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Abstract

The IceCube Neutrino Observatory excels at detecting high-energy neutrinos via
Cherenkov light in glacial ice. At lower energies, however, the high dark noise of the
optical sensors dominates the signal, severely limiting sensitivity to astrophysical
events such as supernovae. The Wavelength-shifting Optical Module (WOM) pro-
vides an elegant solution by improving detection efficiency and extending sensitivity
into the ultraviolet (UV) range, which is largely inaccessible to standard IceCube op-
tical modules. The WOM features a cylindrical wavelength-shifting tube that absorbs
UV-photons and re-emits them at longer wavelengths, which are then guided via
total internal reflection to photomultiplier tubes (PMTs) located at both ends. This
design enhances UV sensitivity and reduces noise by decoupling the photosensitive
area from the PMTs. These features are particularly beneficial for the upcoming
IceCube Upgrade, the next development to IceCube, with a denser instrumentation
optimized to lower the energy threshold of detected neutrinos.

This thesis presents the complete development cycle of the WOM, from simulation-
based design and material selection to laboratory characterization and in-situ in-
tegration studies. A comprehensive performance evaluation is included, covering
PMT quantum efficiency, time resolution, angular response, and effective area. In
addition, an optimized production process and extensive optical and environmental
testing demonstrate the WOM’s suitability for deployment in the IceCube Upgrade.
While its performance varies across different Upgrade use cases, it shows strong
potential for broader applications, particularly in low-background or UV-sensitive
detection environments.
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Introduction

The observable Universe is home to a wide range of extreme and yet unexplored
phenomena—ranging from cosmic accelerators that produce particles with energies
far beyond those achievable in terrestrial laboratories, to the violent explosions of
dying stars, and even to subtle uctuations in the cosmic microwave background
that offer glimpses into the early Universe.

To study these events, which often occur thousands or even millions of light-
years away, we rely on different types of cosmic messengers that reach Earth from
various directions and energy ranges. Among theseneutrinos are particularly
valuable: their extremely weak interaction with matter allows them to travel vast
distances almost unimpeded, and remain unaffected by magnetic de ection. This
makes them unique probes of the distant and dense regions where other signals
such as protons are either absorbed or de ected—offering the possibility of tracing
them back to their sources.

One of these possible sources areore-collapse supernovae . When a massive
star exhausts its nuclear fuel and collapses under its own gravity, approximately
99% of its binding energy is released as neutrinos. These low-energy particles,
located in the MeV regime, can escape the dense stellar interior before any photons,
making them ideal messengers for early detection. In fact, neutrino observatories
can serve as a supernova early warning system: upon detecting a characteristic
neutrino burst, they can trigger optical follow-up observations to locate and study the
corresponding supernova. Such multimessenger observations offer unique insights
into the complex processes governing the life and death of massive stars. Since the
detection of neutrinos from supernova SN1987A [1], neutrinos have been recognized
as powerful probes for studying stellar collapse and explosion mechanisms.

Detecting neutrinos is challenging due to their extremely weak interactions,
requiring detectors with large instrumented volumes to observe secondary particles
via the Cherenkov effect [2]. The IceCube Neutrino Observatory [3] is currently
the largest of its kind, instrumenting one cubic kilometer of Antarctic ice with
optical modules equipped with Photomultiplier Tubes (PMTSs) to detect high-energy
neutrinos in the TeV—PeV range. In addition, IceCube provides sensitivity to lower
energies, which will be further improved with the IceCube Upgrade [4], aiming to
lower the energy threshold to the GeV scale.
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IceCube relies on a collective increase in the photon count rates across its optical
modules for the detection of core-collapse supernovae. One of the challenges of this
detection strategy is its sensitivity to the rate of unrelated photons triggering the
photomultiplier, the so called dark noise. This constrain currently limits IceCube's
supernova sensitivity to events within the Milky Way galaxy. Simulation studies
have identi ed several key requirements to extend this sensitivity to extragalactic
supernovae producing neutrinos in the 10 MeV range. These include a denser sensor
spacing and a maximum noise rate of approximately50 Hz per meter of instrumented
volume, or 350 mHzper cm? of effective photosensitive area [5]. Meeting these noise
constraints is well beyond the capabilities of current optical modules, highlighting
the need for the development of innovative sensors that combine high ef ciency
with low noise characteristics.

An effective approach to meeting the requirements for low-energy neutrino
detection is the use of wavelength-shifting technology, as implemented in the
Wavelength-shifting Optical Module (  WOM) [6] which will be deployed in the Ice-
Cube Upgrade in 2025/26. The WOM leverages the principles of wavelength-shifting
and total internal re ection to decouple the photosensitive area from the PMTs. This
allows for a signi cant increase in the effective photon collection area without a
proportional increase in dark noise, yielding in a much higher signal-to-noise ratio.
In addition, the WOM is sensitive to ultraviolet ( UV) photons, enabling it to exploit
the high-intensity region of the emission spectrum of Cherenkov light—a capability
that distinguishes it from conventional sensors limited to the visible wavelength
range.

This thesis provides detailed insight into the complex development process of
the WOM, covering everything from the conceptual considerations for optimized per-
formance to the engineering challenges required to meet the operational constraints
within IceCube. We introduce the module's design and motivating the key design
decisions in Chapter 4. This is followed by an in-depth discussion of the optimization
and characterization of critical components in Chapter 5. We then analyze and model
the performance of the WOM in terms of timing resolution (Chapter 6), ef ciency,
and effective area (Chapter 7). Finally, we focus on the production and performance
evaluation of the WOMs intended for deployment in the IceCube Upgrade. This
includes optical performance evaluation and quality control covered in Chapter 8,
as well as the mechanical requirements and handling of the full module discussed in
Chapter 9, where we assess mechanical stability and explore potential improvements
for future module generations.

Chapter 1 Introduction



2.1

Theoretical Basics

This chapter introduces key concepts from optics and Astroparticle Physics that
are essential for understanding optical detection methods. It covers fundamental
principles as well as general detector components such as wavelength shifters and
optical sensors, providing the necessary background for the following chapters.

Neutrinos and their Detection

In the Standard Model of particle physics neutrinos are massless, electrically neutral
leptons which only interact via the gravitational and the weak force. For each lepton
generation of electron, muon and tau there is a corresponding neutrino namely
e;  and . Neutrinos were postulated in 1930 by Wolfgang Pauli in order to
explain the continuous energy spectrum of the electron resulting from the -decay
n! p+te + .[7]
Detection of neutrinos may only be done indirectly by detecting their interaction
products using processes like the inverse -decay ¢+ p! n+ € (illustrated in
Fig. 2.1) which lead to the rst experimental neutrino discovery in 1956 [8].

Fig. 2.1.: Feynman diagram of the inverse  -decay [9]. An anti-electron neutrino
interacts with a proton p inside a nucleus outputting a neutron n and a positron

+

e .
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In the eld of Astroparticle Physics neutrinos are of special interest as messenger
particles. Due to their very low cross-section with matter of O(10 38 cm?) for GeV
energies, neutrinos can cross large parts of our universe without being de ected by
neither magnetic elds nor heavy objects allows tracking them back to their sources
[10].

Besides the high-energy astrophysical neutrinos, which can give insight into extreme
astrophysical sources, neutrinos over their whole energy spectrum (see Fig. 2.2) are
important subjects of study such as Supernova neutrinos as early warning systems
[1], solar neutrinos which give insight into the process of star lifetimes [11] or
atmospheric neutrinos that help us study neutrino oscillations [12].

Fig. 2.2.: Flux of neutrinos at the surface of the Earth [13].  Astrophysical neutrinosg are
of special interest in high energy studies. Their very low ux requires detectors of
large volumes.

Cherenkov Radiation

A common indirect detection method for neutrinos is the use of Cherenkov radiation.
Cherenkov light is emitted whenever a charged particle traverses a dielectric medium

with refractive index n with a velocity v > c, = %, with ¢, being the speed of light

Chapter 2 Theoretical Basics



in that medium and ¢y being the speed of light in vacuum. The emitted light forms a
Cherenkov Cone with the opening angle ¢, given by [2]

Cn 1
COSc= —= —: 2.1
c= - (2.1)
The emission of Cherenkov radiation can be interpreted as a "shock" wavefront,
analogous to a sonic boom as illustrated in Fig. 2.3. According to Huygens' principle
of elementary waves a moving particle induces spherical waves propagating at;.
In the case ofv > ¢, these elementary waves interfere constructively forming a

wavefront behind the particle known to us as the Cherenkov Cone. [14]

Fig. 2.3.: Visualization of Cherenkov radiation[14]. Left: v < ¢y, no radiation emission.
Right: v > cp, Elﬁmentary waves interfere forming wavefront behind the moving
particle. ¢, = ¢c=

The number of photons N per unit length dx and wavelength ranged is given
by [15]: !
N _2q 3

dd -2 T o (2:2)

g is the electric charge of the particle, the ne structure constant and ¢y is the
speed of light in vacuum. An example of a Cherenkov spectrum is shown in Fig. 2.4.

We can approximate the relation N L which would locate most of the
Cherenkov photons in the UV-range. Light sensors in the detector medium however,
measure onIy‘(’j—N for a xed pathlength x determined by the distance between sensor

2.2 Cherenkov Radiation



Fig. 2.4.. Cherenkov radiation spectrum in ice with n=1.31 [16]. As the spectrum
goes approximately with 1= 2 it peaks in the UV region. However, this does not
consider the propagation of photons through this medium which affects photons
of each differently.

and particle interaction. As photons are differently affected by attenuation inside
the medium depending on their wavelength we would expect a shift of the peak
position.

2.3 Light Propagation and Attenuation

The Cherenkov photons have to propagate a certain distance until they reach the
detector while undergoing different interactions with matter. This section introduces
the effects of light attenuation in matter and the transitions between different optical
media.

2.3.1 Absorption and Scattering

Depending on the wavelength of a photon propagating through matter, different
effects may occur. If the photon's energy matches the energy of an electron transition
the atom will absorb the photon, entering the excited state [17]. This process is
referred to as Absorption .

6 Chapter 2 Theoretical Basics



The distance dependent decrease in intensityl (d) of the propagating light can
be modeled by the Beer-Lambert law such as scattering assuming the output is
limited to a small spot. [18]:

d

(=19 e 9=1p e as (2.3)

I o is the initial intensity and is the absorption coef cient which is reciprocal to
the the absorption length  5ps. Further, 555 depends on the wavelength of the
propagating light.

If the energy of the propagating photon is too low to cause a transition to
a higher energy level the photon could cause the electron cloud to vibrate with
respect to the positive nucleus while remaining in its ground state. This forms a
dipole oscillator oscillating with same frequency as the photon which leads to the
emission of a photon of the same frequency (and therefore energy). In this case, we
observe the process oklastic scattering with a random scattering angle assuming
unpolarized light. [17]

Assuming we have light propagating through matter with two different attenua-
tion effects such as absorption and scattering with the corresponding attenuation
lengths apsand scar, We can calculate the intensity | (d) at thicknessd by applying
the Beer-Lambert law from Eq. 2.3 twice:

d d ——

_d_ d
[(d)=1g € as € saa=1|g € =lp e a (2.4)

Therefore, one can combine the absorption and scattering length to the overall
attenuation length 4 given by?:

1 1 1
— +

att abs scat

(2.5)

This relation can be applied for any number of different attenuation effects such as
combining several processes leading to absorption or scattering.

In the Antarctic deep ice, UV-light of 330nm displays a low scattering
length of approximately 0:5m while having a relatively high absorption length of
100 m Light in the visible region with 530nm behaves the other way around
(scat 50m; s 20m). [19]

n this case we assume that every scattered photon iost. Depending on the exact setup this might
not always be the case as it could be possible for scattered photons to still hit the detector.

2.3 Light Propagation and Attenuation
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Fig. 2.5.: Light ray behavior on interface for different inclination angles[@21]. If 1
becomes larger than the critical angle ¢, all photons are re ected at the interface.
This phenomenon is called Total Internal Re ection.

Interface Interaction

As light passes from one medium to another it is splitinto are ected and arefracted
ray (see Fig. 2.5). The re ection angle i relative to the normal vector of the interface
equals the incoming angle 3 [20]:

1= 1 (2.6)

The refraction angle » is given by Snell's Law [20]:

sin 1 _ ny.
sin o  np’

2.7)

n1 and ny being the refractive indices of the two media.

To calculate the fraction of re ected and refracted light one can use the Fresnel
Equations[20]. For this we calculate the Re ectance R and the Transmittance T .
For s-polarized light we get:

0 1, 0 1,
N1COS 1 N2COS 2, T.= @ 2n1 COS 1 A N2C0S 2,
N1 COS 1+ N2 COS 2 N1 COS 1+ N2 COS 2 N1 COS 1

Rs= @ (2.8)

Chapter 2 Theoretical Basics



(a) Airto glass [@22]. (b) Glass to air [@23].

Fig. 2.6.: Re ectance and Transmittance for light on the interface between air ( n=1:0)
and glass n = 1:5 for different inclination angles.  We can see that transmission
dominates for small (steep) angles while re ection increases for larger (shallow)
angles.

And for p-polarized light 2:
0 1, 0 1,
NiCOS » N, COS 2n1 cos N, cOS
R, = @M 2 N 1A T,-@ 1 1 A N2 2.
N1 COS 2+ Ny COS 1 N1COS 2+ N2 COS 1 N1 COS 1

(2.9)

As we only consider re ection and refraction, the conservation of energy implies
that:
Ts=1 Rs Tp=1 Ry (2.10)

In the cases where light is unpolarized we use the mean from both equations:
1 1
R = E(Rs + Rp) T= E(TS + Tp): (2.12)

R and T are illustrated in Fig. 2.6 for different inclination angles.

In Fig. 2.6b we observe that above a certain angle the transmitted fraction goes
to 0 while the re ected fraction becomes 1. This is the effect of Total Internal
Re ection (' TIR) which occurs when light passes to an optically less dense medium
with an inclination angle above the critical angle ¢ given by [20]:

c = arcsin N2 : (2.12)
ni

2Both equations assume non-magnetic media with magnetic permeability , = 1 and ideal dielectrics
resulting in a non-complex refractive index. This is a reasonable assumption for the material and
frequencies that will be featured in this thesis.

2.3 Light Propagation and Attenuation
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Therefore, for > (¢ the re ectance goes to 1 which can be also seen in the right
part of Fig. 2.5.

An important application for TIR are optical bers. Here, light is guided by total
internal re ection due to the difference in refractive indices between the core and
the cladding of the ber. Due to its cylindrical symmetry the light is captured inside
once it ful lls the requirement for TIR and can be guided to the end of the ber.
[20]

Ray Tracing

Optical simulations are widely used to model complex optical systems, including
optical elements and photodetectors. However, simulating every emitted photon
would be computationally infeasible. To conduct fast and ef cient photon propaga-
tion simulations we use Ray Tracing [24] algorithms originating from 3D computer
graphics.

The algorithm is visualized in Fig. 2.7. From a certain observer, rays are
emitted to every pixel on a screen. From each pixel, the algorithm determines the
intersections between the ray and the underlying geometry. The ray is only traced up
until the intersection point closest to the screen and the pixel therefore displays the
color of the object at said intersection point. This reversed way of light propagation
saves on large amounts of computing time by only calculating the light rays that are
actually seen by the observer.

The recursive use of this algorithm and the implementation of basic optical
effects such as re ection, refraction and attenuation is used in computer graphics to
generate photo realistic images. But it can also be used to simulate complex optical
systems and detector geometries with high statistics very ef ciently.

Wavelength Shifters

Wavelength Shifters (WLS) have broad use in different experiments in particle and
astroparticle physics since the wavelength distribution of the signal oftentimes does
not overlap well with the sensor's wavelength acceptance. They operate according
to the scintillation principle, where molecules are excited by ionizing radiation to
later re-emit the absorbed energy as photons [26].

Chapter 2 Theoretical Basics



Fig. 2.7.: Visualization of the Ray Tracing algorithm [@25]. We can further use it to
trace the rays of light sources within the given geometry visualizing the shadow
of an object.

In this thesis, we will focus on organic WLS. They are based on organic
molecules with a so called -electron structure. As shown in Fig. 2.8, each en-
ergy state — namelySp; S1; Sp; S3 — is subdivided into several vibrational states such
as Si1; S12; S13. An absorbed incoming photon results in an excitation from the
ground state Spp to any of the vibrational states in a higher energy state depending
on the photon's energy. Molecule electrons in higher vibrational states likeS;1; S12
quickly loose vibrational energy due to not being in thermal equilibrium with their
neighbors resulting in a radiationless transition to S;g. From there, transition to
any of the vibrational ground states can happen (Soo; So1; Soz2; Se3) under emission
of uorescent light of different wavelengths. This decay follows the exponential
relation

It)=1p e © (2.13)

with | being the intensity and the decay constant which is typically in the order of
ns. [26]

The process explained above results in th&VLShaving an apparently continuous
absorption and emission spectrum (see Fig. 2.9). As for most transitions the emitted
energy is below the initial energy of the absorbed photon, the light is shifted to higher
wavelengths. The spectral distance between emission and absorption spectrum is
called Stokes Shift. Further, the emitted wavelength does not depend on the
wavelength of the absorbed photon, because the uorescent transition will always
start from the S;¢ state independently on the absorbed photon's energy.

2.4 Wavelength Shifters

11
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Fig. 2.8.: Energy levels of an organic molecule with  -electron structure (adapted from
[27]). Excited molecules rst relax to the S;¢ state before they transit to one of
the vibrational ground states via uorescence.

For an optimized WLS, one would aim for a high Stokes Shift and a minimal
overlap between absorption and emission spectrum. This increases the probability
of emitted photons being shifted again reducing the ef ciency and effectively cutting
off a part of the emission spectrum.

An example for the applications of WLS are liquid argon detectors which can
be used for either neutrino detection such as DUNE [@29] or the search of Dark
Matter [@30]. The scintillation light from Argon at 128 nmis shifted to be detected
by optical photo sensors [31]. Further, studies on supernova neutrinos such as
with Hyper-Kamiokande [@32] or IceCube (see Chapter 3) can prot from WLS
techniques. A large detector volume could be covered much more price-ef cient
compared to the use of conventional optical modules. Additionally, more Cherenkov

An overlap between absorption and emission spectrum is possible, because most WLS consist of
multiple complex molecules with different WLS spectra which we see the sum of.
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Fig. 2.9.: Visualization of the Stokes Shift between the absorption and emission spec-
trum of a WL @28]. We see an overlap in both spectra resulting in the possi-
bility of shifted light remaining in the absorption region. This light will be then
shifted again by hitting the WLS another time.

photons per event would be detected which enchances the overall analysis possibili-
ties [33].

Photomultiplier Tubes

To detect very faint light signals down to single photons ampli cation devices such
as Photomultiplier Tubes ( PMTs) are used. The working principle of a PMT is
illustrated in Fig. 2.10. A photon hits the photocathode located inside a vacuum
tube resulting in the emission of an electron according to the Photoelectric Effect
[34]. The emitted electron is accelerated towards the rst dynode by an applied
High Voltage ( HV) generating an electric eld. Upon hitting the dynode multiple
new electrons are emitted, which are then accelerated towards the second dynode.
Repeating this process several times results in an avalanche of electrons eventually
hitting the anode resulting in an overall ampli cation of typically 10° 10’ and
therefore a measurable electric signal. [35]

When the photocathode is hit by a photon it transfers its energy to an electron
in the valence band of the cathode which results in the emission of an electron.
The probability to emit one electron for one incident photon is called the Quantum
Ef ciency ( QE) of the PMT. This value is dependent on the wavelength of the

2.5 Photomultiplier Tubes 13
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Fig. 2.10.: Working principle ofa PMT [@36]. Anincoming photon results in the emission
of an electron which is multiplied several time until you get a measurable electric
signal.

incoming photon and can be optimized with the right choice of the photocathode
material reaching peak values of up to 43% (see Fig. 2.11). We want theQEto be as
high as possible as it is the limiting factor in the PMT's ef ciency. The ef ciency of a
PMT can be also characterized by using theRadiant Sensitivity , which indicates
the PMT's photocurrent for an incident photon ux. [35, 37]

The ampli cation factor, also referred to as the Gain, can be determined from
the measured Single Photon Emission ( SPE spectrum, which is constructed by
extracting the charge of a large number of single photons of every waveform (see
Fig. 2.12) and creating a histogram®. The resulting spectrum as shown in Fig. 2.13
features the distribution of the deposited charge for all measured waveforms. The
rst peak around O results from waveforms containing only electrical noise from
the PMT and readout and no actual signaP. The second, wider peak is theSPEor
1 Photo Electron ( PE) peak resulting from the deposited charge upon detecting
exactly one photon (and exactly one electron being emitted from the photo cathode).
Smearing effects like electric noise or electrons missing the dynodes result in a non
discrete peak.

The minimum between the noise and SPEpeak is referred to as theValley and
marks the threshold above which the waveforms are dominated by signal rather than
noise. While measuring light with PMTs one wants to set the threshold within the
valley to detect most of the signal while getting rid of most noise hits. The valley is
normally located at around 0.25 PE, it has become common practice within IceCube

“It has to be ensured that the PMT sees single photons primarily, otherwise we would get aMulti
Photon Emission ( MPE) spectrum instead. This can be achieved by illuminating thePMT with a
dimmed light source.

SUsing a threshold trigger would result in the peak being (partially) cut off.
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Fig. 2.11.: PMT QEs of different photocathodes [38]. The most ef cient Ultra Bialkali
cathodes reach peakQEs of over 40%. The more common usedBialkali go
typically up to 25%.

to set the trigger to this threshold. However, the relative position of the valley
changes depending on the electric noise of the PMT and its readout electronics.

The Gain G is determined using the 1 PE chargeQ with
G = Q=e (2.14)

with e being the elementary charge. As the appliedHV U changes the kinetic energy
of the accelerated photons and therefore the number of emitted electrons on each
dynode we can model the gain by a power-law [35]:

G(U)= A UB (2.15)

with different A and B for each PMT depending on the material and structure of
the photocathode and the underlying electric circuit.

Even without any incoming light the PMT will output signals indistinguishable
from a photon signal. There are several reasons for that so calledark Rate or Dark
Current [35]. The most dominant effects are also visualized in Fig. 2.14.

« Thermionic emission: Electrons are spontaneously emitted from the photo-
cathode and the dynodes as their thermal energy goes above the work function
of the cathode and dynode. These electrons are multiplied as any other elec-

2.5 Photomultiplier Tubes
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Fig. 2.12.: PMT waveform resulting from Fig. 2.13.: SPEspectrum of a PMT featur-

one detected photon. ing Noise Peak, SPE Peak at
around 1:.0pC and Valley. The
position and shape of the SPE
peak changes with theHV while
the Noise peak stays constant.

trons resulting from an incoming photon. This effect is temperature dependent
and can therefore be suppressed by operating the PMTs at low temperatures.

Radioactive decay: Most glasses used folPMTs contains the radioactive
isotope “°K which emits and -rays contributing to the dark rate. The
amount depends on the exact manufacturing process of the glass. Further,

-rays emitted from the close environment (e.g. glass coupled to thePMT)
would also in uence the dark rate.

External electric elds: Strong external electric elds would result in elec-
trons being de ected from their original trajectory eventually hitting the glass
envelope followed by the emission of scintillating photos to be detected. This
can be counteracted by applying a conductive carbon layer around the en-
velope of the PMT and connecting it to the cathode pin, also referred to as
HA-treatment [35].

Field emission: Operating the PMT at an excessiveHV could result in electrons
being emitted from the dynodes by a strong electric eld increasing the dark
rate abruptly.

Leakage current: AsPMTs are operated at high voltages while handling low
currents of nA to pA an imperfect insulation could cause a leakage current
in the magnitude of nA. As the dark rate resulting from thermionic emission
scales with the HV and temperature the leakage current becomes the more
dominant effect at low HVs or low temperatures.
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Fig. 2.14.: Gain G and Dark Current 1,9 as functions of the HV [39].

< Activation: After being exposed to light the dark rate of the PMT decreases
over time while being operated in the dark. So a PMT should be kept in the
dark for some time before starting the actual operation. Further, the dark rate
decreases over several years after the manufacturing of the PMT [40].

The time it takes for a PEto transverse between photocathode and anode is
referred to as the transit time . As the trajectories between two dynodes differ of
each electron the time between the incoming photons hitting the cathode and the
output electric signal has a certain spread different for eachPMT depending on
its underlying geometry. This is called the Transit Time Spread ( TTS) which is
typically in the ns range and is an important characteristic for timing related PMT
studies determining the PMT's timing resolution. [35]

E ective Area

Optical modules come in different sizes and shapes making the evaluation of their
performance non trivial. Using the ef ciency de ned as the ratio between incoming
and detected photons would create a false balance as it does not consider the
probability of the module being hit by photons. Like this, a very small module with

2.6 E ective Area
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Fig. 2.15.: Optical simulation to determine the effective area of the mDOM [38].
Photons are simulated perpendicular to a disk equal to the projected area of the
module which is rotated for different and . For more information on IceCube
modules see Chapter 3.

high ef ciency would perform better than a large module with low ef ciency while
the absolute number of detected photons would be higher for the second case. For a
better characterization we use theeffective area A ¢ which takes the photosensitive
area Apnoto and the ef ciency into account [38]:

Nget(; ) :

2.16
N hit ( )

Aeri(: )= Aphoto  (+ )= Aphoto
We get the effective area for detected photons of a certain zenith and azimuth
angle

To determine the effective area for non-trivial geometries, a simulation can be
used to generate photons on the projected area of the module and determine the
the number of detected photons while rotating the disk around the module (see
Fig. 2.15). Then, the averageA. is calculated using the area of the disk asA yhoto-

The number of detected photons depends on different properties of the module
such as the transmission ef ciency and PMT acceptance, which depends on the
photon's wavelength . So the wavelength dependency ofA.¢ needs also to be
considered (see Fig. 2.16).
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Fig. 2.16.: Wavelength dependence of the effective area for an mDOM in ice[38].

As we expect Cerenkov photons to hit our module we can also calculate the
Cherenkov-averaged effective areaAg valid for small distances [41]:

“Agg(P ()
P()d

1

with P ()= 2, (P

Aett =

(2.17)

with P( ) being the Cherenkov spectrum.
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The IceCube Neutrino Observatory

The IceCube Neutrino Observatory [3, @42] is the largest neutrino detector instru-
menting 1 km? Antarctic ice of detector volume for the detection of high-energy

neutrinos. The detector is separated into different segments for corresponding
applications (as seen in Fig. 3.1) making IceCube very versatile in its use: Current
research features among others the search for neutrino sources [43], studies on
neutrino oscillations [44], Cosmic Ray Physics [45], search for supernovae [46].

IceCube contributes even beyond the eld of Particle and Astroparticle physics, with

elds such as glaciology [47]. This chapter will give insight into the instrumentation

Fig. 3.1.: The IceCube Neutrino Observatory [3]. It consists of the in-ice array and

several surface extensions including IceTop. See the following sections for more
information on it.
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of the IceCube detector and will talk about ongoing operation and prospects in the
near and far future.

Instrumentation and Event Topologies

The IceCube instrumentation consists of 5,160 Digital Optical Modules POMs),
which are deployed on 86 vertical strings at depths between1450 mand 2450 m[3].
This deep deployment serves a dual purpose: the overlying ice provides effective
shielding against cosmic-ray-induced muons, and the glacial ice at these depths
exhibits excellent optical properties, including long absorption and scattering lengths,
which signi cantly enhance the quality of data acquisition and event reconstruction
[19].

The strings are arranged in a hexagonal grid pattern, which optimizes both
spatial and angular coverage and facilitates ef cient triangulation of Cherenkov
light signals—crucial for accurately determining the direction and energy of in-
coming neutrinos. The DOMs are spacedl25 mapart horizontally and 17 m verti-
cally, a design compromise that balances the need to instrument a large detection
volume—essential for capturing rare high-energy neutrino events—with the re-
quirement to collect suf cient Cherenkov light for precise reconstruction. This
con guration enables IceCube to be sensitive to neutrinos in the energy range of
approximately O(TeV - PeV. [3]

EachDOM (see Fig. 3.2) houses a 10'PMT operated at a gain of 107, making it
sensitive to even faint Cherenkov light signals. In addition, each module contains
onboard digitization electronics and calibration systems, all sealed within a pressure-
resistant glass sphere designed to withstand the extreme conditions in the deep
Antarctic ice. The PMTs are oriented downward to enhance the sensitivity to
up-going neutrinos, which have traversed the Earth and are more likely to be of
astrophysical origin. At the same time, this orientation reduces sensitivity to the
dominant background of down-going atmospheric muons, thereby improving the
overall signal-to-noise ratio of the detector. [3, 48]

The DeepCore subarray [49] refers to a denser, low-energy extension located
near the center of the IceCube array. It employs DOMs with higherQE than those
used in the main detector and features reduced module spacing: on averag&2 m
horizontally and 7 m vertically. This compact geometry signi cantly lowers the
energy threshold to the GeV scale, enabling the study of atmospheric neutrino
oscillations and enhancing sensitivity to potential signals from dark matter [50].

Chapter 3 The IceCube Neutrino Observatory



Fig. 3.2.: Components of an IceCube DOM [48]. The PMT is optically coupled to the
pressure housing using optical gel. The mu-metal grind shields the module against
the earth's magnetic eld.

Upon triggering, each DOM records charge and timing information, enabling
the reconstruction of characteristic event signatures depending on the underlying
neutrino interaction with the ice (see Fig. 3.3).

Track-like events arise primarily from charged-current interactions of muon neutri-
nos (), producing relativistic muons that travel long distances through the detector.
These tracks allow for excellent angular resolution due to their extended geometry,
but accurate energy estimation is limited if the muon enters or exits the detector
volume without being fully contained.

Cascade events result either from neutral-current interactions of all neutrino a-
vors or from charged-current interactions of electron and tau neutrinos ( ¢, ).
These interactions produce short, localized showers of secondary particles, primarily
through electromagnetic processes like Bremsstrahlung in the case of electrons.
Unlike muons, these particles deposit their energy quickly, making cascades typically
fully contained within the detector. This allows for good energy resolution, but the
limited spatial extension and the relatively large inter-DOM spacing make directional
reconstruction more challenging, as the light distribution appears nearly isotropic.
The can also produce unigue signatures. However, due to the short lifetime of
the resulting lepton (12 p9, it usually decays before producing a resolvable track
in IceCube. At higher energies, raredouble-bangsignatures—featuring two cas-
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