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Abstract
This thesis summarizes two key features of the P-ONE-1 line, the very first mooring line of the
Pacific Ocean Neutrino Experiment (P-ONE). It is planned to be positioned in the Cascadia Basin
about 200 km off Vancouver Island and is planned to be deployed in 2026.

The first half of the thesis addresses the inevitable issue of biofouling, which obscures the detector
window and reduces its lifetime by impairing visibility. It explores mitigation strategies applied to
P-ONE-1. This section summarizes the stages of biofilm growth and the popular mitigation meth-
ods. Furthermore, it introduces relevant mathematical models based on biofilm samples from the
Pathfinder mission, namely the Logistic and Gompertz models. Using these models and identifying
primary environmental factors influencing biofilm growth at the deployment site, such as variations
in water flow with depth and instrument positioning, I have predicted the evolution of transmission
loss over time.

The second half of the thesis focuses on the Blackcat protocol, a subsystem of the detector’s
complex data acquisition system (DAQ) designed to provide precise timing information. This
section provides a brief overview of the Blackcat hardware, focusing on the TOMcat modules and
describing their components and functionality. It also presents the results of extensive testing that
I conducted to evaluate their reliability for deployment in the P-ONE detector.
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Chapter 1

Introduction

1.1 Multi-messenger Astronomy

One of the earliest pursuits of natural science has been the study of the cosmos and astrophysical
objects. Recent advancements have made it possible to observe the universe beyond just visible
light and the traditional electromagnetic (EM) spectrum. In light of this, a concept called multi-
messenger astronomy has emerged. Particles that carry the imprints of the fundamental forces in
the fabric of spacetime are called "messengers". By combining observations of a single phenomenon
using di�erent related particles such as cosmic rays or CRs (strong interaction), neutrinos (weak
interaction), gravitational waves or GWs (gravitational interaction), or gamma rays (electromag-
netic interaction) a more complete picture of possible astrophysical sources can be achieved. The
combined study of charged and neutral cosmic rays of di�erent natures and energies, called multi-
messenger astronomy. This approach has accelerated our ability to interpret and understand the
mechanisms behind their existence [1].

Historically, astronomical observations of galactic and extragalactic objects relied primarily on op-
tical telescopes. While photons provide invaluable information across the electromagnetic (EM)
spectrum, they are often absorbed, scattered, or reprocessed by interstellar dust, gas, and radiation
�elds. Moreover, their propagation can be in�uenced by gravitational lensing, which limits their
ability to always provide a clear and direct picture of the source.

The discovery of cosmic rays in the early 20th century, most notably through balloon experiments,
revealed another class of messengers carrying information from astrophysical sources. Cosmic rays
consist mainly of protons and lighter nuclei with a spectrum spanning over a large range of energy.
These particles, however, are electrically charged, making them prone to de�ection from their paths
by strong galactic and extragalactic magnetic �elds, which obscures their origin. Nevertheless, some
particles manage to enter the Earth's magnetic �eld. These are accelerated to extreme energies of
E � 1018eV and are called ultra-high-energy cosmic rays (UHECRs). Upon entering Earth's atmo-
sphere, they primarily interact with atmospheric nuclei, producing cascades of secondary particles:
muons, pions, kaons, photons, and neutrinos. These extensive air showers can be detected using
ground-based arrays and �uorescence telescopes, allowing for the reconstruction of the energy and
composition of the primary cosmic rays, although not their exact sources.

Another breakthrough came with the detection of gravitational waves (GWs), ripples in spacetime
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predicted by Einstein's theory of general relativity. Their �rst direct observation by LIGO in 2015
opened a new and entirely di�erent observational window. Gravitational waves are mostly gener-
ated in cataclysmic events such as black hole or neutron star mergers. They travel fundamentally
undeviated, except when they pass massive objects, undergoing gravitational lensing much like
photons. Nevertheless, this preserves coherence and directionality, establishing the foundation of
multi-messenger astronomy.

Finally, astrophysical neutrinos have emerged as a unique class of messengers. Although the neu-
trino spectrum spans from meV to EeV [2], one can characterize the source based on the energy,
�ux, isotropy, etc. Since they interact only via the weak force and gravity, they can traverse vast
cosmic distances without de�ection or absorption. Unlike other messengers, neutrinos point directly
back to their sources, o�ering an unobstructed view of the processes that power some of the most
energetic phenomena in the universe.[3]

1.2 Working principle of neutrino telescopes

Unlike astronomical telescopes that use lenses and mirrors to direct light, neutrino telescopes cannot
directly detect the neutrino �ux. One observes neutrino interactions with the target by detecting
the secondary particles from these events and reconstructing their potential trajectories and ener-
gies.

1.2.1 Neutrino interaction

The neutrino interactions can be classi�ed based on the �nal state of the target. In the case
of neutrinos, with energy in the range keV-MeV, the �nal state of the target doesn't change after
neutrino scattering. This is called elastic scattering, for example, the scattering of� e o� an electron.

� l + l � ! � l + l �

This is a purely leptonic neutral current interaction. It is shown by all �avours of neutrinos.[4]

For neutrinos with energy higher than a few GeV, quasi-elastic scattering occurs. The neutrino en-
ergy is high enough to penetrate into the target nucleus and interact with the nucleons elastically.
This results in a new �nal state of the nucleons. This is a semi-leptonic process that can occur with
charged or neutral currents. It can be observed in interaction of� e and � � .[5]

� � + N ! � � + p+ (CC)

� l + N ! � l + X (NC )

For the neutrinos with energy in the TeV range, the interaction with the target nucleus is inelastic.
In these interactions, the neutrinos interact with the quarks inside the nucleons in target nuclei,
resulting in a new hadronic state.[5]

� � + d ! � � + u

� � + �u ! � � + �d

Another way to classify the weak interaction of neutrinos is based on the exchange particle i.e.
charged currents- when neutrinos react with the target nuclei via exchange of W-boson, they can
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generate leptons(e,� , � ) and hadrons, and neutral currents-when they react in the target via
exchange of Z-bosons, they generate neutrino of the same �avor and hadrons. In the charged inter-
actions, the resulting leptons carry an average of 50% (E� � 10 GeV ) to 80% (at higher Energies)
and the remainder is transferred to the target. This energetic target decays into a hadronic shower,
which produces Cherenkov radiation, just as the high-energy lepton does. However, in neutral
current, energy is merely transferred to the target nucleus, generating a hadronic shower.

1.2.2 Cherenkov radiation

One of the popular methods for detecting neutrino interactions is with the help of Cherenkov
radiation. One can interpret them as luminal shock waves-analog to sonic booms. Although nothing
can travel faster than light in a vacuum, the phase velocity of a wave in a medium can be changed
from the phase velocity in a vacuum due to the polarizability of the material, both electrically and
magnetically. This so-called phase velocity is in fact the velocity at which the phase of the photon
is propagated within the medium. The ratio of the phase velocity of light in a medium to its phase
velocity in vacuum is de�ned as the refractive index n of the material. When a relativistic particle
travels faster than the phase velocity of a light photon, it polarizes the particles of the medium. The
particles or molecules in the medium are excited to higher levels and excited states. Upon returning
back to their ground state, the molecules emit some photons in a certain range of electromagnetic
radiation spectrum. These emissions are fundamentally spherical wavefronts. As the velocity of the
particle is faster than light, the emitted spherical wavefront gets coherently overlapped as shown in
�gure 1.1. Thus, a conical wavefront is generated, leading to coherent radiation at an angle� with
respect to the particle direction. The opening angle of this cone is called the characteristic angle
and is de�ned ascos� = 1

�� , where � is the ratio of the velocity of the particle to the speed of light
in vacuum and � is the refractive index of the medium.[6]

Figure 1.1: Schematic diagram of Cherenkov photons generated due to a relativistic particle[7]

The secondary particles generated in the neutrino interaction, when they travel through some
medium, generate Cherenkov radiation. Water became a popular medium for detecting high-energy
neutrinos after the success of SuperKamiokande. For particles to generate Cherenkov radiation in
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water, their velocity should be higher than v = c=nwater = 2 :3 � 108m=s. It can e�ectively shield
the CRs, and its abundance makes it a cost-e�ective solution. Most neutrino detectors use photo-
multiplier tubes (PMTs) to measure Cherenkov Radiation. These are highly sensitive devices that
can detect single photons and convert them into an electrical signal with the aid of appropriate
electronics. The sensitivity of this device is optimized for detecting Cherenkov light, which is low-
intensity.

Recent advancements have signi�cantly increased the precision of measuring di�use astrophysical
high-energy neutrino �ux, achieving a high statistical signi�cance. Nevertheless, the interaction
cross-section of neutrinos remains extremely small, continuing to demand gigantic detectors to col-
lect su�cient data for deeper analysis. Further, deep-sea or polar ice provides a uniform optical
medium at this scale, making it an ideal choice for a km-scale telescope. In ice, the absorption
length of visible light is longer than in water, which enables excellent transmission and energy res-
olution. However, the scattering length in water is larger than in ice, making it optimal for higher
angular resolution. Therefore, the determining parameters for a good neutrino telescope are the
angular resolution and the e�ective area. [8]

Finally, by reconstructing these detected events, one obtains accurate information about the energy
and direction of the secondary particle, which can be used to calculate the energy of the neutrino
and pinpoint its potential source. Their reconstruction of the events is di�erentiated by neutrino
events. It is to be noted that for E> 1 TeV, the neutrino undergoes deep inelastic scattering with a
very small scattering angle, with the resulting � , thereby the trajectory of � � aligns very well with
that of � , delivering a precise reconstruction.

1.2.3 Track and cascade events

There are essentially two types of events based on neutrino interactions: tracks and cascades.
Cascades are characterized by particle showers near the neutrino interaction vertex. These are
generated from the NC of any �avor or CC of � � . Due to their relatively short path lengths and
the scattering of emitted photons, cascades appear spherically shaped in the detector. Track-like
events are mostly caused by CC of� � and sometimes also by� � . They appear as an elongated trail
of Cherenkov light left by the charged particle, typically extending beyond the detector's size. In
the �gure 1.2, a visualization of track and cascade events is shown. [9]

Figure 1.2: muon track event (left) electromagnetic cascade(right)[10]
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As discussed before, the charged neutrino current generates leptons. In this case, the most useful
interaction to estimate the neutrino direction precisely is that of � � . The � � generates a� , which
propagates long distances without interacting. Thus, creating a track- long, narrow, extended
Cherenkov ring or line. Furthermore, the � � decays almost immediately, creating an electromag-
netic or hadronic shower. This can also decay into a muon, producing the so-called double bang.
The � e generates an electron initiating an electromagnetic shower. These electromagnetic showers
generate cascade- compact, spherical light trails. The advantage of cascade events over� -track
events is a lower background. There is almost no atmospheric� � , and the atmospheric � e can be
e�ectively �ltered by the Earth. The energy of the cascade is proportional to the energy of the
particles, which helps in the precise determination of the energy spectrum. Based on this, one can
di�erentiate between the atmospheric and terrestrial neutrinos. Lastly, the neutral interactions also
generated cascades via the hadronic showers upon decay of the target.[10]

1.3 Neutrino detectors around the world

This section reviews the lineage of some signi�cant astrophysical neutrino detectors. In Figure 1.3,
the geographical positioning of the currently operational neutrino detectors is depicted.

Figure 1.3: Geographical positioning of all (in-)active neutrino detector around the globe [11]

Among the earlier saltwater neutrino experiments ANTARES was the �rst completed project. The
�rst line was deployed in 2006 and it was decommissioned after 16 years of operating in 2022. It was
located40 km o� the coast of Toulon, France in the Mediterranean Sea. It consisted of an array of 12
�exible vertical mooring lines, roughly arranged in an octagonal pattern. Each line had 25 storeys,
the bottommost sitting above 100 m on the sea �oor, carrying three optical modules each. An
optical module (OM) is typically a spherical glass housing that contains a photon detector, in this
case, a 10-inch PMT. The axis of the PMT tube was positioned about 45� below the hemisphere,
allowing observation of the southern sky while protecting the detector's eye from sedimentation.[12]

Icecube is a contemporary of the former telescope, which uses optically transparent ice of the
Antarctic as a medium. Completed in 2011, IceCube has been continuously operating since then
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and is planned to undergo further upgrades with additional instrumentation and calibration units.
The detector consists of an approximately octagonal array of optical sensors deployed at depths
ranging from 1450 m to 2450 m below the surface of the South Pole ice sheet. The fundamental
unit of detection is called digital optical modules (DOM), which is a hemispherical glass housing
that holds a 10-inch PMT. In total, there are 86 strings of length 1 km and instrumented with 60
DOMs per string, resulting in an instrumented volume of about one cubic kilometer.[13] IceCube
is one of the very few successful neutrino telescope, marking the beginning of high-energy neutrino
astrophysics beyond the solar system. In 2013, the observatory reported the �rst observation of a
di�use �ux of astrophysical neutrinos, providing compelling evidence for neutrinos of extraterres-
trial origin.[13] This milestone was followed by the �rst identi�cation of an astrophysical neutrino
source, the blazar TXS 0506+056, in 2018 through multi-messenger observations.[14] More recently,
IceCube reported strong evidence for neutrino emission from the active galaxy NGC 1068, which
currently represents the most statistically signi�cant steady point source of high-energy neutrinos
[15]. In addition to astrophysical discoveries, IceCube has also observed a neutrino event consistent
with the Glashow resonance at an energy of approximately6:3 PeV, enabling tests of the Standard
Model at energies far beyond those accessible by terrestrial accelerators.[16]

Baikal- GVD in Serbia is also operating in the optically clear ice of Lake Baikal, Russia. It was
completed in 2023 with the deployment of 12 clusters, each consisting of 8 strings. An optical
module (OM) is a pressure-resistant glass that hosts a PMT. Each string carries 36 OMs, combined
into sections of 12 OMs. The OMs are arranged in steps of15 m, with the uppermost OM at the
depth 750 m and the bottommost OM at a depth of 1275 m.[17]

KM3NeT is another neutrino telescope serving as the successor to ANTARES and is in its con-
struction phase. It is planned to operate from two sites, namely ARCA o� the coast of Sicily,
Italy, and ORCA o� the coast of Toulon, France. The fundamental unit is called a digital optical
module (DOM) made up of a high-pressure resistant glass sphere with 31 PMTs. A mooring line
is instrumented 18 such DOMS with help of a backbone cable and called detection Unit (DU).

ARCA will occupy a cubic kilometer, consisting of two building blocks, each with 115 detection
units (DU). The DOMs are 40 m apart vertically, and DUs are 100 m horizontally, with the aim
of detecting high-energy cosmic neutrinos. ORCA will consist of one block of 115 detection units,
approximately 7 � 106t of seawater. It is more densely spaced with DOMs only7 m apart vertically,
and the horizontal distance between DUs is20 m for the study of low-energy neutrinos.[18]

P-ONE stands for Paci�c Ocean Neutrino Experiment, an aspiring deep-sea neutrino telescope. It
will be located in the Cascadia Basin about200 km southeast of Vancouver Island, Canada [19].
The proposed design is a cubic-kilometer-scaled and will occupy109t of target mass, which is su�-
cient to detect and reconstruct neutrino events with energies as high as' 1 TeV [8]. The basic unit
of the detector is called a P-ONE optical module (P-OM), comprising two 17-inch glass borosilicate
hemisphere (HS) each with 8 PMTs.[20]

Its primary objective is to explore high-energy neutrinos mainly from sources in the galactic center
and in the galactic plane. The energy spectrum ranges from103 - 106 GeV. Further, it will also
contribute to investigating the characteristics of the di�use neutrino �ux at energies above 104

GeV, dark matter particle decay searches, tau-neutrino tagging, and muon bundle discrimination
[19]. In addition to studying energetic particles, P-ONE focuses on improving our understanding of
the environment by incorporating oceanographic sensors into its mooring lines. This initiative not
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only facilitates the observation of marine life but also enables a deeper exploration of the intriguing
phenomenon of bioluminescence.

1.4 Motivation

In light of IceCube's signi�cant achievement in associating the known astrophysical sources with
its neutrino �ux and in discovering the �rst point source of a very high-energy neutrino �ux, such
as the �aring blazar TXS 05060+056, the necessity of forging ahead in this �eld demands more
events and expanded sky coverage. The strategic positioning of P-ONE in the North Paci�c Ocean
completes the neutrino-sky by complementing the data from existing detectors mentioned in Sec-
tion 1.3. However, it is important to acknowledge that oceanographic projects encounter many
challenges, particularly regarding data storage, battery life, and other signi�cant hurdles associ-
ated with long-term instrumentation deployments.

P-ONE is set to be installed within an ocean observatory hosted by ONC. The existing infras-
tructure of an 800 km loop of cable for power supply and �ber optic connection will substantially
improve data transfer and storage capabilities.

Furthermore, to address the inevitable issue of biofouling, the prototype line employs several mit-
igation measures. This will not only extend deployment periods and increase the lifetime of the
detector but also provide insight into the e�ectiveness of each method and eliminate the burden of
expensive maintenance costs.

Finally, the FPGA-based DAQ system enables precise measurements, achieving sub-nanosecond
synchronization in event-time measurements. This will enhance the reconstruction of neutrino
events with even higher spatial resolution. Additionally, the design of the P-OM modules with
PMTs positioned at multiple angles enables isotropic detection, together with reduced Cherenkov
light scattering in water, further enhancing data quality.
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Chapter 2

Biofouling

2.1 De�nition

All instruments with long-term deployment are a�ected by the buildup or accumulation of marine
organisms. It is primarily caused by three e�ects[21, 22, 23, 24]

1. Sedimentation: inorganic and organic materials vertically sinking from the water column into
the seabed.

2. Marine snow: a �ux of larger particulate aggregates, for example, detritus, living organisms,
and organic and inorganic matter.

3. Biofouling: a physical process of bacterial �lm formation and propagation.

Biofouling or marine fouling is one factor a�ecting the data quality, as bio�lm development hinders
the detector window. Eventually, this leads to a certain loss of transmission e�ciency, thereby lim-
iting its lifetime. In order to develop an e�ective mitigation solution, the mechanism of biological
adhesion must be understood. In principle, it can be explained as the adherence of microorganisms
on the substrate and their growth into micro-colonies. It can be divided into two major classes:
micro-fouling or bio�lm organisms, which are bacteria and diatoms and macro-fouling caused by
algae and barnacles[25].

2.1.1 Stages of Bio�lm Development

The process of formation of bio�lm is a physical and biochemical process and starts almost imme-
diately after deployment. It can be understood in 6 steps: [25, 22].

1. Conditioning �lm:-
It is a simple physical reaction in which a layer of proteins, polysaccharides, and proteoglycans
forms. This layer provides a stickier surface and food for microbes.

2. Transportation :-
Due to sedimentation, microorganisms are attracted and transported to the surface.
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3. Initial adhesion:-
The microbes adhere to the surface, developing bio�lm. It is still reversible and can be
removed by the mere turbulence of the �uid.

4. Attachment:-
The microbes develop a protective layer on the surface, the so-called extracellular poly-
meric substance (EPS), by coordinating with neighbouring bacterial colonies. This enables a
stronger grip and it cannot be removed easily.

5. Growth:-
After that, the colonies develop further and can only be removed by chemical reaction.

6. De-attachment or secondary adhesion:-
It is probable that the colonies disintegrate some chunks of the bio�lm. Simultaneously, it
also absorbs other macroorganisms.

The stages of bio�lm development are conserved across a wide range of bacteria, suggesting that
prevention methods can be applied universally and are relevant to all deep-sea instrumentation[22].
Mathematically, the growth of bio�lm can be estimated through three phases: the initial phase,
the exponential phase, and the saturation phase [26]. In the initial phase, the growth rate is slow
and can be approximated as linear. After this, it enters the so-called "log-phase", where growth
is exponential and can be modeled using biological models presented in [21], such as the Logistic
and Gompertz models. Ultimately, growth reaches a saturation point with a speci�c maximum
population. This is when the growth rate of microorganisms equals the death rate; the net change
in transmission e�ciency is zero.

In view of the fact that the growth of bio�lm P(t) is directly proportional to the relative detection
e�ciency, one can estimate the relative transmission e�ciency over time � (t) = T ( t )

T (0) , where � is a
proportionality constant.

� (t) = 1 � �P (t) (2.1)

The transmission loss can be visualized as depicted in 2.1. The �gure depicts data from STRAW
modules, �tted with biological models to estimate bio�lm growth saturation. The Y-axis shows the
ratio of transmission e�ciency to its initial value, and the X-axis shows time in years. The models
represented here are the Logistic model given by

� (t) = 1 �
A

1 + e� k rel ( t � T i )
(2.2)

and the Gompretz model given by

� (t) = 1 � Aee� k rel ( t � T i )
(2.3)

hereA = �P 1 is the saturation factor and krel = 1
Ac m

@P
@t is the relative growth rate. Based on this

analysis, a maximum transmission e�ciency is preticted to be in between 0%- 35% after saturation.
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Figure 2.1: Graphical representation of the growth of a bacterial colony based on the biological
model of bacterial growth, namely Gompertz and logistic models used for STRAW data. The
vertical lines represent critical times and the shaded region is1� interval. [21]

2.2 Possible Mitigation Methods

This section provides an overview of the popular methods for preventing biofouling. Traditionally,
one divides them into 3 main categories based on their function as follows[25, 22, 27, 28]:

2.2.1 Biological methods

1. Quorum sensing (QS) inhibition:
It is a non-antibiotic strategy. One plant autoinducer disrupts bacterial cell-to-cell communi-
cation, thus preventing the bacteria from coordinating their activities like bio�lm formation.

2. Augmentative bio-control:
by enhancing natural enemies in the environment.

3. Bacteriophages:
applying agents that infect the host bacteria by rapid replication of virions to lyse the host
cell or by incorporation into the host cell's genome.

2.2.2 Chemical Methods

1. Antifouling paints:
One exploits the toxicity of metals, organometals and other similar biocides to marine inver-
tebrates and incorporating them in paint matrices to form antifouling coatings.

2. Leaching surface treatment:
ablative greases or greases that contain various pepper extracts can be applied to the surface
as a biocide.
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3. Liquid sterilization:
For encapsulated sensors, one uses a chlorine solution that is injected into the sensor area.

2.2.3 Physical Methods

1. Flow pattern of liquid:
incorporating hydrodynamic in instrument design or engaging various �ushing techniques to
remove the buildup.

2. Mechanical cleaning:

(a) wiper System: A variety of mechanical wipers could be employed based on the instrument
design and mostly used for non-acoustic oceanographic instruments. These systems are
e�ective so far, they themselves stay functional.

(b) UV light illumination:
The systems operate by using a UV light source that is focused on the sensor area.
This is a non-contact solution that has proven to maintain a pristine surface on many
non-acoustic sensors, such as Optical Sensors and membrane sensors.

3. Surface modi�cation:
One modi�es the surface property so as to prevent the adhesion of microbes, ergo inhibiting
the development of bio�lm

(a) Hydrophobic surfacesThese surfaces are also called self-cleaning as they do not let ma-
rine snow settle onto them.

(b) Hydrophilic surfaces These electrostatically induced surfaces repel speci�c bacteria.
They are mostly zwitterion coatings.

(c) Antimicrobacterial coating These are the surfaces that inhibit bacterial activity. One
coats a polymer-based antimicrobial agent or enzymes with properties.
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2.3 Investigated Strategies

Findings indicate that no single method can e�ectively prevent the formation and propagation of
microbial �lms.[27] Therefore, a combinatorial approach should be optimized according to mission
type, duration, and ambient environmental conditions, while also accounting for factors such as
marine life conservation, ecological sustainability, optical transparency of detectors, and long-term
durability (10 to 15 years). Therefore, it is proposed that the physical antifouling technologies will
be the ultimate antifouling solution. One also considers their broad-spectrum e�ectiveness and zero
toxicity.

2.3.1 Surface modi�cation

The prevention of microbial adhesion requires exploiting surface properties; thus, surface modi�ca-
tions are the most e�ective solution to completely eliminate initial adhesion.

2.3.1.1 Surface topography

An interesting design implementation is polishing the glass HS. As mentioned in the section 2.1.1,
the growth of bio�lm occurs only after the microbes can adhere to the submerged surfaces, and
studies[25] suggest that the adhesion strength is proportional to the number of points of contact on
the surface. To weaken the initial adhesion, the P-OM surface was made extra smooth by polishing
it. For this, the same glass HS were made with surplus material and the surface was optically
enhanced through additional grinding and polishing. This not only helps prevent biofouling but
also promotes more uniform light transmission. In the prototype line, two such optically enhanced
HS will be employed. In Figure 2.2 is a comparison of vision clarity in optically enhanced HS.

Figure 2.2: Di�erence in vision when viewed through the glass HS used in P-ONE-1 line (left)is an
optically enhanced HS,(right) a standard HS

2.3.1.2 Self cleaning surfaces

Upon investigating self-cleaning surfaces found in nature, a correlation with a hydrophobic sur-
face was observed.[29] A hydrophobic surface repels water and can be categorized based on the
angle a droplet of water has with the surface. If the angle of contact is 180� , the surface is super-
hydrophobic or non-wetting.[22] One of the recent studies shows that foul-release coatings on the
sensors can signi�cantly reduce adhesion of substances to submerged surfaces and could be a possi-
ble solution to prevent biofouling.[30] For the �rst line, four of the hemispheres have a foul-release
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coating, ClearSignal®, manufactured by Severn Marine Technologies, LLC. The chemical and phys-
ical properties are summarized in Table 2.1.

Table 2.1: Properties of ClearSignal [31]

Name Description Compatibility

Materials Silicon-based polymer,
transparent

Surface property superhydrophobic can be self-cleaning in high-energy environ-
ments such as moving platforms or wave en-
vironments

Working temperature -28� - +85 � covers the transportation environment and the
ambient temperature in the Paci�c

Optical transparency discussed in 2.4 transmission e�ciency in visible range is more
than 96%

Environmental Toxicity non-degrading, non-ablative does not release harmful materials into the wa-
ter

Longevity 10 years
Durability Designed for non-

propagating failure.
As per vendor speci�cation, can sustain de-
ployment with no prior damages

The state-of-the-art coating on the glass hemisphere is essentially a silicon polymer(polydimethylsiloxane
(PDMS)) based material. The HS instrumented in the P-ONE-1 line was coated by Norbit in Den-
mark. It involves spraying viscous liquid of the polymer for uniformity and then heating it to 120°C
for the coating to form a permanent covalent bond with the glass surface. However, the coating
process for the modules is still in an experimental stage, leading to frequent quality control issues.

Moreover, dealing with the coated HS is challenging because they are prone to scratches. A foam
cap is used at all times to prevent scratches and unwanted exposure to the coating and the PMTs.
One needs to be careful so as not to instigate any scratching or peeling of the coating while in-
tegrating PMTs, testing, and assembling the hemispheres, as well as, during transportation and
deployment. So far, the cap has been found e�ective, but deployment still poses a challenge to the
mechanical adhesion capacity of the coating. Additionally, the coating process must be completed
before mounting the titanium �ange, as the glue has an endurance of only80°C. This poses a
logistical issue, slowing the manufacturing process of the P-OMs further.

2.3.2 Instrument Design

2.3.2.1 Streamlining of the design

The most often overlooked contributor to the onset and propagation of biofouling is �ow separation
around the bodies and protruding appendages of oceanographic instruments and platforms [22].
Flow separation creates regions of reduced pressure and low �uid velocity near the submerged sur-
face, known as the stagnation zones. These stagnation zones are highly susceptible to the settlement
and growth of biofouling organisms. Streamlining the instrument design can therefore minimize
�ow separation and help reduce fouling buildup through hydrodynamic e�ects.
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Figure 2.3: Schematic diagram of the STRAW mooring lines as to be placed in the Paci�c Ocean,
depicting all the geometrical details of the module [8]

Path�nder missions
While examining the site for the feasibility of the proposed detector, two path�nder missions,
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namely STRings for Absorption length in Water (STRAW) and STRAW-b, were deployed. The
main scienti�c target of STRAW is to achieve a precise measurement of the optical properties of
the candidate site water: attenuation length, scattering length, and long-term monitoring of 40K
and bioluminescence background rate, all fundamental parameters for the detector design process[8].

STRAW consisted of two mooring lines each with 4 modules. In �gure 2.3 is a schematic diagram
of the light source called POCAM (Precision Optical CAlibration Module) and the PMT housing
called S-DOM (STRAW Digital Optical Module). These modules have a cylindrical geometry with
two PMTs facing upwards and downwards.

Due to this geometry, the probability of sedimentation on the upward-facing PMT increases. More-
over, the cables are attached to the body with the help of a rectangular mount as shown in �gure 2.4

(a) (b) (c)

Figure 2.4: Images of SDOM at various stages. (a) mounted on the mooring line, (b) during the
ROV inspection after deployment in September 2018, (c) during the ROV inspection in 2022(top)
and 2023(bottom)[21]

Figure 2.5: Inspection of the yellow-STRAW mooring line in 2020 by the ROV, the image comparing
the sedimentation on the top and bottom of the S-DOM implying the growth of bio�lm is signi�cant
on the upper PMT [32]
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As a consequence of the edges of this structure, there is �ow separation. Meaning that the region
between the mount and the module is a low-�uid-�ow area. This is highly favorable for settling
debris or other organic materials. The STRAW lines were visually inspected by a ROV three times
during the whole deployment period. The �rst inspection was conducted immediately after de-
ployment in 2018, the second in 2020, and the last one before removal in 2023. The pictures in
�gure 2.5 show clearly that the upward-facing module has higher sedimentation as compared to the
downward-facing.

Figure 2.6: On the left side is a schematic diagram of the STRAW-b mooring line with detailed
geometry of the modules. On the right side(top)image of exemplary module, module hosting the
PMT-spectrometer (middle)in lab, and (bottom) in situ [33]

STRAW-b is mainly focused on the characterization of background source spectra, with a special
focus on the bioluminescence emission and atmospheric muon background. It was a single mooring
line with multiple modules, each with a di�erent instrument. These modules, however, had a spher-
ical geometry and were mounted as shown in the �gure 2.6. In this case, the module's shape helps
maintain a laminar �ow across it. Nevertheless, mounting the module on the mooring line disrupts

22



the symmetry, causing a low �uid zone. In �gure 2.6 are the images of the individual modules and
the detailed technical sketch.

One recognizes that the detector design plays a vital role in preventing sedimentation. The STRAW-
b line is hydrodynamically more streamlined due to the symmetry of the modules. However, the
gap between the structure holding the mooring line and the modules is a highly favorable zone for
sedimentation and thus an easy onset of biofouling.

P-ONE-1
The very �rst mooring line of the proposed P-ONE detector is named P-ONE-1, which consists of
20 modules and 2 calibration modules.

Figure 2.7: On the left side is a schematic diagram of P-ONE-1 mooring line. In the middle side
(top) numbering of the PMTs in HS (middle) an integrated HS (bottom) an integrated P-Cal in
the clean [20][34]. On the right side is the mounting scheme of the P-OM onto the mooring with
the zenith angle of PMTs marked with red arrows
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The technical sketch of P-ONE-1 is depicted in �gure 2.7. The PMT housing is a borosilicate glass
hemisphere (HS) with an inner diameter of17 inch, that hosts 8 PMTs attached using an optically
coupling gel and spring lock system to hold them in place. This unit is called P-ONE Optical Mod-
ule (P-OM). As one can see, the new design has no protruding mounts, which makes it streamlined.
It essentially involves mounting two hemispheres (HS) on the cables as depicted in �gure 2.7, such
that they enclose the DAQ hardware and other electronics within [20]. Moreover, the placement of
PMTs inside the glass hemisphere is such that the most sedimentation that is around its edges is
avoided.

2.3.2.2 Positioning of the PMTs

In STRAW, the PMTs were strictly looking upwards and downwards; as a consequence of this
geometry, the top PMT tends to accumulate sedimentation and get blinded easily. In fact, the
visual inspection also reveals the same. A thesis on STRAW, which studies and analyses this e�ect
[8], has quanti�ed the di�erence in transmission e�ciency between the PMTs. Under the assump-
tion that the downward-facing PMTs have no biofouling e�ect, a relative loss ratio was de�ned as
y = rate up � rate down

rate up
. For y = 0 , the PMT is free of biofouling, and a negative value ofy corresponds

to the degree of fouling on the upward PMT. This ratio was plotted against time for all the SDOMs
and �tted with a linear function. The resulting slope m = y f � y i

t f � t i
was negative, which clearly

indicates loss in transmission e�ciency of the upward-facing PMT. Moreover, the path�nders of
ANTARES have also con�rmed the zenith angle dependence of the bio�lm growth [35].

Combining the results from both analyses and the mathematical models of bio�lm formation, this
thesis predicts the relative transmission loss over time on the P-ONE-1 prototype line, aiming to
provide an estimate of the detector's performance. A hypothesis that there are two environmental
factors that primarily a�ect the growth of bio�lm, namely the turbulence of water and the variation
in the degree of build-up on the module with the zenith angle. The relative loss ratio from the
previous study can be rede�ned as

~y(t) = 1 �
T(0)
T(t)

(2.4)

where T(t) is the transmission rate at time t and can also be expressed using the equation 2.1as

~y(t) = 1 �
1

� (t)
(2.5)

Firstly, the dependence of sedimentation or biofouling on height was estimated using STRAW anal-
ysis data.[8] This slopem of the curve from �gure 2.8 provides the change in relative loss rate
with time, @y

@t = m. The value m remains constant over time and can be plotted as a function of
height. An exponential �t m(h) = c � exp(a � h) was obtained as depicted in �gure 2.8 with the
�t parameter area c = 0 :059� 0:021 and a = � 0:056� 0:007. The exponential correlation between
m and the height from the sea�oor was expected and is likely related to turbulence in the water
�ow. The region near the sea�oor is a low-turbulence zone, which reduces the likelihood of bio�lm
being washed o�. It is to be noted that the data available was limited to the height of � 70m,
thereby explaining the behaviour of biofouling to only for the lower part of the P-ONE-1 line. For
the P-OMs at a greater height, other factors, such as the presence of other marine organisms, a�ect
the probability of biofouling.
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Figure 2.8: Loss ratio plot for each S-DOM from STRAW analysis(top)[8], plot of the exponential �t
of the slope of the line as a function of height given asy = (0 :059� 0:021)� e( � 0:056� 0:007) x (bottom)

Furthermore, to estimate the angular dependence of the fouling rate, the build-up rate was esti-
mated by mere logic. Here, the zenith angle of0° is the top and 180° is the bottom. For the
PMT at a zenith angle � = 0 °, due to active accumulation, biofouling will be at its maximum.
At � = 45°, sedimentation is signi�cantly reduced; however, it will still have a relatively moderate
biofouling. At � = 90°, the water �ow will aid sediment removal, thereby signi�cantly reducing
bio�lm formation. For � > 90°, the surface experiences almost no sedimentation; thus, the bio�lm
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