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Abstract

Astroparticle physics enables the study of astrophysical processes and fundamental physics via
the observation of cosmic rays, gamma rays, neutrinos, and gravitational waves. The combined
detection of those messengers grants a complementary view on the underlying processes and
is called multi-messenger astronomy. High energy neutrino astronomy is thereby an essential
pillar and relies on the instrumentation of large transparent volumes with photosensor arrays
to detect Cherenkov radiation induced by neutrino-matter interactions. The IceCube Upgrade
and the Pacific Ocean Neutrino Experiment, which will be discussed within this thesis, aim for
an even deeper exploration of the neutrino sky.

After an introduction to astroparticle physics and neutrino detection, the first part of this
thesis will cover the development of a third generation calibration module for neutrino telescopes.
The Precision Optical Calibration Module is a universal calibration instrument, which emits
isotropic light pulses in the nanosecond regime to calibrate the photosensor arrays and access
the optical properties of the instrumented volume. The concept has been already successfully
tested in the Gigaton Volume Detector at Lake Baikal and ultimately led to the installation of
a first pathfinder for the Pacific Ocean Neutrino Experiment. The second part of this thesis
introduces these pathfinder missions. The objective of the first pathfinder was to measure the
optical properties of the deep seawater at the Cascadia Basin in the north-eastern Pacific. The
second pathfinder has been developed over the past year at the Technical University Munich with
the main goals of further background characterization, verification of the measured attenuation
length, and the development of a suitable deployment strategy for future Pacific Ocean Neutrino
Experiment mooring lines. This thesis concludes with a technical design study of a Pacific Ocean
Neutrino Experiment mooring line, based on the module developments and gained experiences
from the pathfinder missions.
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Astroparticle physics introduction

1 Astroparticle physics introduction

The field of astroparticle physics covers the intersection between astrophysics and particle
physics. The goal of astroparticle physics is therefore two-fold: studying particle physics by
means of particles arriving from outer space as well as drawing conclusions about astrophysical
processes through those particles. The field has its roots in the discovery of cosmic rays by
Victor Hess 1912, which remained the main source of new experimental insight into particle
physics for decades, until the dawn of earth-based particle accelerators. Today, cosmic rays still
provide insight at energy scales not achievable by accelerators. Presently, the field of cosmic rays
presents still various pressing questions related to the origin and the acceleration mechanisms
of these extreme particles. Some of the best source candidates for the origin of cosmic rays are
correlated with supernova explosions and other even more violent processes in the universe [1,
p.7]. A better understanding of the underlying principles of cosmic ray acceleration may also
provide knowledge about the formation of our solar system and galaxy [2, p.2]. The localiza-
tion of possible cosmic ray accelerators by observing cosmic rays is difficult as the presence of
interstellar and intergalactic magnetic fields deflect charged particles. A combined observation
of various cosmic messengers, such as gamma rays, neutrinos, and gravitational waves, is pos-
sible by using modern experimental techniques and has great potential in astrophysics. This
integrated method to study astrophysical objects is called multi-messenger astronomy. The
multi-messenger approach to astroparticle physics can be exploited in different ways. The com-
bination of data from different messengers can boost the detection significance of a specific event.
A combined data set allows also for more comprehensive modeling of the underlying physical
processes. Lastly, in case of pointing observations like it is the case for, among other, radio,
optical or ground-based gamma ray observatories, other messengers with large field-of-view, or
full-sky capabilities (gravitational waves, neutrinos, space-borne gamma ray instruments) can
be used for triggering follow-up observations [3]. The following section introduces cosmic rays,
as they are the trigger point for high energy astroparticle physics.

1.1 Cosmic rays

Primary cosmic rays are inonized nuclei composed of high energy protons, alpha particles, and
heavier nuclei. They fill up space and hit Earth‘s atmosphere with a rate of around thousand
per square meter per second [2, p.1]. Triggered by collisions of cosmic rays with nucleons in
Earth‘s atmosphere cascades of secondary particles, so-called air showers, are generated. For a
cosmic ray proton and a nucleon N the basic reaction is [1, p. 8]:

p+ N -t 70, KT K% p,n, .. (1.1)

Follow-up reactions through pion and kaon decays make up the three main stages of air shower
development. The hadronic component is mainly composed of neutrons, protons, kaons, pions,
and strongly interacts with nuclei in the air, producing a cascade of hadronic particles with
variable energies. 7% and K* decay and generate a weakly interacting muonic and neutrino
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component. Muons with relativistic energies are produced in the shower, capable of reaching
Earth‘s surface even though their lifespan is short. An electromagnetic component is added via
the decay of pions and the subsequent production of positrons and electrons. Here, the decay
of neutral pions plays a dominant role.

7 — v+ v (1.2)

The hereby induced photons can have energies sufficient for pair production. Besides, photons
are also generated by bremsstrahlung of charged particles.

The cosmic ray spectrum as it is shown in figure 1.1, is measured by two major types of
experiments. Space-located or airborne instruments measure directly primary cosmic rays while
ground-based experiments observe secondary particles induced by the air shower processes.
Direct-detection experiments located in space or in the upper atmosphere, such as AMS-02,
PAMELA or CREAM [1], are limited to energies lower than 10'°eV as the cosmic ray flux
drops below 10 events per square meter per year [1, p.87]. Ground-based experiments, which
measure the cosmic ray spectra via secondary particles, cover higher energies as they feature
larger detector areas, up to thousands of square kilometers [4]. The Pierre-Auger-Observatory
located in Argentina is the largest of those earth-based observatories [1].

Particle spectra for non-thermal fluxes, as it is the case for cosmic rays, are described by a
power law.

dd —a
Fohe A-FE (1.3)
This can be represented as straight line in a double logarithmic depiction. The slope of
the line is described by the spectral index « while A corresponds to the intercept with the
ordinate (y-axis) [1, p.9]. As the cosmic ray flux covers a vast energy range (10'2GeV up to
10%° GeV) and the flux decreases with increasing energy this technique is also applied to figure
1.1. Additionally a weighting factor E? for the y-axis can be included in order to flatten a
falling spectrum to look for distinct features [1, p.9]. The value of /3 is variable and depends on
the slope of the flux for the corresponding energy ranges [2, p. 3].

log [EB . ;lf;] = log [A : E_O"hﬂ =log[A] — (a— B) - log [E] (1.4)

Three distinctive features are differentiable from the global cosmic ray spectrum. These
areas are also separating regions with different spectral indices ranging from about a ~ —2.5
to @ ~ —3.1. At an energy of around 3 - 10'°eV the transition region is known as knee and
marks presumably the maximum energy transferable to cosmic rays via shock acceleration by
supernova remnants (SNRs). The second feature known as ankle is theorized to flag the advent
of particles with an extra-galactic origin. It is situated at roughly 3-10'8eV [2, p. 12, 341]. This
hypothesis emerges from the fact that cosmic rays are charged particles and thus are deflected
by galactic magnetic fields [1, p. 203].
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Fig. 1.1: Differential energy spectrum scaled with E (top) and detailed subplots of the so-called
knee (scaled with E2) and ankle combined with the GZK cut-off (scaled with E3).
Figure courtesy of Felix Henningsen with data from T. Gaisser, R. Engel, E. Resconi
[2] and K. Krings.

—

F:q(EJrﬁxé) (1.5)

For energies above 10'® ¢V the Larmor radius is large enough that the particle could correlate
with their galactic origin. But up to now there is no known galactic source capable of producing
particles with energies beyond 10! eV. The deflection of cosmic ray particles in magnetic fields
is a disadvantage as messenger in the search for their sources. Gamma rays and neutrinos as
neutral particles do not have the same problem hence they cover a central role in the field of
multi-messenger astronomy. At the very high energies in the cosmic ray spectrum is the flux cut-
off at around 5 - 10! eV. This cut-off was predicted by K. Greisen, V. Kuzmin and G. Zatsepin
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in 1966 and is thus called the GZK cut-off. It emerges through the interaction of protons with
photons of the cosmic microwave background (CMB) during propagation, if the incident proton
energy is large enough to produce a A' resonance. This decays immediately via two possible
channels.

p+’}/cmb_>A+_>n+7T+
—p+a° (1.7)

The positively charged pion decays into p v, while the neutron is also unstable and decays
via

n—p+e + . (1.8)

The second channel produces two photons via the subsequent decay of the neutral pion. Both
possible interactions leave a less energetic proton behind and produce high energy neutrinos or
photons, which highlights again the importance of neutrinos in the field of astroparticle physics
[1, p.215].

1.2 Cosmic accelerators

One of the main open questions regarding the origin of cosmic rays is the one related to the
particle acceleration mechanisms. Cosmic accelerators are known within our galaxy and beyond.

Galactic accelerators. As aforementioned, the origin of the bulk of cosmic rays up to the
knee is considered to result mostly from shock acceleration processes via supernova remnants
(SNRs). This theory is additionally supported through the resulting power spectrum of shock
acceleration processes, ~ E~2, which can possibly be altered by propagation and energy losses to
the observable ~ E~27 on Earth. At shock accelerations, kinetic energy of moving magnetized
plasma is transferred to charged particles, subsequently increasing their energy. A single particle
can be accelerated several times until it can escape the shock front [2, 5].

SNRs are the result of supernovae. During a supernova the stellar core will be compressed
and a rise in the electron Fermi energy allows the generation of neutrons and neutrinos via

e +p—=n+re.. (1.9)

As neutrinos are only weakly interacting they can escape the concentrated matter. Through
the cooling of the matter the density increases, which potentially causes nuclei in the center
to become neutron-enriched. As the nuclei get unstable, they eventually break into their com-
ponents and the abundantly created neutrons become degenerate. The emerging degeneracy
pressure eventually aborts the collapse. Since this happens very sudden, the inward dragged
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material will bounce against the degenerate core and initiate a shock wave, which creates the
explosion. SNRs are then characterized by three phases. The first phase emerges directly after
the explosion as the shell expands and sweeps up surrounding media. Here, charged particles
can be accelerated by the shocks. Eventually, the surrounding interstellar medium performs too
much pressure on the ejecta and forms a reverse shock wave, which is ultimately counteracted
by the internal pressure, causing an adiabatic expansion. This is known as the Sedov-Taylor
phase and marks the second stage. At the final state radiative losses dominate and cool down
the SNRs, finally leading to the collapse.

Pulsar wind nebulae (PWN) are SNRs powered by a pulsar in their center [2, p. 271-276]. The
latter is potentially also another possible accelerator. Pulsars, rotating neutron stars, are stellar
remnants of massive stars and emerge from their gravitational collapse. The magnetic field of
pulsars is extremely high and charged particles can be magnetically accelerated [1, p. 194]. Also,
binary systems are possible cosmic accelerator candidates. Here, the accretion of matter by a
compact object, for instance neutron stars, pulsars or black holes, from a donor companion,
is releasing gravitational potential energy. Through the massive flow of ionized matter large
electromagnetic fields are created, which bear the energy to accelerate cosmic particles to high
energies [1, p.199].

Extragalactic accelerators. As there are no known galactic sources for the acceleration of
cosmic rays beyond an energy of 101 eV, extragalactic sources are considered to do so. The first
possible candidates are active galatic nuclei (AGN), the most luminous sources in universe. A
central supermassive black hole accretes matter and subsequently emits two relativistic particle
jets perpendicular to the accretion disk, capable of accelerating particles to high and probably
ultra-high energies. AGNs whose jet cone points towards Earth are called blazars [1, 6]. The
origin of gamma ray bursts (GRB), the second candidate, is not yet fully understood. It is
anticipated, that there must be a powerful driving force behind this phenomenon, such as
hypernovae, the merger of two neutron stars or a neutron star with a black hole. In the so-
called fireball model, the production of a new compact releases a lot of gravitational energy.
Partly carried away by neutrinos and gravitational waves the remaining energy releases a high-
temperature, opaque fireball which consists of photons, electrons, positrons and baryons supplied
by a bipolar jet. This fireball expands relativistically through the internal radiation pressure.
Hereby shocks develop and particles can be accelerated to high energies. As it further expands
the fireballs optical depth declines and becomes increasingly transparent to radiation. This
allows the photoproduction of pions and subsequently neutrinos. Photons are produced as the
accelerated particles undergo deflection by electric or magnetic fields, releasing energy in the
form of synchrotron radiation and bremsstrahlung. Also the inverse Compton effect plays an
important role for their generation [6, 2, 7].
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1.3 Cosmic messengers

Cosmic rays and their origin may also be studied by secondary particles which can reach Earth,
unlike charged cosmic rays, unhampered. As was already outlined these secondary particles
are e.g. gamma rays and neutrinos. However, no evidence for a direct correlation of both is
given and the production mechanisms may differ. Photons are produced by electromagnetic
interactions (synchrotron radiation and bremsstrahlung) and also by the decay of neutral pions.
Whereas neutrinos are especially produced by decay processes of hadrons (e.g. pions, kaons). As
a consequence, the primary cosmic ray particles must interact with some target to produce the
secondaries. Two main possible scenarios arise through this confinement: a diffuse production of
secondary particles via interaction of the cosmic ray within the interstellar medium and point-
like sources, where accelerated particles interact in the direct vicinity of the source. The latter
is known as astrophysical beam dump and allows the localization of high energy accelerators
[7, p.332]. These cosmic sources accelerate protons and create hadrons through hadronuclear
or photohadronic interactions, whereas the hadrons decay and subsequently generate neutrinos
and, in the case of the neutral pion, photons [2, p.282].

p+p—rnt, 7l KT+ X (1.10)
pty— At s nt+at (1.11)
—p+a° (1.12)

Within this section, a brief introduction into these uncharged cosmic messengers shall be
given, concluded by a concise overview of gravitational waves.

Gamma rays. As the cosmic rays traverse the universe they might produce photons along
their path via various processes. One of them is the emission of photons through the deflection
of cosmic ray particles by magnetic or electric fields within the universe, commonly known
as synchrotron radiation (deflection in magnetic fields) and bremsstrahlung (electric fields).
Another possible channel is the production of neutral pions 7°, which can for instance happen
through the collision of cosmic rays with gas molecules.

p+p—pt+p+n’ (1.13)

As previously mentioned the 7¥ decays subsequently into two gammas. Another important
production mechanism of high energy photons is the inverse Compton effect. It describes the
process in which ultra-relativistic electrons scatter on photons and transfer some of their incident
energy to the latter. Synchrotron radiation, bremsstrahlung, as well as the inverse Compton
effect are leptonic processes, while the production via 7° is a hadronic process. When it comes
to the detection of gamma rays one needs to consider that the universe, and to a larger extent
also the atmosphere, is opaque to photons within certain wavelengths and therefore acts as a



Astroparticle physics introduction

filter. For example, PeV photons (10'®eV) underlie the conversion into an electron-positron
pair by interaction with a CMB photon and the chance to reach Earth is small. Besides that,
our atmosphere is not transparent for high energy gamma rays [1, p.11, 255, 282]. From this
knowledge, two main detection techniques were established. The first is space-based and covers
a broad energy region from a few MeV to a few GeV. However, as the y-flux declines after a
few hundreds of GeV the statistics in the small detector area, mainly limited by costs for space
missions, is to low to perform adequate astronomy. Higher energy ranges can be measured by
ground-based Imaging Air Cherenkov Telescopes (IACT) which are large arrays of telescopes
that measure the light produced by the Cherenkov effect. As gamma rays interact electromag-
netically within the atmosphere they can produce electrons and positrons with adequate energy
to produce a Cherenkov light cone. This effect is as well quite important for the branch of neu-
trino astronomy and thus will be highlighted in section 2.1.1 as part of the neutrino detection
principles [1, p. 282].

Neutrinos. Neutrinos are solely weak interacting neutral leptonic particles, predicted by
Wolfgang Pauli 1930 to solve the puzzling mystery of the continuous spectrum of the beta
decay. In contrast to cosmic and gamma rays, they are much harder to detect due to their low
cross section and the constraints set by the limitation to weak interactions. However, they thus
provide also valuable insight into the high energy universe. Other than cosmic ray particles they
are neutral, do therefore not underlie deflections by electric or magnetic fields and can traverse
vast cosmic distances unimpeded. Hence, they allow for point source searches, which would
be otherwise limited to cosmic rays with an energy of around 10%° eV. Although the latter are
constrained to a horizon of around 100 Mpc (1pc ~ 109 m) as they are interacting with the
CMB photons by the GZK effect. The gamma horizon, on the other hand, is limited by the
interactions with the infrared and cosmic microwave background and comports itself to some
ten millions parsecs for photon energies at 102 eV and decreases to around 100 kpc for photons
with an energy of 10'® eV. Neutrinos can travel unaffected through dense environments in the
universe and are therefore valuable cosmic messengers in the field of high energy astrophysics [8,
p.23]. On these grounds, the following chapters will focus in more detail on neutrino detection
and its promising future given by the advent of new calibration tools and detectors.

Gravitational waves. Even though gravitational waves are unrelated to electromagnetic
radiation and thus are not secondary cosmic ray messengers, like gamma rays and neutrinos,
they are valuable contributors to multi-messaging astronomy and allow for a different view into
the universe. Gravitational waves are tiny distortions of space-time caused by the most violent
processes and very high energetic events in the universe, which involve the acceleration or defor-
mation of huge masses. Prime examples are the collapse of two black holes, the merging of two
neutron stars, or supernovae. Gravitational waves caused by these violent events start to prop-
agate through the universe and disrupt, by squeezing or dragging, space-time. In this picture a
certain similarity to water waves produced by throwing a stone into a pond becomes applicable.
Gravitational waves have been predicted by Albert Einstein in his general theory of relativity
in 1916. Although the first evidence for their existence could only be made several years later,
in 1974, via the observation of a binary pulsar and the mathematical modeling of its merging
speed through the loss of energy. However, those confirmations are only of mathematical nature
and it took until September 14th, 2015, when the first physically measured distortion, caused by
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two colliding black holes could be measured by the two Laser Interferometer Gravitational-Wave
Observatory (LIGO) interferometers. This observation marks the first evidence of an inspiral
and merger of binary black holes with stellar masses and flags also the beginning of gravita-
tional wave astronomy. As messengers, they are very weakly interacting and therefore carry
unimpeded information about their origin while electromagnetic radiation is highly affected by
matter interactions (deflections and absorption, as highlighted in the previous sections). Grav-
itational waves thus allow a direct view into their universe and origin. Albeit, the signal that
emerges once a gravitational wave passes through the Earth is vanishingly low. Hence, to detect
gravitational waves, systematical errors need to be eliminated. For instance tiny quakes and
other small vibrations can disturb the signal on Earth. The LIGO interferometers work with a
laser beam that extends four kilometers into two directions. To exclude systematics the signal of
the two similarly constructed LIGO observatories, stated in the USA in Livingston and Hanford,
are compared with each other and only a coincidence signal is considered as a potential event
[9, 3]. However, the localization of the source is only possible by triangulation of the signal
performed by at least three detectors. Therefore a global network has been formed, consisting
of the two LIGO interferometers, Virgo located in Italy, GEO600 in Germany, and KAGRA in
Japan [10].
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2 Neutrino detection

Neutrino detectors rely on the same principle, that is, the instrumentation of a vast volume in
a transparent medium, such as ice or water, at great depths using a three-dimensional array of
photon detectors. This approach follows a three-folded assault. Firstly, the large instrumented
volume bears many target nucleons for neutrino interactions. Secondly, the great depth ensures
the shielding from secondary particles mainly produced by cosmic rays. And lastly, the clear
medium allows the propagation of Cherenkov photons produced by the neutrino induced secon-
daries. As Cherenkov photons can be measured by the photosensor array, direction and energy
information are obtained. This can be used to search and investigate high energy astrophysical
sources. This chapter will highlight some important aspects of neutrino physics to understand
the underlying principles of high energy neutrino astronomy.

2.1 Neutrino interactions

Neutrinos belong to the group of leptons but unlike their counterparts, electrons, muons, and
taus, they are not electromagnetically charged, and hence do not participate in electromagnetic
interactions. Naturally, leptons are also not involved in strong interactions. On these grounds,
neutrinos are exclusively weakly interacting [7, p.1]. Weak interactions are one of the four
fundamental forces that are known as yet and are mediated by gauge bosons, more precisely the
7" and the W* bosons. As their large mass (myy+ = 80.398 + 0.025 GeV and mz = 91.188 +
0.002 GeV [7, p.60]) limits the propagator associated with the exchange of the bosons, the weak
interaction is ultimately suppressed [11]. The detection of high energy neutrinos grounds on
their interaction with a nucleon N within or in the vicinity of the instrumented volume of the
detector. This happens either via charged current (CC) or neutral current (NC) interactions.
While the former is mediated by the W+ and the latter by Z° bosons. Corresponding to their
charged counterparts neutrinos occur in three flavors, which is indicated by 1=(e, u, 7). Large
volume detectors do not observe the interacting neutrino itself but charged particles generated
by these processes. The main principle of neutrino detection lies then on the measurement of
photons produced by these secondary charged particles via the Cherenkov effect, which will be
explained hereafter.

u+ NI+ X (CC) 2.1)
v+ N -+ X (NC) (2.2)

2.1.1 Cherenkov effect

Cherenkov radiation is caused by a charged particle with a velocity that exceeds the speed of
light in a dielectric medium. That is, for a medium with refractive index n

(2.3)

c
Cp = —
n
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with ¢ as the velocity of light in vacuum. The refractive index n is wavelength dependent.
Charged particles traversing the detector medium at speed v will loose some of their energy
along the path as they polarize surrounding molecules and orientate dipoles. As soon as the
particle has passed, the dipoles will go back to their ground state and release energy in form
of electromagnetic radiation. Once the charged particle is faster than the speed of light in the
medium the electromagnetic waves will interfere to a characteristic light cone with angle 6.

c
0= — 24
cos - (2.4)
An estimate for the released number of Cherenkov photons N¢ per unit distance traveled dx
and unit wavelength interval dA by a charged particle with charge q = z - e can be obtained by
the following equation [12, 1, p.324].

2\ An2a2 2
d C_7rq< c > (25)

dzdN — hed2 U n(M)20?

Cherenkov photons are produced with a distinctive wavelength dependency of 1/A? in a wave-
length range between 300 and 600 nm [13]. Photons propagating from emission to the receiving
sensor undergo absorption and scattering in the respective medium. These propagation effects
have to be considered for simulation and reconstruction of events [13]. For this a detailed
understanding of the optical properties is vital.

2.1.2 Neutrino oscillations

Neutrinos are produced and detected in a specific flavor state, which causes the production
of distinctive secondaries with different signatures at interactions. Furthermore, neutrinos are
capable of changing their flavor. This is called neutrino oscillation. As this affects the detection,
neutrino oscillations in vacuum shall be briefly introduced in the following. Neutrinos do have
flavor (electron, muon, tau) and mass eigenstates, in the case of a non-vanishing rest mass of the
neutrino the eigenstates do not have to be identical, although both are connected with a certain
matrix. In particular, this means that a certain flavor eigenstate is a quantum-mechanical
superposition of mass eigenstates. Mathematically this can be described by a rotation matrix.

’Ve> U Ue Ues ’V1>
‘Vu> =|Uun Up Uu|- Vo) (2.6)
‘VT> U Ur Uss ’V3>

For neutrino oscillations this matrix is known as the Pontecorvo-Maki-Nakagawa-Sakata
(PKMS) matrix and is parameterized by the mixing angles 6012, 623, 613 and a CP violating
phase angle dcp. Up to now several experiments put successful effort in the determination of
those values [1, p.414]. Time development of a neutrino produced with a flavor a at a source
at t = 0 follows

10
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‘Vj(xa t)> = Z Uaie_iEit |Vz> . (27)

The relativistic energy can be approximated by

2 2

ms ms
Ei=\/m2+p2~p +—"+~F+—*+ 2.8
’ M TP = P 2p; 2F (28)

with E ~ p as neutrino energy and p > m;. The three mass eigenstates m; develop differently
in time, which leads eventually to a different composition. Hence, the final flavor state can differ
from the initial one. The oscillation probability can be described by

Am?- L
Pla— ) =| (vs | v(,1)) [’= bap =4 _ UaillajUpiUsjsin*(— -~ 1) (2.9)

j>i

using CP invariance [7, p.195]. Neutrino oscillations are only possible as long as one mass
eigenstate differs from zero, thus neutrinos must have a non-vanishing rest mass, which is in
conflict with the current standard model and indicates that it is not complete yet. Equation
(2.9) bears two interesting features, firstly, it depends on the mass difference Am?j =m? — 'mjz,
which means that oscillation studies cannot yield an absolute mass limit. Besides that, two mass
hierarchies are possible and several experiments pursue the goal of measuring the exact order.
Secondly, the transition probability depends on the fraction of the distance to the origin L and
the neutrino energy E, which is an important factor for the sensitivity of oscillation experiments.
This affects also neutrinos of cosmic origin, due to the large distances they travel from their
production site [7, p. 195, 201]. Particularly this means that the three-flavor oscillation averages
out over astrophysical distances. Once astrophysical neutrinos arrive at Earth they will have
nearly equal fractions independent from the initial flavor received at the production. Neutrino
detectors measure flavor-independently and show distinct signatures due to the different leptons
released in the associated CC interactions.

2.1.3 Neutrino signatures

Neutrinos are produced and detected in a specific flavor [7, p. 194]. Hence, as mentioned in the
previous section, they show different signatures once they interact within the detector medium as
the generated secondary particles have distinct follow-up processes. As astrophysical neutrinos
are highly energetic they are capable of penetrating nucleons and trigger hadronic cascades
caused by strong interactions. Out of this, two main event types can be classified in a neutrino
detector: track and shower events. Neutral current events are flavor independent and will only
produce hadronic cascades. Charged current events differ for the three flavor types and are more
complex, as will be highlighted in the following.
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Fig. 2.1: Examples for event signatures for the different neutrino interactions. As the double
bangs are very close to each other they are nearly indistinguishable from cascade events,
higher detection probabilities can be achieved by closer instrumented volumes. Figures
taken from [14].

Shower-like events.  Neutral current events show the same signature for all neutrino flavors,
namely a hadronic cascade. The main secondary particles generated in the cascade are pions,
kaons, protons, and neutrons, whereby the fractions differ. As pions decay through the already
discussed channels, also muons are produced, which can carry away a significant amount of the
energy. The majority of the interaction energy is spent on the initiation of the hadronic cascade.
Besides that, some of the initial interaction energy is carried away by the scattered neutrino.
Hadronic showers show large event fluctuations as they naturally have a lot of free parameters
for the production of secondary particles. Once high energy electron neutrinos interact in a
charged current event they will generate a high energetic electron. As the electron propagates
it will produce photons via bremsstrahlung. This leads to the production of an electromagnetic
shower, whose length is correlated to the initial energy of the electron. For a 10 TeV electron this
is a length of around 8 m in water [1, p. 329]. Which is, compared to the spacing distances of the
optical modules in a detector, short. Out of this the signature follows a point-source structure
as the Cherenkov photons distribute isotropically around the arguably short shower axis. As of
yet, there is not much directional information obtainable by electromagnetic cascades.

Track-like events. A very distinguishable signal in a detector is caused by CC muon neutrino
interactions. Thereby a muon will be released, which leaves a noticeable track signature in
the detector. The path length of the muon depends on their initial energy and is in water
around 5km for a 10 TeV muon. Theoretically, the track can be used for point-source search.
Practically, this is more difficult since the photons produced along the track underlie scattering
and absorption processes within the detector medium. This must be taken into account for the
reconstruction of the track, as it is done for instance by a likelihood function comparing the
time and position of fired photosensors to the expectation of the Cherenkov signal. Hence, for
an exact reconstruction, detailed knowledge of the optical properties in the detector medium is
essential [1, p.329].

Double bang events. High energy tau neutrino interactions bear the most significant
signature. The produced tau neutrino can traverse the detector for a certain path length before
it decays, which produces a second shower. Once both interactions occur within the detector
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volume and the path length is sufficiently long, the signature is quite unique as it shows the
initial shower, a track, and a second shower. Thus it is also referred to as double bang event [1,
p. 330].

2.2 Neutrino sources

Apart the previously mentioned astrophysical processes as the origin of neutrinos, various other
sources exist. The neutrino flux depicted in figure 2.2 gives an estimate of natural neutrino
sources, which will be covered hereafter. Besides that, also artificial processes, for instance in
reactors or accelerators, contribute to their production.

Cosmic neutrino background. At the beginning of the universe neutrinos remained in
an equilibrium state with the primordial plasma. As the universe constantly cooled down they
finally decoupled and traverse space, similar to the CMB. Until now they remain undetected.
A possible observation would allow valuable insight into the early universe, in particular to the
time of the neutrino decoupling (approximately one second after the big bang). Unfortunately,
they can currently not be detected by large scale neutrino detectors due to their low energies.
Nevertheless, an indirect observation is possible due to their significant effect on the early uni-
verse. Especially their relativistic propagation modified gravitational potentials and affected
baryonic acoustic oscillations, which are observable by the CMB temperature power spectrum
[15, 16].

102
| H- Frejus (vu)
10'8 AMANDA (v,)
Wl i ANTARES (v,)
T—' 10 IceCube-79 (v,)
n
0 10° b
7
10
g [
T 107°F
- I
s -2 [ CvB
o L Solar (pp, ®B, 150 ) - Bahcall (BS05)
o 1018 [ — DSNB - Kresse (2018)
[ — Atmospheric - Gaisser (H4a)
10~ 24 } — Astrophysical - Aartsen et al. (2014a)
[ Cosmogenic - Ahlers et al. (2010)
1030 L ' ' . . . . .
107" 107" 10 10° 10° 10° 10° 10° 10° 10"

E, [GeV]

Fig. 2.2: Estimated neutrino flux originating from a variety of sources. For more information on
the latter refer to the text. Especial gratitude goes to Felix Henningsen for providing
this figure.
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Solar neutrinos.  Solar neutrinos represent one of the key contributors to neutrino physics
research. Produced by the CNO cycle or the pp chain they are so weakly interacting that
they can escape the sun almost unimpeded. This results ultimately in a large solar neutrino
flux on Earth of around 6 - 10'° cm=?s~!. Both reaction groups of the thermonuclear fusion
within the sun result in the creation of electron neutrinos v, with an energy of around 1 MeV.
Some questions arose as the measured flux did not fit the expected solar neutrino flux in early
underground experiments. This deviation would be later known as the solar neutrino problem
and finally be solved by the discovery of the already discussed neutrino oscillations [17, 18].

Supernova neutrinos. Supernovae are dramatic phenomena in astrophysics and mark the
termination of a star by a massive explosion. Besides a vast photon burst they are also accompa-
nied by a fiercely luminous outburst of neutrinos, which can be used to study those phenomena.
One of the most remarkable astrophysical events in the last century was the supernova SN1987A
in the large Magellanic cloud on 23 February 1987, which provided scientists with valuable data
[17, 7]. Diffuse supernova neutrinos are background radiation arising through distant supernovae
isotropically distributed in the sky.

Terrestrial neutrinos.  Beta decays in Earth, for instance in the decay chain of terrestrial
uranium and thorium, produce so-called terrestrial neutrinos. Measurements of those neutrinos
can help to gain insight into the composition of the Earth mantle.

Atmospheric neutrinos.  Since cosmic rays interact with nuclei in the atmosphere secondary
particles are produced. Among those are hadrons, in particular pions, and at higher energies
also kaons. Leptonic decays of pions and kaons lead to the release of muons and neutrinos.
While kaons can also decay semi-leptonic, producing electron neutrinos, or hadronic, generating
more pions. Muons which decay before reaching ground produce subsequently electrons, electron
neutrinos, and muon neutrinos. All neutrinos generated in these atmospheric cascades are called
atmospheric neutrinos and pose one of the largest background sources within neutrino detectors.
The ratio between produced flavor types, especially at lower energies, where muons tend to decay
before reaching the ground, could not be verified with experimental data. This deviancy led
eventually to the discovery of neutrino oscillations [17, p. 390].

= ut +u, T = u Uy, (2.10)
et + v+, e+t (2.11)
Cosmogenic neutrinos. Ultra-high energy neutrinos are produced by the interaction of

high energetic cosmic particles with CMB photons. This interaction generates a AT resonance,
which decays via two possible channels.

P+ Yemp = AT >+t (2.12)
—p+a (2.13)

The decay of the generated neutron and charged pion opens production channels for ultra-high
energy neutrinos. The other channel results in a less energetic proton and a neutral pion.
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2.3 Neutrino detectors

Neutrino detectors follow, as mentioned at the beginning of this chapter, generally the same
principle, which is the instrumentation of a large volume with photosensors to measure the
Cherenkov light induced by neutrino interactions. By doing so, the detector is influenced by
several environmental factors. In the first place, optical properties of the instrumented volume
define and alter the path length of photons produced by the Cherenkov effect through absorption
and scattering within the medium. In general, the intensity with initial value Iy as a function
of the distance can be written with the law of Lambert-Beer

Iy [ ( 1 1 )]
I(r)=——= exp|—r + . 2.14
( ) A2 P labsorbtion lscattering ( )

The attenuation length is composed of the absorption and scattering length

1 1 -1
lat = < ; + ) (2.15)

absorbtion lscattering

and denotes the distance after the intensity of the radiation decreases to 1/e of the original
value. The effective scattering length takes also the occurring scattering angle into account
[19]. For neutrino detectors the influence of scattering and absorption length on the attenuation
varies accordingly to the medium. In water the absorption length is the prime factor, while in
ice scattering effects are predominant. The efficiencies of both detector types depend highly on
the instrumented volume. High energy neutrino events can extend over several kilometers but
efficient energy measurements are only possible if the majority of the event remains within the
extension of the instrumented volume. Also, the overall chance for neutrino interactions scales
with the detector volume. Low energy events produce fewer photons and therefore the spacing
of the optical modules becomes more relevant. For a denser packed volume, the detection of
low-energy neutrino events is easier, as the absorption length can be mitigated. However, for an
ideal medium with a very long attenuation length, the spacing could be further apart. Naturally,
caused by their low cross-section, neutrino events remain low in statistics. As a consequence
of this, background events must be well known to be distinguishable from neutrino-induced
interactions. Dominant background in water can be the presence of bioluminescent organisms
and potassium decay. Ice, on the other hand, is highly affected by scattering influenced by
environmental parameters during the ice sheet formation, such as the atmospheric composition
(gases, volcanic ashes, dust).

One of the largest backgrounds in a neutrino telescope are the muons and neutrinos produced
in the atmosphere. The flux of atmospheric muons is many orders of magnitude higher than
the flux of astrophysical neutrinos and poses the bulk of reconstructed events in a detector, as
they can traverse some kilometers in water and ice. In order to reduce the background radiation
neutrino detectors are located several kilometers below ground. Like this, a large fraction of
incoming atmospheric muons is shielded beforehand. Furthermore, a restriction to up-going
events would circumvent the problems induced by atmospheric muons, as the Earth can be used
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as shield. Neutrino detectors are the only working telescopes capable of looking downward. On
the downside of this, also very high-energetic neutrinos will be shielded by Earth as the cross-
section of neutrinos increases with their energy. It is possible to use a dedicated volume within
the detector to self-veto atmospheric neutrinos by detecting muons, which typically accompany
them and are spatially and temporally correlated. Both factors together, the opaqueness of
the Earth and the atmospheric neutrino veto, limit the sensitivity to astrophysical high energy
neutrinos to 20-30 degrees around the horizon of the telescope. The remaining part of this
chapter will briefly introduce existing detectors and their basic structure.

IceCube. IceCube is located at the lceCube Lab
Amundsen-Scott south pole station and ex- ., —
ploits glacial ice as detector medium, with an
overall instrumented volume of about one cu-
bic kilometer. The in-ice array hosts in to-
tal 5160 digital optical modules (DOMs) de-
ployed in a depth between 1450 and 2450 m
below the surface on 86 strings. To install
these, a special drilling technique, using hot
water, was applied. The DOMs of IceCube
are working with a single 10” photo multi- 2%n
plier tube (PMT), which is facing downward e
while the readout and supply electronics are
stored in the upper hemisphere. DeepCore is a

sub-array within IceCube specifically designed  pig. 2.3: Sideview of IceCube with the compo-
for low energy detection. The DeepCore ar- nents mentioned in the text. Picture
ray consists of 8 strings with respectively 60 taken from [20].

narrower spaced DOMs. It is optimized for

neutrino energies around 100 GeV and aims for the investigation of atmospheric neutrino oscil-
lations, neutrinos from WIMP dark matter annihilation, and galactic supernovae. The detection
units are completed by IceTop, which consists of 162 ice-filled tanks instrumented with DOMs.
The main goal of IceTop is to veto down-going muons but additionally, studies on high-pr
muons, PeV gamma rays, and radiation effects of solar flares are performed. The telescope is
completed by the IceCube Laboratory which hosts server rooms, data acquisition, and online
filtering computers [20].

IceTop
81 stations / 162 tanks
324 optical sensors

IceCube In-Ice Array
86 strings including DeepCore
5160 optical sensors

1450 m
DeepCore

8 strings optimized for lower energies +
7 standard central strings

480 + 420 optical sensors

Eiffel Tower
324m

Bedrock

KM3NeT. KM3NeT is being constructed at three different locations in the Mediterranean
Sea and poses a network of neutrino telescopes. The exact sites are offshore Toulon, France,
Capo Passero at Sicily, Italy, and Pylos, Greece respectively. With its design and locations in the
Mediterranean Sea, the detector network is optimized for the search of Galactic neutrino sources.
Starting points for the design and the beginning of the collaboration were the predecessor
experiments NEMO and ANTARES [21, 18]. The modules of KM3NeT are composed of 31
3-inch PMTs, while 18 modules are lined up on two flexible Dyneema ropes. This structure is
called detection unit. The final configuration of KM3NeT foresees six building blocks, composed
of 115 detection units with varying distances at the deployment sites [22]. One building block
covers an instrumented volume of about half a km?, thus the final configuration will instrument
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a total volume of around 3 km?. Noteworthy is the deployment technique of the detection units,
as KM3NeT is following a bottom-up deployment strategy, with a detection unit enclosed in
an aluminum launching vehicle, called LOM. This will be deployed at the seafloor and unfolds
the detection unit after an acoustic or ROV-triggered mechanical release. The launching vehicle
floats and will be recovered after successful deployment [21].

Baikal-GVD. The Gigaton Volume
Detector (GVD) is another neutrino tele-
scope currently under construction in the
northern hemisphere. It is situated at
Lake Baikal, the worlds largest freshwa-
ter reservoir. Baikal-GVD follows a clus-
tered structure, whereas one cluster com-
prises 288 optical modules (OMs) on 8
vertical strings with an inter-string spac-
ing of 60m and a distance between clus-
ters of around 300m. As of today, three
clusters are deployed, which makes it cur-
rently the largest neutrino telescope in
the northern hemisphere. The three clus-
ters are depicted in figure 2.4. After com-
pletion of the next two stages, Baikal-
GVD will instrument an effective volume
of around 1.5km3. The ice cover that
forms during the winter months allows the deployment of strings directly from the top of the
lake. Similar to IceCube the OMs of Baikal-GVD host a 10-inch PMT. A global trigger is used
for the timing calibration between the different OMs within a single cluster [24].

Fig. 2.4: The three currently existing clusters of
Baikal-GVD in an artistic depiction taken
from [23].

2.4 Prospects of neutrino astronomy

The observation of a high energy muon neutrino by IceCube on the 22nd September 2017 has
led to the possible identification of the blazar TXS 0506+056 as potential high energy neutrino
source [25]. Follow-up investigations by various other facilities (e.g. MAGIC, VERITAS, Fermi-
LAT) have been triggered by this observation. The subsequent detection of gamma rays with
energies larger than 100 GeV exposed the probable location of the blazar and its flaring state at
the time of the neutrino detection. TXS 0506+056 best-fitting coordinates are right ascension
(RA) 77.43f8:2§ and declination (Dec) +5.72J_r8::5),8 at z=0.3365. Spacial and temporal coincidence
of the blazar flare and the high energy neutrino is estimated to be at a 3-3.5 ¢ level [26, 25]. The
detection of the first cosmic neutrino source pushes neutrino and multi-messenger astronomy
additionally. Further exploration of the high energy neutrino universe is being pursued by
the on-going construction of large scale neutrino telescopes, as Baikal-GVD and KM3NeT, as
well as new installations. These become reality by the planned IceCube Upgrade (ICU) and
the vision of a new complementary neutrino telescope in the northern hemisphere, the Pacific
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Ocean Neutrino Experiment (P-ONE). Both aim to improve neutrino astronomy and give rise
to the development of P-ONE pathfinder missions and a novel iteration of the Precision Optical
Calibration Module (POCAM).

2.4.1 IceCube Upgrade

The IceCube Upgrade (ICU) is planned as

precursor installation for a next generation

neutrino telescope in the glacial ice, IceCube- -
Gen2. Besides its research and develop-
ment aspects for the latter, the ICU aims
also for its own science goals and is mainly
constructed as low-energy extension O(1 ~
10GeV) of IceCube. The ICU array will
therefore densely instrument a depth between
2150 m and 2425 m, referred to as physics re-
gion, as it is the depth with clearest glacial
ice and a low atmospheric muon background.
The densely instrumented volume allows mea-
surements on tau neutrino appearances and
thus further studies on neutrino oscillations Fig. 2.5: Conceptional illustration of  the

@D |-<Cubs Delecior
g ) DeepCore

@ |ccCube Upgrade

are enabled as atmospheric neutrinos bear planned IceCube Upgrade, integrated
mostly electron or muon flavor. The IceCube in the already existing in-ice arrays.
Upgrade will consist of seven new strings with It is picturing the increased density of
approximately 700 modules. As the optical the ICU strings as well as the modules.
properties of the ice pose one of the major Figure taken from [27].

uncertainties within the analysis of neutrino detection another main goal of the ICU is the
reduction of systematical errors. For this, newly developed calibration devices and optical sen-
sors will be deployed. Among the optical modules are the mulit-PMT digitial optical module
(mDOM), the dual optical sensors in an ellipsoid glass for Gen2 (D-Egg), and a refined version
of the former IceCube optical module. The new optical modules aim to improve the photon
detection efficiency. Calibration devices are manifold and range from new optical to acoustic
emitters [28].

2.4.2 Pacific Ocean Neutrino Experiment

The opportunity given by an existing deep-sea infrastructure near the coast of British Columbia
and the possible improvements in sky coverage by a third neutrino telescope in the north-
ern hemisphere motivate P-ONE. The deep-sea infrastructure is hosted by Ocean Networks
Canada (ONC) and comprises two large cabled ocean observatories, namely the North East
Pacific Time-series Underwater Networked Experiments (NEPTUNE) and the Victoria Experi-
mental Network Under the Sea (VENUS). NEPTUNE distributes five nodes over the Juan de
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Fuca tectonic plate, which serve as connection points for various kinds of experiments. One of
those nodes, located at the Cascadia Basin, is selected to host P-ONE. To perform first site
characterization measurements the Strings for Absorbtion Length in Water (STRAW) collabo-
ration was formed and pathfinder missions initiated. The first of which had the main goal to
perform on-site measurements of the optical properties, in particular the attenuation length,
and also first background characterization measurements. The latter is caused primarily by the
presence of bioluminescence and potassium decay. The first STRAW detector has been deployed
in summer 2018 and takes data continuously since then. Motivated by the results of STRAW,
a follow-up mooring line, STRAW-b, as second pathfinder is currently under development. As
a single mooring line with a total length of approximately 450 meters, it pursues a three-fold
strategy to further characterize the deployment region. The primary tasks are the verification
of the attenuation length measurements of STRAW, an in-depth study of the bioluminescence
background and the development of suitable deployment strategies for future P-ONE mooring
lines. To achieve this goal, six specialized modules will be deployed among which are two laser
instruments, two PMT-based and one CCD-based spectrometer and a muon tracker operating
with plastic scintillators. Both pathfinders and an outlook towards the design of P-ONE will be
covered in chapter 4 and 5 of this thesis.
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Fig. 2.6: Overview of the Cascadia Basin as part of the NEPTUNE observatory, which is the
selected site for P-ONE and hosts currently the pathfinder missions. Picture courtesy
of Ocean Networks Canada [29].
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3 Precision Optical Calibration Module

3.1 Motivation

As already outlined in chapter 2, the reconstruction of neutrino induced events relies heavily on
the precise knowledge of the optical properties of the detection medium, as they are typically
influencing intensities and arrival times of secondary produced photons. Also, detector responses
and other systematics, for instance the detector geometry, especially for water-based telescopes,
play a major role. Accurate knowledge of these parameters is mandatory for a precise event
reconstruction [13]. Grounding on this, the development of a Precision Optical Calibration
Module, in short POCAM, was initiated in late 2014. The idea is based on the emission of an
in-situ monitored artificial nano-second light pulse to calibrate the surrounding optical modules.
First prototypes have been successfully tested in GVD-Baikal and in the scope of the first P-
ONE pathfinder mission, STRAW. Now, a novel iteration is in development for the IceCube
Upgrade and the first P-ONE mooring lines. The concept of using artificial light sources within
the detector volume is not new, in fact, every larger telescope is utilizing a similar technique
to access their optical parameters. Nonetheless the POCAM bears due to its absolute intensity
calibration, large dynamic range, short nanosecond pulses, and the ability of self-calibration, the
potential to function as standard calibration light source for neutrino telescopes. This chapter
focuses on the properties of the third POCAM generation, concentrating on new analog circuitry
aspects as developed in the scope of this master thesis. Before doing so, the state of the art of
calibration in IceCube and other neutrino detectors shall be provided.

IceCube utilizes a flasher board within their DOMs featuring a total of six light emitting
diode (LED) pairs circularly mounted around the printed circuit board (PCB) [20]. Every 60°
in azimuth the two LEDs are aligned in such a way that, after refraction by the DOM glass
and into the ice, one LED emits horizontally while the other at an angle of 48° upward, which
is close to the Cherenkov angle in ice. The LEDs can be flashed with a frequency of 610 Hz
and an intensity between 10°-10'° photons, with a wavelength centered around 399 nm. By use
of the obtained data sets by the LED flasher boards, an estimation of the ice parameters can
be performed. The latter are defined by six global parameters, depth-dependent temperature,
and as prime factor the scattering and absorption lengths. The glacial ice is averaged over
layers with 10 m thickness. The light propagation from the LED flasher boards is simulated
by a photon propagator, using varying ice parameters. A global fit for all parameters to the
real flasher data could be obtained by a subsequent maximum likelihood analysis, resulting in
a table of estimates for depth-dependent scattering and absorption lengths. Within the physics
region, the deployment site of the ICU strings, the values range from 20-80m for effective
scattering and 80-260 m for the absorption length [13]. By exploiting the same data set also the
observed optical anisotropy of the south pole ice is being investigated. The anisotropy effect
is presently characterized by a diagonal matrix, which modifies the scattering behavior [30].
Where the depth-dependency of the anisotropy and comparatively uncertain emission profiles
and alignments of the LEDs affect the results. The self-calibration ability and the isotropic
emission pattern of the POCAM promises potential improvements, as no initial light emission
profile has to be assumed. Detection characteristics, by means of individual relative DOM
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efficiencies, are currently approached by measuring cosmic ray induced minimum-ionizing muon
events, which offer a reasonably known light yield. As the POCAM provides an isotropic light
emission profile, direct measurements of DOM efficiencies can be performed. Hereby potential
aging effects of the hardware, which possibly alter efficiency and linearity behavior can be
tackled. In addition to that, light signatures can be mimicked by the POCAM, especially
cascades or double bang scenarios by timing the light flashes, which allows to access the cascade
energy reconstruction by the known total POCAM photon output [31]. One of the major
uncertainties within IceCube is the refrozen water in the drill holes, commonly referred to as
hole ice. It emerged through the refreezing process in the drill hole and is generally described
by a modification of the angular acceptance curve of a DOM. Solely in the case of low-energy
reconstructions it is modeled as an ice column with aberrant optical properties compared to the
bulk ice [32]. By the aid of POCAMSs deployed in different depths, an unimpaired measurement
of the in-situ angular acceptance of the DOMs can be performed [31].

The ANTARES collaboration, one of the predecessors of KM3NeT [21], performed site stud-
ies with a dedicated mooring line and two optical modules, one light emitter and a PMT-based
receiver module. Absorption and scattering lengths were measured with blue (473 nm) and UV
(375nm) light, resulting in values of around 60 m (blue) respectively 25 m (UV) for the absorp-
tion length, and 260m (blue) and 120m (UV) for the scattering length [19]. This illustrates
an inverted distribution to the aforementioned optical properties of glacial ice. Complemen-
tary measurements were performed at the other detector sites by the NESTOR and NEMO
collaborations using similar setups [33]. Time calibration within a mooring line in KM3NeT
utilizes a nanosecond pulser-based LED driver, named Nanobeacon, hosted inside the DOMs
while pointing towards the upper modules [34]. Baikal-GVD evaluated the optical properties of
the fresh water by the assistance of lasers. In addition to that, a verification of the obtained
results could be done by a first prototype of the POCAM [35, 36]. In the scope of P-ONE,
site studies were performed by utilizing three POCAMs in the first pathfinder project STRAW.
Calibration, during the lifetime of the future detector, will be handled by several calibration
modules on the base of the POCAM presented in this thesis. Two of them will be hosted on
each single mooring line to calibrate the optical modules of P-ONE.

3.2 POCAM design

The POCAM features self-monitored isotropic light pulses with a high dynamic range to serve
as a standard calibration device for large-volume photosensor arrays as utilized in high and low
energy neutrino detectors. Generally, it consists of light flasher circuits, a diffuser to isotropize
the light output, photosensors for self-monitoring, and electronics for readout and data aquisition
(DAQ). The development of the POCAM was initiated in late 2014 and its design went through a
number of iterations since then. Important milestones have been the deployment in Lake Baikal
as part of the Gigaton Volume Detector (GVD) and, motivated by its success, the development
of the STRAW mooring lines, which utilize in total three of the second generation POCAMs
[37, 38].
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3.2.1 Titanium housing

To withstand harsh environments like the deep-sea and glacial ice, especially the emerging
pressures in water or during refreezing processes, as well as temperature extremes or variations,
and corrosion, all the components of the POCAM are encapsulated in a titanium pressure
housing. A cut-view of the overall design is given in figure 3.1. The titanium pressure housing
was developed in close collaboration with the marine housing specialist Nautilus Marine Service
GmbH. It is qualified for a pressure resistance up to 680 bar, tested for temperatures as low as
-55° C, and has been additionally vibration- and shock tested in the scope of STRAW according
to the ISO standard 13628-6. The cylindrical design allows a nearly isotropic light emission
in the far-field and provides enough space for internal electronics. Especially the design of the
hemispheres is important for the overall emission profile of the module. A hemisphere consists
of an optical-enhanced borosilicate glass attached via deep-sea rated epoxy resin to the titanium
flange. The latter are mounted to the titanium cylinder while two sealing O-rings are closing
the module hermetically.

(a) Cut view of a POCAM (b) Close-up view of one hemisphere assembly

Fig. 3.1: Cut view through a complete POCAM in (a) and close-up view of one hemisphere
assembly in (b). For details on the sub-components refer to the text.
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The aforementioned environmental resistances have been tested with appropriate internal
and external tests. The pressure rating was performed at a special test facility at the housing
manufacturer Nautilus. Thereby the module has been enclosed in a pressurized tank and was
repeatedly cycled to a pressure of 680 bar. Temperature tests have been performed within our
institute. First temperature resistance measurements could be carried out with a fridge kindly
provided by the chair of biophysics (E22). Here, the module was cooled down for various time
intervals to a total temperature of -80° C and then exposed to room temperature to initiate an
immediate unfreezing process. After every cycle, the module and especially the flanges have been
checked for visible damages. The titanium housing remained intact and also the connection of
the borosilicate glass to the flange via the deep-sea epoxy resin stayed unimpaired. Additionally,
a monitored temperature test has been performed in a specialized freezer where internal pressure,
temperature, and humidity have been observed for a total testing period of five weeks and were
found to remain stable. In the scope of STRAW, vibration and shock tests according to the ISO
13628-6 standard have been successfully performed at test facilities of the German company
TABG Industrieanlagen-Betriebsgesellschaft mbH.

3.2.2 Internal construction

The internal design of the POCAM follows a modular
approach. Both hemispheres host a combined system
of light diffusing PTFE-sphere as well as analog and
digital front-end boards. The latter contain the nec-
essary flasher circuits, photosensors for self-monitoring
as well as the required power supplies and control by
a field programmable gate array (FPGA). As these
hemisphere-submodules are constructed as one single
stack and mounted to the flange via four threaded bars
it is ensured that every submodule can be exchanged.
Printed arrows on the circuit boards as well as grooves
on the PTFE-sphere mounting guarantee a defined ori-
entation that ensures the validity of the emission profile
of the specific assembly. A black coated aperture disk
suppresses stray light and ensures that mainly the emis-
sion of light by the diffuser is driving the emitted light
profile. Besides that, the aperture disk provides fixed
solid angles for the two integrated photosensors. It is
composed by two half-disks and a mounting ring, which
holds the PTFE-sphere. Stainless steel (X5CrNil8-10)
has been chosen as material since it provides a similar
thermal expansion coefficient to titanium. In terms of
thermal expansion also the difference between the PTFE-sphere (143.3 - 1076 K1) and stainless

Fig. 3.2: Picture of the PTFE-sphere
and the aperture disk mount-
ing ring. To account for dif-
ferent thermal expansion co-
efficients the mounting ring
is designed smaller and the
sphere is fitted in after cool-
ing it down to -50° C.
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steel (16.9-107°K~1) had to be considered [39]. To alleviate the risk of loose parts at temper-
atures reached during the deployment at the South Pole, the aperture ring has been designed
smaller than the PTFE neck. The latter can then be thermally fitted at -50° C. As this POCAM
generation is specifically designed for the IceCube Upgrade, it hosts three IceCube-specific com-
munication boards to interface with the existing IceCube network. These boards are the IceCube
communications module (ICM), a specific power supply, and a PCB with a micro-controller
unit (MCU) as core. Their functionality will be covered in section 3.7. This communication
stack is provided by the IceCube collaboration and is called mini mainboard (Mini-MB). Each
POCAM will host one Mini-MB module which will be mounted on one hemisphere assembly to
the so-called distribution PCB. The latter is cabled separately to both hemispheres. Figure 3.3
shows one of the hemisphere-submodules and the IceCube communication stack.

Fig. 3.3: Internal construction of one hemisphere. The PCB stack, comprised of the analog,
digital, and distribution board, is mounted together via distance bolts. The PTFE-
sphere is fitted in the aperture mounting ring, both parts are afterward screwed to the
analog board and aperture disk. The overall stack is connected to the titanium flange
via four threaded bars. The Mini-MB of the ICU is mounted to the distribution board.

3.3 Isotropy

One crucial aspect of the POCAM is the light emission profile. The goal is here to achieve a
nearly isotropic profile. This allows the calibration to work independently from the orientation
of the POCAM within the detector volume. Additionally, the POCAM is also self-monitored
by two photosensors, which rely on the isotropic light emission. The main principle to achieve
isotropy is based on the use of a two-part integrating sphere made from PTFE (teflon) and its
intrinsic Lambertian reflective properties. The initial light pulse from the emitter circuits is pre-
diffused by a PTFE plug before it is integrated in the sphere. Both parts can be seen in figure
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3.2. The general concept has already been proven reliable in the first two POCAM iterations
but was revised for this third generation. On that account, we examined slightly different plug
and sphere geometries as well as new production techniques for the underlying PTFE. While
the former did not show any significant improvements and were quickly disregarded, the latter,
in the form of so-called optical PTFE, could enhance the isotropic light emission significantly.
Optical PTFE is produced by an isostatic molding technique for teflon granule, which achieves
ultimately a better compression compared to uniaxial molding. This improves the surface tex-
ture drastically [40]. For the emission profile measurements a dedicated characterization setup
was used, which will be covered in detail in section 3.8. Apart from that, a GEANT4 simulation
framework setup of the POCAM, created by Felix Henningsen, was used to investigate further
optimizations. The simulation reproduces the measured emission profile to within 1%. The
difference between normal and optical teflon is shown in figure 3.4 and illustrates the significant
improvements achievable by the advanced production technique.
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Fig. 3.4: Comparison of optical to normal PTFE, normalized to the intensity between 0° and
45°. Optical teflon shows a nearly constant emission profile until a zenith angle of
70°, normal PTFE still depends on the LED intrinsic cosine emission profile. At 90°
the flange waistband is disturbing the emission. The lower plot shows the deviation
between both materials. Figure courtesy of Felix Henningsen.

Besides the enhancements made by the material of choice also the internal geometry has been
revised. In earlier generations of the POCAM, the center of the teflon sphere was aligned with
the glass hemisphere which resulted in a higher dependency on the flange waistband. Especially
as the glass sphere is connected to the flange via epoxy it is influencing noticeably the emission
profile. Although improvements in the production technique of the flanges achieved a precise
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and small waistband edge a small deviation remained observable. To mitigate this an offset
of the integrating sphere with regard to the flange equator was simulated. As the results were
promising measurements with a full POCAM hemisphere and an offset of 4 mm followed. The
simulated data and respective measurements are shown in figure 3.5. Here, the total emission
profile is obtained by combining the results of two hemispheres in the far-field. This shows that
for a higher offset the effects of the waistband and the cylinder can be mitigated. For the final
configuration of the POCAM a total offset of 5.5 mm is envisaged, based on simulation results
in ice.
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Fig. 3.5: Simulated and measured emission profiles for different offsets between the center of the
diffusing sphere and the glass hemisphere. In general, the higher the offset the less
severe is the impact of the flange waistband. For the final POCAM configuration an
offset of 5.5 mm is planned. The lower plot shows the deviation of the simulated results
to the measured data set. Figure kindly provided by Felix Henningsen.

3.4 Flasher circuits

The pulse drivers, located on the analog board, are utilized to generate the nanosecond light
flashes. Therefore, mostly analog circuitry is employed. The former generations of the POCAM
had solely one type of analog flasher, namely the Kapustinsky pulse driver [41], accompanied by
a FPGA-based pulser. In the scope of this thesis new pulse drivers have been investigated for the
third POCAM iteration. The goal of this was to exploit ultimately a wider dynamic intensity
range. Several potential light pulsers were tested, among which many have been disregarded,
simply due to underperformance or for non-reliability. Especially the latter posed to be difficult
for some devices as they could not handle for instance mild overvoltage peaks or needed to be
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individually fine tuned for specific operating ranges. However, as the POCAM will be deployed
in harsh and hardly accessible environments, reliability of the module is mandatory. To perform
the necessary characterization measurements for the various drivers several PCBs have been
designed, which could be utilized in a dedicated characterization setup. The latter will be
described in section 3.8. Eventually two circuits were chosen as candidates and will be covered
in more detail hereafter.

3.4.1 Kapustinsky

The Kapustinsky circuit has been the main LED driver for the first two POCAM generations
and benefits from experience and its proven reliability [37]. On that score it will be also used as
a crucial pulser in the third POCAM generation. The functional principle relies on a controlled
discharge of a capacitor C, initially charged by a negative bias voltage, via a square trigger
impulse signal. The incoming trigger signal opens the NPN transistor and a current flow can
be established which subsequently opens the PNP transistor. As a consequence a current path
from ground via the LED to the negative bias connection opens. Eventually, the emerging LED
flash is effectively cut short as the parallel inductivity counteracts the current flow. The circuit
can also be seen as a resonator circuit cut down by a diode after a fourth of the oscillation. A
simplified depiction of the circuitry is shown in figure 3.6.
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Fig. 3.6: A simplified schematic of the Kapustinsky driver used in the POCAM. The negative
bias voltage charges initially the capacitor C and its discharge is triggered by a square
pulse signal. Time and intensity characteristics of the light pulse can be controlled via
the values of L and C.

The values for the inductivity and the capacity determine the intensity and timing character-
istics of the circuit. Generally, longer pulses result for larger values of both [37]. This allows the
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utilization of two driver configurations, a faster but dimmer one using a capacity of 150 pF and
an inductivity of 22nH, and a brighter one with a larger capacitor value of 1.2nF. The latter
will be referred to as default configuration in the following. Besides that, altering the achievable
intensity is also possible by adjusting the applied bias voltage. This behavior is very linear and
can be seen in figure 3.7 (a). The impact of the different capacity and inductivity configurations
on the time profile is depicted in 3.7 (b). The former was measured with a photodiode (PD)
while the latter was accessed by an avalanche photodiode (APD), using time-correlated single
photon counting. In both cases a default 405 nm LED (XRL-400-5E) was used.
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Fig. 3.7: The upper figure shows the normalized intensity dependent on the applied bias. Both
configurations show a linear behavior. The lower figure shows the different time profiles
with respect to the lowest and highest applicable bias voltage. Here, the impact of
different values for L and C can be seen.
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3.4.2 LiDAR-type pulser

A novel type of pulser could be adapted from industrial LIDAR (light detection and ranging)
applications. It utilizes a high-current gallium nitride field effect transistor (GaN-FET) capable
of switching voltages up to 100 V and currents up to 36 A. These values can be even exceeded
once it is used in pulsed configuration [42]. Similar to the Kapustinsky circuit, a controlled dis-
charge of a capacitor bank is initiated by a trigger input signal. The latter controls the output
voltage of an ultra-fast gate driver (LMG1020) and therefor opens ultimately the GaN-FET
(EPC2001C), allowing a current flow via the emitter. The basic concept of the circuit is shown
in figure 3.8.
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Fig. 3.8: Simplified schematic of the LiDAR-type driver circuit. The capacitor bank is charged
via the positive bias signal. A trigger input at the gate driver switches the output high
and the GaN-FET opens, allowing the discharge of the capacitor via the emitter. Fine
tuning of the timing is possible by applying a delayed trigger signal.

The gate driver offers two logic-level inputs which can be used to fine tune the pulse dura-
tion. Therefor both signals are compared internally by the driver while the output follows the
difference of both. In particular this means that the pulse driver can be controlled by use of one
trigger signal but effectively cut short by a delayed second trigger signal. To avoid additional
complexity by supplying two distinct input signals, it is suitable to use a delay of the trigger
signal via an RC element. Albeit, the delayed signal must then be buffered by an AND gate
before feeding it to the gate driver. To fully exploit the capabilities of the driver the use of
a laser diode (LD) is preferable as those offer a higher potential light output. Generally, LDs
require larger driving currents, which are simply not obtainable with the Kapustinksy circuit.
Furthermore LEDs can withstand the large driving currents achievable by this circuit only to a
certain extent. However, UV LEDs can be utilized as they often need large currents to produce
a significant light output. Similar to the Kapustinsky driver, the achievable intensity can be
determined by the applied bias and also shows a linear response. Here, the effects on the selected
pulse duration by different bias voltages is, contrary to the Kapustinsky, hardly observable. The
characterization of the pulser has been performed with the same setup as for the Kapustinsky
drivers. For this a default 405 nm LD was used (RLT405500MG). The results are depicted in
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(b) Time profiles for both Kapustinsky configurations and the LiDAR-type

Fig. 3.9: The upper figure depicts the normalized intensity with respect to the applied bias for
all flasher types. Every configuration shows a linear response. The lower figure pictures
the measured time profiles for the lowest and highest applicable bias voltage for the
respective pulse drivers. All of the characterizations have been performed with the
default 405 nm LED/LD at room temperature.

figure 3.9, with combined data sets of the three driver configurations for a better comparison.

3.4.3 Redundancy modifications
The emitter matrix in each hemisphere is limited by space constraints to a total of six emitters.

At first, a symmetrical distribution of two wavelengths per abovementioned pulse driver was
considered. However, this implies that the loss of a pulser means also the loss of a specific
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wavelength or intensity regime. To mitigate this risk specialized circuitry has been developed
to allow for redundancy. In addition to that, different emitter wavelengths can be utilized and
driven by various pulsers selectively which ultimately allows a greater variety in the wavelength
selection. However, modifying an established driver circuit bears the risk to alter their behavior
in an undesired way or the loss of overall functionality. Hence changes need to be carefully
considered, tested, and reduced to the necessary minimum. In the case of the Kapustinsky
driver additional diodes were integrated in order to block the different charge capacitors from
each other. This allows the selection of a specific capacity by switching the applied voltage.
To avoid brighter initial pulses the discharge of the unused capacitor must be established by
the use of a resistor connected to ground. The circuitry can be seen in figure 3.10. However,
two compromises are necessary for this solution. At first, the inductor is shared between both
channels which means that the characteristics of the flasher channel can only be altered by the
value of the respective capacitor. Besides that, the diode influences the circuit through minor
voltage losses and induces a parasitic capacity. Both issues can be mitigated by choosing an
appropriate diode and the exact characterization of the complete pulser circuit.

W 1k SBR|2A40P1 SBR2A40P1 1kO —V
| D
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Trigger — | —
. || .

BFT92 10k

470pF 2.2k
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Fig. 3.10: Redundancy modification for the Kapustinsky circuit. Two different LC configura-
tions are possible by selecting the applied voltage on the respective channels. The
charging of the unused capacitor is blocked by the respective diode in its path. To
avoid brighter initial pulses the discharge of the capacitors is possible via R1/R2.

The LiDAR-type driver is altered in such a way that the connection of in total four emitters
to one pair of GaN-FET and driver is possible. This is achieved by the use of optical integrated
circuits switchable by an applied external voltage. By doing so the selection of a specific emitter
is enabled. Only the respective capacitor bank will be charged while the other can discharge
over an additional resistor connected to ground. This ensures that only the selected capacitor
can discharge via the LED once a trigger signal is applied. A simplified schematic, displaying
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only two emitters, is given in figure 3.11. However, as this does not yet solve the redundancy
problem a second driver will be utilized with the same given set of emitters. A selection of the
specific driver can then be simply performed by applying the respective trigger signal. Figure
3.12 depicts a general overview of the emitter layout achievable in the POCAM by application of
the redundancy modifications. Although both modifications have been tested for functionality
and reliability, a complete characterization will be performed with a functional prototype of an
analog board. In this way also crosstalk effects between the flasher types as well as parasitic
inductivities and capacities induced by the PCB layout can be accessed.

+Vi o 1kQ 1kQ +Vs

R1 — 1 c2—— R2

/ f@.m 010> N/

s

LMG1020

iEsmip=
ﬂ [: EPC2001
gL

Fig. 3.11: Simplified schematic of the modifications for the LiDAR-type light pulser. By switch-
ing the respective voltage a selection of a specific emitter is possible, similar to the
Kapustinsky brighter initial pulses are prevented by allowing the discharge of the ca-
pacitor bank. Redundancy is achieved by utilizing two gate drivers and GaN-FETs,
which share in total four emitters.
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3.5 Optical emitter selection

The three distinct pulser types offer, as outlined above, different time and intensity profiles.
Moreover, the LiDAR-type pulse drivers perform best with laser diodes (LDs), while the cur-
rent output of the Kapustinsky flashers is only sufficient for light emitting diodes (LEDs).
Besides that, the overall performance of the flasher circuits is heavily influenced by the optical
emitter itself. Even variations within the same type of emitter can occur through differences
in the semiconductor batches between production cycles. An appropriate selection of optical
emitters to the respective flasher circuits needs to be performed. The overall emitter layout can
be seen in figure 3.12. Here, also the modifications by the aforementioned redundancy circuits
are depicted. All of the three flasher types will operate an emitter with a default wavelength of
405nm. For the LiDAR-type pulser this is the laser diode RLT405500M G, for the two Kapustin-
sky configurations it will be the LED XRL-400-5E. The other emitters will be distributed over
the considered wavelength regime determined by the acceptance curve of the IceCube DOMs
[43]. Various LDs and LEDs have been tested over the course of several weeks. For this, the
previously mentioned flasher characterization setup, which is described in more detail in section
3.8, was utilized.

Al H LiDAR-type #1
A2

Kapustinsky default

Kapustinsky fast A4 LiDAR-type #2

Fig. 3.12: Emitter layout of the POCAM. Two LiDAR-type drivers share in total four emitters
(laser diodes and LEDs) while the redundancy modification of the Kapustinksy driver
allows the utilization of one LED by two different Kapustinsky circuits.

As outlined in the previous section the intensity characteristics have been accessed by the use
of an external photodiode, while the timing behavior was measured by using time-correlated
single photon counting with an APD to sample the pulse profile. The latter provides estimates
for the achieved FWHM values while the former was used to calculate the attainable total
number of emitted photons via

Ihoto
N, = P 3.1
" )1 (5) )

whereas I,0t0 denotes the measured photocurrent, f the flashing frequency and epq the wave-
length dependent quantum efficiency of the photodiode. The selected emitters and their cor-
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Pulser Emitter [nm)] Low intensity High intensity
Photons FWHM [ns]  Photons FWHM [ns]

Kap. (fast) XRL-400-5E [405] 6.3 x 107 1.4 2.7 x 10% 2.4

P 4St) NSPB300B [465] 1.2 x 107 2.6 5.7 x 107 3.1

Kap. (def) XRL-400-5E [405] 8.5 x 108 4.9 4.0 x 10° 8.0

P NSPB300B [465] 6.0 x 10% 7.6 2.5 x 10° 10.5

XSL-365-5E [365] 1.3 x 10? 6.3 1.9 x 10? 6.2

LD (5ns) RLT405500MG [405] 5.9 x 10? 3.7 2.9 x 1019 4.0

PL-TB450B [450] 1.1 x 10%° 4.4 4.7 x 1010 3.8

LD-520-50MG [520] 3.2 x 10° 11.1 1.4 x 1010 6.2

XSL-365-5E [365] 3.0 x 10° 7.3 7.8 x 10° 10.0

LD (25ns) RLT405500MG [405] 4.6 x 1010 5.5 1.3 x 101! 5.9

PL-TB450B [450] 2.1 x 10%° 5.4 1.0 x 10! 7.3

LD-520-50MG [520] 5.5 x 10° 9.7 2.7 x 10%0 12.4

Tab. 1: Exemplary light pulser performance for the chosen emitters and their wavelengths at
low and high intensity settings, recorded at room temperature. The LiDAR-type driver
is referred here as LD and is depicted for two input pulse widths. The scaleable pulse
width allows the adjustment of the brightness and, of course, the time profile. The total
number of photons was accessed by use of a photodiode.

responding pulse drivers alongside with the achieved values are depicted in table 1. For the
LiDAR-type driver two distinct pulse durations have been set. Furthermore, for all flasher
types two different intensities, set by the applied bias, are considered. Table 1 shows that the
LiDAR-type flasher can achieve a photon output up to two orders of magnitude higher than
the Kapustinsky drivers with a comparable time profile. However, the Kapustinksy circuit is
extremely reliable and comes with the experience of two former POCAM generations.

3.6 Photosensor self-monitoring

The two different photosensors included within the POCAM provide a detector-independent
monitoring of the light output. The photosensors are a Silicon-photomultiplier (SiPM) and a
photodiode (PD). While the former is used for lower intensities and pulse on-set time as well
as duration measurements, the latter accesses integrated charge over a large dynamic range.
However, in terms of the PD high intensities are focused. As abovementioned, the aperature
disk as part of the internal mounting provides defined solid angles for both sensors. Besides that,
it is also used for the mounting of the chosen PD, which is a Hamamatsu S2281-01. As SiPM the
Ketek 3315-WB has been selected. Precise self-monitoring can be achieved by comparing the
in-situ monitored light output to the calibration performed prior to deployment. Both distinct
sensor readout principles will be introduced within this chapter.
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3.6.1 Photodiode readout

The photodiode readout is performed by a transimpedance amplifier (TTA) circuitry. For this,
the low input current and low noise operational amplifier AD549S in photovoltaic mode is
utilized. The photocurrent induced by the photodiode is amplified and converted through the
TIA according to

Vout ~ _Rfeedback “Ipp (32)

while Rfeeqpack denotes the feedback loop resistor. However, as the photodiode inhibits a
specific junction capacitance the circuit gain becomes frequency dependent due to the added
impedance [44] and follows

Vout = G(w) -Ipp. (33)

Whereby G(w) is still directly proportional to Rgeedback, but adds a complex prefactor. For
high-frequency applications the frequency dependence can cause ringing due to an effect called
gain-peaking. This occurs at a frequency where the gain G(w) finds its maximum, which is
without further ado at

1 o7
fop = 5 3.4
P om RfeedbaCk(Cfeedback + C(PD) (3.4)

with the transit frequency wr [45]. By adjusting the value of the feedback capacitor the
gain-peaking can be controlled. However, increasing C'tecapack cOmes at the expense of reduced
bandwidth and a trade-off has to be found [45]. Although first estimates for a proper capacitor
value can be calculated, the overall performance of the circuit depends also heavily on the PCB
design as it introduces further capacities or inductivities and adjustments by testing are vital
[46]. For the application in the POCAM the feedback values have been set to a resistance of
10 M€ and a capacity of 27 pF. The transimpedance stage is followed by an inverting adder
with a total gain of

_ Ryeedvack

Jadder = —10 (3.5)

Rinput

for the diode path. By adding a DC bias to the amplifier input it is possible to apply an offset
on the signal to accommodate for the dynamic range of the analog-to-digital converter (ADC).
However, the offset can also be changed by altering the virtual ground on the positive input of
the amplifier by a potential divider. Two separate additional inverting amplifiers with a low
(8low ~ —1) and a high (ghigh ~ —20) gain channel follow the inverting adder. By this, it is
possible to tune the signal and their offsets to adjust to the DAQ input voltage range. Figure
3.13 shows the simplified readout concept, albeit, the two distinct offset options are not depicted,
but can be seen in the original schematics in the appendix A.6.
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Fig. 3.13: Conceptual view of the photodiode readout stages. The transimpedance amplifier
generates an output voltage with respect to the feedback resistor and the induced
photocurrent. The output voltage is first amplified and offset by an inverting adder,
which is followed by two inverting amplifiers, featuring two distinct gain channels.
This permits necessary adjustments to accomodate for the full dynamic range of the
future DAQ electronics.

3.6.2 Silicon-photomultiplier readout

For the SiPM a two-folded readout is necessary to obtain timing and charge information. How-
ever, recording of both, on-set time and charge, comes at the expense of information loss,
especially in regard to the charge. To tackle this, the SiPM signal is split in two distinctive
paths via two capacitors. The signal is subsequently divided with a respective fraction ac-
cording to their capacity. Charge information is then obtained by feeding the larger of the two
AC-coupled signals into a second capacitor. The latter can be discharged in a controlled manner
by grounding either of two resistors. This leads to a discharging curve, which is amplified by a
subsequent inverting amplifier. The obtained signal is then fed to a FPGA-based discriminator
and a time-to-digital converter (TDC) which accesses the charge by a time-over-threshold (TOT)
measurement. Here, the charge is proportional to the signal time-over-threshold, according to
the chosen resistor and capacitor configuration, while the discharge constant denotes itself to

T=R-C. (3.6)

Timing information is obtained by use of a fast transistor signal which is controlled by the
SiPM response. This signal is eventually also fed to a FPGA-based discriminator and a time-to-
digital converter (TDC). The SiPM-readout circuitry has been developed in close collaboration
with the GSI Helmholtzzentrum fiir Schwerionenforschung GmbH located in Darmstadt, Ger-
many. The necessary FPGA and TDC developments have been performed by Michael Bohmer
(Zentrales Technologie Labor (ZTL)). A schematic view of the circuitry is shown in figure 3.14.
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Fig. 3.14: Schematic of the utilized SiPM-readout. The SiPM pulse is split and fed into two
channels to obtain charge and timing information. The charge readout relies on the
controlled discharge of a capacitor and the correlated measurement of the discharge
signal via time-over-threshold recording. Timing is accessed by use of a fast switching
transistor. Both signals are fed into a FPGA-based discriminator and eventually a
time-to-digital converter. The circuitry has been developed in close collaboration with
GSI, located in Darmstadt, Germany.

3.7 Communication and power electronics

The basic functionality of the module, by means of the above described analog circuitry for
flashing and self-monitoring, and the corresponding control by the digital board, can be adjusted
to various specific detector interfaces. As this POCAM generation was specifically adapted to the
IceCube Upgrade the communication to the module is mainly handled by three IceCube-specifc
boards. The interface to the IceCube network is the IceCube communications module (ICM).
It links to the IceCube data-, clock- and power stream and provides proper communication
protocols as well as synchronization signals. A secondary board, with a micro-controller unit
(MCU) as main part, supplies then hard- and software similar to the DAQ of the IceCube
Upgrade sensor instruments. This is interfaced by the so-called distribution board which assigns
data-, clock- and communication streams as well as power to both hemispheres by use of an
FPGA. Every FPGA on the digital board at the respective hemispheres receives thereby slow
control commands and clocks from the MCU. This is used to set up the FPGA registers
accordingly to the respective measurement run. Thereby parameters for the flasher circuits and
photosensors are set correspondingly. The power supply is handled by a separate PCB. For
the ICU a 96V supply and a maximum power consumption of 8 W is foreseen. The internal
photosensors will monitor the intensity and timing characteristics once a flash was performed,
while the recorded data will be written to the internal FPGA storage. This can be accessed
by the MCU board and linked to to the IceCube data stream for further offline processing.
At the current state the mini mainboard (Mini-MB), containing the ICM and the secondary
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MCU board, is in advanced prototyping. The further development of the distribution board
and digital board depends on its final design and will be the next important steps for the third
POCAM generation.

3.8 Characterization setups

The aforementioned flasher circuits and the optimizations regarding the emission profile have
been characterized by the use of two dedicated calibration setups. These will be also further
utilized to calibrate complete modules individually and shall be covered in greater detail within
this section.

Relative flasher characterization.  The flasher characterization setup utilizes a photodi-
ode, a PMT, an avalanche photodiode (APD), and a spectrometer. All of the four different
sensors are located in a dark box, while the flasher circuit itself is placed in a temperature
chamber (ESPEC MC-712). Coupling of both setups is then performed by a 4-to-1 fan-out
fiber connected to the flasher circuitry via a custom-made fiber adapter, which faces directly
on the respective emitter. The temperature chamber is capable of reaching, and holding, tem-
peratures between -75° C and +100° C. For most detector environments mainly temperature
extremes in the subfreezing regime are of interest, especially in the case of glacial ice. Therefore
the temperature chamber is mainly used as freezer. To reduce potential systematic uncertain-
ties, especially at the fiber coupling, which could emerge during cooling and heating due to
humidity in the chamber, it is flushed with nitrogen. For the calibration of a complete module
hemisphere also a temperature-stabilized reference halogen light source will be coupled to the
integrating sphere. This allows the correction of potential changes during the calibration, for
instance through the mentioned fiber coupling disturbances. The intensity is recorded by the
photodiode and the PMT. While the former is readout via the picoamperemeter Keithley 6485,
the latter is evaluated by a digital oscilloscope. Time profiles are measured with the aid of the
APD, using time-correlated single photon counting. A neutral density filter wheel is utilized to
achieve low occupancies (sub-10%) to provide appropriate single-photon sampling of the time
profile. For the APD readout a high-precision TDC is utilized. Lastly, the emitted spectrum is
recorded by the spectrometer, which is accessible by serial commands. A dedicated computer
controls all the necessary software as well as peripheral electronics and sub-components. A
conceptual view of the setup is given in figure 3.15.

Relative emission profile characterization. For the emission profile characterization,
a separate dark box with a total length of around 140cm is used. Here, a fully assembled
hemisphere including the integrating sphere, aperture disks, and a dedicated illumination PCB
is mounted on a two-axis rotation stage assembly. The latter consists of two separate rotary
stages, which feature sub-degree precision. In this configuration, scans of the emitted profile for
a given set of azimuth and zenith angles can be performed. The illumination board provides
the same layout of the emitter matrix as the analog board but utilizes switchable LEDs in a
constantly operated forward mode. A Keithley 6485 picoamperemeter is used to measure the
photocurrent induced by a photodiode, which is mounted on the opposite side of the dark box.
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Fig. 3.15: Schematic view of the calibration setup for the flasher characterization. Four different
sensor types are located in the dark box while the flasher is placed in a temperature
chamber. Image courtesy of Leonard Geilen.

A dedicated computer measures the achieved intensity, sets the azimuth as well as zenith angles,
and performs the LED selection. Light baffles mounted between the emitter and sensor are used
to reduce the impact of light scattering on the surfaces of the dark box. Additionally, dark
current measurements are performed between the runs. Figure 3.16 provides an overview of the
workflow of this setup, including the necessary peripheral electronics.

Absolute calibration.  Complete POCAMs will be absolutely calibrated as well. The in-
strument will be placed therefore in the aforementioned emission profile setup and the regular
photodiode will be exchanged with a NIST-calibrated diode. By iterating through all emitters,
pulse drivers, and a set of different configuration parameters, an absolute intensity scale to all
previous relative calibrations can be measured, by monitoring the induced photocurrent. This
data will be used as reference for the self-monitoring data over the deployment period and can be
used to correct the emission in-situ by use of the self-monitoring capability of the POCAM and
the linear response of the circuits to the applied bias. Systematic uncertainties of the detected
volume and the instruments can be accessed by accurate simulation studies, which should be
enabled by precise knowledge of the relative and absolute behavior of the POCAM.

40



Precision Optical Calibration Module

Analog
Dark box Connection

- Hemisphere assembly
Light baffies + illumination board — Digital

Connection

Rotation
stages Measurement
Device

(|
= Laboratory
]

Device

Supporting
Electronics

Picoamp Computer Arduino

Fig. 3.16: Conceptual workflow overview of the emission profile characterization setup. The
hemisphere assembly on the right hand side can be rotated via two rotary stages.
The induced photocurrent from the photodiode is measured by a picoamperemeter.
Figure kindly provided by Leonard Geilen.

3.9 Conclusion and outlook on the POCAM activities

The development of the third generation POCAM for the IceCube Upgrade is in a very advanced
stage. In the scope of this thesis, environmental resistance tests for the titanium housing have
been successfully performed to ensure its resistance against the harsh environments of future
deployment sites. Dedicated characterization setups have been built and utilized to investigate
novel pulse driver circuitries and optimizations regarding the emission profile, and will be further
employed for the calibration of complete hemisphere assemblies. Here, several flasher circuits
have been developed and were examined to improve the dynamic range of the POCAM and
narrowed down to two candidates, the Kapustinsky driver and a LiDAR-type pulser. Further
modifications for both circuitries allow for redundancy and expand the available set of emitters.
Various types of the latter were tested to find appropriate candidates for the two pulse drivers.
The photosensor readout has been adapted to temperature stable devices and sensors. Further
characterization of the newly developed analog circuitries will be performed with a functional
prototype of the analogboard, which allows the access and mitigation of PCB layout induced
systematics. The analogboard is currently designed by myself. The development of the digital
board by Michael Béhmer as well as the distribution PCB by Felix Henningsen depend on the
final version of the IceCube communication module and its supplementary devices, and will
go on once a finalized prototype of the latter is available. Parallel to this, simulations for the
deployment within P-ONE and adaptations of the communication electronics to the P-ONE
infrastructure will start.
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4 Pathfinder missions for P-ONE

The neutrino sky is presently covered at the very high energies only partially by IceCube due
to its location in the Southern hemisphere. More observatories are necessary in the North to
complement the coverage of the neutrino sky. The Pacific Ocean Neutrino Experiment (P-ONE)
pursues the vision of a new neutrino telescope in the northern hemisphere as addition to the ones
existing or currently under construction to close gaps in sky coverage [47]. One of the triggering
circumstances that lead to the development of P-ONE was an existing cabled observatory,
NEPTUNE, located in the north-east Pacific Ocean on the coast of British Columbia. It is the
biggest such installation by Ocean Networks Canada (ONC), an initiative of the University of
Victoria. NEPTUNE was finished in 2009 and comprises an 800 km loop of fiber optic cables
and provides access at five different nodes, distributed over the Juan de Fuca tectonic plate.
Each node serves as connection point for distinct experiments and provides high-bandwidth data
(10Gb/s) and high-power (9kW /node at 400 VDC) connections [8, p.415]. Here, a junction
box (JB) serves as an interface to the experiments, in some cases, a mini junction box (MJB)
is used as an intermediate step. The latter is tailored by ONC to the specific experiments
and hosts power converters, Ethernet switches, and provides monitoring and control by means
of micro-controllers. The node at the Cascadia Basin in a depth of 2600m is located on an
abyssal plain and was selected to host P-ONE. Abyssal plains are submarine surfaces with little
deviancy in depth formed by terrigenous sediments [48]. This provides a nearly flat structure,
suitable for neutrino telescopes, as they encompass a large area. Eventually, the success of the
first POCAM prototype, deployed within GVD Baikal [35], led to the formation of the STRAW
collaboration and the initiation of P-ONE pathfinder missions, which will be subject of this
chapter.

4.1 STRAW - Strings for absorption length in water

The first pathfinder mission STRAW, has the main goal to characterize the optical properties
of the deployment site, Cascadia Basin. The focus lies on the measurement of the attenuation
length to classify the location in regard to P-ONE. Besides that, also long term studies of the
environmental background should be performed. The background is mainly composed of two
components: bioluminescence, induced by living organisms in the deep-sea, and radioactivity,
primarily potassium decay. STRAW was deployed in June 2018 and continuously takes data
since then, the overall design and concept will be explained hereafter.

Modules and electronics. STRAW utilizes two types of instruments to access the optical
properties: optical emitter and receiver modules. The former are predecessors of the POCAM,
described in section 3, while the latter are specially developed sensor modules, called sDOM
[38]. Each sDOM utilizes two 3” photomultiplier tubes (Hamamatsu Photonics R12199) accom-
modated in a larger version of the POCAM titanium housing, with one PMT facing downward
and the other upward. Data readout is performed with time-over-threshold measurements by a
combined system of a TRB3sc and Padiwa board, initially developed at GSI for collider experi-
ments. A dedicated splitting board divides the PMT signal to four levels. By this, four different
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thresholds could be configured to achieve a higher sampling rate. Time synchronization is in-
trinsically performed by combining several TRB3sc boards via a 2 GBit fiber line (TRBnet).
However, this was not possible within STRAW as it uses copper cables for communication. An
alternative approach was developed by Michael Bohmer (ZTL), in the form of the Medusa board.
This is located in the MJB of each string and provides a synchronization signal by use of the
LVPECL signal standard to the modules [38]. Both Medusa boards in the respective MJB can
be either used in stand-alone or master-slave mode to enhance redundancy. The TRB3sc-based
readout will be also utilized as the base for the STRAW-b modules and hence described in more
detail within section 4.2.1.

Deployment and mechanics. The design of STRAW is based on a two mooring line
configuration. Each mooring line hosts four modules, in total three POCAMs and five sDOMs
are deployed. Hereby, the POCAM induced light flashes can be detected by sDOMs at various
distances. Redundancy is achieved by an al- ' ma

most identical layout of both mooring lines,
with aligned modules at different heights. Fig-
ure 4.2 provides an overview of the complete
structure. However, adequate measurements
can only be performed with a free line of sight
between the two strings. This is achieved by
using two bearing steel lines instead of one.
This reduces the risk of twisting of the moor-
ing lines due to the sea current. Further-
more, cable shadows are avoided as the mod-
ules can be mounted on one side of the parallel
structure. The deployment of each mooring
line was performed with remotely controllable
winches, depicted in figure 4.1. Here, a com- Fig. 4.1: Photography of a mooring line assem-

plete string with its four modules is wound bly hosted on the winch, as it was low-
up on one winch and during the deployment ered into the test pool of ONC. Picture
slowly unwound. This operation is performed taken by Felix Henningsen.

form the back deck of the deployment vessel while a rigid-hulled inflatable boat (RHIB) and
an additional floating buoy secure the string prior to lowering it to the seafloor. The MJB has
been attached after unwinding of the complete string and the complete structure was lowered
with controlled speed by the aid of a heavy-lift-line. A rotatable anchor allowed ultimately the
alignment of the mooring lines. This was performed during the remotely operated vehicle (ROV)
operation for the connection of the mooring lines to the JB. Here, also a daisy chain connection
between the respective MJBs has been realized to distribute the timing signal by the Medusa
board to both strings.

Analysis and results. An initial analysis of the attenuation length was performed by
Christian Fruck. Preliminary results were presented during the International Workshop on
Next Generation Nucleon Decay and Neutrino Detectors (NNN18) with values of 31.4 + 8 m for
a wavelength of 465m [49]. Additional analyses to verify the results are currently performed
by the University of Alberta (UofA) and within our institute. In terms of background, the rate
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ranges from 10 to 100 kHz while peaks to several MHz can be observed, most likely induced by the
bioluminescence of ambient deep-sea organisms [38]. Besides these efforts, new instrumentation
systems will be deployed in the scope of STRAW-b, which aims for further characterization of

the site and the verification of the results achieved by STRAW.

, -146.5m - y
l -145.0 m - !
ILI -115.0 m - Ty
- POCAM - -110.0 m - - POCAM -
- sDOM - -70.0m - - sDOM -
- sDOM - -50.0m - - POCAM -
- sDOM - -30.0m - - sDOM -
-5.0m-
- MIB - - MJB -
-JB -

Fig. 4.2: Schematic view of the two STRAW mooring lines. Each string hosts four optical
modules, positioned at different heights. The horizontal spacing between the lines is
roughly 37m. For more details refer to the text. Figure courtesy of Kilian Holzapfel.
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4.2 STRAW-b

The results of STRAW motivated a follow-up mooring line, STRAW-b, as second pathfinder
mission. Primary tasks are the verification of the attenuation length measurements of STRAW,
an in-depth study of the bioluminescence background, and the development of suitable deploy-
ment strategies for future P-ONE mooring lines. The modules of STRAW-b are basically divided
into two sections. Standard modules deliver pressure, temperature, and humidity signals from
defined mooring line positions and serve basically as checkpoints for a successful deployment.
Specialized modules, on the other hand, are pursuing directly the aim for further characteriza-
tion of the deployment site. The overall design of STRAW-b is hereby based on hybrid optical
cables and 13” glass spheres to mimic the envisaged structure of P-ONE as closely as possible.
For the complete mooring line, ten modules are planned: two LiDARSs, two PMT-based spec-
trometers, a CCD-based spectrometer, a muon tracker, and four standard modules. The latter
serve basically as a base platform for all modules and will be covered in the following.

4.2.1 Standard modules

For STRAW-b, one module has been developed as a generalized module. This standard module
provides the base for the attachments of the specialized modules. For this, they accommodate
a readout system, on the basis of the TRB3sc and a modular mechanical substructure to mount
arbitrary supplements for the specialized modules. Besides that, the developed readout system
can also be used as core for the optical modules of P-ONE. The standard module delivers
data for internal pressure, temperature, humidity, and host magnetic field sensors as well as
accelerometers. By this, they provide a valuable ping signal from all module positions, which
can be used to monitor their individual system status.

Electronics. Data transfer and power connection between the modules and the MJB is
handled by individual hybrid cables, called vertical electrical optical cable (VEOC). Each
of those cables comprises two 22AWG copper wires, used for power supply, and two single-
mode fibers for communication. The readout is centered around the TRB3sc, an integrated
readout system on the basis of an FPGA with central trigger system, slow control, gigabit
Ethernet and time-to-digital converters (TDC). This device has been developed for collider
experiments by GSI in Darmstadt and benefits therefore from experience and proven reliability.
The front-end to the TRB3sc is the so-called Padiwa, which amplifies and shapes the signal of
the 16 inputs to allow a proper time-over-threshold measurement. The photosensor signal of the
individual specialized modules is fed to the Padiwa via the padAdap, a small adapter board.
Communication to the devices is handled by an Odroid C2. The connection between the C2
and the TRB3sc is established by a carrier board, called Phobos. Power conversion by means of
switchable DC-DC converters, as well as several digital-to-analog converters (DAC) and ADCs
are also located on the Phobos. Furthermore, environmental sensors for pressure, temperature,
humidity, acceleration, and magnetic field are hosted there and readout by the Odroid via an
12C-connection. Power consumption of the individual DC-DC converters can also be monitored
via I2C. As the connection to the Odroid is based on Ethernet, a media converter is utilized as
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Fig. 4.3: Simplified block diagram of the electronics for the standard module. Specific func-
tions can be tailored to the respective modules by software modifications. For more
information on the base electronics refer to the text.

an interface to the VEOC fiber connection. A small supplementary board (Octopussy) replaces
the micro controller hosted on the media converter, which transforms it into a configurable Eth-
ernet switch. Port-based VLAN is implemented as startup configuration, isolating the TRB3sc
Ethernet port from the SFP uplink. By this, a data transmission overload due to hard- or
software failures can be circumvented and the accessibility of the module ensured. Figure 4.3
depicts the general readout structure with the mentioned subsystems. Additionally, a battery-
powered data logger (Uboot) is hosted in the modules to record specifically the acceleration and
orientation of the instruments during the deployment. A magnet taped to the glass housing
must be removed just before the deployment to switch a magnetic relay and initiate thus the
data taking by the Uboot. The design of the readout electronics was performed by Michael
Béhmer (ZTL) in close-collaboration with GSI.
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(a) Exploded view drawing (b) Standard module top view

Fig. 4.4: The internal design of the STRAW-b standard module. The readout electronics is
mounted upside down on a laser cut aluminum plate. Heat dissipation is performed
by an aluminum bowl attached to the glass via optical gel, while the entire structure
is held in position by suction cups, which work as springs.

For complementary multi-band attenuation measurements in combination with the spectrom-
eter modules, an additional light flasher has been developed. The design is based on a flash
LED driver (LM2759) with an 12C compatible interface, commonly used for camera flashes in
mobile phones. The LM2759 controls the current flow through the LED and further allows
adjustments in terms of pulse duration and current intensity. The utilization of several flashers
within one module is enabled by the use of an 12C address translator upstream to the driver
device. Here, the initial address is fed through to the following light flashers, while the onboard
translated address is used for the LED driver. The overall schematic of this circuit is shown in
the appendix A.13. Calibration and attenuation measurements with the spectrometer modules
can be performed by downward facing LED drivers, located in the respective modules above.
For this, white and blue LEDs will be utilized.

Mechanics.  The instruments of STRAW-b will be enclosed in a 13” glass pressure housing
produced by Nautilus [50]. Hereby internal and external design goals, as well as constraints,
for future optical modules of P-ONE, can be accessed. The main goal for the standard module
is to provide sufficient space for the individual supplements of the specialized modules. For
this, the previously mentioned readout electronics had to be fitted to a minimal volume within
the sphere. Furthermore, the dissipation of heat, mainly induced by the FPGA and the initial
DC-DC converter, had to be considered. The overall design of the mechanical substructure
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can be seen in figure 4.4. Here, a large heat sink in the form of an aluminum bowl, which is
thermally attached to the surrounding glass body by optical gel, builds the foundation. The
readout electronics is mounted upside down on an aluminum plate, which can be customized
for the respective specialized modules. Only the necessary mounting points for the readout
electronics, aluminum bowl, and mounting strives are predefined. The last mentioned strives
follow the radius of the sphere and hold the mechanical structure by the aid of suction cups.
These are working in this configuration as springs and keep the mechanical structure tightly
in position. Besides, also the connection of the aluminum bowl via the optical gel is adhesive
and secures the structure additionally. The heat transfer from the FPGA and the DC-DC
converter is performed by respective heat sinks thermally connected to the mounting plate and
thus to the aluminum bowl. The surrounding ocean can then be used as a heat reservoir by
the connection of the aluminum bowl via the optical gel to the glass body. The complete
mechanical substructure with enclosed readout electronics is located 75 mm below the sphere
equator. Distinctive specialized module supplements can be mounted in the entire remaining
space. The glass sphere is closed by sealing and adhesive tapes. Underpressure is applied via
a vacuum port afterward, which ensures the seal tightness and eventually sealing the sphere
supplementary.

4.2.2 Specialized modules

The further characterization of the deployment site is the task of the specialized modules. The
main objectives are the verification of the attenuation length measurements of STRAW and a
more profound understanding of the bioluminescence background. The specialized modules will
be introduced in this section. However, as they will be subject of different publications, the in-
troduction is limited to a brief overview. As most of the modules perform optical measurements,
with exception of the muon tracker, their upper hemisphere is a specifically optical enhanced
glass, which allows an unimpeded field-of-view.

LiDAR. The LiDAR (light detection and ranging) modules aim to complement the atten-
uation length measurements of STRAW. The design is based on a ThorLabs NPL/5B pulsed
diode laser with a wavelength of 450 nm, which is rotatable in azimuth and zenith by two rotary
stages. Backscattered photons will be focused by a lens system onto a micro PMT device for
counting. Calibration of the system is enabled by a photodiode (PD-53590-08), followed by a
transimpedance amplifier stage, shown in A.14, and a Hamamatsu spectrometer (C12880MA).
Here, a reflective foil prevents the photodiode from overexposure and is aligned in such a way
that the reflected photons are focused on the spectrometer device. The latter uses a thin sheet
of teflon to pre-diffuse the incoming light to account for small misalignements. For the complete
STRAW-b mooring line two LiDARs are planned. Hereby, different scattering angles can be
scanned by using one as emitter and one as a receiver, also differences of the optical properties
due to the ocean depth are accessible. Additionally, by aiming at calibrated reflectors at defined
positions along the mooring line the overall attenuation can be measured.

PMT spectrometer. Bioluminescence of deep-sea organisms can pose a major background
source for ocean based neutrino telescopes [51]. Bearing this in mind, two PMT spectrometers
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intend the further characterization of the bioluminescence at the Cascadia Basin. For this, each
of the two spectrometers hosts twelve PMTs with different wavelength filters to monitor the
spectrum and intensity of nearby bioluminescent organisms. The wavelength regime of the filters
is thereby centered around the expected bioluminescence spectrum [52]. Also, by exploiting
the quantum efficiencies of two different PMT types (Hamamatsu R1924A and R1925A), the
overall module efficiency is increased. A specially designed 3D-printed holding structure aligns
the PMTs to the same field-of-view by accounting for differences due to their arrangement
and refraction. Furthermore, the incoming light is focused on the PMTs by use of lenses. An
additional camera within the module is switched on in the case of a bioluminescence burst and
aims to depict the respective organism. The previously mentioned LED drivers are used as
spotlights.

CCD-based spectrometer. The CCD-based spectrometer is a complementary approach to
access the properties of the deep-sea bioluminescence at the Cascadia Basin. Other than the
PMT spectrometers, it utilizes commercially available small Hamamatsu spectrometer devices
(C12880MA). The readout is based on an FPGA in combination with an ADC, developed by
Michael Bohmer (ZTL). Five of these spectrometers will be hosted inside one module. Sim-
ilar to the PMT spectrometer, a camera is activated in the case of an emerging signal. The
three spectrometers of STRAW-b will be located at different heights to access eventual distinct
bioluminescence properties induced by the sea depth.

Muon tracker. The muon tracker has been designed to measure the muon rate in the
Pacific ocean. For this purpose, it utilizes two separate detection arrays positioned at a certain
distance. Each array comprises four plastic scintillator tiles (BC-/04), where the deposited
energy of the muon is readout by SiPM matrices. One matrix consists in total of nine SiPMs in
a parallel connection, which is shown in the appendix A.15. Each scintillator tile features two
SiPM matrices in opposite corners. The plastic scintillators are enclosed in a diffusive reflecting
teflon holding structure to optimize the light yield. Furthermore, highly reflective foils at the
bottom and top of each tile minimize losses additionally. Approximate directional information
can be obtained in the case of time correlated events in separate scintillator tiles.

4.2.3 Deployment strategy

Deployment methods of mooring lines are generally differentiated by two main approaches: top-
down and bottom-up. The latter refers to a deployment of an enclosed structure to the ocean
bed, while the unfolding of the mooring line is triggered by release mechanisms and subsequently
due to the buoyant force. During top-down procedures, the mooring line is lowered to the seabed
from the sea surface, often by the aid of a heavy-lift-line from the deployment vessel. Top-down
approaches can be performed anchor or buoy first, which refers to the part initially lowered to
the sea surface. Buoy first approaches require to stretch the mooring line on the sea surface
first, which increases the deployment duration. However, anchor first deployments increase the
mechanical stress, due to the sea state and load on the mooring line and equipment. Besides
the method, also other aspects need to be taken into account for the deployment. Sea state,
wind speed, and swell play important roles as they affect the ship positioning, the crew, and the
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scientific instrumentation. Also, the initial positioning of the mooring line is highly influenced
by the sea state. The deployment procedure must take this into account and, despite that it can
be coupled to a specific sea state, it must be straight forward and fast to account for changes in
the weather. Deployment operations are therefore often defined as a daylight operation with a
stable weather window for at least 12 hours. Despite that, marine operations and the handled
equipment have to been designed in due consideration of the emerging characteristic loads and
sea conditions. Besides, they need to be practicable and safe.

The design of the STRAW-b mooring line is centered around the 14 VEOC communication
cables, which were inherited from a former experiment. The shortest hybrid cable has a length
of 120m, which iteratively increases by steps of 24 m up to a maximum length of 432m. As
aforementioned, a total of ten instruments will be deployed, which allows to use the remaining
four cables as spare and for testing purposes. The hybrid cables are molded in SEACON OPT-
G-4-CCP dry-mate connectors. Especially the connector was one of the main concerns for the
design of the external mounting and the deployment procedure, as they have an approximate
length of 20 cm and pose therefore a large lever arm. Hence, the glass sphere could be seriously
damaged by mechanical shocks or an increased strain on the connector or cable. Despite this,
the optical fibers are susceptible to damages induced by bending stress and squeezing. By taking
these factors into account, a buoy first top-down approach has been chosen as the deployment
method, similar to STRAW. However, as it was, unlike for STRAW, not possible to store the
ten modules alongside the steel line on a single winch, simply due to their amount, the structure
had to be separated. Out of this the VEOC and modules are stored on an instrument tray
while the bearing steel line is separated on a winch. During the deployment, both structures
have to be merged on the back deck of the vessel. The combined parts of the mooring line will
be then stretched on the sea surface, while a RHIB and additional floating buoys secure the
line. Once the entire mooring is stretched, the anchor will be lowered by a heavy-lift-line. The
RHIB, securing the top of the string, moves in parallel back to the main vessel. As soon as the
mooring is in a nearly upright position, the anchor is disconnected from the heavy-lift-line by
an acoustic release, while the additional buoys ensure that the mooring line floats. The load is
transferred to the buoys afterward and the supplementary buoys removed. Finally, the mooring
line is lowered in a controlled manner to the seabed by the heavy-lift-line. Inspection of the
string and the connection to the junction box will be performed during an ROV operation after
the deployment. The deployment method had a significant impact on the design of the single
STRAW-b components, which will be covered in the following.

Steel cable and winch.  The mechanical backbone of STRAW-b is a PG-012 steel cable
produced by PFEIFER GmbH & Co. KG. This is a spiral rope with 19 one wire strands and a
diameter of 8.4 mm. Along the total length of 444 m, ferrules are attached every 12m to provide
anchor points for the module mountings. A defined rectangular side is used to hold the modules
in position, while the pressed part of the ferrule is of cylindrical shape. The wire rope has a
minimum breaking load (MBL) of around 68.1kN and is terminated on both ends with closend
swaged fittings. For corrosion protection, the steel is coated with a galfan zinc-aluminum alloy
[53]. The steel cable is spooled on a hot-dip galvanized cable reel. For the deployment of the
wire rope, one of the winches constructed for STRAW will be reused. They have been designed
by Andreas Gértner and are described extensively in his master thesis [54]. As the winch had
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to host the cable reel of STRAW-Db, the axis was stripped from STRAW specific components.
By use of additional adapter cylinders, the axis could be adjusted to the cable reel and can be
reused for STRAW-b. Besides that, no further modifications were necessary. Pictures of the
winch and the wire rope are shown in the appendix A.10.

(a) External module mounting (b) Exploded view drawing click-in mechanism

Fig. 4.5: Design of the external module mounting and a detailed exploded view drawing of the
click-in mechanism. For more details refer to the text.

External module mounting.  The external module mounting needs to fulfill several re-
quirements. Firstly, a complement to the ferrules on the wire rope must be provided. Secondly,
the glass sphere must be held firmly in place and the field-of-view in the upper hemisphere has
to remain unimpeded. And lastly, the design of the external mounting needs to be lightweight as
the deployment crew must be able to handle the modules. Besides that, also the aforementioned
difficulties induced by the inherited dry-mate connector, due to its length, had to be considered.
Several design iterations and prototypes of the module mounting were necessary to address all
of those requirements. Eventually, the design depicted in figure 4.5 (a) was chosen. Most of
the individual components are laser and water cut steel parts, which can be produced time and
cost efficiently. The mounting principle of the sphere is based on two steel rings located 30 mm
above and below the equator. By this, the sealing and adhesive tapes remain unimpaired by
mechanical stress. The rings were designed with a small gap between the glass and the steel,
which was ultimately filled up by an ethylene propylene diene monomer (EPDM) rubber edge
protection. EPDM is a seawater resistant synthetic rubber [55]. The external mounting relies
on the squeezing of the rubber band to perform enough pressure on the sphere to hold it firmly
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in position. The EPDM rubber is robust enough so that the glass is protected from damage.

The other important aspect of the external mounting is the click-in mechanism for the wire
rope ferrules. For this, a stack of four steel plates with a thickness of 12mm is used, which
feature different recesses to follow the shape of the ferrule. The basic design can be seen in
figure 4.5 (b). By the use of a compression spring and a steel slider, similar to a doorlock,
the ferrule can be clicked into the mechanism. The subcomponents of the external mounting
are connected via a square profile. Here, one of the holes in the profile is used as fence for the
compression spring. The square profile has a total length of 650 mm to cope with the dimensions
of the glass sphere and the attached connector. However, as the sphere is offset to the steel
cable, tilting of the module has to be prevented. Therefore, two small hooks are located at the
lower end of the mounting. By turning the module orthogonal to the bearing steel line, they
can be hooked into and the module can be turned again to lock the ferrule. As this needs to be
performed on the back deck of the deployment vessel, the mounting needed to be lightweight.
The overall weight of the mounting could be reduced to roughly 5kg, by using recesses and
struts rather than full metal parts. The strain on the VEOC is reduced hereby by a two-fold
system: the connector attached to the sphere has a static strain relief by means of a cable
clamp, whereas the remaining bunch of cables has a certain degree of freedom by the aid of a
bungee cord. The maximum elongation of the bungee prevents damages on the VEOC and the
connector in the case of increased strain, also once submerged. Protection plates underneath
the sphere secure the connector additionally from mechanical shocks. The plates were designed
in a triangular shape to ensure that the bungee cord can slip off and knots are prevented during
situations where the cord is not under tension.

The design of the external mounting was largely affected by the intrinsically large buoyancy
of the 13” glass sphere. Which is, calculated in kilogram, with an assumed seawater density psy
of 1020 kg/m? and the outer radius 1oy of 0.1651m

4
Mbuoyancy = Psw * gﬂ"l“gut ~ 19.23 kg (41)

The buoyancy of the sphere is effectively limited by the weight of the glass and the internal
mounting. In the case of the standard module, the internal components have a weight of roughly
1.5kg. The weight of the glass has been calculated with a density pglass of 2230kg/ m? and the
internal radius r;, of 0.1531m to

4
Mglass = Pglass * g”(rgut - T?n) ~ 8.52kg. (4.2)

The volume of the external mounting is due to the laser and water cut parts relatively low
(5.7 - 107*m?), resulting in a buoyancy of 0.6kg. However, taking also the aforementioned
weight of the mounting of 5 kg into account, the combined buoyancy of the sphere and external
mounting results in 4.81kg. This value will be even smaller for the specialized modules due to
their supplements and a nearly neutral buoyancy can be expected. This implies that the upmost
force on the external mounting will occur onshore, during transportation, and deployment. As
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described in section 4.2.5 risk mitigation was performed in the form of vibration and shock
tests for two modules. Components that could not be tested there, have been reviewed with
mechanical engineers and experienced workshop employees within our institute to ensure the
mechanical strength. Bolted connections have been designed according to the guidelines given
in [56].

Corrosion protection for deep-sea structures has been already investigated by Andreas Gartner
in the scope of STRAW [54]. Based on the gained experience there, the steel parts for the
external mounting are hot-dip galvanized. This is a procedure where steel parts are coated with
a layer of zinc by submerging them in molten zinc. By doing so, cathodic protection of the steel
parts is provided [57]. Furthermore, a hard zinc iron alloy forms at the interface, diminishing
the risk of abrasion [58]. The coating reduces also the amount of steel exposed to seawater
significantly, which would result in an ideal case to zero exposure. However, the additional
zinc layer increases the thickness of the steel parts, which needs to be taken into account in
their design, especially for moving parts, like it is the case for the click-in mechanism. Coating
of smaller mounting components was performed by submerging them to the zinc bath while
enclosed in a drum. By centrifuging the drum a surplus of zinc could be removed, reducing
the risk of zinc drop formation, which would impair the click-in mechanism. For the mounting
hot-dip galvanized screws are used wherever available, alternatively electro-galvanized screws.

Buoyancy and anchor. The buoyancy at the top of the mooring line holds the string in an
upright position. For this, it must provide sufficiently large uplift and be dimensioned according
to the integrated weight of the mooring line. For STRAW-b the overall weight is estimated to be
around 250kg in water, which includes the wire rope, communication cables, instruments and
module mountings. Based on simulations and experiences from STRAW [54], and recommenda-
tions from our marine operations specialist Klaus Leismiiller, a buoy with an uplift around twice
the mooring line weight is required. For this, two spherical buoys from DeepWater Buoyancy
with an individual uplift of 311 kg were chosen. These are so-called 44” Hydro-Float Mooring
Buoys (HMB-44-2500) made of syntactic foam protected by a polyurethane cover, featuring a
depth rating of 2500 m. The buoyancy is split to two buoys to provide higher flexibility for their
reuse in future projects. Drag on the mooring line is reduced by the use of swivels, which allow
the buoys to rotate with the current. For this, Green Pin G-7713 swivels with a working load
limit of 3.3t are used. The anchor is provided by ONC and is usually made out of discarded
train wheels. Unlike as for STRAW, it is not required to have a rotatable anchor. For the
anchor weight the double of the buoyancy is anticipated, which in our case is around 1200 kg.
This ensures a stable position of the entire mooring line. The recovering of the mooring line is
enabled by the use of a so-called ROV release. Here, the ROV can detach the mooring from
the anchor by triggering the mechanical release and the buoyant force brings the string back to
the surface. A technical drawing of STRAW-b with the positions of the modules and all the
components mentioned is depicted in figure 4.6.
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Fig. 4.6: Technical drawing of the STRAW-b mooring line. Details about the subcomponents
and the modules are provided in the text.
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4.2.4 The instrument tray for the STRAW-b deployment

The instrument tray hosts the modules, the communication cables, and the mini junction box
during the deployment. The tray must therefor fulfill several requirements. Firstly, it must bear
the weight of ten modules including their mounting, the VEOC, the MJB, and also its own
weight. Estimated numbers can be taken from table 2. For every aspect, a safety factor has
been introduced. Secondly, it must be large enough to host the VEOC and, as well, provide
easy access during the deployment. To avoid torsion and prevent knots, the hybrid cable had
to be spooled in an eight. Hereby also the minimum bending radius of the VEOC had to be
taken into account, which is, for dynamic bending, approximated with 125 mm. For this reason,
in total six PVC-pipes as cable guides are used.

Component Weight [kg| Comment

VEOC 250 According to data sheet (55kg/m in air)
Modules 300 Includes overestimation for every module
MJB 100 Number provided by ONC

PVC pipes 6x20 Estimated value from CAD program

Tab. 2: Estimated weights for the different components hosted on the tray. Every aspect includes
a safety factor. The weight of the VEOC has been calculated for the full number of
available cables instead for the ten used ones. Also for the modules 30kg were used,
although the weight of a single module should not exceed 20 kg, to ensure safe handling
on the back deck. Likewise the weight of the MJB was assigned with a safety factor.

Each side of the instrument tray should store five modules, while the spacing between the
VEOC ends is around 24m. A trade-off had to be found between the amount of cable stored on
one loop and the overall dimensions of the tray, especially the depth. Respecting this, a loop
with a length of 8 m was considered suitable, which would require to distribute a total of 4m
slack in between two modules to ensure the right distribution of those. Thus, for the total length
of 432m, 54 loops are necessary. Considering a bunch of 10 cables, where each individual cable
has a diameter of 7mm, and assuming that the bunch diameter is determined by roughly four
VEOCs, a bar length 1 of around 1.5 m is necessary. Contemplating that the VEOC, as well as
the ten modules, have to be stored on at least two semi-detached bars to allow the uncoiling
on the back deck and to store them in an eight, a structure capable of bearing the integrated
weight had to be found. According to this the maximum allowed bending stress for a given
material cannot be exceeded and must be calculated via the following assumptions [59, p. 181].

The VEOCs and the modules will be carried by different bars. Thus for the calculation of the
bending stress of the rod only the weight of the VEOC and the PVC-pipes has to be considered.
The distributed load of them is treated as constant

k
q(z) = qo <With around 250 j) . (4.3)
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The transverse stress is given by

dQ
= — 4.4
7 (4.4)
which can be integrated by using ¢g to
Q(z) = —qoz + c1. (4.5)
The bending moment can then be obtained by
dM
i 4.
=0 (16)
and thus
Lo
M(zx) = —5 00 + 1z + co. (4.7)
Boundary conditions for a semi-detached rod are
Q=0 AN M(I)=0 (4.8)

and can be used to calculate the integration constants. By doing so, the bending momentum
finally amounts to

1 2
M(x) = —5aol” (1 - %) . (4.9)
The maximum lies at * = 0, which delivers a maximum bending momentum of roughly

300 Nm. This value must be used to calculate the maximum bending stress via

M

o= (4.10)
with W as the moment of resistance [60]. This is tabulated for various materials but can also
be calculated if the second moment inertia is known. As aluminum profiles were considered
as building materials very early in the process, W could be obtained from their data sheets.
For the chosen profiles the moment of resistance is 46.92cm? [61]. Hence a bending stress of
6.4 N/mm? is obtained. This must be compared to the maximum allowed bending stress for a

given material, which in the case of aluminum is

195 N

Oallowed = 2
S mm

(4.11)
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where s denotes the safety factor [60]. The selected aluminum profiles are therefore suitable
as building materials. In the next step the bearing reactions can be calculated via the obtained
formulas for the bending momentum and the transverse stress to define the joints. For this, the
values at the joint position A (x=0) are necessary.

1
Q(0) = qol =~ 3750N M4(0) = —§q0l2 ~ —2812.5Nm  (4.12)

These loads must be distributed on several brackets and rods, as especially the momentum
is too much for a single joint of most available types. For the instrument tray, twelve large
aluminum brackets were incorporated to hold the structure in an horizontal position. Each one
of them can take a maximum load of up to 8000 N and a momentum of 800 Nm. Supplementary
security is provided by the usage of fishplates on the top four rods and two additional diagonal
bars. The design of the tray can be seen in figure 4.7. The combined weight of the hybrid cables
and the cable guides is distributed over the four top rods and additionally supported by the four
lower bars. For the mounting of the modules smaller bars were chosen. The load on one bar
itself comes from a maximum of three modules, while each has a mass of 300 N. As the beams
are clamped on both sides the load distribution is equal on every bearing (A, B), and thus need
to take up individually

3
A=DB = Fy~450N. (4.13)

On that account brackets with an individual maximum uptake of 1000 N and 50 Nm were
chosen. As the beams are clamped on both sides the momentum on the brackets is considered
negligible. Although the load is now partly integrated within the cable rods, the safety factor
given by the number of used brackets to account for the values given by equation 4.12 is sufficient.
This can be shown be a recalculation with an adjusted ¢; of 450 kg/m.

1
Q(0) = 1l ~ 6750N Ma(0) = —§q112 ~ —5062.5Nm  (4.14)

The discussed mounting structure for the VEOC and the modules is mounted on an under-
lying frame of aluminum profiles. The horizontal structure, bearing the weight of the VEOCs,
modules, and PVC pipes, poses hereby a large momentum on the profile underneath and causes
a twist angle, which can be calculated via

9 — Mtotal : lprofile

- 180° 4.15
47 - G - It ( )

with G as shear modulus, I; as torsional moment and the length of the profile beneath the
guiding structure loh1e [60]. The missing material values are tabulated for the used aluminum
profiles. The total momentum is given by

Mtotal - (MVEOC' + Mmodules + Mpipes) . lheight (416)
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Fig. 4.7: Sketch of the instrument tray with attached modules. The aluminum profiles are
depicted by the gray bars. To avoid contact corrosion between the hot dip galvanized
module mountings and the anodized aluminum, intermediate protective plates made
from PVC are integrated.

and accounts to roughly 12000 Nm. This causes a twist angle of 16.1°. To mitigate this,
four rods as strutting were integrated and additionally two diagonal bars, with joints capable
of an uptake of 10000 N. Regardless of that, the bending stress of the underlying bar was
shortly cross checked with an available construction tool of the aluminum profile manufacturer
item Industrietechnik GmbH [61], where approximations had to be made regarding the load
distribution. Hereby, the load was assumed to act on the middle of a beam with a length of
3m, which is clamped on both sides. To account for dynamic stress peaks and the additional
weight by the aluminum profiles the load was assumed to be 2000 kg. In that case the bending
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amplitude is 9.13 mm and the bending stress 31.97 N/mm?, which is still comfortably within the
allowed bending stress stated in equation 4.11. Additional transport and crane lifting security
is achieved by the use of supplementary bars at the front of the instrument tray as can be seen
in figure A.9.

The mini junction box will be stored beneath the cables, therefore a base plate will be mounted
on the tray. As this is tailored to the MJB it will be mounted on site at the Marine Technology
Center (MTC), to incorporate also possible late changes in the design.

4.2.5 Qualification of the module mechanics

Risk mitigation for the STRAW-b modules has been performed in the form of several tests.
Hereby, environmental resistances required for the deep-sea and stress during the deployment
could be addressed. In this section, an overview of the performed tests within our university
shall be given. The section will be concluded with a concise outlook to additional tests, which
will be carried out at the MTC.

Vibration and shock test. Drag, induced by seawater currents and the descend velocity
during deployment, can cause vibrations in the instruments, bearing the potential to harm elec-
tronics as well as mechanics. Besides, vibrations and shocks can also occur during transportation
and general handling of the equipment. On that score vibration and shock tests according to the
ISO 13628-6 standard were performed for a standard module as well as a prototype of the PMT
spectrometer module. The test foresees for each spatial axis a sine vibration with an amplitude
of 2mm for the frequency range 5-25 mm, and afterward 5 g between 25-150 Hz. Shocks with an
acceleration of 10g are performed eight times per direction. Besides that, resonance searches
within the tested frequency range of 5-150 Hz before and after the actual tests are carried out.
Both modules were tested with the external mounting, however, the square rod and the click-in
mechanism had to be replaced by an adapter for the test table, as can be seen in figure A.11
and A.12. The test has been passed by both instruments, also the included readout electronics
survived. The only observable issue was the unfastening of four screws at the interface of the
readout electronics to the internal mounting plate in one module. However, the test has been
finished without these screws. Compensation of this flaw will be performed by means of longer
screws and additional use of screwlock in the final design.

Pressure test.  The pressure in the deep-sea must be handled by the submerged instruments.
For the Cascadia Basin in a depth of 2600 m a pressure of 260 bar is expected. The utilized
glass spheres are intrinsically already pressure rated, however, by adding specific holes e.g. for
bulkhead connectors, their behavior can be altered. For this reason, a separate pressure test for
one module assembly was performed. The housing manufacturer Nautilus provides therefor a
specific pressure chamber. Here, the instrument is repeatedly cycled to a maximum pressure of
375 bar before holding the pressure for several minutes. For the pressure test, the same module
assembly was used as for the vibration and shock tests. The module successfully passed the test,
albeit, small detachments of the optical gel to the aluminum bowl could be observed. However,
they quickly disappeared by reducing the underpressure in the module and are considered to

60



Pathfinder missions for P-ONE

be not relevant for the instrument behavior. Pictures of the pressure test are shown in the
appendix A.16.

Durability test. Between the end of December 2019 and the end of January 2020, a long-
term test of a STRAW-b module has been performed. For this, it was submerged in a test-pool
while pressure, temperature, and humidity were monitored. The pool was filled with artificial
seawater, created by use of Instant Ocean, to investigate possible effects on the sealing of the
module and the connector. During the overall test period load resistances were used to simulate
a working module. The test results are shown in figure 4.8. Despite the jump between the
8th and 11th January, the temperature remains stable except for smaller deviations. The jump
in temperature is caused by the ongoing heating of the test room after the Christmas break.
Correlated to the increased temperature the pressure also increases. Besides that, the internal
pressure remains rather stable at around 275 mbar. The constant decrease in humidity is most
likely caused by condensing as the module was not nitrogen flushed.
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Fig. 4.8: Internal pressure, temperature, and humidity values during the time of the test period.
The jump after the 8th of January is caused by the heating of the test room after the
Christmas break.

During the commissioning phase at the MTC additional extensive underwater tests are fore-
seen. The instruments will be tested separately in a saltwater test tank to check for ground
faults. Once the instruments have passed, the integrated mooring line will be tested with the
connected MJB in a dedicated seawater test pool over the course of several days.

61






P-ONE mooring line design study

5 P-ONE mooring line design study

P-ONE, as new neutrino telescope, aims to complement the working effort of the existing and
currently under construction neutrino telescopes. As such, one of the main design requirements is
the instrumentation of a large volume with photosensors. P-ONE will follow thereby a clustered
structure to remain accessible by ROV operations for deployment, connection, and recovery of
moorings lines. Coverage of large volumes can then be achieved by long mooring lines and the
expansion of clusters over a large seafloor area. Simulations and design studies for the clusters
are currently ongoing and will not be further subjected within this section. However, based on
the experiences with the previously discussed pathfinder missions, a design study for a future
P-ONE mooring line can be performed.

Currently, a mooring line length between 750 and 1000 m with a total of 20 instruments is
foreseen for P-ONE. The P-ONE calibration module (P-CAL) is a POCAM adapted to the
P-ONE interface, as discussed in section 3. The P-ONE digital optical modules (P-DOM) will
be developed on the base of the standard module, discussed in section 4.2.1. As photosensors
around 12 PMTs are planned. For both instruments, an unimpeded field-of-view is inevitable
and must be considered in the design of the mooring. The utilization of tightly fitting mooring
frames for the P-DOM could be a suitable option. The glass sphere would be enclosed and
protected by the frame, and by designing them alongside the optical modules an impairment of
the photosensors can be excluded. Furthermore, mooring frames are a commonly used tool in
marine operations, which makes them a familiar tool for marine operators, widely available and
cost efficient. The protection of the glass module can be performed by the aid of EPDM edge
protections or by coating the entire frame with polyvinyl chloride (PVC), with a suitable shore
hardness. The latter has been already performed with good experience for prototypes of the
STRAW-b external mounting, however, it was eventually disregarded due to time constraints.
Additionally, reflections can be avoided by coating the frame with black PVC. Mounting the
P-CAL in a horizontal position along the mooring line circumvents cable shadows. Therefor
also mooring frames attached to the titanium cylinder of the calibration module can be used.
Titanium might be also favorable as material for the external mechanical parts, as it provides
high resistance against corrosion [57]. Also, unlike it is often the case for hot-dip galvanized
parts due to clocked drill holes and zinc drop formation, no dedicated post-processing is required
for titanium.

Optical fibers are inevitable for sufficient data transmission over large distances and will
be an important factor for P-ONE. However, the separation of the bearing steel line and the
communication cable extends expensive offshore operations and adds additional complexity.
A combined backbone in the form of a bearing hybrid electro-optical cable can reduce the
deployment and handling effort. This concept already exists in the form of steel ropes molded
within the cable, which take up the load. This was suggested from ConceptCables. However,
this would make the cable relatively stiff and heavy, which makes storage on a tray difficult.
Alternatively, also synthetic fibers can be used to take up the load. Offers for bearing cables of
this sort are currently collected. In terms of deployment, a combined backbone would cut costs
for winches and wire ropes, as the modules can be deployed directly from the tray. Power to
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the modules is provided by means of copper cables. To deal with power losses along the copper
wires a separation in two blocks of respectively 10 modules, by an intermediate mini junction
box could be performed. This makes also a separation of the mooring line to two instrument
trays possible, which reduces their dimensions. Here, essentially the design given in section 4.2.4
might be already sufficient. Possible twisting of the modules can be mitigated by the use of
short steel cables, which grab the underlying backbone, forming a triangular structure. By this,
the load can be taken away from the backbone and the necessary slack for connections and the
guidance of the backbone around the module can be provided. An overall technical design of
the mooring line, based on the abovementioned structure, is depicted in figure 5.1.
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Fig. 5.1: Concept drawing of a future P-ONE mooring line. The mounting of the modules
is performed by means of mooring frames. For a final mooring line 20 modules are
foreseen, however, only eight are depicted here. For more details refer to the text.
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6 Conclusion and outlook

The deep-sea infrastructure provided by ONC poses a framework invaluable for P-ONE. Pre-
liminary results of the attenuation length by the measurements of STRAW classify the Cascadia
Basin already as a suitable site for a neutrino telescope. Further analysis of the obtained data
and the second pathfinder mission aim to verify and extend these results. STRAW-b has been
developed in the scope of this master thesis over the past year and is in a very advanced stage.
The deployment that was initially planned for June 2020, however, had to be postponed due to
the COVID-19 pandemic of spring 2020. Now, a deployment in September 2020 is envisaged but
depends heavily on the further development of the pandemic. The design of the P-ONE mooring
lines is based on the experiences of both pathfinders, a successful deployment and operation of
STRAW-b would qualify the developed methods further. The readout concept and the design
of the standard module as well as the new iteration of the POCAM will serve as the foundation
for the P-ONE optical modules. For the POCAM, the internal construction, pulse drivers, and
photosensor readouts have been revised for the IceCube Upgrade. The isotropic light emission
and the dynamic range of the pulse drivers could be thus even further improved.

P-ONE as a cubic kilometer detector in the Pacific Ocean has the potential to greatly improve
the exposure of the neutrino sky. New impulses to multi-messenger astronomy can be given by a
network of neutrino telescopes, consisting of P-ONE, KM3NeT, and GVD in the northern hemi-
sphere, and IceCube in the southern hemisphere, in the form of a planetary neutrino monitoring
system (PLEvM) [47].
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A.1 POCAM

Fig. A.1: Picture of the POCAM after cooling it down to -80° C. The formation of ice crystals
on the surface started immediately after exposing it to room temperature.
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Fig. A.2: Kapustinsky pulse driver schematic.
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Fig. A.3: LiDAR-type pulse driver schematic. L.1 was added for testing purposes but eventually
replaced by a jumper.
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A.2 STRAW

150 Jahre .

INISCHE .
Tﬁfp’)’wglns:mr

Fig. A.7: The VEOC was delivered in a bunch of fourteen cables. For testing and handling, the
individual hybrid cables were separated on single spools. This operation was performed
in the main corridor of the engineering department, where the cables could be stretched
out over a large distance to handle their internal strain and twists. Pictures taken by
Kilian Holzapfel.
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Fig. A.8: The hybrid cables foreseen for the deployment of STRAW-b have been bundled again
and wound up on the instrument tray. This was performed in a hallway of the physics
department, where the floor was marked every 12m. At these markings, the bungee
cords and respective position marks were attached. Upper picture taken by Elisa
Resconi.
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Fig. A.9: Pictures of the instrument tray before shipment. The connectors are aligned on the left
and right side, marked with the later positions, and packed in bubble wrap. Additional
bars are attached as transportation and lifting security.
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Appendix

Science

Fig. A.10: Picture of the winch, which was constructed for STRAW and will be reused for
STRAW-b. The cable reel with the wire rope for STRAW-b is already mounted. The
lower picture is a close-up view of the wire rope and the attached ferrules.
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(c) Z-axis (c) Z-axis
Fig. A.11: Vibration and shock test axes of Fig. A.12: Vibration and shock test axes of
the standard module. the PMT spectrometer.
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Fig. A.13: Schematic of the LED flasher circuit for the STRAW-b modules, called Luzifer.
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Fig. A.14: Transimpedance amplifier schematic of the LiDAR module.
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in the STRAW-b

Four of those PCBs are used

1CeS.

Schematic of the SiPM matr

muon tracker module.

Fig. A.15
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Fig. A.16: Pictures of the standard module assembly after the pressure test. The lower picture
shows the gel detachments.
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