial semi-
opening angle, respectively . This was the only maximum and no other local maximum was observed,
i.e. the values increase monotonically towards the maximum. This fact motivated looking in regions
as close as possible to that optimum configuration. The mean effective area as a function of both
semi-opening angles was simulated, and it is shown in Figure 6.1.2, where the red shaded region
represents overlapping configurations. The maximum polar angle that was simulated is 42 °, where
overlaps between neighbouring polar gel pads start to occur. In general, it is observed that the larger
the openings, the larger the mean effective area. For this reason, the optimal configurations are found

14 .. . . .
These positions were explained in section 4.2



28 Chapter 6. Studies on gel pad geometry

(a) Ellipsoidal (b) Conical gel
gel pad. pad.

Figure 6.1.1: Conical and ellipsoidal gel pads implemented in Geant4. The ellipsoidal
gel pad ((a)) is defined by its semi-axes a and b, whereas the conical shape ((b)) is
described by its semi-opening angle 6.

at the overlapping border. More precisely, values ranging from (448.69 £ 0.13) cm? to (448.00 +
0.13) cm? for the mean effective areas are found along this boundary in the region from 42° to 30° for
the polar semi-opening angles, with the highest values for the larger polar openings, while decreasing
for smaller ones.

The optimisation of the ellipsoidal shape involves four parameters and is, therefore more complex.
The first step was to fix the polar ones and find an optimum configuration for the equatorial values.
In [40], an optimum value was found for ¢ = 64 mm and b = 61 mm. Such a configuration cannot
be used since it presents an overlap between the gel pad and the PMTs in the polar position. To deal
with it, the semi-axis b was slightly lowered while maintaining a within the same range. In particular,
there is no longer an overlap for b = 58 mm while a can be as small as 61 mm. The mean effective
area as a function of the semi-axes a and b for the equatorial gel pads is shown in Figure 6.1.3a. The
highest values arise for larger b and smaller a, with small differences which coincide within the errors
in the range of 61 to 67 mm for a while b is 58 mm.

Without loss of generality, the equatorial parameters were eventually set to ¢ = 64mm and b
= 58 mm in order to optimise the polar ones. In [40], the best configuration for polar ellipsoidal
pads was found at ¢ = 54 mm and b = 135 mm, where there is an overlap between polar gel pads.
Furthermore, the results provided suggest that the semi-axis b should be as large as possible up to
a value of 135 mm, while a should preferably be smaller than 60 mm. In Figure 6.1.3b, the mean
effective area as a function of both semi-axes for polar gel pads is provided, where a is in the range
35-60 mm and b belongs to 73-78 mm. Similar to the conical case, the shaded region represents
configurations that feature overlap. The values for mean effective areas for all the configurations on
the boundary of that region are similar with values ~ 453 cm 2, nevertheless, the best are found for
b equal to 74 and 75 mm with a as small as possible (43 mm and 39 mm respectively), where the
curvature at the side and the apertures are maximal.
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sents overlapping configurations. Simulation results were interpolated for clarity.
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B' B

Figure 6.1.4: Operational principle and definition of Winston cones. Explanation on
the text. Image taken from [50].

6.1.2 Winston cone gel pads

In order to find a better geometry, Winston cones, also known as Compound Parabolic Concentrators
(CPCs) [49], were considered. They arose in an attempt to find an ideal 2D concentrator, i.e. a system
that is able to transport energy (light) from an entry aperture to an exit one that has a smaller size. This
is achieved by fulfilling the so-called edge-ray principle [49]. It states that, given that the extreme rays
at the entry of an optical device (with no light generation or loss) emerge at the extreme positions at the
exit aperture, all rays within these extreme ones will also emerge anywhere at the exit. By "extreme
positions" both place and direction are meant. With this in mind, 2D Winston cones are created by
using two reflective parabolic sections as it is shown in Figure 6.1.4: one A’B’ with focus on B and
another AB with focus on B’, being AA’ the entry aperture and BB’ the exit one. Then, the edge-ray
principle is fulfilled for the extreme rays A’B, CA on Figure 6.1.4 (left) and C’A’, AB’ on Figure 6.1.4
(right), thanks to the properties of the parabola. As a result, Winston cones are ideal concentrators
in the sense that any incoming ray at the entry aperture at an angle less or equal than the maximum
acceptance (or design) angle (6 on Figure 6.1.4) will emerge at the exit aperture.

Due to the geometrical properties of the parabola, CA+AB’ is equal to A’B+BB’. Moreover,
CA/AA’ = sin(f) and A’B is equal to AB’ due to symmetry. Consequently, the size of the entry
aperture of Winston cones is determined by the size of the exit one and the design angle as:

CA+ AB' = A'B+ BB' — AA'sin(9) = BB/, (6.1.1)

which corresponds with the so-called maximum concentration ratio for ideal concentrators [49].
An analytical description of the Winston cone can be provided based on the parameters shown in
Figure 6.1.5:

r = QfSIn(¢ B Hmax) 5 = 2fCOS(¢) B Hmax)

1 —cos(¢) —a'’ 1—cosp (€12

where 6,,,,, is the design angle, ¢ € [20,nax» Omax + 7/2], @’ is half of the size of the exit aperture and
f is the focal length of the parabola:

f=d1+sin(6,,,,)). (6.1.3)
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_ EPCoxis Figure 6.1.5: Parameters that describe a Winston cone

(CPC). 0, corresponds with the maximum acceptance
Bmax (or design) angle and 2a’ is the diameter of the exit aper-

N \& ture. Image taken from [49].
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In addition to that, the length of the Winston cone, L, is determined by the size of the exit aperture
and the design angle as:

/
a+a

- - 6.14
2 + tan(Onax)’ ( )

being a half of the size of the entry aperture, a=a’'/sin(6,,,,).

Gel pads are made of dielectric material, which affects the overall angular acceptance. In partic-
ular, a Winston cone with a design angle of sy, Will have a different maximum acceptance angle
Bacceptance 1 accordance with Snell’s law:

ny - Sin(edesign) =Ny Sin(eacceptance)7 (6.1.5)

where n, is the refractive index of the material at the entry, Vitrovex glass in our case, and n; is the
refractive index of the gel.

Gel pads are 3D objects, so in a more realistic case, a 3D
Winston cone is obtained by taking the revolution about its
symmetry axis. However, they are no longer ideal concentra-
tors, as the requirements for this only apply to meridian rays,
i.e. those crossing the Winston cone’s axis of symmetry. Nev-
ertheless, 3D Winston cones still provide a nearly-ideal perfor-
mance [49].

In order to implement Winston cones in Geant4, there is no
such a class that allows to do it directly. To this end, they are
approximately created using G4Polycones [41]. To create an
object with this class, z-positions and respective radii must be
provided. Then, planes are created at the selected z-positions
by revolution of the respective radii and all the different planes
are joined creating a single compact solid. Therefore, equations
6.1.2 and 6.1.3 can be used to parametrise the solid and create
such planes. The final result can be seen in Figure 6.1.7, where
200 planes were used. As a direct consequence of eq. 6.1.4 and
the maximum concentration ratio, it can be noted that given a Figure 6.1.6: LOM module with Win-
fixed exit aperture, which in our case is the photocathode, the ston cone gel pads. Once implemented
smaller the design angle, the longer the Winston cone will be ~the gel pads are cut and asymmetrical.
and the larger the entry aperture will be.

One of the main concerns regarding Winston cone gel pads is that, due to their size, once im-
plemented in the module they will be cut off and asymmetrical (Figure 6.1.6). For this reason, they
cannot provide ideal performance.15

*More information about truncated Winston cones and dielectric filled ones can be found on [49].
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Figure 6.1.7: Winston cone gel pads in Geant4. (a) Design angle of 30°. (b) Design
angle of 45°.

The mean effective area as a function of the design angle of Winston cones for polar and equa-
torial positions can be observed in Figure 6.1.8. At equatorial design angles lower than 50° there are
overlaps between the equatorial Winston cones and the nearest PMT in the polar position. Hence, it is
the smallest equatorial design angle that was simulated. The minimum polar design angle simulated
was one degree, and no overlap between polar gel pads was observed. Even though larger gel pads
are more cut and asymmetric than smaller ones, the results indicate that the largest mean effective
areas arise for the configurations with smaller design angles i.e. with larger gel pads, with values

~ 452 cm 2.
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Figure 6.1.8: Mean effective area for gel pads with Winston cone shape as a function
of polar and equatorial design angles. The red shaded region corresponds to overlap-
ping configurations. Simulation results were interpolated for clarity.

In order to better understand this issue, the effective areas for an individual polar PMT with
Winston cones with design angles of 20° and one degree can be seen on Figures 6.1.9b and 6.1.9a,
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respectively. 1 Besides, the substraction of the values from both plots is shown in Figure 6.1.9¢c. The
brightest regions that can be distinguished in the three figures correspond to directions of the plane
waves of photons that have little tilt with respect to the orientation of the polar PMT. Despite both
Winston cones being designed for collection of photons with zero tilt, the one-degree Winston cone
feature larger effective areas for these directions, as more photons are accessible due to its larger size.
On the other hand, the 20-degree Winston cone outperforms the one-degree cone in the vicinity for
slightly larger incidence angles. It can be seen in the dark shadow around the brightest spot in Figure
6.1.9¢, and it is consistent with the principle of operation of Winston cones. The reason this shadow is
asymmetric and shifted southwards is that the polar gel pads are more cut off on the side closer to the
equator than at the poles. Nonetheless, the one-degree Winston cone provides a better efficiency again
at even higher incidence angles, due to the additional reflections in its larger volume; and resulting
overall in a slightly larger mean effective area.

0 Effective area (cm?) 1370 Effective area (cm?) 137
(a) Design angle of one degree (b) Design angle of 20 degrees

I ]

—14.27 Effective area (sz) 18.91

(¢) Difference between the above
plots.

Figure 6.1.9: Effective areas for single a single polar PMT with Winston cone gel
pads. The brightest spot corresponds to the directions where the plane waves impinge
on the PMT with little tilt.

6.1.3 Comparison of different shapes

A comparison of the effective areas for the previously described shapes for gel pads: ellipsoidal,
Winston cone and conical; is shown in Figure 6.1.10a, 6.1.10b and 6.1.10c, respectively, where the
optimal configurations are simulated. The accompanying mean effective areas are listed in table 6.1.1,
along with the simulation parameters that were used for their calculation. All three geometry shapes

' All the other PMTs were also present in the calculation so as to take into account their shadow.
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agree in providing maximum efficiencies for the largest possible openings, with certain preference for
polar gel pads. However, the apertures are not the only determining factor as there is also dependence
on the shape of the gel pads. This is evident in the different patterns of effective areas shown in
Figure 6.1.10 and, in general, in the different mean effective areas they provide. Overall, however,
the differences between the best and worst geometries (ellipse and cones respectively) hardly exceed
1 %.

424.01 Effective area (cm?) 491.05 424.01 Effective area (cm?) 491.05
(a) Ellipsoidal gel pads (b) Winston cone gel pads

L

424.01 Effective area (cm?) 491.05 —12.96 Effective area (cm?) 36.85
(c) Conical gel pads (d) Difference for polar PMT with
Winston cones and with ellipsoidal
gel pads.

Figure 6.1.10: (a)-(c): Effective areas for the optimal configurations of the different
shapes that were considered. (d): Differences between the effective areas for a single
polar PMT with a Winston cone gel pad of a design angle of one degree and an optimal
polar ellipsoidal gel pad (the average is -0.1320 £ 0.0005 cm?).

In Figure 6.1.11, the effective areas for the three different geometries are given as a function of
the zenith impact angle and averaged over the azimuth one. All three perform best at polar incidence
angles, which is consistent with the polar gel pads having large apertures, as they contribute the most
in these directions. In addition, ellipsoidal gel pads have the most homogeneous angular acceptance,
while Winston cones have the least. More precisely, the standard deviation of the simulated effective
areas with respect to the mean is ~ 2.2 %" for ellipsoidal gel pads and ~ 3.4 % for Winston cones,
whereas it is of ~ 3.1 % for regular cones.'®

To answer the question why ellipsoidal gel pads outperform Winston cone shaped gel pads, Figure
6.1.10d is considered. It shows the differences in effective area for all directions that were simulated

""The errors of the effective areas are less than 0.05 %.

" The homogeneity can be improved in all cases, especially for Winston cones and regular cones, if the polar openings are
slightly reduced in favor of the equatorial ones. It would affect the final mean effective areas by less than 1 %, according to
Figure 6.1.8 and 6.1.2.
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Figure 6.1.11: Effective areas for the three different shapes that were considered as a
function of the zenith impact angle and averaged over the azimuth one.

between a polar PMT with a Winston cone gel pad of one degree design angle and a polar PMT with
an optimal ellipsoidal gel pad. The Winston cone shape clearly outperforms the ellipsoidal gel pad
in the observable bright spot, which corresponds to directions that target the PMT with little tilt with
respect to its normal. This is in accordance with the operating principle of the Winston cones, which
leads to a very inhomogeneous angular acceptance. Ellipsoidal gel pads, however, provide a more
homogeneous acceptance and, a slightly larger mean effective area overall, thus resulting in a better

approach. 19

Eventually, a conical gel pad model was adopted, as it has been shown that there is not much

difference in efficiency with the other geometries and they are the easiest to produce.

Table 6.1.1: Values of optimal mean effective areas and their parameters for the dif-
ferent shapes that were considered: ellipsoidal, Winston cones and cones. P. and Eq.
stand for polar and equatorial, respectively.

Shape Ellipsoidal Conical Winston cone
At (cm?) 453.291 £ 0.07 448.69 + 0.13 452.08 + 0.13
Parameters  P. semi-axis a =42 mm P. opening = 38 ° P. design=6"

P. semi-axis b=74mm  Eq. opening=12° Eq. design =52 °

Eq. semi-axis a = 64 mm
Eq. semi-axis b = 58 mm

6.2 Gel pad roughness

If not specified, the interface between two dielectric mediums in Geant4 is by default perfectly
smooth. However, gel pads may have a certain degree of roughness, especially on the side. Therefore,

the impact on performance shall be assessed.

19Equaltorial gel pads of both kinds provide the same value within the errors.
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Figure 6.2.1: (a): Roughness is implemented by the Unified model by dividing the
surface into micro facets whose normal is different to that of the average. (b): Four
different kind of reflections that have to be specified within the Unified model. Images
taken from [51].

Surfaces in Geant4 can be defined in two ways [41]: either by a logical skin, i.e. the surface that
covers an entire solid; or the contact surface between two solids can be selected by means of a border
surface. Optical boundary properties can then be assigned to the surfaces via the G4OpticalSurface
class, where, among other functions, the physical models to be used can be selected and a material
properties table can be provided.

In the scope of this thesis, only the Unified model will be considered. In order to implement
roughness, the finish must be set to ground. As a result, the surface is split into micro-facets as can be
seen in Figure 6.2.1a. When a photon encounters the surface, first, a micro-facet direction is randomly
created following a Gaussian distribution with standard deviation o,. Then, Snell’s law is applied and,
if the result is a reflection, one has to select between four types by assigning their probabilities. These
four kinds of reflections (see Figure 6.2.1b)) are:

* Specular spike: Reflections about the average normal of the surface (equal result as if no
roughness was applied for reflections).

* Specular lobe: Reflections about the normal of a micro-facet.
* Lambertian: Diffuse reflection. It is set by default.
* Backscatter

In our case, a border surface was created between the side of the gel pad and the air inside the
module. ° Then, the mean effective area as a function of 0., wWhich is the input parameter (given in
radians), was simulated and the results are in Figure 6.2.2 for the four different kinds of reflections
(each one with 100 % probability). The simulations were done for gel-pads with the optimal conical
shape, and results are given relative to the mean effective area for the same shape with no roughness.
As expected, for o, =0, both specular lobe and specular spike provide the same mean effective area as
a conical gel pad with no roughness. However, as the roughness increases, the losses are much higher
for the specular lobe than in the case of the specular spike. The reason is specular spike considers
only differences on the refractions, whereas specular lobe takes into account reflections as well. As
for lambertian and backscatter, there are losses even without roughness implemented. The backscatter
presents a 15 % drop for o, = 0, given by the absolute lack of gain from reflections on the gel pads. In
contrast to that, the losses for lambertian range from slightly more than 4 % for no roughness to less
than 6.5 % for extremely rough surfaces (o, > 27). It must be remarked that for very rough surfaces,
it is possible that a photon undergoes several boundary interactions within the same process [41].

2Border surfaces are ordered. That is, it is important to define it in both directions: Gel-Air and Air-Gel.
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Figure 6.2.2: Mean effective areas as a function of o, for different reflections. The
values are given with respect to the mean effective area of conical gel pads with no
roughness. Error bars cannot be seen.

Experimental studies on gel pads are needed, so that both the type(s) of reflection(s) and the
corresponding o, value can be properly implemented. Nonetheless, a very likely configuration is one
with specular lobe reflections and a o, lower than 0.75 radians, resulting in losses below 4 %.

6.3 Simulations for the latest LOM-16 in Geant4

The baseline design of the LOM has undergone some modifications with respect to the previously
presented implemented by [40]. The implementation in Geant4 of the new geometry is shown, to-
gether with the old one, in Figure 6.3.1b and 6.3.1a, respectively, and it corresponds to the latest
CAD version of the LOM-16 module created by the IceCube collaboration. The main difference cor-
responds to the PMT distribution, which is now symmetric in both hemispheres of the module. This
modification was necessary in order to have more space to place the electronic devices of the module,
such as the mini-main boards that can be seen in Figure 6.3.1c. Gel pads feature a conical geometry
that was justified in the previous section but their openings are changed. The constraint imposed in
section 6.1 did not allow overlaps among them or with neighbour PMTs. However, overlaps with the
penetrator cable must also be taken into account, which leads to reduced openings. In order to deal
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Mini main-
boards Penetrator
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Figure 6.3.1: Geometry representations from Geant4: (a) Old geometry with conical
gel pads. Semi-openings from table 6.1.1. (b) New geometry. Polar and equatorial
semi-opening angles are 30 and 22 degrees respectively. (¢) New geometry with pen-
etrator cable, mini main-boards and PMT supporting structure.

with it, equatorial gel pads axis are tilted with respect to the PMT axis (see figure 6.3.1b), which
allows an equatorial semi-opening angle of 22°, whereas the polar one is set at 30°. A regular cone
with circular base can no longer fit into the (circular) photocathode when it is inclined. As a result,
tilted gel pads were approximately created using cones with an ellipsoidal base provided by the class
G4EllipticalCone. !

Apart from what is mentioned above, the LOM code has been implemented within a new Geant4
framework created by our working group. This includes: a new version of Geant4 (10.7 vs. 10.2), an
update of the PMT dimensions and all the materials, and a more precise definition of the glass vessel.
The latter was previously created by the union of a cylindrical body and two semi-spheres, one at
each pole; while the current vessel is slightly wider at the equator than in the region near the poles,
where it is also joined with two semi-spheres.

The values of the mean effective areas for the different geometries that appear on Figure 6.3.1
are shown on table 6.3.1, while the effective area plots can be seen on Figure 6.3.3. In this case, the
wavelength that was studied is 400 nm. The old geometry was simulated within the new framework,
and it can be noted that it presents a sensitivity value that is more than 5 % higher than the one from
table 6.1.1. One of the reasons is that at 400 nm, the mean effective area is ~ 10 cm’ higher than at
470 nm. Secondly, as a result of the update on the dimensions of the PMT (systematic errors)zz. In
fact, using the conical opening angles from table 6.1.1, a small overlap arises between the gel pads of
the old LOM configuration implemented within the new framework.

It is observed that the new geometry features a mean effective area that is ~ 1.5 % larger than
the former one. Nonetheless, it is more inhomogeneous according to Figure 6.3.3a and 6.3.3c. In
particular, the standard deviations of the simulated effective areas with respect to their mean is of
~ 4.3 % for the new geometry whereas it was only ~ 3.1 % for the old one.”> This presents the old
geometry as a better one, however impossible to do due to the spatial limitations discussed previously.
In addition to that, some extra components were placed in the new geometry to study the impact on the

*'The resulting equatorial gel pad coincides with the photocathode at four points forming the vertices of a square, while the
rest of the pad exceeds the photocathode slightly.

2 With the implementation of the old PMTs into the new framework, values differ only by ~ 0.2 %

“The same value for the new geometry with the "extra" components is raised to ~ 4.6%.
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Figure 6.3.2: Effective area as a function of the zenith incidence angle averaged over
all azimuth for the old geometry with conical gel pads (Old g.), the new one (New g.)
and the new one with CAD components (New g. + comp.) .

performance, such as the PMT holding structure, the penetrator cable and the main-boards (Figure
6.3.1¢), all of which were imported from the CAD version of the module created by the IceCube
collaboration. The optical properties of the penetrator cable were taken from the one of the mDOM,
while the rest was considered as a perfect absorber. As a result, the losses in the mean effective area
are ~ 1%. To better understand where they come from, Figure 6.3.3d shows the effective areas of
the new geometry without extra components subtracted by the one that has them. Hence, the bright
spots indicate shadows caused by the different components, the main one of which corresponds to the
penetrator in the southern region.

The average of the effective areas over all azimuth directions as a function of the zenith incidence
direction is given in Figure 6.3.2. The former geometry performs better at the polar regions, as a result
of the larger semi-opening angles of the polar gel pads, while the new one does at zenith incidence
angles closer to 90°. It should be noted that the sites with maximum effective areas in the equatorial
regions in Figure 6.3.3a and 6.3.3b do not correspond to situations where a PMT is directly targeted,
but is an intermediate site between all of them. Finally, the values in Figure 6.3.2 are very similar for
the new geometry with and without components, and the major differences arise at incidence angles
close to 130 degrees due to the influence of the penetrator, which agrees with Figure 6.3.3d.

Table 6.3.1: Mean effective areas for the different configurations presented in Figure
6.3.1. The wavelength studied was 400 nm.

Old geometry New geometry New geometry with additional components

Aup (cm?)  474.682 482.104 477.494
+0.08
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423.5 Effective area (cm?) 533.4 4235 Effective area (cm?) 533.4

(a) New geometry of LOM-16. (b) New geometry of LOM-16
with penetrator, mini boards and
PMT supporting structure.

B ]

423.5 Effective area (cm?) 533.4 345 Effective area (cm?) 26.61

(c) Old geometry of LOM-16 with (d) Difference between (a) and (b).
conical gel-pads.

Figure 6.3.3: Effective areas as a function of the incidence angles for the indicated
cases.
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7 Muon reconstruction on a water basin

The LOM and the mDOM are two new optical modules that will be implemented in future IceCube
extensions and were already presented in chapter 2. Unlike the current deployed DOMs, they feature
several PMTs housed in a glass vessel. Among the advantages compared to a single PMT is the
segmentation of the sensitive area which provides intrinsic directional sensitivity. In the scope of this
chapter, the zenith angular resolution of both types of modules for individual atmospheric muons in
water was studied with Geant4 simulations, using machine learning for reconstruction.

7.1 Simulation setup

The setup used is depicted in Figure 7.1.1a. Both modules: mDOM and LOM, are simulated on
Geant4 individually in the middle of a water basin. This corresponds to an actual one that is present
in the basement of the Institute of Nuclear Physics of the University of Miinster. For a good recon-
struction, reflections of photons must be avoided to preserve their original directional information. In
this context, its five walls are made out of opaque black material, while the top is fully covered by
black balls. The reflectivities of these materials are calculated in the next section. In addition to that,
the modules are held in place by a suction cup24 which has been simulated as perfectly absorbent to
take into account its shadow.

Cherenkov cone

(a) (b)

Figure 7.1.1: (a): Geometry visualisation in Geant4 of the setup with the LOM mod-
ule. (b): Simulated muon (with the direction of the green arrow) going through the
water basin with the mDOM. In yellow the Cherenkov photons.

The LOM module corresponds to the latest configuration presented in section 6.3, with the pene-
trator cable, the PMT holding structure and the mini main boards. The code for the mDOM module
was created in the framework of two PhD thesis ([35, 43]) and adapted into a new Geant4 framework
by our working group. In addition, the penetrator cable of the mDOM was positioned to take into ac-
count its shadowing for a fair comparison with the LOM module. Some aspects of the actual response

*PBG-110. There is a string that connect it to the top surface but can it was neglected on the simulation.
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of PMTs are considered, such as the QE when detecting a photon25 and the limit of the dynamic range
of PMTs, which is approximately of 180 photons.

The physical processes that are taken into account and the particles that will be considered appear
in table 7.1.1. The most relevant process for muons is the Cherenkov emission. It is implemented
by the class G4Cerenkov, and requires the definition of the refractive index of the medium. In the
case of photons, as in the previous chapters, the main processes are reflections and refractions at the
interfaces and absorptions on the materials. An example of a simulated muon going through the water
basin is shown in Figure 7.1.1b, where the resulting photons appear in yellow.

As already explained in chapter 2, for Cherenkov emission to occur, the charged particle velocity
must be greater than the phase velocity of light in the medium. This is equal to 3 > 1/n, where
B =wv/candn = ¢/, being c the velocity of light in vacuum, ¢’ the velocity of light in the dielectric
medium and v the velocity of the charged particle. Hence, the kinetic energy of the particle, Fy;,,
must be at least the threshold energy, Fy,:

N
1-p?

1 2
B, =mg-c -1 >Eth:m0-02 — 1 :m002 2n —-1],
1—n 2 n®—1

(7.1.1)

where m002 is the rest energy of the particle. If m002 is substituted by the value of the muon (~
0.106 GeV/cz) and n by the refractive index of water (n = 1.333). Then, F,;, ~ 0.054 GeV, which is
two orders of magnitude lower than the mean energy of atmospheric muons at the ground (~ 4 GeV)
[20]. For this reason, muons were simulated at an energy of 4 GeV. Nevertheless, according to eq.
2.3.2, the energy dependence of the Cherenkov yield is with ,6’2. Therefore, for energies that are
sufficiently high with respect to the rest mass of the muon (e.g. over 1 GeV, where 5 ~ 0.994) the
yield is approximately constant. This was confirmed by simulations for a given muon trajectory.26
For the zenith angle reconstruction, muons are simulated individually with random starting po-
sitions in planes that cover the entire setup, as it is shown in Figure 7.1.2. In turn, the directions of
the normal vectors of such planes, which in spherical coordinates are defined by the azimuth (¢) and
zenith (0) angles, are randomly sampled. In the range [0°, 90°] for the zenith and [0°, 360°] for the
azimuth angles. Consequently, the directions of the muons cover half of the entire solid angle and are
homogeneously distributed in the zenith direction, which is the one to be reconstructed.

Table 7.1.1: Particles and physical processes used for the simulation to obtain the
data for muon reconstruction.

Particle Geant4 physics class Description
G4Cerenkov Generation of Cherenkov Photons
G4Mulonisation Ionisation process for muons

Muon G4MuBremsstrahlung Bremsstrahlung for muons
G4MuMultipleScattering Scattering of muons
G4MuPairProduction Pair production process for muons
G4OpAbsorption Absorption of optical photons

Optical photon G40pBoundaryProcess gf;i::ctlon/refractlon at optical inter-
G40OpRayleigh Rayleigh scattering of photons
G40OpMieHG Mie scattering of photons

*In the way it was explained in chapter 4.
*These results are given in the Appendix in Figure A.0.1.
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Side view

Top view

Figure 7.1.2: Schematic setup for the simulation of muons for the reconstruction.
Muons (green arrows) are individually simulated with random origin in planes that
cover the entire setup (blue lines) and that point to its centre.

7.2 Reflectivity measurement of basin boundary materials

The reflectivity is defined as the probability of reflection of photons at an interface between two
materials as a function of their wavelength. This property can be assigned to a surface in Geant427,
which were defined as skin surfaces in the case of the balls and as a border surface at the water-wall
interface. In this regard, the experimental setup that appears in Figure 7.2.1 was used to measure it
for the materials of the basin walls, and two candidates for absorbent balls.

First, a xenon lamp is used to supply
light to an integrating sphere. The latter Iris Lens
consists of a hollow sphere, the inner walls
of which exhibit diffusive reflection in such
a way that a ray of light incident at one
point will be homogeneously distributed to
all the other points. It is therefore only nec-
essary to measure the light at an arbitrary Integrating sphere
point on the sphere, and it is sent to a
spectrometer. This features various grating
blaze positions optimised for measuring at  Figure 7.2.1: Experimental set-up for the measurement of
different wavelengths and allows to obtain the reflectivity. The yellow arrows represent photons. Expla-
the intensity of the light as a function of the nation on the text.
wavelength. Finally, the signal, which was
digitised on the spectrometer, is directed to the computer where it is displayed.

With this setup, the reflectivity of a material can be calculated by comparing the light that is
reflected on a sample placed within the integrating sphere, with the light that is measured without a
sample (reference measurement) and with the one that is measured by placing a light trap (background
measurement). In the end:

Xe lamp

Sample

Spectrometer Computer

Msymote — Mpackeround
Reﬂectivity = ample ackgroun

, (7.2.1)
M, Reference — M, Background

where Mgmple; Mpackground @d MReference are the measurements with the sample, the background
and the reference, respectively. For it to work properly, the light must be collimated and directed

*'The definition of optical surfaces and its properties in Geant4 was already discussed in section 6.2.
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Figure 7.2.2: (a): Measurement of the background. (b): Measurement of the refer-
ence. "First" and "Second" stand for the measurements at the beginning and at the
end, respectively. The measured points were joined for clarity. 250 nm and 550 nm
stand for the two different grating blaze positions the measurements were taken.
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Figure 7.2.3: Reflectivity as a function of the wavelength measured for different ma-
terials used for the boundary of the basin. The two colors represent the measurements
at different blaze positions of the grating, which target the wavelengths shown on the
legend. The measured points were joined for clarity.

only at the sample, otherwise the background is significantly increased. This is achieved by placing
an iris before the entrance into the integrating sphere and a lens right after the lamp. In addition, the
normal to the sample surface must be tilted with respect to the direction of the incident light so that
the reflected light is not lost by backreflection towards the entrance aperture.

Since the lamp intensity varies over time, background and reference measurements are made at
the beginning and at the end of the process (see Figure 7.2.2a and 7.2.2b), and the average is consid-
ered in the calculation of the reflectivity. In addition, all measurements are carried at two grating blaze
positions, targeting 250 nm and 550 nm respectively, allowing measurements from below 300 nm (un-
der which everything is absorbed in the glass pressure vessel of the modules) and over 700 nm, where
the QE of the PMTs becomes zero. The final results for the reflectivities of the different materials
can be seen in Figure 7.2.3. The wall material has the lowest reflectivity over the entire wavelength
spectrum, followed by the second candidate of absorbent balls and finally, the first candidate. In
particular, the first two cases feature an average reflectivity less than 4 %. In view of the results, the
second absorbent ball candidate was chosen for the simulation.
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Figure 7.3.1: (a): Layer architecture of a fully connected neural network. (b): Train-
ing process of a neural network. The weights and biases of the layers are updated to
minimise the loss score. Image taken from [52].

7.3 Deep Learning principles

The reconstruction of the zenith incidence angle of muons will be done using machine learning al-
gorithm528. Hence, the objective of this section is to provide the basics of these techniques to be
implemented.

7.3.1 Fully connected neural networks

The goal of supervised learning is to obtain the rules that govern some input data (known as training
data) whose "labels" are known and, therefore, it allows to predict those of new datasets. For this,
a neural network (NN) is created, which consists of a series of layers each of which is made of
neurons. The first and last layers are called the input and output layers, respectively, while any other
in between is referred to as a hidden layer (see Figure 7.3.1a).

The data is transformed at each of the hidden layers and the output one by means of activation
functions, f(w - x + b), where w is a weight matrix, b a bias and x is the input data of a layer. The
size of the weight matrix of a layer is equal to the number of inputs times the number of neurons
that form the layer, while the number of biases is equal only to the number of neurons. The output
of one layer corresponds to the input of the next, so each step results in more complex and abstract
representations of the data [52]. For this reason, this kind of NN are known as fully connected, since
all the neurons of successive (dense) layers are connected.

In the end, a prediction of the label(s) of some input dataset is made based on the values of the
weights and biases. The values of these parameters are generated randomly in the first instance and
must be properly adjusted following the training process (see Figure 7.3.1b). With this in mind, a loss
function, L = L(w,b), is defined. This compares the true label of the input data with the predicted
one by providing a loss score (usually simply called loss) that must be minimised. This is done by
the optimiser, which updates the weights, wy,, and biases, by, to new values, w,, and b/, following
the stochastic gradient descendent (SGD) method. For this, the gradient of the loss with respect to
the weights and biases is calculated® for a certain number of training datasets (a batch), which are

28 . . . .
More precisely supervised learning algorithms.
1t is achieved using the Backpropagation algorithm [52].
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randomly sampled. Then, the parameters are shifted to the opposite direction from the gradient as
[53]:

dLy,
by,

: n
7 b — by = by — - Z (7.3.1)
J

where m is the size of the batch, L X; is the loss for a training dataset X; of the batch and 7 is the
learning rate. At this point, a new batch is considered and the process continues until all the training
data has taken into account, which is called an epoch. The training then consists of repeating this
process to minimise the loss by continuously updating the weights and biases over several epochs,
resulting in more accurate predictions. In addition, some optimisers apply the SGD with momentum,
1.e. the parameter update carries inertia so that it depends not only on the current gradient but also on
the previous ones, which is useful to avoid local minima of the loss, especially when the learning rate
is small.

7.3.2 Convolutional neural networks (CNN)

While fully connected neural networks can
only learn global patterns, convolutional neu-

Width ght
ral networks (CNN) are able to recognise local, Input ‘@ ot feature map
translationally invariant patterns on the input depth
and their spatial hierarchies. Therefore, they
are usually the best choice for computer vision / ! \
applications [52]. The extraction of these fea- @ 5 3 input patohes
tures is done in CNN by using filters and the
convolution operation works by sliding them Dol r?Luduct‘ ?

over a 3D input tensor, which results in another
3D tensor called a feature map. The process outout | @

Transformed patches

for three 3 x 3 filters is depicted in Figure 7.3.2. depth

Being N x N the size of the filters, a N x N

3D patch of the input feature map is extracted. \ ! /
Then, it is converted into a 1D tensor by means

of a tensor product whose length corresponds

to the number of filters that were used. The Outut Output feature map
output feature map is then formed by the 1D

tensors, that are arranged in such a way that
their positions correspond to the original ones
in the input feature map. As a result of the con-
volution process, the output width and height
are reduced. If necessary, it can be avoided
by the implementation of padding, which adds
rows and columns to the input feature map to preserve the original dimensions.

Convolution layers are usually followed by a pooling operation that reduces the size of the feature
map. In particular, maxpooling substracts 2 x 2 windows from the input feature map and returns the
maximum value for such a window. In the end, the height and width of the feature map are reduced
by a factor of 2. The aim of this process it to reduce the number of information by retaining only
the most relevant one, which provides a more efficient learning. At the end of a convolutional neural
network the outputs are flattened so they can be the input of dense layers.

Figure 7.3.2: Convolution process over a 3D feature
map. Explanation on text. Image taken from [52].
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7.4 NN training with simulated data

As muons pass through the water basin, photons are emitted and detected by the different PMTs
of each module. The array formed by the number of photons detected on each of the PMTs for each
simulated muon event will constitute the datasets that are fed to the neural network(s), whose objective
will be to predict the corresponding zenith directions. In order for the reconstruction to be carried out
at all possible zenith angles without a prior favourable treatment, the data have been simulated with
a homogeneous distribution of this parameter in the range that the atmospheric muons can take from
zero to 90 degrees, as already explained in section 7.1.

In this thesis, the neural networks were created and trained in python making use of the Keras
[52] deep-learning library. The first kind of NN that are going to be discussed are fully connected
ones, whose architecture is characterised by the number of dense layers and the units (neurons) in
each layer. In addition, ReLu (rectified linear unit) was the activation function implemented in the
layers, which is one of the most universally used. It returns its input argument if it is positive and
zero otherwise. As for the optimiser, it was opted for Adam [54], which implements momentum to
the stochastic gradient descendent method. The mean squared error (mse) was selected as the loss
function that compares the predicted labels with the real ones. It is defined as:

1 ¢ dicted _ true') 2
mse = = z; (pretieed — i), (7.4.1)
1=

where YP*4“! and v;™ are, respectively, the predicted and the true labels for the 7 data samples
that are being compared on a batch. This function is widely used in cases where the predictions are
to arbitrary continuous values.*”

In most cases, it is not reliable to fed the NN data and labels that have very large values or that are
very inhomogeneous. Hence, the most common approach is to normalise the input. In particular, for
each feature, the mean was subtracted and then divided by the standard deviation. In that way, each
input feature has a mean of zero and standard deviation of one, known as standardisation.

As explained in section 7.3.1a, NNs must follow a training process to properly adjust the coeffi-
cients of the weight matrix of its layers. In this way, they are changed by the optimiser to reduce the
loss in a process that is repeated over several epochs. An example is found on Figure 7.4.1a, where the
training loss (in orange) is reduced after each epoch as a consequence. The training line corresponds
to the loss for the data used for the training, while the validation line is the loss after each epoch for
data that were not fed to the training. Validation serves to monitor it, as after several epochs, the NN
starts to "memorise" the training data, known as overfitting, and thus fails to generalise and to predict
different datasets. Both training and validation sets (also called test set) are drawn from the same large
set of simulated data that is randomly shuffled, with 80 % going to training and 20 % to validation.
This must be done to ensure that there is no dataset that is in principle easier to predict than the other.

Apart from the loss, another metric that can be used to monitor the training is the mean absolute
error (mae), and it is the one that will be used in this thesis to control the performance of the NN over
epochs. In Figure 7.4.1b, it can be seen that this metric, like the loss, decreases over epochs. It must
be noted that since the input is transformed to have a standard deviation of one and a mean of zero,
the units of the mae are not degrees, but must be transformed accordingly.

The election of the best parameters for a given NN model and its training is not a precise science,
but rather an empirical procedure. For this reason, several configurations were created and compared.
The default learning rate for Adam (1 - 1073) showed good performance. However, the performance
improved slightly with a moderately reduced rate, which finally was set at 4 - 10~*. The batch size
for the training was always 32. The architecture for the training in Figure 7.4.1b consisted in 4 dense

30 . .. . . .
These kind of problems are known as regression, in contrast to other common ones such as classification, where discrete
values are predicted.
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Figure 7.4.2: Training and validation mae by epoch for the optimal fully connected
models with ~ 1.1 - 10° training parameters. (a): LOM. (b): mDOM.

layers3] and a total of ~ 4-10° parameters for the data of the LOM. Alternatively, in Figure 7.4.2a, a
NN with the same number of layers and ~ 1.1- 10° parameters was trained. In the latter, the validation
mae features lower values (0.614 vs. 0.616 for the respective minimum mae values). This indicates
that the larger network performs slightly better. Even larger and intermediate networks resulted in
worse performance. Therefore, the NN from Figure 7.4.2a proved to be the best among those tested.
The same applies for the mDOM data, where the training for the equivalent optimal network” is
shown in Figure 7.4.2b.

*'In addition to one extraction layer that is used at the end in regression problems and that does not contain any activation
function.
**The mDOM has more input values (24 vs. 16). Hence, the "same" network contains more parameters.
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Figure 7.4.3: Angular distribution of the positions of the centres of the PMTs.

7.4.1 Training with convolution neural networks

In section 7.3.2, it was explained that for image applications, CNNs usually perform more efficiently
than fully connected networks. In this context, if the angular distribution of the normal of the PMTs
in both modules is considered (as it is shown for the centres of the PMTs in Figure 7.4.3), the number
of detected photons on each PMT together with their spatial distribution for a given muon event will
form a (spatial) detection pattern that is characterised by the direction of the incident muon. Two
examples are given in Figure 7.4.4, where the detection of two different muons with the mDOM,
which have the same zenith angle, provide similar detection patterns; but are shifted as a result of the
different origins and azimuth directions of the muons. Therefore, the detection of a muon event can
be considered as an image that can be fed to a CNN.

However, the images from Figure 7.4.4 cannot be given directly to the neural networks. In turn,
the number of photons detected per muon event at each PMT of Figure 7.4.3 must be expressed in
terms of a square matrix. In this regard, different arrays were considered® and the ones that provided
the best results are found in Figure 7.4.5a and 7.4.5b for the LOM and the mDOM, respectively.

The trainings of the CNNs were done with the same same batch size, optimiser, learning rate
and activation functions as in the previous section. Therefore, the main differences lie in the new
representation of the data and in the architecture of the NN. The training of the optimal models
that were found for the mDOM and the LOM data can be seen in Figure 7.4.6. In both cases, the
networks consists of two convolution layers with filters 3x3, followed by a maxpooling operation
and the output is flattened to fed a fully connected NN of three layers. Additionally, padding was
used at the convolutional layers to preserve the size of the input matrices. Other networks with the
same characteristics but with smaller filter size, different number of filters, different number and
size of final dense layers and one additional maxpooling after the first convolutional layer were tried
but resulted in (Sometimes only slightly) worse performance. In total, the optimal CNNs consist of
~ 5-10° training parameters for the LOM and ~ 8- 10° for the mDOM, due to the larger number of
pixels. The validation maes indicate that both perform better than the optimal fully connected models
of ~ 1.1-10° parameters, being the minimum maes of 0.6115 (vs. 0.614 with only fully connected)
for the LOM and 0.58 (vs. 0.5822) for the mDOM. However, the performance is not greatly improved
either. In this respect, it should be noted that this type of neural network is limited in this problem,
for example, by the number of available pixels.

YA few examples are shown on the appendix, Figure A.0.2.
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Figure 7.4.4: Detection pattern for two different muon events for the mDOM. The
muons have the same zenith angle but different azimuth angles and origins. Each
circle represents the respective PMT on Figure 7.4.3. Grey color means no photon

detected.
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Figure 7.4.5: Matrix representations of the input data to use in CNNs. The labels
"PMTi" stand for the number of photons detected per muon event at the PMTs char-
acterised by the same labels in Figure 7.4.3. (a): LOM data. (b): mDOM data.
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Figure 7.4.6: Training and validation mae by epoch for the optimal CNNs: (a): LOM
data. (b): mDOM data.
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7.4.2 Regularisation

In each of the trainings, the mae continues to decrease as epochs increase for the training data set, but
reaches a plateau or even increases approximately above certain epochs for the validation set. This
is a sign of overfitting, which can be avoided by simply stopping training at the appropriate epoch,
known as early stopping. This is one of the so-called regularisation methods to deal with overfitting.
Other two common techniques that were considered are [2 regularisation and dropout. They have in
common that they make the training set more difficult to memorise for the NN. Dropout achieves this
by dropping out a certain percentage of output features of a layer, while 12 regularisation adds to the
final loss an amount for every weight coefficient in a layer that is proportional to the squared value of
the weight coefficient, hence, it prevents the weights from taking very high values.

In Figure 7.4.7a is depicted the mae by epoch after using a dropout rate of 0.3 placed after the
flattened operation in the optimal CNN for the mDOM data. In keras, this dropout rate indicates that
30 % of the outputs of the layer before are set to zero. Besides, Figure 7.4.8a represents the same case
but with the LOM data, with the difference that the dropout rate is 0.2. As expected, the overfitting
is reduced. In addition, the values of the best validation maes are similar to the corresponding ones
without regularisation.

On the other side, Figure 7.4.8b and 7.4.7b show the maes for the optimal CNN of the LOM and
mDOM data, respectively, after using 12 regularisation with a proportionality factor of 0.0001 in the
dense layers. In these cases, the overfitting is reduced as well. However, the maes take higher values,
which are even worse if the proportionality factor is increased.
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Figure 7.4.7: Training and validation mae by epoch for the optimal mDOM CNN
using regularisation techniques. Explanation on text.

7.5 Zenith angular resolution for simulated muons

In the end, it was decided to use CNNs with dropout for the reconstruction since they are less prone
to overfitting and have a similar overall performance to those without dropout. The performance of
these networks was tested on new data that had not been confronted in any way with them during the
training process. The reason is that even former test data can leak some information to the models
due to their constant tuning.

The reconstructions of the zenith angles of the simulated events are shown in Figure 7.5.1 (for
the LOM) and Figure 7.5.2 (for the mDOM), based on certain selection criteria according to the
number of photons detected per event. The plots correspond to two dimensional histograms where
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Figure 7.4.8: Training and validation mae by epoch for the optimal LOM CNN using
regularisation techniques. Explanation on text.

the predicted zenith angles are represented against the true values. Hence, a perfect reconstruction
would follow the diagonal red lines that are given.

In cases where less than 10 photons are detected, the appearance of horizontal patterns is notable.
This is characteristic of data whose training was unsuccessful for different reasons, so the model tends
to predict the average between them to minimise the loss. On the other hand, in the range of 10-50
detected photons, the horizontal accumulation mostly disappears, and a better reconstruction pattern
emerges, which improves as the threshold of detected photons is increased. The reason is that the
more photons are detected, the more directional information is provided and the better the event can
be reconstructed. Yet, some horizontal accumulations appear even for a high detection threshold. The
difference between these and those found for 1-10 detected photons is that they do not cover the whole
spectrum of true zeniths, but only certain ranges. Therefore, the predictions are not arbitrary, but the
network is "indecisive" between a certain range of values. In fact, these accumulations disappear
to some extent if the networks are trained for more epochs or if they are trained without dropout,
indicating that there may be a problem of underfitting in relation to these ranges of values.>* On the
other hand, the networks used for the reconstructions in Figures 7.5.1 and 7.5.2 were trained until they
started experimenting a general overfitting i.e. with early stopping, as discussed in the last section
7.4.2. Thus, an overall balance has to be sought, with the networks used in the reconstructions shown
having the smallest errors overall.”

Due to the limited performance of both modules in the range of 10-50 detected photons, a de-
tection threshold of 50 photons was eventually considered. This selection represents ~ 42 % of the
detected events in both modules, with ~ 44 % of the total detected events belonging to the range 1-10
(the distribution of the number of photons detected per event is given in the Appendix, Figure A.0.4).
The overall predictions are shown in Figure 7.5.3. In addition, the distributions of the differences
between the simulated and reconstructed zenith angles (0yye — Oprediciea) are given in Figure 7.5.4a.
The black vertical lines are placed at the respective medians which are close to zero. The red vertical
lines delimit the region in which 68 % of the values are found, i.e. one sigma, and it is the width
of such interval that is considered as the resolution, in the following. In this line, the resolutions for
this detection threshold as well as for the different selection criteria that were implemented in Figure

**This is probably because the detection patterns of these values are very similar and therefore particularly difficult to differ-
entiate for the network.

P Reconstructions for the LOM that do not feature horizontal accumulations for the same optimal networks without dropout
are provided on the appendix for illustration, Figure A.0.3. All of them present worse resolutions.
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Figure 7.5.1: Predicted zenith angles vs. true ones for different selection criteria on
the number of photons detected per event for the LOM.

7.5.2 and 7.5.1 are shown on table 7.5.1. In all cases, the mDOM features a resolution that is a couple
of degrees better than that of the LOM. Since the mDOM has a larger number of PMTs (24 vs. 16),
on average, more of them are hit, which provides more directional information. More precisely, for a
detection threshold of 50 photons, 12 PMTs are hit on average on the mDOM whereas only 10 on the
LOM.*®

It is important to note that the performance is not homogeneous across all zenith angles. In Figure
7.5.5a and 7.5.5b, the medians of the distributions of the differences between simulated and pre-
dicted zenith angles are represented as a function of the true zenith angle. Besides, the resolution as a
function of the true zenith angle for both modules is given in Figure 7.5.3. In all the cases it was con-
sidered a detection threshold of 50 photons. The performance is better at moderate zenith angles than
at extreme ones, where the absolute values of the medians are ~ 10°. On the one side, this behaviour
is, to some extent, common in the type of networks that were implemented. Since there is no data
neither above 90° nor under 0°, the network fails in the regression of these values. On the other side,
the basin is a rectangular prism, whose length is greater than its height. For this reason, not all zenith

*The distribution of the number of PMTs that are hit per event at this photon detection threshold are given in the Appendix,
Figure A.0.5.
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Figure 7.5.2: Predicted zenith angles vs. true ones for different selection criteria on
the number of photons detected per event for the mDOM.

directions are treated under the same conditions, and it is observed that on average, more photons are
detected per event for higher zenith angles. This is illustrated by the angular distribution of the events
in which at least 50 photons are detected, given in appendix, Figure A.0.6. The architecture of the
CNNs and the election of some of the parameters for the training, such as the loss function and the
number of epochs, may also have some influence.

As a result of the resolution’s angular dependence, the overall resolution for a realistic muon an-
gular distribution will vary. In particular, if the average angular distribution at sea level is considered,
ie. ~ 0052(9), the distributions of the differences between the simulated and reconstructed zenith an-
gles can be seen in Figure 7.5.6. In both cases, the medians are shifted to negative values, and the
sigma interval is now considerable inhomogeneous with respect to zero difference. All the relevant
values can be found on table 7.5.2.
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Table 7.5.1: Median and resolution for the distributions formed by the differences
between the true and predicted zenith angles. Different selection criteria has been
implemented based on the number of detected photons per event. The sum of the
errors of the median may deviate from the resolution value by one degree due to
rounding on the units. The units are degrees.

Module | Photons detected | Median (1o) | Resolution
> 50 [ 24
LoM <10 0'32 55
10-50 —173% 37
50-250 015 26
> 250 117 14
> 50 07 1p 22
DOM <10 —1722 54
10-50 —117 31
50-250 0ty 24
> 250 0's 11

Table 7.5.2: Median and resolution for the distributions formed by the differences
between the true and predicted zenith angles considering a muon angular distribution
~ cos(#). The sum of the errors of the median may deviate from the resolution value
by one degree due to rounding on the units. Units are degrees.

Module | Photons detected | Median (1o) | Resolution
LOM > 50 47, 21

mDOM > 50 —475, 19
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8 Summary and outlook

The first aim of this thesis was to perform sensitivity studies for the gel pads of the LOM-16 - a new
multi-PMT optical module for IceCube Gen?2 - by means of Geant4 simulations. Gel pads are a new
design feature of the LOM which serve as optical coupling between the glass vessel and the PMTs and
increase the effective area of the module, resulting in better performance than conventional metallic
reflectors due to the 100 % efficient total internal reflection and their higher angular acceptance.

The sensitivities of pad configurations resulting from different manufacturing approaches were
compared: "regular" gel pads made entirely out of gel, gel pads surrounded by an acrylic/plastic
shell that would provide a better bond between the glass vessel and the gel pads and acrylic pads
that would be easier to produce. From a simulation point of view, their differences came from their
different optical properties, i.e. acrylics feature a larger refreactive index (close to 1.5 vs. ~ 1.4 of the
gel) whereas the gel has (in general) longer absorption lengths, especially at shorter wavelengths. The
results showed that both alternative approaches can provide performances similar to that of regular
gel pads for realistic values, with ~ 0.3 % losses for a 2 mm thick acrylic shell with refractive index of
1.5 and losses of ~ 2-2.5 % for an acrylic pad with acrylic refractive index of 1.5 and gel as coupling.
Furthermore, for acrylic pads with coupling refractive indices of 1.5, enhancements of up to ~ 7%
are observed since this refractive index coincides with that of the glass materials and provides a more
efficient total internal reflection. Nonetheless, the acrylic pad and in-situ plastic shell methods were
finally discarded for the fabrication of gel pads due to delaminations at low temperatures as a result
of the different coefficients of thermal expansion than the one of the gel.

Another aspect of the gel pads that was treated was its geometry. For this, three shapes were
considered: conical, ellipsoidal and Winston cones (also known as CPC [49]). The first two were
already studied in the scope of a Master thesis [40]. In this thesis, a further constrained was imposed,
1.e. that gel pads cannot overlap. All shapes had in common that they provided maximum performance
for their largest possible apertures. In addition, it has been observed that, although Winston cones
are cut and asymmetrical, they outperform all other shapes for the incidence angles they have been
designed for. However, they result in more inhomogeneous acceptance. Overall, ellipsoidal shapes
provided the best performance, both in homogeneity and absolute values of the sensitivity. Yet, the
differences are only slightly more than 1 % with respect to the "worst" shape, the cones. Hence, the
latter have been ultimately selected as they are the easiest to produce.

Besides, roughness on the side of the gel pads was implemented in Geant4. The sensitivity was
simulated for four different kind of reflections as a function of a roughness coefficient. The latter
corresponds to the sigma value of the normal distributions that characterise the differences between
the average surface normal and the normal of the micro-facets that form the rough surface. Both the
kind of reflection and the roughness coefficient must be properly set by comparison with experiments.
Nonetheless, a very likely scenario is a roughness coefficient lower than 0.75 radians (~ 40°) with
losses in performance less than 4 %.

The most recent LOM-16 configuration created by the IceCube collaboration was implemented in
Geant4. It features regular gel pads with conical shape and the distribution of the PMTs is symmetric
in both hemispheres of the module. Its sensitivity was ~1.5 % higher than the former configuration,
with a mean effective area of (482.104 4= 0.08 (cm2)) at 400 nm. However, its angular acceptance was
more inhomogeneous, being the standard deviation of the simulated effective areas with respect to the
mean effective area more than 1 % larger than the old geometry. In addition, the penetrator cable, the
PMT supporting structure and the mini-main boards were simulated (imported from CAD) and losses
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in performance of ~ 1 % were observed due to their shadow. As for the future, the shape of the new
equatorial gel pads needs to be improved. Their axis of symmetry do not follow those of the PMTs,
so they are no longer analytical volumes (like normal cones) and have been simulated approximately
as cones with ellipsoidal section.

The second aim of this thesis was to test the intrinsic directional resolution of the mDOM and
the LOM for the case of the zenith angle of individually simulated muons in water. To this end, both
modules were simulated in the middle of a water basin that corresponds to a real one that is at the
basement of the Institute for Nuclear Physics at Miinster.

For the reconstruction, neural networks were used, and the ones that provided the best results
were convolutional neural networks. To do so, the detection of simulated muons were considered as
images formed by the number of photons detected in each PMT together with their angular distribu-
tion within the modules. For the optimisation of the neural networks, several of them with different
architecture, matrix representation of the input data, regularisation techniques and training parameters
were compared.

In the end, the resolutions, defined as the width of the one sigma interval of the distributions
formed by the differences between the true and reconstructed zenith angles, were some degrees better
on the mDOM than in the LOM. In particular, for events where at least 50 photons are detected and
with muons zenith directions homogeneously distributed (prior selection) in the range of 0° to 90° ,
it is of 24° on the LOM and 22° on the mDOM. The reason is that mDOM has a larger number of
PMTs (24 vs. 16) and therefore it provides (on average) more directional information for the same
number of detected photons than the LOM.

Yet, the performance is not homogeneous across all zenith angles. It improves for moderate values
(40° to 60°) whereas it is worse close to 0° and 90°. One of the reason is that there is no data neither
above 90° nor under 0° and thus the network fails in the regression of those values. In addition, the
shape of the basin (a rectangular prism whose length is greater than its height) results in asymmetric
acceptance for the different zenith directions, and, on average, more photons per event are detected
for larger zeniths. Besides, the election of the parameters of the network and its training could have
some influence.

In the future, the module response and reconstruction performances can be tested with measure-
ments at NEVOD, which features additional detectors that provide the true directions. Therefore the
simulations and the reconstructions must be done again with this larger basin. In addition, the large
volume will reduce the differences due to asymmetries of the basin for different zenith directions.
Moreover, several modules can be considered at the same time, so the detection time could be an
important input.
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