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1 INTRODUCTION

Astroparticle physics aims to understand the most energetic and violent processes in our
Universe by studying particles that reach the Earth from cosmic accelerators. Over the past
century, observations across the electromagnetic spectrum have revealed an active and dy-
namic cosmos, yet photons alone cannot probe the extreme environments in which high-
energy particles are produced. Magnetic elds de ect charged cosmic rays, obscuring
their origin, and high-energy gamma rays can be absorbed during propagation. To over-
come these limitations, modern astronomy has expanded into multimessenger astronomy.
Combining information carried by electromagnetic radiation, gravitational waves, cosmic
rays, and neutrinos provides deeper insight into cosmic accelerators.

Among these messengers, neutrinos represent a unique probe of the Universe. Their ex-
tremely small interaction cross section allows them to escape dense astrophysical envi-
ronments and propagate over cosmological distances without de ection or absorption,
preserving directional information. They provide direct access to hadronic acceleration
processes that are otherwise hidden to the other messengers. However, their properties
make them exceedingly dif cult to detect and require large detection volumes composed
of transparent media. The IceCube Neutrino Observatory at the South Pole is currently
the largest detector of this kind, embedding 5160 optical modules in 1km? of glacial ice
to detect the Cherenkov photons generated indirectly from neutrino interactions [1].

Since its completion in 2011, IceCube detected a diffuse ux of high-energy neutrinos of
cosmic origin with energies up to O(PeV) [1, 2]. Follow-up observations enabled the rst
identi cation of a high-energy neutrino with a blazar, TXS 0506+056, providing direct ev-
idence for neutrino emission from an extragalactic accelerator [3]. In 2022, IceCube iden-
ti ed the Seyfert galaxy NGC 1068 as a signi cant neutrino emitter, which is a smoking
gun signature of hadronic particle acceleration at this source [4]. However, the currently
identi ed sources account for only a small fraction of the observed diffuse ux, motivating
further detector expansions to uncover the remaining source population.

To improve the sensitivity in the GeV to TeV regime, which is essential, for example, for
neutrino oscillation studies, and to achieve a better understanding of the Antarctic ice
properties in which IceCube is embedded, the IceCube Upgrade is going to be deployed
is going to be deployed during the 2025/26 austral summer [5]. IceCube Upgrade will in-
strument the central region of the detector with seven new, densely spaced strings hosting
over 700 next-generation optical sensors which feature enhanced photon detection ef -
ciency, improved timing resolution, and advanced in-ice calibration systems. A key device
among these new sensors is the multi-PMT Digital Optical Module (mDOM), which, un-
like the current digital optical modules in IceCube that contain a single downward-facing
10-inch-diameter photomultiplier tube (PMT), contains 24 3-inch-diameter PMTs arranged
to cover the entire solid angle inside a pressure vessel [6]. This con guration increases the
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effective photosensitive area, provides intrinsic directional information, and enable local
coincidences within a single optical module, for example for background suppression.

The performance of the mDOM is not only governed by its photon detection ef ciency
but also by its optical background. At the depths of IceCube, the Antarctic ice exhibits
extremely low optical activity. Consequently, the dominant contribution to the optical
background arises from the mDOMs themselves. In particular, two processes are rele-
vant: scintillation and Cherenkov photons produced by trace amounts of radionuclides
contained within the borosilicate glass vessel of the mDOM, and uncorrelated PMT noise
such as thermionic emission and afterpulsing. For a precise interpretation of mDOM data
and to minimize the systematic uncertainties in IceCube Upgrade, a quantitative under-
standing of these background components is essential. Moreover, realistic simulations of
the optical background are required for event reconstruction, calibration procedures, and
performance studies for the future IceCube Upgrade and IceCube-Gen2 extensions [7].
Moreover, realistic simulations of the intrinsic optical background of the mDOM and,
more generally, of its response are required for event reconstruction, calibration, and other
essential tasks. For this reason, the Geant4-based OMSim framework was developed [8].
In this thesis, the simulation is benchmarked against controlled measurements in air and
water, which quantify the background contributions under laboratory conditions, includ-
ing those from atmospheric muons. A dedicated Geant4 simulation, using the OMSim
framework, is employed and extended to model radioactive decays and muon-induced
Cherenkov light, capable of reproducing the multiplicity-dependent detector response.



2 ASTROPARTICLE PHYSICS

Astroparticle physics connects fundamental particle interactions with astrophysical phe-
nomena by studying energetic particles that originate far beyond the solar system. Un-
derstanding their production, propagation, and detection is essential for interpreting the

signals recorded by the IceCube Neutrino Observatory. This chapter introduces the phys-
ical principles underlying the detector's response.

2.1 Cosmic RAYs

Cosmic rays consist of high-energy protons and atomic nuclei originating from astrophys-
ical accelerators and propagating through the interstellar and intergalactic medium at
relativistic speeds. They provide direct access to high-energy particles outside our solar
system, offering crucial information about the non-thermal universe, particle acceleration
mechanisms, and interstellar magnetic eld. The characterization of the cosmic-ray uxis
therefore a central component of astroparticle physics.
The observed spectrum spans over 12
orders of magnitude in energy, from
10° eV up to energies exceeding
10?° eV, following a broken power law
of the foom SXpE 9 [10]. The
spectrum for all particles is shown in
Figure 2.1. Distinct spectral features
mark transitions in composition and
origin. Cosmic rays below the so-
called knee  10'®eV are attributed
to Galactic sources [11]. Diffusive
shock acceleration at supernova rem-
nant shock fronts is considered the
principal mechanism. Particles (Ultra-
High Energy Cosmic Rays) above the
so-called ankle ~ 10'®eV are gener-
ally considered extragalactic. Poten- FIGURE 2.1: Primary cosmic ray energy spectrum for
tial sources for these particles, which all particles. Figure taken from [3]
require immense energy reservoirs, in-
clude Active Galactic Nuclei and gamma-ray bursts. The propagation of these high-
est energy particles is subject to the Greisen-Zatsepin-Kuszmin cut-off at energies above
5 10'° eV, caused by photohadronic interactions with the Cosmic Microwave Back-
ground (CMB) photons [12].
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During propagation, charged cosmic rays experience continuous de ection by the inter-
stellar magnetic elds, producing an almost isotropic arrival distribution. Upon entering
the Earth's atmosphere, a primary cosmic ray initiates an extensive air shower, a cascade
of secondary patrticles created through successive hadronic and electromagnetic interac-
tions with atmospheric nuclei. The cascade develops until particle energies fall below crit-
ical thresholds, yielding a spatially extended distribution of various secondary particles at
ground level, as illustrated in Figure 2.2 [10].

FIGURE 2.2: Schematic description of extended air showers caused by a
cosmic ray interaction with the atmosphere. Figure taken from [13].

2.2 ATMOSPHERIC M UONS

Predominantly, pions and kaons are produced in the hadronic interaction of cosmic rays

with the atmosphere's nuclei. These mesons form the dominant parents of the atmospheric
muon component. Their subsequent decays via weak interaction populate the charged
lepton sector and give rise to the muons observed at the ground. Astrophysical muons

can hardly reach the Earth's atmosphere due to their lifetime (t 2 ns). This lifetime is
however large enough that secondary muons produced in the air showers can reach the
Earth's surface [12]. The dominant decay channels relevant for atmospheric muons are

p ! m + nn(ny, K I m + np(ny.

The mean energy at sea level is about 4 GeV [11].

The ux of muons above 4 GeV at sea level is approximately 60m 2s 1sr 1. The ux
exhibits a characteristic angular dependence. For muons of E 3GeV, the empirical
approximation

1(0) W cos’q,

describes the zenith scaling, where q denotes the incident zenith angle [11]. Low energy
muons at large angles decay before reaching the surface.
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2.2.1 MUON ENERGY LOSS

Atmospheric muons lose a non-negligible fraction of their energy while traveling through
dense or gaseous media such as air. The stopping is governed by two classes of pro-
cesses whose relative importance evolves with energy. At low and intermediate energies,
the dominant mechanism is electronic energy loss through ionization and excitation of
atomic nuclei, accurately described by Bethe theory once the projectile is relativistic. For
relativistic muons in material with low proton number  Z (air, water, concrete), the stan-
dard minimum-ionizing muon energy loss is approximately 2MeVg s 1[14]. At higher
energies, radiative channels, mainly bremsstrahlung, pair production and photo nuclear
interactions, introduce an additional contribution that scales approximately linearly with
the muon energy. The mean stopping power can therefore be written as

dE

ax a(E) + b(E) E
where a(E) is the electronic stopping power and b(E) is the sum of the radiative coef -
cients. Their magnitudes depend on the medium, speci cally on the proton number Z
and the mass number A (ap Z/ A and b p Z?/ A). The energy loss of muons in copper
as a function of momentum is shown in Figure 2.3. For copper, radiative losses dominate
above Er ' 315 GeV [14]. In IceCube's low-Z medium, radiative losses dominate only
& 1TeV [15].

FIGURE 2.3: Mass stopping power for positive muons in copper as a func-
tion of the momentum in the 0.1 MeV to 100 TeV range. The rise in radiative
loss becomes relevant above 100 GeV. Figure taken from [14].
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2.2.2 INTERACTION AND DETECTION

Muon interactions in matter proceed predominantly through electromagnetic processes.
lonization yields continuous energy deposition along the muon's trajectory, whereas ra-
diative interactions generate secondary electromagnetic or hadronic sub-showers at high
energies [14]. Due to their long range and directional stability, muons are ideally suited
as indicators of extensive air showers. Detection exploits their charged particle signa-
tures through scintillation light, Cherenkov radiation, or secondary-cascade production,
depending on the detector medium.

2.3 NEUTRINOS

Neutrinos are electrically neutral, weakly interacting elementary particles that appear in
three avors, each associated with a charged lepton - e mt. They possess nonzero but ex-
tremely small masses (my < 0.45eV, CL 90 %) [16]. Because they interact only via charged
and neutral current weak processes, their cross sections increase approximately linearly
with energy yet remain orders of magnitude below those of electromagnetic or strong
interactions [17]. As a consequence, neutrinos travel cosmological distances essentially
unperturbed and preserve information about their production sites.

2.3.1 PROPAGATION AND |INTERACTION

Neutrinos are produced in a wide range of astrophysical and terrestrial processes, includ-
ing beta decay, hadronic interactions in cosmic ray accelerators, nuclear fusion in stars,
and patrticle cascades in the atmosphere. Their propagation over astronomical distances
is facilitated by the small cross section, which results in interaction lengths far exceeding
typical terrestrial scales.
A further central property of neutrinos is neutrino oscillation, rst observed by the Home-
stake experiment in the 1960s and later by Kamiokande [18, 19]. Itis the observed period-
ical conversion of neutrino lepton avors and constitutes that neutrinos cannot be mass-
less, as mentioned earlier. This discovery was honored with the Nobel Prize in Physics in
2015 [20].
Neutrino interactions with matter proceed via the weak interaction and are mediated by
the corresponding massive gauge bosonsW and z° [17]. Interactions via W are clas-
si ed as charged current (CC), while those via Z° described as neutral current (NC). The
kind of interaction is dependent on the neutrino avor as well as the energy, whereas the
interaction partner adds further variety to the nal outcome.
At neutrino energies above a few-GeV interactions are dominated by deep inelastic scat-
tering with the constituent quarks of matter. The corresponding CC and NC interactions
are

n+NY 1+X  (€C), and n+N'Z n+X  (NC),
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where n denotes an (anti)neutrino with lepton avor | 2 femtg, N is a nucleon, and
X represents the hadronic nal state, which can develop in a complete hadronic cascade.
CC interactions produce a charged leptopn, resulting in either a long track or a compact

cascade depending on avor and energy, whereas NC interactions deposit energy solely

in the hadronic component.

2.3.2 DETECTION PRINCIPLE

The detection of neutrinos in large-volume detectors
relies on the observation of Cherenkov radiation emit-
ted by relativistic charged leptopns in neutrino inter-
actions. When a charged lepton created in a CC inter-
action, or secondary particles from a hadronic cascade,
traverse a transparent, dielectric medium with a veloc-
ity exceeding the local phase velocity of light, coherent
electromagnetic radiation is emitted. The condition for
Cherenkov emission is

C
v> =
n

FIGURE 2.4: Sketch of a Cherenkov
cone emitted by a muon traversing
4 through a medium with refractive
medium [22]. index n. The circular waves form
A charged particle moving faster than the phase veloc- a straight wavefront at the charac-

ity of light in the medium induces a polarization of the ~ teristic Cherenkov angle qc. Figure
surrounding molecules. Because the particle outruns taken from [21]

the response time of the medium, the induced dipoles

cannot return to equilibrium quickly enough, and the resulting electromagnetic elds add
coherently. This constructive interference produces the characteristic Cherenkov wave-
front shown in Figure 2.4. The opening angle gc of the Cherenkov cone is given by

where v is the charged lepton's velocity, c the speed
of light in vacuum, and n the refractive index of the

1

Ccosqc = b’ (2.2)
where b = v/ c[22]. For typical refractive indices of natural detection media, such as
ice or water, this angle is around 41 . The emitted Cherenkov light forms a continuous
wavefront that propagates through the medium, as seen in Figure 2.4 and can be recorded
by optical sensors. The pattern and timing of the arriving photons encode the geome-
try of the underlying particle track or cascade. Muons produced in CC interactions gen-
erate extended, straight tracks that emit Cherenkov light along their complete propaga-
tion path (left Figure 2.5). In contrast, electrons and hadrons deposit their energy over
short distances, producing compact cascades with nearly spherical light emission (middle
Figure 2.5). Tau leptons, produced in CC interactions, typically decay within mm to m
depending on energy, producing either a single a single cascade, or, at suf ciently high
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FIGURE 2.5: Examples of simulated light deposition signatures of cascades (left, middle) and tracks

(right) within a detector volume instrumented with optical sensors. The color indicates the the

arrival time of the photons, going from read (early) to blue (later), while the size of the sphere
corresponds to the amount of the detected light. Picture courtesy of the IceCube collaboration.

energies, two spatially separated cascade (left Figure 2.5). NC interactions contribute ex-
clusively to the cascade channel since the outgoing neutrino remains undetected.

The detection of these Cherenkov photons requires a medium with high optical trans-
parency and sensitive optical sensors capable of resolving faint and temporally precise
light signals. In addition, due to their low cross section, immense detector volumes are
needed. For that reason, water and ice are mostly chosen, since they are naturally abun-
dant in large quanti es on Earth. The reconstruction of direction, energy, and event topol-
ogy is based on the distribution of detected photons within the instrumented volume.

The most extensive realization of this detection principle is the IceCube Neutrino Observa-
tory, which at present constitutes the largest neutrino detector in the world. The following
sections introduce its structure and operating principles.

2.4 THE ICECUBE NEUTRINO OBSERVATORY

The IceCube Neutrino Observatory is a cubic-kilometer Cherenkov detector embedded in
the deep glacial ice at the geographic South Pole. Its purpose is to detect high energy neu-
trinos through the observation of Cherenkov light emitted by secondary charged patrticles
produced in neutrino interactions within or near the instrumented volume. The exception-
ally clear Antarctic ice provides a natural, optically transparent medium whose absorption
and scattering properties enable photon propagation over hundreds of meters, an essen-
tial requirement for large scale neutrino detection.

IceCube comprises 86 vertical strings, each equipped with 60 Digital Optical Modules
(DOMSs), deployed at depths between roughly 1450 m and 2450 m. A sketch of the Ob-
servatory is shown in Figure 2.6. The strings form a grid with an average horizontal
spacing of 125 m, yielding a three-dimensional array of 5160 optical sensors. Each DOM
contains a 10-inch photomultiplier tube (PMT), digitization and timing electronics, and
calibration devices housed inside a pressure resistant glass sphere. DOMs record photon
arrival times with nanosecond precision and measure the integrated charge, allowing the
reconstruction of the direction, energy and topology of neutrino induced events. The en-
ergy of the initial neutrinos ranges from 100 GeV to O(PeV). For lower energies on the
order of tens of GeV, DeepCorés more densely instrumented in the center of the detector.
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At the surface, IceTopconsists of water

tank, including 2 DOMs each, span-

ning 1km? of the surface area above

the IceCube strings. IceTop enables

detailed studies of the mass composi-

tion of primary cosmic rays in the en-

ergyrange 100 TeVto1lEeV andacts

as a veto for events by tagging mainly

penetrating atmospheric muons and

some atmospheric neutrinos, thereby

identifying non-starting events that

are not of astrophysical origin [23].

Since its completion in 2011, IceCube

has established the existence of a dif-

fuse ux of high-energy astrophysical

neutrinos. The limited event statis-

tics, however, constrain the precision

of spectral and source studies, creating  gigure 2.6: Layout of the IceCube Observatory in-
the need for larger instrumented vol-  frastructure at South Pole. The lines represent the
umes and improved calibration capa- strings and the dots the optical modules. Courtesy of
bilities. The next steps for expanding the IceCube collaboration.

the detector's capabilities are IceCube

Upgrade and IceCube-Gen2.

2.4.1 IceCuBE UPGRADE AND |ICECUBE-GEN2

IceCube Upgrade represents the rst stage of the extension of the current IceCube detector
and is being deployed during the 2025/26 Antarctic Summer season within the DeepCore
region in depths of 2150 m to 2435 m [5]. Figure 2.7 illustrates the footprint of IceCube
Upgrade in the current IceCube array (right side). Seven new strings will be concentrated
in the deepest part of the ice from 2100 m to 2450 m, where the ice has the best optical
properties [24]. Each string is equipped with a new optical sensors and dedicated calibra-
tion devices. Their primary objectives are to improve the characterization of the optical
properties of the ice, enhance the precision of event reconstruction, and extend the sen-
sitivity to neutrinos in the few-GeV energy range [5]. Each string will be equipped with
new optical sensors, primarily 402 multi-PMT Digital Optical Modules (mDOMSs) and 277
D-Eggs [25]. As the mDOM is a central subject of this thesis, it will be described in detail in
Chapter 3. With the increased instrumentation density, the Upgrade will enable precision
measurements of atmospheric neutrino oscillations, provide improved constraints on the
neutrino mass ordering, and allow for one of the most stringent tests of the unitarity of
the PMNS matrix to date and improve the sensitivity to potential signals from dark matter
interactions [5],[26]. In addition, the Upgrade serves as a testbed for novel sensor con-
cepts and advanced calibration techniques designed for next-generation detectors. These
improvements will bene t not only future measurements but also enable the re-analysis
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of IceCube's data archive, improving energy and angular resolution due to reduced sys-
tematics stemming from better knowledge of the ice properties.

Beyond IceCube Upgrade, IceCube-Gen2 represents the planned large-scale expansion of
the observatory. IceCube-Gen2 plans to increase the detection volume of the main opti-
cal array by a factor of eight with an additional radio surface array that extends the in-
strumented volume and effectively expands the accessible neutrino energy into the EeV
regime [7]. Figure 2.7 summarizes all ongoing and planned extensions of the IceCube
Neutrino Observatory: from right to left the IceCube Upgrade, the current IceCube array,
the envisioned IceCube-Gen2 optical array, and the large-scale Gen2 radio surface array.

FIGURE 2.7: Footprint of the envisioned IceCube-Gen2 radio array (left) and optical array
(mid left) compared to the current IceCube footprint (mid right). On the right is IceCube
Upgrade, considered as the rst phase of IceCube-Gen2. Figure taken from [7].
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3 MULTI-PMT O pPTICAL M ODULE

The multi-PMT Digital Optical Module (mMDOM)
is one of the primary optical sensors of IceCube
Upgrade [28]. It integrates 24 3-inch photomulti-
plier tubes (PMTs) within a compact pressure ves-
sel, providing intrinsic directional sensitivity, high
dynamic range, and enhanced background suppres-
sion capabilities. Its design follows the concept in-
troduced by KM3Net [29], but is adapted to the en-
vironmental, mechanical, and readout constraints
of the South Pole deployment. The following sec-
tions describe the hardware design of the mDOM
as required to understand the background response
characteristics central to this work. Figure 3.1 shows
a picture of the mDOM (top).

3.1 DESIGN

The mDOM is housed in a borosilicate glass
vessel with an outer diameter of 356 mm and
a height of 410mm [30]. An exploded view

can be found in Figure 3.1 (bottom). The ves-
sel is composed of two 13mm thick glass hemi-
spheres joined at an equatorial interface and held
together by two crossed metal bands. The
glass half spheres are made of Vitrovex glass,
chosen for its high transparency and its ver-
ied tolerance against static pressure exceed-
ing 700bar [31]. Inside the vessel, the 24
PMTs are mounted on two 3D-printed hemi-

spherical support structures. Each hemisphere
hosts twelve PMTs arranged in a xed orien-

tation: four polar PMTs and eight equatorial

PMTs.

A thin layer of optically clear silicone gel lIs the
volume between the PMTs and the inner glass sur-
face [32]. The gel provides optical coupling with a

FIGURE 3.1: Top: Picture of an mDOM.
Courtesy of the IceCube collaboration.
Bottom: exploded view showing the ar-
rangement of 24 PMTs and the main-
board region. Taken from [27].
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refractive index similar to the one of the glass, ensuring minimal losses due to total in-
ternal re ection. The support structure holds each PMT in a xed orientation and also
provides de ned mounting points for the embedded calibration devices. These include
ten LED ashers, four illumination LEDs, and three cameras used for in-ice calibration
and orientation monitoring.

Re ective cones around each PMT increase the effective photon collection area, and their
re ectivity and angular shape have been optimized to enhance the response for incident
Cherenkov photons. These passive optical elements in uence the spatial distribution of
photon detections.

3.2 PHOTOMULTIPLIER TUBES

PMTs are photodetectors capable of detecting single photons with high gain and sub-
nanosecond timing precision. Their performance is governed by three fundamental pro-
cesses: photoelectron emission at the photocathode, electron multiplication along the dyn-
ode chain, and signal readout at the anode.

3.2.1 SIRUCTURE AND OPERATION PRINCIPLE

A PMT consists of a photosensitive photocathode evaporated onto the inside of a glass
entry window, followed by focusing electrodes, a subsequent multiplication stage consist-
ing of multiple dynodes, and an anode, as seen in Figure 3.2. When a photon reaches the
photocathode, it can release an electron via the photoelectric effect if its energy exceeds
the material-speci ¢ work function [33]. The initial photoelectron is accelerated towards
subsequent dynodes by an externally supplied high voltage.

At each dynode, secondary emission ampli es the number of electrons by a factor d,
leading to an approximately exponential gain along the multiplier chain. For a PMT with
n dynodes, the total gain is

i=1

Typical gains range from 10° to 10’ at nominal operation voltage [34]. Focusing electrodes
shape the electron trajectories such that photoelectrons are directed ef ciently onto the
rst dynode.
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FIGURE 3.2: Schematic structure of a PMT, showing photocathode, focusing
electrodes, dynode chain, and anode. Taken from [32].

3.2.2 QUANTUM EFFICIENCY

The quantum ef ciency (QE) is the probability that a photon incident on the photocathode
produces a photoelectron. Experimentally it is de ned as

_ Npe
QE(l) = N—g
Bialkali ! photocathodes used in the Hamamatsu R15458-02/20 PMTs for the mDOM reach
peak QE values of 25% 35% around 350nm 420 nm [28]. The long-wavelength cutoff
is governed by the photoemission threshold, typically around 650 nm for bialkali materi-
als [34]. At short wavelengths, the effective QE is limited primarily by two factors: the
absorption in the borosilicate entry window, whose transmission falls steeply below
300 nm, and the photocathode material itself, whose photoemission probability decreases
once photon energies exceed the range ef ciently converted into photoelectrons [32, 34].

3.2.3 TIME CHARACTERISTICS

The transit time (TT) is de ned as the delay between photon absorption at the photocath-
ode and the appearance of the corresponding charge pulse at the anode. It is governed
by photoelectron drift times and the electric- eld con guration inside the dynode system.
For the mDOM PMTs the TT is 43ns [28]. Electron trajectories vary depending on the
emission position, the initial emission angle, and the residual kinetc energy with which
the electron exits the photocathode. These variations introduce a statistical broadening of
the arrival times known as the transit-time spread (TTS). It quanti es the intrinsic tempo-
ral resolution of the PMT and is typically between 1-3ns (FWHM) [34]. The TTS directly

1A combination of materials including two alkali metals [34].
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limits the achievable coincidence.

The rising and falling edges of the PMT pulse are characterized by the 10%  90% rise
and fall times, which re ect both the electron multiplication dynamics within the dynode
chain and the bandwidth limitations of the readout circuit. The signal width is commonly
characterized by its full width at half maximum (FWHM). Figure 3.3 illustrates the char-
acteristic timing response of a PMT.

FIGURE 3.3: lllustration

of the timing character-

istics of the PMT output.
Taken from [32].

3.2.4 UNCORRELATED NOISE

Even in the absence of incident photons, PMTs produce pulses due to several internal
processes, all of which contribute to the intrinsic dark rate , de ned as the rate of spurious
pulses not caused by external photons [33]. The dominant contributions are

« Thermionic emission : thermal excitation of electrons at the photocathode or early-
stage dynodes. It constitutes the primary contribution near room temperature and
increases exponentially with temperature T:

Rin(T) 1 T2 exp W : (3.2)
where W is the effective work function of the photocathode and kg is Boltzmann's
constant. Equation 3.2 describes the temperature dependence of the thermionic dark
rate Ry,, showing strong suppression at low temperatures and rapid growth toward
higher temperatures.

» Field emission : electrons emitted from sharp structures at high electric elds, rele-
vant at high voltages.

« Leakage currents: unintended conductive paths between electrodes on the glass and
along insulating surfaces. They dominate the dark current whenever surface con-
tamination is present.

« Trace Isotopes: decays of trace isotopes in the glass envelope-most prominently 4°K-
produce energetic secondaries that generate Cherenkov or scintillation light in the
glass. A detailed description is done in Chapter 4.

The arrival times of uncorrelated noise pulses follow a Poisson process, resulting in expo-
nentially distributed inter-arrival times. Typical dark-rate levels for 3-inch bialkali PMTs
operated at low temperature range from a few tens to several hundred counts per second,
depending on photocathode material, temperature, and applied high voltage [33].
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FIGURE 3.4: Time distribution of
PMT pulses relative to the main
pulse, illustrating early pulses
(prepulsing), delayed and after-
pulses. Figure taken from [35].

3.2.5 CORRELATED NOISE

Correlated noise refers to pulses that occur at characteristic times relative to a preced-
ing main pulse. In contrast to uncorrelated noise, these pulses originate from processes
triggered by the primary photoelectron or the primary avalanche. Their timing structure
allows a classi cation into prepulsing, delayed pulsing, and afterpulsing, each linked to a
speci ¢ microscopic mechanism. Figure 3.4 shows the characteristic time distributions of
these processes.

PREPULSES

Prepulses originate from photons that pass though the photocathode and release electrons
at the rst dynode or other internal metallic structures, which can carry similar photoe-
missive coatings, rather than ar the photocathode itself. Since these electrons start at the
rst dynode instead of the photocathode, their drift path is shorter and the resulting pulse
arrives earlier than the main pulse. This time difference is typically of order

tore  10nsto 20ns,

for 3-inch PMTs like the mDOM PMTs [32]. Prepulses amplitudes are usually smaller than
the main pulse due to the short electron multiplication chain. Prepulse probabilities are
typically below 1% [34].

LATE PULSES

Late pulsing is caused by elastic backscattering of the primary photoelectron at the rst
dynode. The backscattered electron performs a longer trajectory before being reacceler-
ated towards the rst dynode. This results in pulse delays typically of

tgelay 15nNsto 80ns,
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with amplitudes comparable to the main pulse, re ecting the full multiplication chain
being active. Delayed pulsing represents less than 5 % of all pulses in typical 3-inch bialkali
PMTs [32].

AFTERPULSING

Residual gas molecules inside the PMT can be ionized by the electron avalanche. The
resulting positive ions drift back toward the photocathode or early-stage dynodes, where
their impact releases secondary electrons. These electrons initiate a secondary pulse after
a characteristic drift time. The delay is set by the ion drift velocity, leading to afterpulses
occurring at typical timed of

tater 100ns 10ps

after the primary pulse. In mDOM PMTs, afterpulses appear with a probability of about
8% and an average delay of< 6 us, while their amplitudes range from single-photoelectron
signals to several photoelectrons depending on the ion species [35].

3.2.6 S9NGLE -PHOTOELECTRON SPECTRUM

The SPE spectrum describes the PMT
response to an individual photoelec-
tron, although in practice 2-3 pho-
toelectrons may reach the photocath-
ode within the transit-time spread
and generate overlapping signals. A
typical spectrum is shown in Fig-
ure 3.5 and consists of a pedestal, orig-
inating from electronic noise, a val-
ley separating noise from true pho-
toelectron signals, and a distinct SPE

peak. The mean position of the 1- FIGURE 3.5: Representative SPE spectrum il-

PE peak de nes the PMT gain, while lustrating pedestal, valley, SPE peak, and am-
the peak-to-valley ratio quanti es the pli cation gain. The peak-to-valley ratio quan-
separation between noise and single- ti es the separation between noise and single-

photoelectron signals and is an im- photoelectron signals. Figure taken from [36].

portant performance indicator of low-
noise PMTs.
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