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“Ma sopra tutte le invenzioni stupende, qual eminenza fu
quella di colui che s’immaginò di trovar modo di
comunicare i suoi più reconditi pensieri a qualsivoglia
altra persona, benché distante per lunghissimo
intervallo di luogo e di tempo? parlare con quelli che son
nell’Indie, parlare a quelli che non sono ancora nati né
saranno se non di qua a mille e dieci mila anni? e con
qual facilità? con i vari accozzamenti di venti
caratteruzzi sopra una carta.”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632

2



3



Thesis advisor:
Professor Elisa Resconi

Abstract

This thesis summarises the design, assembly, and data analysis of the
two path�nder missions for the new neutrino telescope Paci�c Ocean Neu-
trino Experiment (P-ONE).
P-ONE was conceived to extend and complement the �eld of view of the
neutrino telescope IceCube at the South Pole and target the TeV-PeV de-
tection energy range in the present multi-messenger era. With the other
underwater neutrino detectors still in construction (KM3NeT and GVD), P-
ONE will signi�cantly boost the current sensitivity to high-energy cosmic
neutrinos and reveal new phenomena in the extreme Universe.
Based on Ocean Networks Canada subsea infrastructure, the planned 70
moorings of P-ONE will be installed starting from 2023 at Cascadia Basin,
a heavily sedimented abyssal plain region located at 2660 m depth about
200 km off Vancouver Island. Being identi�ed as a potentially ideal site for
a neutrino telescope, in spring 2018, the �rst path�nder mission - STRAW
(STRing for Absorption length in Water) - was constructed at TUM and de-
ployed by ONC. To measure the water optical properties and evaluate the
environmental background, STRAW is taking data since then. Afterwards,
following up the promising STRAW results, in summer 2020 the second
path�nder mission - STRAW-b - was deployed 40 m from STRAW to test a
more complex installation of a longer instrumented line and characterise
the ambient background in more detail. Within this thesis, we describe the
design of the path�nders, the construction of the optical modules, and the
�rst results from the Paci�c Ocean. Focus is given to the data analysis of
the STRAW long-term monitoring, which reveals the time behaviour of the
ambient bioluminescence and its relation with other ambient parameters.
We conclude with an outlook about the future of P-ONE.
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Zusammenfassung

In dieser Arbeit wird der gesamte Entwicklungsprozess zweier Pfad�nder-
Projekte dargestellt, vom Design über die Montage bis hin zur anschließen-
den Datenaufnahme. Diese zwei Projekte sind als die ersten Schritte einer
Machbarkeitsstudie für ein neues Unterwasser-Neutrinoteleskop, P-ONE
(Paci�c Ocean Neutrino Experiment), geplant.
Die Idee von P-ONE entstand in der heutigen Multi-Messenger Ära, mit dem
Ziel die Sichtfelder bereits existierender Neutrinoteleskope zu ergänzen
und TeV-PeV Energien zu detektieren. Zusammen mit weiteren Unterwasser-
Neutrinodetektoren, die sich noch in Konstruktion be�nden, wird es die
derzeitige Sensitivität bis zu den höchstenergetischen Neutrinos erhöhen.
Unter Nutzung der Unterwasser-Infrastruktur von Ocean Networks Canada
werden die geplanten 70 Verankerungen von P-One ab 2023 im Cascadia
Basin angebracht. Cascadia Basin ist eine stark sedimentierte Abyssal-
Ebene, die sich in 2660 m Tiefe be�ndet und etwa 200 km vor Vancouver
Island zu �nden ist.
Der erste Pfad�nder namens STRAW (STRing for Absorption length in Wa-
ter) wurde im Frühling 2018 installiert, nachdem der Standort als idealer
Kandidat identi�ziert wurde. Das Ziel war die Messung der optischen Eigen-
schaften des Wassers und des Umgebungshintergrundes.
Im Anschluss an die vielversprechenden STRAW Ergebnisse wurde im Som-
mer 2020 der zweite Pfad�nder namens STRAW-b in 40 m Entfernung von
STRAW ausgebracht, mit dem Ziel den Hintergrund zu charakterisieren.
In dieser Arbeit werden die Technologien, die für den Bau sämtlicher optis-
chen Module verwendet wurden, ausführlich beschrieben und motiviert.
Abschließend wird die Datenanalyse der STRAW Langzeitbeobachtung
vorgestellt, mit besonderem Schwerpunkt auf den Hintergrund durch Bio-
lumineszenz.
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Introduction

Unveiling the mysteries of the Universe is one of the most intriguing chal-
lenges in the history of mankind. Generations of brilliant minded scientists
have built our current knowledge of the Cosmos, pushing the boundaries
to new open questions.
The Standard Model of particle physics describes accurately most of the
experimental results collected so far, but it is not believed to be the �nal
theory. Some still unanswered questions lead to the conclusion that the
Standard Model is not complete and could represents a low energy limit of
a still undiscovered fundamental theory, which can most likely be demon-
strated at higher energies [1]. For example, according to the Standard
Model the neutrino is massless and the three-family structure of leptons
and quarks remains unexplained.
Higher energies needed for this kind of studies are so high that man-made
particles accelerators could not reach them, also in the next future. In this
framework Astroparticle Physics plays a fundamental role. Astroparticle
Physics was born around 1912 with the discovery of cosmic radiation by
Victor Hess, pointing out that part of natural radioactivity has an extrater-
restrial origin. It is presently well known that cosmic objects are capable
to accelerate protons and heavier nuclei up to 1020 eV (several orders of
magnitude larger than the LHC energy), the so called cosmic rays.
The origin of Ultra High Energy Cosmic Rays is a puzzle for scientists since
more than one century as still today the localisation of their acceleration
sources is not straightforward: the presence of interstellar magnetic �elds
deviates the charged cosmic rays from their original path. At this scope
it is needed to observe the same astrophysical event using the detection
of particles that are not in�uenced by galactic or extragalactic magnetic
�elds, as gamma rays and neutrinos. Since also gravitational waves can
be associated to high energy neutrinos (and gamma rays) emissions by the
same source [2], their detection could provide additional information on
the source emission dynamics.
The evolution of detector technology and some recent discoveries are open-
ing a new golden age for fundamental physics research: the Multi-Messenger
Era.
Two major milestones are tracing the path: the detection of high energy
neutrino events from a single-point source by IceCube [3] and the �rst ob-
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servation of gravitational waves by the LIGO/Virgo Collaboration [4]. The
combined (and coordinated) detection of cosmic-generated high-energy neu-
trinos, gravitational waves, gamma rays, electromagnetic signals and cos-
mic rays represents an unprecedented source of information to study some
of the most mysterious processes in the physical Universe. A coincident de-
tection of gravitational waves and high-energy neutrinos has not yet been
achieved, thus becoming the next big challenge of the astroparticle physics
community. To this effort, the involved scienti�c collaborations are already
implementing an ambitious upgrade program. A signi�cant (probably deci-
sive) boost will be provided by the realisation of new observatories, aimed
at extending and complementing the energy range and the �eld of view of
the existing ones.

Within such a scienti�c framework P-ONE neutrino telescope has been con-
ceived. P-ONE aims to become an observatory for cosmic neutrinos in the
boreal hemisphere at Cascadia Basin (Northern Paci�c Ocean, offshore
Vancouver Island), optimised for the detection of high-energy events. The
project is currently in its developing phase thanks to the work of research
groups from Canada, USA and Germany, with the precious effort of Ocean
Networks Canada (ONC) that manages the underwater infrastructure that
will host the neutrino telescope.
Different detector layouts and geometries are under evaluation, through
an extensive simulation campaign, while the most advanced and reliable
technologies are being explored as potential candidate solutions for P-ONE.
Moreover, the extremely hostile environment of the deep-ocean water and
the high variety of possible background sources determine an additional
set of design constraints. Environmental parameters like deep-ocean cur-
rents and salinity, are already routinely monitored with high accuracy by
ONC observatories. For all other factors, two dedicated test campaigns
have ben carried out: the STRAW and STRAW-b path�nders. The main sci-
enti�c target of STRAW is to achieve a precise measurement of the opti-
cal 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.
STRAW-b is mainly focused on the characterisation of background sources
spectra, with a special focus on the bioluminescence emission and atmo-
spheric muon background.

Within this work, I was involved in the de�nition, integration, test and cal-
ibration phases for both path�nder missions. For STRAW, I focused on
the procurement and the following characterisation of the PhotoMultiplier
Tubes. I contributed to the assembly and to the calibration of the optical
modules besides the mechanical integration of the two mooring lines.
For STRAW-b, I have been responsible for the realisation of one of the de-
tection modules: the Minispectrometer. In this context, I took part to all the
project phases: design, characterisation, integration and calibration.
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After STRAW deployment and for all the data-taking phase (still ongoing)
I analysed STRAW data for the search and long term monitoring of bio-
luminescent background. This thesis will span over the full projects time-
line: after an introductory part devoted to UHECR astroparticle physics and
multi-messenger astronomy in Chapter 1, an overview about neutrino as-
tronomy and neutrino telescopes will be presented in Chapter 2. Chapter
3 is fully dedicated to the STRAW project: from design to implementation.
In Chapter 4, the STRAW-b path�nder is thoroughly described, with a spe-
cial focus on the Minispectometer module project. The last chapter of the
thesis, Chapter 5, is fully dedicated to the STRAW data analysis: monitoring
tools, site characterisation and study of bioluminescence phenomena.
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“Non posso tacer quello che mille volte ho osservato, e
non senza riso, cadere nella mente quasi di tutti gli
uomini nel primo motto che sentono di questo muoversi
la Terra, creduta da loro talmente �ssa ed immota, che
non solamente di tal quiete mai non hanno dubitato, ma
fermamente creduto che tutti gli altri uomini insieme con
loro l’abbiano stimata creata immobile e tale
mantenutasi in tutti i secoli decorsi; e fermatisi in questo
concetto, stupiscono poi nel sentire che alcuno le
conceda il moto [...]. Ora, che tale stoltissimo pensiero [...]
trovi luogo nelle menti de gli uomini vulgari e di senso
leggiero, io non me ne meraviglio; ma che gli Aristoteli e i
Tolomei siano essi ancora incorsi in questa puerizia, mi
par veramente assai più strana ed inescusabil
semplicità.”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632
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Chapter 1

Cosmic Rays and
Multi-Messenger Astronomy

The detection and the study of cosmic messengers are fundamental for the
knowledge of acceleration and production mechanisms of the astrophys-
ical sources. Different messengers as high energy cosmic rays, gamma
rays, neutrinos and gravitational waves can provide complementary infor-
mation according to their features.
In some cases, astrophysical sources of gravitational waves1 are expected
to emit also photons and neutrinos: the merger of binary systems con-
taining a neutron star, for example, or the core-collapse of massive stars
like Supernovae are associated with Gamma-Ray Bursts emission, whose
ejected sub-relativistic material interacts with the interstellar medium pos-
sibly generating Ultra High Energy Cosmic Rays (UHECRs).
Identifying a source with UHECRs detection is challenging due to the in-
coming magnetic �elds that de�ect them inside and outside our Galaxy.
Gamma-rays and neutrinos, resulting from the interaction of cosmic rays
with matter or photons in the surroundings of cosmic accelerators, do not
interact with magnetic �elds along their path. For this reason, they can
provide complementary insight into the physics of their origin.

The multi-messenger astronomy development needs interdisciplinary ef-
forts to interpret observations and constrain models. In the next future,
the collaboration between the different gravitational waves, gamma rays,
neutrinos and cosmic rays communities will be fundamental to implement
shared observational and analytic strategies [2].

1In September 2015 the two detectors of the LIGO Observatory (LIGO) [4] detected for the
�rst time a transient signal of gravitational waves.
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1.1 Cosmic rays and their mass composition

High-energy particles and atomic nuclei produced and accelerated by sev-
eral possible sources and mechanisms travel through space at nearly the
speed of light. These particles are de�ned as cosmic rays.

Cosmic rays were discovered by Victor Hess in 1912. In his balloon ex-
periment, an ionization chamber was operating in the atmosphere up to a
quota of 5km. During the ascent, he observed that the level of radiation �rst
decreased but then, from about 1000 m, began to increase with increasing
distance. This measurement led to the conclusion that the radiation must
have an extraterrestrial origin and that its intensity decreased at sea level
because of the atmosphere interaction [5]. Around 1920 Robert Millikan
called this radiation ”cosmic rays”.

The cosmic rays outside the atmosphere are called primary cosmic rays
and consist of high-energy protons (about 90%) and in smaller quantities
helium nuclei, electrons, photons, neutrinos and antimatter (positrons and
antiprotons). Travelling towards the Earth surface, these particles interact
with the atmospheric nuclei leading to the formation, in a cascading pro-
cess, of an air shower of new particles called secondary cosmic rays. For
a cosmic ray proton and a nucleon (N), the basic reaction is the following:

p + N ! ⇡
±

, ⇡
0
, K

±
, K

0
, p, n, ... (1.1)

Secondary cosmic rays can interact or decay, producing an exponential
multiplication of the number of particles. According to their con�guration,
three main components can be identi�ed within a shower: hadronic, elec-
tromagnetic and muonic, as illustrated in �g. 1.1.
The hadronic component is composed of neutrons, protons, kaons and pi-
ons, and strongly interacts with nuclei in the air, producing a cascade of
hadronic particles with different energies [6].
The electromagnetic component is mainly originating from the decay of
neutral pions ⇡

0 ! � + � with consequently pair production of positrons
and electrons.
The muonic component is generated by the decay of ⇡

± and K
±: weakly

interacting muons with relativistic energies produced in the shower are
capable of reaching Earth surface despite their short half-life (2.2 µ s).
In addition, positive and negative pions (and consequently muons) decays
produce showers of neutrinos (and antineutrinos): we refer to these neu-
trinos as atmospheric neutrinos and, as will be described in paragraph
2.2.3, these represent one of the principal background sources for neu-
trino telescopes.

The range of energies covered by the cosmic ray spectrum extends over
11 orders of magnitude, from 109eV to 1020eV. Current accelerators can
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Figure 1.1: Illustration of a primary cosmic rays interacting with an atmospheric nucleus and produc-
ing an air shower of secondary particles. According to the decays processes, three main components
can be identi�ed: electromagnetic, muonic and hadronic. Picture taken from http://hydrogen.physik.uni-
wuppertal.de/hyperphysics/hyperphysics/hbase/astro/cosmic.html

reach a maximum energy of TeV, way lower than the most energetic cosmic
rays. For this reason, these represent one of the natural laboratories for
the exploration of physics beyond the Standard Model.
The �ux decreases rapidly vs energy: it goes from about 1000 particles
per second per m2 at the energies of GeV (109eV) to about one particle per
year per m2 at the energies of PeV (1015eV). The �ux drops to less than one
particle per century per km2 above EeV (1018eV). The detection of cosmic
rays at low energies up to 1015 eV is then possible in space with satellites
and balloons. Anyway, to cover the higher energy range and collect ade-
quate statistics, large surface instruments are required.
The plot in �g. 1.2 reports the observed energy spectrum of cosmic rays. It
can be in �rst order approximated by an inverse power-law distributions
with spectral index �:

d�

dE
:=

d
4
N

dEdAd⌦dt
/ E

�� (1.2)

The � index changes at two different points in the spectrum: the Knee at
1015 eV, and the Ankle at 1018 eV. At the beginning of the spectrum the
power law index is 2.7, then from the Knee its value becomes 3.1, and then
back to 2.7 at EeV energies. A less distinct change in the shape of the spec-
trum is theSecondKnee, which can be found around 1016 eV. The spectrum
then cuts off at very high energies around 1020 eV [8] [1]: this effect was
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Figure 1.2: From [7]: The all-particle spectrum as a function of E (energy-per-nucleus) from air shower
measurements. The differential energy spectrum has been multiplied by E2.6 in order to display the fea-
tures of the steep spectrum that are otherwise dif�cult to discern.

predicted by K. Greisen, V. Kuzmin and G. Zatsepin in 1966 and for this rea-
son is called GZK cut-off. Its �nal interpretation remains elusive: it is not
yet clear if the GZK cutoff is produced by the GZK mechanisms (see para-
graph 1.2.3) or is related to sources running out of power.
Different energy regions in the spectrum may indicate a change in the emis-
sion from different sources, propagation processes and compositions. The
lower energy part (up to few GeV) is dominated by cosmic rays originating
in the Solar system. The region between few GeV up to the Knee is dom-
inated by particles accelerated inside our Galaxy. The energy range be-
tween the Knee and the Ankle is dominated by particles accelerated inside
and outside our Galaxy. The highest energy region is associated only with
extra-galactic cosmic rays.

The cosmic raysmasscomposition varies in the path from the source to the
Earth due to interactions with the interstellar medium (ISM): the main com-
ponent is identi�ed by protons and helium nuclei. Electrons and positrons
contribute with few percentages [9] because of energy loss during their
propagation. Small quantities of nuclei heavier than helium up to Z 6 30
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Figure 1.3: Relative abundance of elements in cosmic rays at Earth (solid circle, �lled line), compared with
the relative abundance of elements in the Solar System (open circle, dashed line). In the abscissa the atomic
number Z is reported. It is found that the chemical composition of cosmic rays coincides, approximately,
with that of the solar system. Reference is Carbon=100. Data is measured at energies between 100 MeV
and 1-2 GeV [10].

are also present: their importance is based on the propagation mecha-
nism information they can provide. The graph in �g. 1.3 shows the relative
abundances of different elements in cosmic rays and in the Solar System
as a function of the atomic number Z, normalized at the abundance of car-
bon, set at 100%. The chemical composition of cosmic rays at the source is
presumably identical to the Solar System one. Anyway, the relative abun-
dances of the various elements (Li, Be, B and Sc, Ti, V, Cr, Mn) is different at
their detection: the interaction of cosmic rays with the interstellar medium
makes the heavier nuclei split (spallation) into light nuclei, hence the rela-
tive overabundance of light elements with respect to the heavy ones.

1.2 Acceleration mechanisms and sources

The origin and the acceleration mechanisms of the cosmic rays, able to
boost particles to the extremely high energies observed on the Earth, re-
main today not well understood.
There are two main classes of acceleration mechanisms [5]:

• bottom-up, that assumes the production of cosmic rays in astrophys-
ical sources;

• top-down, that hypothesises the cosmic rays coming from exotic par-
ticles decay.
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A statistical acceleration mechanism, in the framework of the bottom-
up scenario, was suggested by Enrico Fermi in 1949 [11]: he assumed that
individual charged particles could accelerate because of repeated colli-
sions with large masses of moving magnetized plasma. It is the principal
candidate mechanism for the particles to gain non-thermal energies.
Two types of Fermi acceleration have been discussed in the literature:

• theFirstOrder FermiAcceleration that occurs in shocks waves, where
moving magnetic inhomogeneities that encounter a charged particle
re�ect it through the shock (from downstream to upstream) at in-
creased velocity. If a similar process occurs multiple times back and
forth, the particle will be accelerated at higher energies;

• the Second Order Fermi Acceleration occurs in moving magnetized
gas clouds, ”magnetic mirrors”. If the magnetic mirror is moving to-
wards the charged particle, this latter energy will increase upon re-
�ection. The energy gained at each re�ection depends on the mirror
velocity squared �

2
m.

Both cases are collisionless because frequent collisions with the environ-
ment particles can cause high energy losses by non-thermal energy parti-
cles and, as a result, no acceleration will occur.
The main feature of the Fermi acceleration model is that, even if depending
on the parameters used to describe the magnetic clouds, the spectral in-
dex calculated for a standard case of a plane shock front (in a mono-atomic
gas) is close to the one measured in the observed cosmic rays energy spec-
trum [1].

The maximum energy Emax at which a source can accelerate cosmic
rays depends on its size and its magnetic �eld intensity [12] [5]:

Emax ' ZBR (1.3)

where Z is the charge of the accelerated particle, B is the intensity of the
magnetic �eld, and R is the size of the source. When the Larmor radius2

of a charged particle moving inside a magnetic �eld becomes greater than
the size R of the source, the particle is not contained anymore inside it and
escapes.
The relation between the size R of the acceleration region and its magnetic
�eld intensity B responsible for the shocks are represented in the so-called
Hillas plot, �g. 1.4. he astrophysical objects lying above the lines in �g. 1.4
represent possible candidate sources for the acceleration of particles up
to 1020eV energies such as neutron stars with strong magnetic �elds, Ac-
tive Galactic Nuclei (AGN) jets, pulsars and Gamma-Ray Bursts (GRBs).

2The Larmor radius, or gyroradius, is the radius of the orbit of a charged particle moving
in a uniform, perpendicular magnetic �eld, obtained by simply equating the Lorentz force F =
q(E + v ⇥B) with the centripetal force.
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Figure 1.4: The Hillas diagram shows the size and the magnetic �eld intensity of possible sites of particle
acceleration. Sources above the blue line are capable of accelerating protons up to 1021eV, while sources
above the red line are capable of accelerating iron atoms up to 1020eV [13].

In the top-down scenario [5] is foreseen the production of particles by
decays of exotic super-heavy particles (with masses at least of the order
of 1021eV): the candidates can be X bosons predicted by Grand Uni�cation
Theories (GUT)3, super-heavy dark matter particles, heavy relics from the
early Universe that are assumed to decay. There are two main classes of
such models:

• the �rst one foresees the decay or annihilation of topological defects
(TDs), like magnetic monopoles or strings, produced in the early Uni-
verse. From the TDs, supermassive particles are produced, which
in turn decay into quarks and leptons. The former hadronize into jets
containing mesons and small percentages of baryons. The pions thus
produced decay into photons, neutrinos and antineutrinos, e± and
muons, and cosmic rays would be the result of these secondary de-
cays;

• the second one foresees the decay of supermassive particles pro-
duced directly in the primordial Universe and which have an average

3A Grand Uni�ed Theory (GUT) is a model in particle physics in which, at high energies, the
three gauge interactions of the Standard Model comprising the electromagnetic, weak and
strong forces are merged into a single force.
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lifetime longer than the age of the Universe. These particles are sup-
posed to be part of the cold dark matter, hence the name ”super-heavy
dark matter (SHDM) particles”. According to these models, very high
energy photons and neutrinos are produced during the decay of the
super-heavy particles into standard model particles.

The top-down models are strongly disfavoured by current experimental
observations.

1.2.1 Galactic Cosmic Rays

Shock waves generated by Supernovae Remnants (SNRs) explosions are
ideal candidates to explain the acceleration of cosmic rays to energies up
to the Knee region around 1015eV, as proposed by Fermi and as supported
by many recent observations. Charged particles are scattered by the ex-
treme magnetic �elds of the expanding shells of Supernovae and gain a
large amount of energy at each recrossing of the shock wave until they
can escape the acceleration site.
The high density of the compressed core of a Supernova, combined with
the increased energy of the charged particles, leads to the generation of
neutrons and neutrinos through the electron capture process:

p + e
� ! n + ⌫e (1.4)

The neutrinos escape from the source. The maximum energy attainable in
this process is limited by the average lifetime of the supernova shell (⇠ 105

years) and its size. A typical SNR can provide energies up to 1015eV. Under
particular conditions (extreme high density and strong interaction with the
magnetic �eld), cosmic rays may reach energies of the order of 1017eV.
Observation in association with the acceleration site of cosmic rays is im-
possible as they undergo de�ection by the galactic magnetic �eld. There-
fore, an isotropic �ow of radiation is expected.
An additional candidate source of high energy cosmic rays are Pulsar Wind
Nebulae (PWN). In PWN, the engine that powers and accelerates charged
particles is represented by pulsars (rapidly rotating neutron stars), pro-
ducing extremely intense magnetic �elds by the gravitational collapse of
massive stars.
Binary systems can also act as accelerators: an enormous gravitational
potential energy is released by the collapse of a compact object (e.g. black
hole, neutron star etc.) after the accretion of matter by a donor partner.
The high-energy jets produced by such collapses represent an ideal envi-
ronment for cosmic particles acceleration [6].

1.2.2 Ultra High Energy Cosmic Rays

In the energy range above the Knee, accelerated charged particles can es-
cape from the magnetic �eld of their source origin and can travel through
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intergalactic space.
The sources of such high energy particles are under investigation since
many years: it is dif�cult to locate them because, as already said, cos-
mic rays are charged particles undergoing angular de�ections due to the
magnetic �elds in our galaxy and to the intergalactic medium between the
sources and Earth.
The Pierre Auger Observatory (PAO) showed that UHECRs (above⇠6·1019eV)
arrival directions seem to be correlated with the position of nearby extra-
galactic sources [14], whose �ux has not been reduced by interaction with
the cosmic background radiation. Supermassive black holes at the centre
of nearby galaxies, Active Galactic Nuclei (AGN), have been tentatively as-
sociated with UHECRs.
The AGN are among the most luminous sources in the Universe. A cen-
tral supermassive black hole incorporates matter from the surrounding
region, with the possible emission of two relativistic jets perpendicular to
the accretion disk. One scenario foresees that particles in the jets can be
accelerated up to ultra-high energies [1].
The Auger experiment has recently observed a large-scale anisotropy in
the arrival direction of particles with energies above 8·1018eV. This obser-
vation supports the extragalactic origin [15]. However, the Auger results
do not unambiguously identify in the closest to our galaxy AGNs the only
possible origin of such high energy particles.
Gamma-Ray Bursts (GRBs) are considered as other extreme accelerators
up to 1020eV. They are extremely energetic electromagnetic explosions oc-
curring both in massive star core collapses like a supernova or hypernova,
and in a binary system merger (e.g. neutron star - neutron star). These rep-
resent one of the most energetic transient objects in the Universe [8].
Neutron stars are also a suggested origin for UHECR: the very high mag-
netic �eld creates a relativistic magnetic wind believed to accelerate iron
nuclei remaining from a previous supernova explosion.

More exotic scenarios are also discussed in the literature. One of the lat-
est hypotheses on the origin of UHECRs associates them with the ability
of AGNs to convert Dark Matter (DM) into high energy protons [16]. Heavy
dark matter particles can decay into pairs of heavier virtual particles inter-
acting with ordinary matter. The process involved in this production mech-
anism is the Penrose process4, which theorises that one of the produced
particles can fall into the black hole and the other escapes, colliding with
other incoming DM particles. These very high energy collisions can pro-
duce very high energy protons that can be observed on Earth.

4The Penrose process theorises that energy can be extracted from a rotating black hole
and that the extraction can occur if the rotational energy of the black hole is located in a region
called ergosphere [17], outside the event horizon.
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1.2.3 GZK limit

As described in the paragraph 1.2.2, at the energy above 1018 eV (theAnkle)
cosmic rays are associated to extragalactic origin.
At 6· 1019 eV the energy spectrum shows an abrupt steepening (see �g.
1.2), a so called cut-off. This effect was predicted by K. Greisen, V. Kuzmin
and G. Zatsepin in 1966 (GZK) as the interaction of high energy protons with
Cosmic Microwave Background (CMB) photons, producing �+ resonances
according to the processes 1.5 and 1.6:

p + �CMB ! �+ ! n + ⇡
+ (1.5)

p + �CMB ! �+ ! p + ⇡
0 (1.6)

The �rst decay channel follows the � decay for the unstable neutron (n !
p + e� + ⌫

e
) while the pion ⇡

+ decays into µ
+ + ⌫µ . The second decay chan-

nel is characterised by the production of two photons by the neutral pion
⇡
0. Both decays produce high energy neutrinos or photons, pointing out

the importance of very high energy neutrinos detection in astroparticles
physics.
The GZK limit assumes that very high-energy cosmic rays are protons. Ob-
servations from the Pierre Auger experiment, however, suggest that most
ultra-high-energy cosmic rays are heavier elements, as shown in �g. 1.5
[18]. In this case, the GZK limit is not consistent with the original hypothesis.
However, there is no fundamental contradiction in observing heavier cos-
mic rays with energies that violate the above-mentioned limit since there
is another cut-off interpretation that identi�es the spectrum maximum en-
ergy as a consequence of the maximum possible acceleration of cosmic
rays sources [19].

1.3 CosmicMessengers

Cosmic rays can reach energies way higher than particles generated by
existing accelerators. As already described in previous paragraphs, the
fundamental issue about their origin cannot be answered yet because of
their de�ection in magnetic �elds. For this reason, considering only cos-
mic charged particles may not be suf�cient to get the �nal information on
their sources [20]. However, the possible cosmic rays sources potentially
satisfy the requirements for the production of astrophysical auxiliary mes-
sengers, as gamma rays and neutrinos. The detection and the study of
high-energy extraterrestrial gamma rays and neutrinos spectra have re-
cently represented a fundamental �eld of research since the additional in-
formation provided can contribute to the understanding of the cosmic rays
origin [21] [22].
The study of the gravitationalwaves can reveal different information about
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Figure 1.5: From [18]: Mean values of the Xmax distributions obtained with the data of the 750 m and 1500
m surface arrays as a function of the energy. The shaded area indicates the systematic uncertainties. Data
are compared to the predictions from simulations of protons and iron nuclei for two different hadronic
models. The number of selected events in each energy bin is indicated.

astroparticles sources and their acceleration mechanism: the coordinated
interpretation of these different types of ”messenger” signals is known as
multi-messenger astronomy and is summarised in �g. 1.6.

1.3.1 Gamma-rays

Gamma rays are high energy photons. Usually, the frequency of this ra-
diation is higher than 1020 Hz, so it has an energy of over 100 keV and a
wavelength of less than 3·10�13 m, much less than an atom diameter.
Gamma rays can be produced by different interactions in the surroundings
of a source or during cosmic rays travel along their path in the interstellar
medium. The emission of photons can occur through leptonic and hadronic
processes:

• the energy loss of cosmic ray particles by galactic and extra-galactic
magnetic or electric �elds (respectively synchrotron radiation and
bremsstrahlung);

• the scattering between an ultra-relativistic electron and a photon,
transferring to this latter some of the incident energy (inverse Comp-
ton effect);
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Figure 1.6: From [23]: Propagation of different messengers from an astrophysical source towards the
Earth.

• the interaction of cosmic rays with interstellar gas molecules and the
consequent production of ⇡

0 that, in turn, decays into photons (astro-
physical beam dump mechanism p + p ! ⇡

+
, ⇡

�,⇡0, K
+, K

�, K
0...).

Differently from cosmic rays, photons are not de�ected by magnetic �elds.
For this reason, they point directly at their source. Anyway, the opaque-
ness of the atmosphere to high energy photons (see �g. 1.7) sets a limit
to their probability of reaching the Earth. Ground telescopes are used for
the detection of high energy gamma rays 5 while space satellites cover the
lower energy range from MeV to GeV.
Photons at very high energy interact with the Extragalactic Background
Light (EBL) and the Cosmic Microwave Background (CMB) radiation, un-
dergoing a signi�cant attenuation above tens of TeV. Because of this atten-
uation, the detection of photons at the Earth is correlated to their amount
of energy. For example, photons with 1015 eV generate electron-positron
pairs after interacting with a CMB photon and their probability to reach the
Earth decreases.

5Gamma rays interact electromagnetically with the atmosphere and produce electrons
and positrons with enough energy to generate Cherenkov light. This light is detected by
ground-based large arrays of telescopes.
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Figure 1.7: Transparency of the atmosphere: In this diagram, the brown curve shows how transparent
the atmosphere is at the given wavelength to radiation from space. The main windows are at visible wave-
lengths (marked by the rainbow) and at radio wavelengths from about 1 mm to 10 m. Credit: ESA/Hubble
(F. Granato) https : //www.eso.org/public/images/atmopacity/.

1.3.2 Neutrinos

Neutrinos are weakly interacting particle with small mass and no electric
charge. Like gamma rays, they don’t interact with magnetic �elds and are
not de�ected along the path from their source to the Earth. Therefore, they
point directly to their origin.
Due to the low cross-section, they can travel through the interstellar medium
essentially without obstacles and, consequently, the corresponding observ-
able Universe is not limited at a speci�c energy range.
Even if the neutrinos low interaction probability is a key feature for their
travel towards the Earth, it makes their detection very challenging, since
kilometre-scale of instrumented volumes of ice or water is needed.
However, they are valuable cosmic messengers that can provide additional
information about astrophysical sources generation and acceleration mech-
anism at highest energies that, as described in paragraph 1.3.1, are opaque
to photons.

In the Chapter 2, neutrino generation processes and detection tech-
niques will be thoroughly described.

1.3.3 Gravitational waves

Gravitational waves are perturbations of spacetime curvature generated
by accelerated masses: they can propagate from their source at the speed
of light.
They can be considered a form of radiation, as the distances between points
within the gravitational �eld rhythmically contract and expand, generat-
ing wavefronts of high intensity. The cosmic phenomena associated with
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gravitational waves production are explosions of supernovae or collision
of objects such as neutron stars and black holes, binary stars and pulsars,
producing huge masses changes.
They were predicted in 1916 by A. Einstein [24] as part of the general rel-
ativity theory. Anyway, their existence was �nally demonstrated only in
September 2015 by the LIGO experiment [4], after the detection of a signal
generated by the merger of two black holes. Such observation provided ev-
idence of the merger of stellar-mass binary black holes and the existence
of black holes with a mass higher than 25 solar masses.
In the multi-messenger astronomy framework, gravitational waves can be
associated with high energy neutrinos (and gamma rays) emissions by the
same source [2]. For example, gravitational waves sources (like binary
neutron stars and black hole mergers) can emit relativistic out�ows that
are signatures of high energy neutrinos emission. Such detection from
well-known sources could help establish the connection between the dy-
namics of the progenitor and the properties of the out�ow [25].
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“Ma vengo ad un altro punto. Sopra che fondamento dice
egli che le stelle appariscano cosı́ piccole? forse perché
tali le veggiamo noi? e non sa egli che questo viene dallo
strumento che noi adoperiamo in riguardarle, cioè
dall’occhio nostro? E che ciò sia vero, mutando
strumento le vedremo maggiori e maggiori, quanto ne
piacerà: e chi sa che alla Terra, che le rimira senza
occhi, elle non si mostrino grandissime e quali realmente
elle sono?”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632
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Chapter 2

Neutrino Astronomy

Three hours before the visible light from the supernova SN 1987A reached
the Earth, a �ux of neutrinos was observed simultaneously in three sepa-
rate detectors built to study the solar neutrino problem1.
The observation of solar neutrinos and neutrinos from the supernova 1987A
led to a new discipline: the High Energy Neutrino Astronomy, thus extending
conventional astronomy beyond the usual electromagnetic messengers.
High energy neutrinos are produced in the most energetic events in the
Universe and, due to their small cross-section, they can travel from astro-
physical objects to the Earth without interacting along their path, pointing
to their origin.
The small cross-section is a bene�t, on one side, since it allows neutri-
nos to escape from the core of their sources, bringing out information on
the internal processes. On the other side, the disadvantage is that their
challenging detection requires huge target masses to achieve appreciable
event rates: it is hence convenient to exploit deep underwater or ice sites
as ”natural” neutrino detectors [26].
The �rst idea of building such aneutrino telescopewas developed by Markov
[27] around the ’60s. The working principle consisted in the detection of
secondary particles produced by neutrino interactions through arrays of
light sensors distributed over a large volume of transparent material.

1The solar neutrino problem refers to the discrepancy between the observed �ux of solar
neutrinos and the theorised one. From the �rst observation in the 1960s, the problem has
been solved only in 2002. According to the Standard Solar Model, the Sun is expected to
produce only electron neutrinos, ⌫e. Anyway, the number of solar ⌫e detected by neutrino
experiments was one half or one-third of the predicted ones. Thus the Standard Model of
the particles has been modi�ed to include neutrino oscillations: the neutrinos produced in
the Sun are not massless particles and a neutrino created with a speci�c �avor can change
during its propagation and can afterwards be measured to have a different �avor.
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2.1 What is a neutrino?

The neutrino is an elementary subatomic particle with spin of 1/2 (fermion)
that interacts only via weak interaction2 and gravity; hence it typically passes
through matter without being absorbed. It is electrically neutral and its
mass is so extremely small, 0.05 eV/c2, that it was thought to be zero for a
long time.

The neutrino was postulated by Wolfgang Pauli in 1930 to explain the beta
decay mechanism (see 2.1.1) and was, later in 1934, studied by Enrico
Fermi. Only in 1956, 22 years later, it was discovered by Clyde Cowan and
Fred Reines [28], during an experiment at the Savannah River reactor (No-
bel Prize 1995).
The two scientists, assuming the production of electron antineutrinos in
the reactor by beta decay (during the nuclear �ssion, the produced free
neutrons undergo beta decay), placed a large water tank nearby. The elec-
tron antineutrinos interacted with the protons of the water through the re-
action 2.1:

⌫
e
+ p ! n + e

+
. (2.1)

The generated e
+ annihilated with a random e

� producing two � rays; the
neutron could be captured by a nucleus producing a � ray. Thus the detec-
tion of these two simultaneous � events has been the electron antineutrino
interaction prove and, consequently, it was the �rst direct evidence of its
existence.
There are three different �avors of neutrinos: the electron neutrino ⌫e, the
muon neutrino ⌫µ and the tau neutrino ⌫⌧ (with their respective antineutri-
nos) according to the three lepton families of the Standard Model of parti-
cles. Until recently, they were thought to be massless, but the discovery of
neutrino oscillations led to the awareness that they do have mass.
A neutrino generated with a speci�c lepton �avor can be detected with a
different lepton �avor, after a certain propagation in space. First predicted
by Bruno Pontecorvo in 1957, this oscillation phenomenon and the conse-
quent neutrino mass has been discovered by the Super-Kamiokande Ob-
servatory [29] and the Sudbury Neutrino Observatories (Nobel Prize 2015).
The observation regarded the atmospheric muon neutrinos generated by
cosmic rays-atmosphere collision. In particular, the number of upward go-
ing ⌫µ was half of the number of down going ⌫µ. The reason was attributed
to the �avor change of the upward going ⌫µ that, after passing the Earth,
turned into (not detected at that moment) ⌫⌧ .

Due to their mass, then, neutrinos can oscillate between their �avors: os-
2The weak interaction belongs to the four fundamental interactions and it is connected to

atoms radioactive decays. It involves leptons and quarks (semileptonic interactions), only lep-
tons (leptonic interactions) or only quarks (non-leptonic interactions) through the exchange
of W± and Z bosons (vector bosons with mass).
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cillation phenomena can be explained by the mixing between their �avor
eigenstates |⌫↵i, with ↵ = e, µ, ⌧ , and their mass eigenstates |⌫ii, with i=
1, 2, 3, through the U↵i unitary 3x3 transformation (Pontecorvo-Maki-Nakagawa-
Sakata matrix) following the 2.2 [8]:

|⌫↵i =
X

i

U
⇤
↵i |⌫ii

|⌫ii =
X

i

U↵i |⌫↵i

(2.2)

Hence, each neutrino �avor state is a linear combination of the three dis-
crete mass eigenstates and viceversa and the probability that a neutrino
originally of �avor ↵, after a distance L, can be detected as having �avor �

can be expressed as 2.3:

P↵!� =
��⌦⌫�(L)

�� ⌫↵
↵��2 =

�����
X

i

U
⇤
↵iU�ie

�i
m

2
i L

2E

�����

2

. (2.3)

Due to the weak nature of neutrino interactions, neutrino oscillation ex-
periments are very challenging. In addition, they are currently sensitive
only to the squared difference between the masses �m

2
ij = m

2
i � m

2
j , but

not to the absolute mass of the neutrinos. For example, the observed oscil-
lation produced in the sun has determined m

2
1 �m

2
2 while the observed os-

cillation of neutrinos produced in the Earth’s atmosphere has determined
m

2
1 � m

2
3. Not only the single values of m1, m2 and m3 remain unknown but

also whether m2 is heavier than m3 is still not �nding an answer. If this neu-
trino mass hierarchy problem would be solved attributing a lighter mass
to m2 compared to m3, then the mass hierarchy would be considered ”nor-
mal”, otherwise would be considered ”inverted”.
The understanding of the neutrino mass hierarchy has deep connections
in determining if the neutrino is its own antiparticle (Majorana particle),
which in turn would shed light on the unsolved mystery about the abun-
dance of particles in the Universe compared to their antiparticles, that were
assumed to exist in equal numbers at the beginning.

2.1.1 Beta decay

The � decay is an atomic nucleus radioactive decay generating a beta par-
ticle, as an electron or a positron. In particular, the neutron beta decay
(or �

� decay) produces a proton by emitting an electron and an electron
antineutrino 2.4:

n ! p + e
� + ⌫

e
(2.4)

As represented in the following Feynman diagram, �g. 2.1, the elementary
process involves the conversion of a quark down belonging to the neutron
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into a quark up belonging to the �nal proton with the emission of a W� bo-
son. In turn, the W� boson decays into the electron and the electron an-
tineutrino.
Similarly, the proton beta decay (or �

+ decay) produces a neutron by emit-

Figure 2.1: �� decay of a neutron into a proton, electron, and electron antineutrino via an intermediate
W� boson.

ting a positron and an electron neutrino 2.5:

p ! n + e
+ + ⌫e (2.5)

As above, the Feynman diagram for �
+ decay in �g. 2.2 represents the con-

version of a quark up belonging to the proton into a quark down belonging
to the neutron by the emission of a W+ boson that decays generating the
positron and the electron neutrino.

Figure 2.2: �+ decay of a proton into a neutron, positron, and electron neutrino via an intermediate W+

boson.
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2.2 Astrophysical Neutrino Sources

Acceleration mechanism theories (see paragraph 1.2) postulate, in most
cases, particles production in distant astrophysical sources.
Strong acceleration environments as shock waves and magnetic clouds
are the ideal sites for high energy proton interactions with matter and ra-
diation, with the following generation of pions (astrophysical beam dump)
whose decay explain the production of high energy neutrinos.
Thus proton-proton (p-p) collisions and photo-hadronic (p-�) interactions
generate positively charged and neutral pions 2.6, 2.7 [26]:

p + p !
(

p + n + ⇡
+

p + p + ⇡
0 (2.6)

p + � ! �+

(
n + ⇡

+

p + ⇡
0 (2.7)

Neutral pions decay into two � rays, while positive pions produce neu-
trinos through leptonic decays 2.8 and the consequent µ

+ decays in turn
according to the 2.9 producing additional neutrinos:

⇡
+ ! ⌫µ + µ

+ (2.8)

µ
+ ! ⌫

µ
+ ⌫e + e

+ (2.9)

Similarly to proton, also neutron collision can originate pions (nega-
tively charged) with their production of muons and neutrinos 2.10 and 2.11:

⇡
� ! ⌫

µ
+ µ

� (2.10)

µ
� ! ⌫µ + ⌫

e
+ e

� (2.11)

The p-p collisions cross-section is higher (by two orders of magnitude) than
the photo-hadronic interactions one, but, regardless of this, one pions pro-
duction mechanism can dominate on the other according to the peculiar
scenario environment of the considered source. Hence, the generation
rates of pions are strictly connected to the photon density and the non-
relativistic matter density of the source [1].
Taking into account the assumption that both positive and negative charged
pions arise equally at the source site, the decays in 2.8, 2.9, 2.10, 2.11 re-
veal that neutrinos are produced following the �avor ratio ⌫e : ⌫µ : ⌫⌧ = 1
: 2 : 0 even if, due to oscillation phenomena during their propagation from
astrophysical sources to the Earth, this ratio becomes 1 : 1 : 1.

As already mentioned in the Chapter 1, shock-accelerated particles (pro-
tons and nuclei) that interact with astrophysical sources matter and radi-
ation can produce high energy neutrinos. Hence, in general it is possible to
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consider as candidate sources all those capable of baryonic acceleration
processes.
The main sources connected to neutrino production are, as for UHECR, Su-
pernovae explosions, Active Galactic Nuclei (AGN) and Gamma Ray Bursts
(GRBs).

Figure 2.3: From [30]: Neutrino events recorded by the
Kamiokande, IMB and Baksan underground experiments.
The energies do not refer to the primary ⌫e but to the sec-
ondary positrons produced by the captures of such neu-
trinos on protons.

When a massive star evolution
last step corresponds to the col-
lapse of its core into a neutron
star or black hole, the star ex-
plodes as a Supernova. In this
framework ⌫e are abundantly
produced by electron capture
processes (p + e

� ! n + ⌫e)
that accelerate the star neu-
tronization converting protons
into neutrons. With the fol-
lowing emission of neutrinos
(and antineutrinos), the binding
gravitational energy decreases,
bringing the star from the ini-
tial hot state to the �nal cold one
[30].
The �rst neutrino from a Super-
nova explosion event was de-
tected on the 23rd of February
1987 by Kamiokande II, Irvine-
Michigan-Brookhaven and Bak-
san, �g. 2.3, three under-
ground experiments. After the
explosion of the SN 1987A in
the Large Magellanic Cloud, twenty-
three neutrinos were recorded
over a time interval of about 12
seconds. Despite the small number of detected neutrinos, the signal was
much higher than the background level: this marked the beginning of neu-
trino astronomy.

Active Galactic Nuclei (AGN) are very luminous sources, emitting over an
energy range that covers more than 20 orders of magnitude, from radio to
TeV gamma-rays. The innermost regions of many galaxies host supermas-
sive black holes, with a mass larger than 106 M�. According to the most
widely accepted models, the gas clouds and the matter surrounding the
black hole form an accretion disc that emits an extremely high amount of
electromagnetic radiation. Under precise conditions, also a relativistic jet
is expected to form, which can be observed over astronomical distances.
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AGN are typically classi�ed into two main categories, based on their spec-
tral features. Type I AGN have an optical emission spectrum including both
narrow and broad lines, while the spectrum of type II AGN is characterised
by the presence of narrow lines only. According to an alternative classi�-
cation, AGN can be divided into two classes: radio-loud (when the emission
includes a relativistic jet, dominating at radio wavelengths) and radio-quiet
(when any jet-related emission is negligible). In particular, when the rela-
tivistic jet is oriented towards the observer’s line of sight, the AGN is called
blazar.
Radio-loud AGN are among the principal candidate sources of high energy
astrophysical neutrinos. The interaction of the protons and neutrons of
the relativistic jets with the surrounding matter and radiation is expected
to produce high energy pions, from whose decay chain (2.8, 2.9, 2.10, 2.11)
a production of TeV gamma rays and neutrinos is foreseen. This model
opens the possibility of a multi-messenger observation of AGN, including
gravitational waves.
The IceCube neutrino telescope has developed a dedicated AGN trigger,
that can provide a real-time alert to other observatories and trigger si-
multaneous observations in a wide range of the electromagnetic spectrum.
One of these public alerts, released on the 22nd of September 2017, ended
up with the birth of multi-messenger astrophysics. IceCube and the Fermi
Large Area Telescope observed a simultaneous emission of neutrinos and
gamma rays (respectively) from the TXS 0506-056 blazar, with a 3 � con�-
dence level. The emission of blazars is characterized by a typical time vari-
ability that ranges over a timescale from few days to several years. Inter-
estingly, the analysis of archival data evidenced that a neutrino signal had
already been detected by IceCube from the same direction in 2014-2015.
This demonstrates that TXS 0506-056 was an active neutrino source al-
ready for several years [31] [3].

GammaRay Bursts (GRBs) are the brightest cataclysmic events in the Uni-
verse, with typically released energies that can reach values up to 1054 erg.
Given the extreme variability and diversity of the emitted light curves, the
classi�cation of GRBs is conventionally based on the duration of the burst.
More precisely on the T90 parameter, that is the time over which the GRB
releases from the 5% to the 95% of its total energy. This time can be as
short as few milliseconds or last up to several minutes: a GRB is de�ned
as ”short” if the burst duration is lower than two seconds and ”long” if the
T90 is higher. In many cases, the prompt emission occurring during the
explosion is followed by an afterglow phase that can last several months.
According to the most widely accepted models, GRBs can be originated by
the collapse of massive stars or by the merger of binary systems, result-
ing in two collimate, oppositely directed jets. The so-called �reball model
of the relativistic jets describes the mass emission from the GRB central
engine in the form of successive plasma shells at different speeds. The in-
teraction of the internal shock fronts is expected to accelerate electrons
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and protons to energies up to 1021 eV.
An intense neutrino production is expected by the interaction of such high
energy protons with the surrounding matter and radiation both during the
explosion phase and during the afterglow [32].

2.2.1 Cosmic neutrino background C⌫B

The cosmic neutrino background (CNB or C⌫B) is the Universe’s background
particle radiation composed of neutrinos, also known as relic neutrinos.
The Big Bang cosmology predicts the existence of a relic sea of neutrinos.
Three cosmic backgrounds are foreseen: the Cosmic Microwave Back-
ground (CMB), originated 380000 years after the Big Bang, the Cosmic
Neutrino Background, which decoupled about one second after the Big Bang,
and the Cosmic Gravitational Wave Background, created by the in�ationary
expansion decoupled directly after the Big Bang.
Early cosmic neutrinos were in equilibrium by frequent weak interactions
with other particles. Anyway, as the temperature of the Universe reached
the order of 2-5 MeV, these interactions became ineffective and the pro-
cess of neutrino decoupling took place [33].
As neutrinos rarely interact with matter, these neutrinos still exist today.
But since they have extremely low energies, around 10�4 to 10�6 eV, it is
almost impossible to observe them with current technologies. Neverthe-
less they represent a huge opportunity to probe the early stages of the
Universe, therefore several detection methods are under investigation, in-
cluding the induced beta decay (⌫e +3

H !3
He + e

�) that seems to be the
most promising [34] [35] [36].

2.2.2 Solar neutrinos

The greatest amount of neutrinos observed on the Earth is represented by
neutrinos coming from the Sun.
Among nuclear fusion reactions occurring in the Sun’s core that are re-
sponsible for neutrino production, the greatest contribution comes from
the proton-proton reaction 2.12:

p + p ! d + e
+ + ⌫e (2.12)

The detection of solar neutrinos started in 1968. Since the earliest results,
a large discrepancy between the observed �ux and the predicted one was
revealed. This discrepancy is known as the ”Solar Neutrino Problem”, later
explained by oscillation phenomena.
The Sun produces only electron neutrinos, whose number can be predicted
by the Standard Solar Model. When detectors on the Earth became sensi-
tive enough to measure the �ux of ⌫e from the Sun, the number observed
was only 1/3 of the predicted one. The mechanism proposed by Bruno
Pontecorvo in 1957 (see paragraph 2.1) can explain this discrepancy: if
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the neutrinos produced in the Sun are not massless particles, but a com-
bination of mass eigenstates in different proportions, a ⌫e can change its
�avor during its propagation from the Sun to the Earth.

2.2.3 Atmospheric neutrinos

When cosmic rays enter the Earth’s atmosphere, interact with its nuclei.
These high-energy nuclear interactions produce many pions and kaons
that, since are unstable, decay to other particles according to the pro-
cesses already mentioned in 2.8, 2.9, 2.10 and 2.11. In this way a shower
of neutrinos is produced: we refer to these neutrinos as atmospheric neu-
trinos.
Atmospheric neutrinos and their companion muons represent one of the
largest background sources for neutrino detectors (they can be treated
as quasi-aligned given the typical granularity of optical modules in a neu-
trino telescope).
For example, the IceCube experiment (as the other neutrino detectors, see
paragraph 2.4) undergoes to atmospheric neutrinos background from both
Earth’s hemispheres.
On one side, the Earth acts like a �lter to suppress the background of at-
mospheric muons coming from the northern hemisphere (in an up-going
direction for the detector). The atmospheric muon background from the
southern hemisphere registered by the detector (down-going direction) is
more important since the only ice layer is not thick enough to act as an ab-
sorber.
For this reason, there is the need to prevent that downward-going atmo-
spheric muons are misidenti�ed as muons induced by neutrino interac-
tions. A basic strategy is to identify only neutrino-induced upward or hor-
izontal muons.
In this way, the �eld of view of a neutrino telescope is limited only to the
opposite hemisphere with respect to the geographical position of the de-
tector.
To open the �eld of view of large neutrino telescopes also to the hemisphere
above the detector and discriminate between extra-terrestrial neutrinos
and the background of atmospheric muons/neutrinos, there is the possi-
bility to use part of the instrumented volume as an active veto for atmo-
spheric down-going events. For example, if a down-going ⌫µ event starts
inside a �ducial volume of the detector and cannot be detected any com-
panion muon (from the same direction) in the outer veto region, then the
detected ⌫µ has an extra-terrestrial origin [37].

2.2.4 Cosmogenic neutrinos

At ultra-high energies, neutrinos are produced by the interaction of high
energy cosmic particles with cosmic microwave background (CMB) pho-
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tons. After generating a �+ resonance, there are two possible channels of
decay, equ. 2.13:

p + �CMB ! �+ ! n + ⇡
+

p + ⇡
0

(2.13)

The channel that produces the charged pion ⇡
+ is responsible for the ultra-

high energy neutrinos production.

2.2.5 Neutrino Flux

Because of the wide range of energies and the very different types of sources
and detectors, it is dif�cult to keep up with every development of the entire
�eld of neutrino astronomy.
A graphical representation that gives an overview in one single plot of the
neutrino and antineutrino �ux at the Earth, from the low energies of the
C⌫B in the meV range to the highest PeV energies of cosmic neutrinos, is
given by the Grand Uni�ed Neutrino Spectrum (GUNS) in �g. 2.4. In the
GUNS plot are shown the neutrinos from the C⌫B, the decay of neutrons and
tritium during big-bang nucleosynthesis (BBN), solar neutrinos, geoneutri-
nos3, reactor neutrinos, diffuse supernovae neutrino background (DSNB),
atmospheric neutrinos, high-energy astrophysical neutrino �ux as mea-
sured by IceCube, and cosmogenic neutrinos.

2.3 Neutrino Detection Principles

As described in paragraph 2.1, neutrinos interact only throughweak inter-
action and, for this reason, the detection processes that can be used are
limited and usually indirect. The attention is focused on the output charged
leptons since they follow the initial neutrino direction.

A very diffuse detection technique is based on the observation of Cherenkov
radiation emitted by secondary leptons (produced after neutrino interac-
tion) while travelling in a scintillator medium, described in detail in para-
graph 2.3.1.
The idea of building a neutrino telescope using a matrix of light detectors
inside a transparent medium was �rstly developed by Markov [27]. The
medium should be deep ice or water as they can offer a large volume of free
target for neutrino interaction, allow ideal transmission of the Cherenkov

3Geoneutrinos are primarily ⌫e produced in decays of radioactive elements with lifetime
comparable to the age of the Earth. They provide indirect information on plate tectonics,
mantle convection, magnetic-�eld generation, as well as the processes that led to the Earth
formation.
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Figure 2.4: From [38]: Grand Uni�ed Neutrino Spectrum (GUNS) at Earth, integrated over directions and
summed over �avors. Solid lines are for neutrinos, dashed or dotted lines for antineutrinos. Here are
shown the neutrinos from the C⌫B, the decay of neutrons and tritium during big-bang nucleosynthesis
(BBN), solar neutrinos, geoneutrinos, reactor neutrinos, diffuse supernovae neutrino background (DSNB),
atmospheric neutrinos, high-energy astrophysical neutrino �ux as measured by IceCube, and cosmogenic
neutrinos.

light and shield the secondary particles produced by cosmic rays interact-
ing with the atmosphere [26].
When a high-energy neutrino impacts the Earth, it interacts with a nucleon
(proton or neutron) of an atomic nucleus. In the charged-current (CC) weak
interaction, the interaction is mediated by the W± boson, with the conse-
quent creation of a charged particle. The neutral-current (NC) weak in-
teraction is mediated by the Z0 boson, with the consequent creation of a
neutrino. The Feynmann diagrams of these reactions are represented in
�g. 2.5 and described by the equation 2.14:

CC : ⌫l(⌫ l
) + N ! l(l̄) + X

NC : ⌫l(⌫ l
) + N ! ⌫l(l̄) + X

(2.14)

where l is the neutrino �avor and the corresponding produced lepton, while
X is the hadronic remnant after the nucleon interaction [32].
Charged current interactions cross sections are greater than neutral cur-
rent ones, thus making CC processes probability higher. Their respective
signatures in a detector are different. The neutrinos that interact via NC
process create hadronic showers independently of their �avor, while the
signatures of those that interact via CC process depend on the generated
lepton �avor.
For example, an electron neutrino interaction generates an electromag-
netic shower, usually too compact to be resolved in a large detector that,
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Figure 2.5: From [39]: Feynman-diagrams of lowest order for: (left) the CC neutrino-nucleus reaction and
(right) the NC neutrino-nucleus process. The diagrams corresponding to the antineutrino reactions, are
similar.

hence, sees it as a spherical-shaped deposit of energy [9].
A high-energetic muon neutrino interaction produces a hadronic shower
and a muon, that travels over long distances before decaying. In this case,
the signature is a track-like event, since the high energy muon generates
a cone of Cherenkov light while travelling in the medium.
Tau neutrino has two possibilities of event signatures. For energies lower
than 1 PeV, the immediate decay of the ⌧ produced right after the interac-
tion generates a shower-like event. For energies higher than 1 PeV, after
the hadronic shower, the ⌧ travels for a long distance before decaying and
producing a second hadronic shower and a second neutrino: this kind of
events is called double bang. A representation of the different signatures
of neutrinos interactions are shown in �g. 2.6.

Figure 2.6: From [40]: Different types of neutrino interactions with matter. Top: interaction diagrams. Bot-
tom: event signatures. a) CC interaction of a ⌫e produces both an electromagnetic shower and an hadronic
shower; b) CC interaction of a ⌫µ produces a muon and an hadronic shower; c) CC interaction of a ⌫⌧ pro-
duces an hadronic shower and a ⌧ that, in turn, produce a second shower and decays into a ⌫⌧ ; d) NC
interaction (all neutrino �avors) produces an hadronic shower. Particles and antiparticles cannot be dis-
tinguished in a neutrino telescope.
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2.3.1 The Cherenkov Effect

Secondary leptons, produced after neutrino interactions, generate Cherenkov
light while travelling in a transparent medium. This light is then detected
by optical modules equipped usually with PMTs. The information provided
by the number of detected photons and their arrival times is used for the
neutrino �avor, direction and energy reconstruction [26].

According to the Theory of Relativity, no particle can travel faster than the
light in vacuum (⇠ 3 · 108 m/s).
Since the speed of light in a medium is lower than in vacuum, a charged par-
ticle can travel faster than the phase velocity4 of the light in that medium.
Hence, the charged particle along its path polarizes the atoms or molecules
of the medium that, when returning in their initial con�guration, emit elec-
tromagnetic radiation: this radiation is called Cherenkov light.
The radiation is emitted in a cone with a characteristic angle ✓C repre-
sented in �g. 2.7 and following the equation 2.15:

cos✓C =
c/n

�c
=

1

�n
(2.15)

where n is the refractive index of the medium and � = vparticle/c is the veloc-
ity of the charged particle with respect to the speed of light in vacuum. For
relativistic particles in seawater, when � ⇠ 1 and n ⇠ 1.364, the Cherenkov
angle is equal to ✓C ⇠ 43� [26]. The spectral distribution of Cherenkov emis-

Figure 2.7: The geometry of the Cherenkov radiation. In the �gure, v is the velocity of the particle (red
arrow). The blue arrows shows the direction of the radiation. Credits to Arpad Horvath.

sion in terms of number of photons N� emitted per wavelength d� and per
travelled distance dx by a particle with charge±Ze, is expressed in relation

4Speed of propagation of a wave in a medium.
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of the emitted wavelength as in the 2.16:

dN
2

dxd�
=

2⇡Z
2
↵

137�
2 (1 � 1

n
2
�
2 ) (2.16)

where ↵ is the �ne structure constant.
Thus for shorter wavelengths, the Cherenkov radiation is more intense.

The best �t for PMT speci�cations in an underwater neutrino telescope
is determined by the combination of few crucial requirements. More pre-
cisely, the wavelength range of highest photon detection ef�ciency must
match with the maximum of the Cherenkov emission spectrum, minimize
the cut-off effect introduced by the glass sphere and correspond to the
region of highest water transparency (longest attenuation length around
⇠420 nm, as described in paragraph 5.1.1). For these reasons, the most
widely adopted PMTs in neutrino telescope applications have a bialkali pho-
tocathode on a borosilicate window, with a typical detection ef�ciency rang-
ing between 300-600 nm and maximum ef�ciency at about 400nm.

2.4 Neutrino Telescopes

The task for a Neutrino Telescope is to detect neutrinos determining their
direction and energy.
Differently from an astronomical telescope that collects light arriving from
a speci�c direction of the sky and directs it with mirrors, a neutrino tele-
scope cannot exploit a similar mechanism for neutrinos detection. Thus the
only possible strategy is to observe single neutrinos and determine their di-
rection and energy through the detection of the energy of secondary parti-
cles produced in the neutrino interaction (as described in paragraph 2.3).
The low probability of neutrino interaction with matter implies the need for
a large detector mass: 106 tons of target mass for the detection of GeV en-
ergy neutrinos and 109 tons for the detection in the TeV region. For this
reason, a target medium in its natural environment, as ocean water or ice,
must be instrumented. To instrument such a high volume of ice or water,
the adopted detectors must be simple and cost-ef�cient. The optical mod-
ules used are equipped with photomultiplier tubes and tested to withstand
high pressure, distributed according to a speci�c geometry to form the de-
tector.

The fundamental parameters that describe the performances of a neu-
trino telescope are the effective area and the angular resolution. Such
quantities are peculiar to each telescope since they are highly technology-
dependent. Moreover, they act as a reference when one needs to correlate
the sensitivity of each of them.
The effective area is de�ned as the surface of the detector on which 100%
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of crossing neutrinos would be detected.
It is expressed as in 2.17:

A
eff

⌫ (E⌫) = P⌫µ(E⌫ , E
µ

thr
) · A · e��(E⌫)⇢NAZ(✓) (2.17)

where P⌫µ(E⌫ , E
µ

thr
) is the probability that a neutrino with energy E⌫ pro-

duces a muon with energy E
µ that survives with energy E

µ

thr
after the prop-

agation from the interaction point to the detector, A is the surface sur-
rounding the instrumented volume, �(E⌫) is the neutrino cross section,
⇢NA is the target nucleon density (NA is the Avogadro number) and Z(✓)
is the distance traveled by the neutrino though di Earth coming from the
direction ✓ with respect to the nadir.
As a consequence, for a de�ned neutrino �ux d�⌫

dE⌫
, the number of detected

neutrinos events is given by the following 2.18:

Nµ

T
=

Z
d�⌫

dE⌫

A
eff

⌫ (E⌫)dE (2.18)

where T is the observation time (for example, the event rate in a neutrino
telescope as big as the IceCube experiment is N(Eµ � 1 TeV) ⇠ 2.8 yr�1).
Another quantity that characterises a neutrino telescope is the effective
volume. It corresponds to the product between the detector effective area
and the muon range Rµ, de�ned as the distance travelled by the muon pro-
duced after ⌫µ CC interaction (to give an estimation, a 1 TeV muon has an
Rµ in the water of 2.42 km). The effective volume is larger than the instru-
mented volume and increases with increasing neutrino energy.
The angular resolution of the telescope is de�ned mainly by two factors:
one is the angle between the neutrino and the generated secondary parti-
cles at the interaction point, the other is the quality of energy and direction
reconstruction of these latter.
Both factors depend on the energy of the particles. The angular resolution
improves with increasing energy. It can reach the order of a fraction of
degree only for ⌫mu CC interactions because of their track-like signature
in the detector. For the other �avors and NC interactions, due to their ap-
proximately spherical signature, the angular resolution is inadequate for
a proper direction reconstruction. For example, the IceCube detector can
reconstruct shower-like events with a median angular resolution of 10�-
15�. On the other side,x muon neutrinos tracks above 1 TeV can be recon-
structed within 1� [41].
The muon neutrino events are detectable even if the muon is generated
outside the detector thanks to the long track produced, and this effect pro-
vides a larger effective area for muon neutrinos. But, as already men-
tioned, muons represent one of the principal sources of background, since
they can reach the detector and mimic neutrino events. One of the tech-
niques to reduce such background consists in the identi�cation of up-going
muons, that can be associated with neutrinos that traversed the Earth.
Differently from other telescopes, neutrino telescopes are ”downward-looking”,

44



i.e. they cover mainly the hemisphere below the detector. For example, the
IceCube experiment at the South Pole observes neutrinos coming from the
northern hemisphere while the ANTARES experiment observes those from
the southern hemisphere. In this way, the advantage is that different tele-
scopes in different places of the Earth look at complementary portions of
the sky.
Another strategy to suppress this kind of background is to identify the start-
ing events, de�ned as those events whose neutrino interaction vertex in-
side the detector volume. In this way, atmospheric muons can be ef�ciently
rejected.
At this scope, from the angular resolution and the effective area, can be de-
�ned the sensitivity of the telescope as the ability, given a speci�c neutrino
�ux, to discriminate the signal from the background and identify neutrino
point sources.

The above discussion followed mainly the approach used in [26] and [40].

2.4.1 Water and ice

The largest natural environment mediums are ocean waters and Antarctic
ice.
To describe their features, two experiments, one in the water and the other
in the ice, are compared: ANTARES and IceCube (for details see paragraphs
2.4.3 and 2.4.2).

Water and ice show small differences, since water has slightly higher elec-
tron density and a higher refractive index: for example at 400 nm wave-
length nwater ⇠1.36 while nice ⇠1.32 and this in�uences also the respec-
tively Cherenkov emission angles (✓water ⇠ 42� and ✓ice ⇠ 41�) [40].
Also, the propagation of light in water (developed in details in paragraph
5.1.1) has different features compared to the ice one. In particular, the
absorption length and the scattering length (respectively the propagation
path of photons before being absorbed/scattered by 1/e factor) for the wa-
ter of the ANTARES experiment, for example, are equal to 55 m and 265 m
for a wavelength of 470nm and are constant all over the detector. For the
IceCube experiment, instead, these parameters are quite different (of the
order of 100 m for the absorption length and 30 m for the scattering one) as
the scattering phenomenon is predominant and change consistently with
the densities of the different layers of the ice [40]. In the �gure 2.8 is shown
the variation of the absorption length with depth for a 400 nm wavelength.
The strong ice inhomogeneity can in�uence the reconstruction of neutrino

direction and energy. For this reason, the optical ice properties are con-
stantly measured by the IceCube collaboration to improve their knowledge.
Nevertheless, in ANTARES fewer photons propagate for long distances. Com-
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Figure 2.8: From [42]: Absorption length in the glacial ice versus depth. The layer of high dust concentration
starts at about 2000 m depth. The ice above and below that layer is very clear. In the plot are indicated the
current instrumented depth range and the future upgrade.

pared to IceCube, they travel almost unscattered and bring with them the
information of the direction of neutrino interaction process.
Another difference between water and ice is the environmental background:
a PMT from IceCube registers low noise rates (of the order of 1 kHz) while
an ANTARES PMT registers a minimum of 40 kHz up to hundreds of kHz
of noise [40]. This difference is due to the presence in the seawater of
40

K constant radioactive decays and the additional bioluminescence from
deep-sea organisms (see paragraphs 5.1.4 and 5.1.5 for details).

The existing neutrino telescopes that use water as a scintillator medium
are ANTARES, GVD-Baikal and KM3NeT, while the only telescope built in the
ice is IceCube. They will be thoroughly described in the following para-
graphs.

2.4.2 IceCube

Icecube is the largest and most advanced neutrino telescope worldwide.
It is located at the Amundsen-Scott south pole station, deployed at a depth
between 1450 m and 2450 m. The detector consists of a cubic kilometre of
ultra-clean antarctic ice instrumented with 5160 Digital Optical Modules
(DOMs), distributed over an array of 86 strings frozen into boreholes.
The installation is arranged over a hexagonal grid, as represented in �g.
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2.9. The average inter-string distance is about 125 m, while the DOMs are
spaced at 17 m.

Figure 2.9: From [43]: Sketch of the IceCube observatory. The right plot shows the surface footprint of
IceCube. The green circles represent the standard IceCube strings, separated by 125 m, and the red
ones the more densely instrumented strings with high quantum ef�ciency photomultiplier tubes. Strings
belonging to the DeepCore sub-array are enclosed by the dashed line.

The neutrino energy threshold corresponding to such geometrical con-
�guration is about 100 GeV.
An additional group of 8 units has been deployed at the centre of the array,
with a denser spacing among strings and a closer distance between con-
secutive DOMs. With the surrounding layer of ”standard” strings, such a
group of units constitutes the so-called ”IceCube Deep core”, a high sensi-
tivity inner region with an energy threshold of 10 GeV. The telescope layout
is completed by a surface array, called ”IceTop”, developed for calibration
and background rejection purposes. IceTop is arranged over 81 stations,
for a total of 162 ice tanks, each equipped with two DOMs, acting as a veto
for downing atmospheric events.
The IceCube optical sensor, the DOM, consists of a 17” high-transparency
glass sphere containing a 10” photomultiplier tube and electronics boards
for signal readout, power distribution and additional calibration purposes.
The PMT waveform, triggered on a single photoelectron level, is digitized
and time-stamped with nanosecond accuracy. Data from all DOMs are
synchronised and sent to the computer centre of the IceCube Laboratory
through surface cables.
The IceCube detector is running in its �nal con�guration since the end of
2010. The �rst important result dates back to 2013 [41], with the obser-
vation of an extraterrestrial diffuse �ux of high-energy neutrinos above
100 TeV. Its origin is expected to be extra-galactic, but no potential source
has been identi�ed, keeping many questions still open. A few years later,
on the 22nd of September 2017 [3], the IceCube Collaboration announced
a discovery that still today represents one of the principal milestones of
multi-messenger astroparticle physics. For the �rst time in history, an ex-
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tremely high energy neutrino event (290 TeV) has been observed in spatial
coincidence with a known gamma-ray blazar named TXS 0506+056 (�-rays
detection within 0.1 degrees from the direction of the neutrino event), with
a statistical signi�cance at the level of 3 standard deviations. The blazar
is located 5.7 billion light-years away in the direction of the constellation
Orion, at a measured redshift of 0.34. An extensive measurement cam-
paign at x-ray, optical, and radio wavelengths has been performed, pro-
viding an enormous amount of information and setting constraints for the
muon-neutrino luminosity of this source.

2.4.3 ANTARES

ANTARES (Astronomy with a Neutrino Telescope and Abyss environmen-
tal RESearch) is currently the largest operating neutrino telescope in the
Northern hemisphere since KM3NeT is still under construction (see para-
graph 2.4.5 for details).
It is located in the Mediterranean Sea, 40 km offshore Toulon (France),
at about 2500 m depth. ANTARES consists of 12 strings of 450 m length,
spaced about 70 m from each other, coupled to a junction box that connects
them to the station located on the shore via an electro-optical cable. Every
string hosts 25 storeys equipped with three optical modules containing a
10” PMT [44]. ANTARES PMTs look downward with the axis of the photoca-
tode at 45� with respect to the vertical, thus maximising the capabilities of
detecting up-going tracks, see �g. 2.10.
The deployment of the �rst �ve strings took place in 2007, while the con-

Figure 2.10: Left: Artistic rendering of the ANTARES telescope. Right: Picture of two storeys, each one
equipped with three optical modules.

�guration of 12 strings was �nalised in 2008.
The ANTARES detection energy ranges from 10 GeV to 100 TeV, with a �eld
of view complementary to the IceCube one. Since in the water the light
undergoes a low scattering process, the result is better resolving power.
On the other side, the water provides more background sources as potas-
sium decay and bioluminescence, thus leading to different background-
suppression methods.
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2.4.4 Baikal - GVD

The Gigaton Volume Detector (GVD) is the neutrino telescope situated in
one of the largest lakes in the world, Lake Baikal (Russia). It has a modu-
lar structure consisting of several sub-arrays (clusters) deployed at 1 km
depth, at about 4 km from the shore.
During the preliminary phase of the experiment, in 2015, it was deployed
a demonstration cluster, with 192 optical modules. The �rst phase of con-
struction started in 2016 with the deployment of the �rst of the eight clus-
ters, consisting of 288 optical modules (hosting a 10” PMT, similar to Ice-
Cube) distributed in 8 strings (with a vertical distance between optical mod-
ules of 15 m). The inter-string space is 60 m, while the distance between the
clusters is around 300 m. Between 2015 and 2020, seven clusters were
installed, making GVD the largest neutrino telescope in the Northern hemi-
sphere. By design, the Baikal-GVD telescope is the most sensitive to the
upward or nearly horizontal neutrinos, in the energy range between about
0.1 TeV and 100 PeV [45]. In �g. 2.11 is shown a schematic drawing of a
single Baikal-GVD cluster with seven strings along a circle and one central
string, and the layout of seven Baikal-GVD clusters already deployed during
the 2015-2020 years. The �nal con�guration of the telescope is planned

Figure 2.11: From [45]: Left: A schematic view of a single Baikal-GVD cluster with seven strings along a
circle and one central string. Solid circles correspond to optical modules (OMs). Open circles illustrate
electronics modules of a section (CMs). Right: A schematic view of seven Baikal-GVD clusters installed in
the period 2015-2020.

by the end of 2021, with an instrumented effective volume of around 1.5
km3.
Each cluster can be considered an independent detector. Therefore, such
a structure allows adding new clusters without recon�guring the whole
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telescope.
During the Winter period, the ice layer covers the entire lake, with a thick-
ness reaching about 40-50 cm. This is suf�cient for transportation of heavy
equipment and smooth deployment operations (the positioning of the string
is performed directly through drilled holes).

Acknowledgements go to the GVD collaboration that helped the TUM team
during the feasibility study of the �rst prototype of the POCAM, deploying
it at 1100 m of depth, during Winter 2017, coupled to one of their string. It
stably took data for one year before being recovered, con�rming its proof
of concept (see paragraph 3.3).

2.4.5 KM3NeT

KM3NeT is the last generation underwater neutrino telescope under con-
struction in the Mediterranean Sea. The detector is distributed over two
installations, sharing the same technologies but arranged in different lay-
outs, to cover complementary ranges of energy and consequently address
various science topics.
ARCA (Astroparticle Research with Cosmics in the Abyss) is located in Italy
about 100 km offshore Portopalo di Capopassero and will identify and study
the sources of high-energy cosmic neutrinos in the range from 100 GeV to
108 GeV [46].
The second installation ORCA (Oscillation Research with Cosmics in the
Abyss) has a more compact detection volume and higher granularity, opti-
mised in a lower energy range (few GeV to 100 GeV [46]) for neutrino oscil-
lation studies. The installation site is located 10 km away from the ANTARES
neutrino telescope, 40 km offshore the coast of Toulon (France).
An representation of the future detector is shown in �g. 2.12.

Figure 2.12: From KM3net.org: Representation of many Detection Units in the KM3NeT telescope.They are
anchored to the seabed of the Mediterranean and stretched out in water by the yellow buoys.
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The scienti�c goal of KM3NeT is to pick up the baton form ANTARES and
achieve a complementary sky coverage with respect to IceCube, with a
comparable detection volume and an improved reconstruction accuracy.
KM3NeT aims at revolutionising the standard detection strategy of previ-
ous neutrino telescopes with the implementation of the so-called ”multi-
PMT” Digital Optical Module (DOM) design, consisting of a 17” borosilicate
glass sphere hosting 31 small size (3 inches diameter) PMTs, shown in
�g.2.13.

Figure 2.13: KM3NeT digital optical module
with 31 PMTs.

Compared to the design of the optical mod-
ules of IceCube and ANTARES, the KM3NeT
DOM has a larger overall photocathode
area and single-photon counting capabil-
ities, allowing a more accurate Cherenkov
light direction and energy reconstruction.
Groups of 18 DOMs are arranged in ver-
tical structures called ”Detection Units”
(DUs), with different spacings for ARCA
and ORCA. Moreover, the DUs of both
installations have different lengths: the
length of an ARCA DU is 630 m while that
of an ORCA DU is 170 m.
In their �nal layout, ARCA will consist of
230 DUs and ORCA of 115, for a total
instrumented volume of seawater of one
gigaton and few megatons, respectively.
Both detectors are currently under con-
struction and have already been deployed
6 DUs for each of them, with a combined ef-
fective area that is already comparable to
that of ANTARES. In the next few years, the deployment of additional tens
of DUs is scheduled.

2.5 P-ONE: Paci�c Ocean Neutrino Experiment

The IceCube discovery of the isotropic signal of an astrophysical �ux of
neutrinos at the TeV-PeV scale in 2013 [41] and the discovery of neutrino
emission from the TXS0506+056 blazar in 2017 [3] have shed light even
more on the need of particularly improving the exposure to high energy
astrophysical neutrinos [47].
Thus, to signi�cantly detect more astrophysical neutrinos, two approaches
in principle should be followed: one is to increase the size of already exist-
ing telescopes by several orders of magnitude, the other one is building
new telescopes.
In this framework, the idea of building a new underwater neutrino tele-
scope originated after fruitful discussions between different research groups
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from Canada, the USA and Germany and the Paci�c Ocean Neutrino Exper-
iment (P-ONE) was born.
The main goal is to build a large volume neutrino telescope exploiting the
already existing Ocean Networks Canada’s (ONC) cabled large subsea in-
frastructure offshore Vancouver Island.
ONC has several underwater installations, among which the two large oceano-
graphic observatories are situated in the North East Paci�c Ocean: one is
NEPTUNE, the other is VENUS. The �rst one has �ve powered nodes dis-
tributed alongside the Juan de Fuca tectonic plate. The node located in
Cascadia Basin has been chosen for P-ONE.
Cascadia Basin is a heavily sedimented abyssal plain region located at 2660
m depth (water temperature ⇠ 2�) about 200 km off Vancouver Island and
represents the ideal candidate site, see �g. 2.14.
P-ONE will be built for detecting neutrinos in the energy range of TeV-PeV.

Figure 2.14: Map of Cascadia Basin. In the instrument platform next to the node are connected the three
path�nder strings of STRAW and STRAW-b projects. Picture courtesy of Ocean Networks Canada, https :
//www.oceannetworks.ca/observatories/pacific/cascadia � basin.

The deployment is planned to start in 2023, with the �rst segment of 10
strings named Explorer.
A typical attenuation length ranging between 20-70 m would require thou-
sands of photosensors distributed all over the detector volume. Targeting
primarily horizontal high energy muons, induced by very high-energy neu-
trinos, leads to a segmented neutrino telescope design exploiting the fact
that such muons travel for several kilometres in the water. The Cherenkov
light produced can provide suf�cient information for the energy/direction
reconstruction with an angular resolution of a fraction of a degree [47]. In
the �g. 2.15 is represented a scheme of the entire detector: for each string
are planned 20 optical modules and 2 calibration modules, for a total of 70
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strings to be deployed in 2028-2030.
The �rst steps towards P-ONE have been focused on the feasibility studies

1 km

0 m

-1660 m

-2660 m

Figure 2.15: Sketch of P-ONE geometry: seven segments of 10 strings each, optimized for energies 10
TeV-10 PeV. Moreover is represented the track produced by a 50 TeV horizontal neutrino.

aiming at the characterisation of the Cascadia Basin site optical properties
and the long term monitoring of the light background.
The two path�nder missions named STRAW (STRing for Absorption length
in Water) and STRAW-b have been deployed respectively in spring 2018
and summer 2020.
STRAW is taking data continuously with a duty cycle of 98%, providing the
�rst preliminary in-situ measure of the attenuation length at different wave-
lengths (details in paragraph 5.1.2). The long term monitoring of almost
two years didn’t show any peculiar increased environmental background
period (details in paragraph 5).
STRAW-b is currently under a �ne-tuning process of data acquisition by
TUM and ONC teams. In the meanwhile, P-ONE members are �nalising the
design for the following Explorer array.

STRAW and STRAW-b experiments as feasibility studies for P-ONE have
been the main object of this thesis.
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“In oltre, non chiamate voi una stella �ssa, piccolissima,
dico anco delle più apparenti, non che di quelle che
fuggono la nostra vista? e le chiamiamo cosı́ in
comparizione dello spazio circonfuso. Ora, quando tutta
la sfera stellata fusse un corpo solo risplendente, chi é
che non capisca che nello spazio in�nito si può
assegnare una distanza tanto grande, dalla quale tale
sfera lucida apparisse cosı́ piccola ed anco minore di
questo che dalla Terra ci pare adesso una stella �ssa? di
lı́ dunque giudicheremmo allora piccola quella medesima
cosa, che ora di qui chiamiamo smisuratamente
grande.”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632
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Chapter 3

”STRAW”
String for Absorption length
inWater: �rst path�nder
mission

STRAW (STRings for Absorption length in Water) path�nder idea [48], was
born in August 2017 aiming at the feasibility study for a new underwater
neutrino telescope in Cascadia Basin. Its mission is to achieve a complete
characterisation of the optical properties of the candidate site by measur-
ing the scattering length and the absorption length, besides the monitoring
of the light background.
The 146 m length mooring lines have been deployed only eight months later
from the start of their design, during the summer of 2018, by Ocean Net-
works Canada and connected to its deep-sea infrastructure offshore Van-
couver Island: the strings are continuously taking data since then.
In the short STRAW timeline, we have designed, assembled and calibrated
all modules besides strings mechanical structure development.

3.1 Design of the strings

Following the underwater neutrino telescopes design, STRAW is composed
of two 146 m length moorings equipped with 5 modules for light detection
and 3 modules for light emission.
The modules for light detection are called SDOM-StrawDigital OpticalMod-
ule (described in detail in paragraph 3.4) whose titanium high pressure re-
sistant housing is hosting two 300 PMTs with their read out and data acqui-
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sition electronics, while the light sources called POCAM-Precision Optical
CAlibrationModule (described in detail in paragraph 3.3) provide isotropic
and nanosecond pulsed light, see �g 3.1 [49].
The two strings are identi�ed as yellow string and blue string: the yellow

Figure 3.1: Left: The POCAM housing. Titanium cylinder with BK-7 glass hemispheres on either ends allow-
ing isotropic light emission. Right: sDOM (POCAM-like) housing with PMT and electronics.

one is equipped with two POCAMs and two sDOMs while the blue string has
one POCAM and three sDOMs, see �g. 3.2.

The idea behind the attenuation length measure [48] is concretized by
emitting a �ash of photons of known intensity N0 and known wavelength
from one of the POCAMs, and measuring the light intensity N(r) detected
by one of the sDOMs at distance r, whose effective collection area is Adet

and Lc(�) is the attentuation length in water (explained in detail in para-
graph 5.1.1) for a certain wavelength, see equation 3.1.

N (r) =
N0

4⇡r2
exp

✓
�

r

Lc(�)

◆
Adet (3.1)

From previous studies of other underwater neutrino telescopes, [50],
the expected maximum values for the absorption length in water is around
50 m. For this reason, we have designed STRAW geometry to cover dis-
tances from 20 to 90 m. The modules are mounted at different heights
such as 30, 50, 70 and 110 m above the sea�oor. During the design, we
have also considered the possibility of data loss: the maximum exploitable
length in the STRAW experiment for the Ethernet cable has been 70 m and
for the RS485 connections over twisted-pair copper wires has been 130
m.
As showed in �g. 3.2, the instruments and the vertical electrical cables
(VECs) have been mounted on a two-line structure made of steel ropes and
spacers. Between the top spacer and the buoy, a swivel has been mounted,
so that the buoy can freely rotate without affecting the entire structure. In
this way, the movements (caused by the pull of the buoys) are limited, to
perform measurements keeping a free path for the light travelling from
the POCAMs to the sDOMs of both strings.

57



Figure 3.2: Detailed technical sketch of the two STRAW moorings showing the exact (measured) geometry
of all modules.

To reduce light re�ection on the metal surfaces of the structure and to pre-
serve the mechanical parts from the saltwater, the components have been
hot-dip galvanized. When not already available in black, we have coloured
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them with a black paint made on purpose for deep-sea application (SikaCor
EG-5) [48] [51].
The connection of the two STRAW moorings to the main junction box (node)
in Cascadia Basin is carried out through a mini junction box, coupled to
the VECs and positioned at the end of each string, and an oil-�lled subsea
cable. A mini junction box, �g. 3.3, hosts inside the ONC electronic boards
for power and network, the special board named Medusa for the sDOMs
synchronization and the microcontroller for the Ethernet accesses, funda-
mental for handling the power distribution, the synchronization pulse be-
tween all the sDOMs and the data acquisition.

Figure 3.3: Left: The internal electronics of a mini junction box. Right: Exsternal housing of a mini junction
box. Pictures courtesy of Andreas Gärtner.

The anchor, �g. 3.4, has been designed by Dirk Brussow from the ONC
team and is made of two train wheels weighing 625 kg in water. It has
been connected to the string structure in a way that, after the deployment,
any kind of rotation or repositioning is allowed so that both strings can be
aligned as designed.

3.2 Mechanics, deployment and �rst inspection

3.2.1 Mechanics

The two STRAW strings have been wound around two winches, as shown
in �g. 3.5, to ship everything safely to Canada, perform the pool test easily
and consequently the deployment. The winches have been designed and
produced on purpose (described in detail in the thesis of Andreas Gärt-
ner [52]). To allow the operations of spooling at TUM and unspooling dur-
ing the deployment directly on the ship, each winch has been coupled to a
motor with a gearbox and brakes (by SEW Eurodrive).

All the components have been quali�ed for the expected deep-sea con-
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90 cm

Figure 3.4: Anchor design by Dirk Brussow from ONC team. The rotating structure is held together by
threaded bars connecting the clamp plates. The two steel lines of a string are connected to the connector
assembly. The connector assembly part also provides two mounting points for two ODI connector plates
[48].

Figure 3.5: One of the two spooling systems once arrived at Marine Technology Center in Victoria, Canada:
all the modules are covered for light protection and secured to the winch.

ditions and the huge stress that they undergo during the deployment. Vi-
bration tests have been performed at IABG1, following a standard test pro-
cedure for subsea equipment. The modules and their attached mountings
have been exposed to sine vibrations in a frequency sweep from 5 to 150 Hz
at 5 G in three different axes. Additionally, several shock tests were per-

1Industrieanlagen-Betriebsgesellschaft mbH (IABG)
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formed with an acceleration of 10 G [48].

3.2.2 Deployment and �rst inspection

In general, two different deployment strategies are used:

• the bottom-up, when the string is packed in a structure that is de-
ployed on the sea�oor; then a triggered mechanism ”opens” the struc-
ture and the string starts the unfolding dragged up by the buoyancy
force;

• the top-down, when the string is unfolded completely on the sea sur-
face and then lowered down through the water until it reaches the
sea�oor.

Each STRAW mooring has been deployed using a top-down approach. The
buoy was laid on the sea surface and dragged out behind the ship by a
rigid-in�atable boat (RIB). The winch, operated by the ONC team on the back
deck, �g. 3.6, unspooled slowly the string with the modules into the water
accordingly. After a string was completely unspooled, the ONC team cou-

Figure 3.6: Picture was taken from the live stream camera on the Tully ship during the deployment phase.

pled to the steel structure the mini junction box and at last the anchor, as
shown in �g. 3.7. After this, the top of the string has been connected to
an acoustic release on the heavy-lift line of the ship and the string started
to descend by its anchor weight. The string was then released few meters
above the sea�oor [53].
Afterwards, the ROPOS ROV has been lowered into the water. Once arrived
at the sea�oor next to STRAW, it adjusted the position of the strings so that
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Figure 3.7: Final step of the deployment: one of the STRAW strings attached to its anchor and its mini
junction box. At the top-left side of the picture, there are the RIB and the orange buoy of the string.

the modules could face each other.
Then, to check if the modules have been somehow damaged during the de-
scent, the ONC team performed the visual inspection of both strings. The
ROV camera looked very closely along the moorings, from the buoy to the
anchor, as reported from some video stream screenshots in �g. 3.8.

Figure 3.8: Pictures of STRAW from the ROV visual inspection right after the deployment.

As �nal steps, the ROV connected one string to the junction box of the
node, and connected in a daisy-chain the second string to the �rst: the
power switched on revealed that all instruments were perfectly function-
ing, �g. 3.9.

3.3 PrecisionOpticalCalibrationModule: POCAM

The Precision Optical Calibration Module - POCAM - provides isotropic,
multi-wavelength and nanosecond pulsed light intending to calibrate neu-
trino telescope detectors.
In the beginning, the design was developed to deploy the POCAM in the
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Figure 3.9: The ROV arm holding the cable during the connection operations of the yellow string.

IceCube-Gen2 (upgrade of the IceCube experiment) for reducing the sys-
tematic uncertainties by improving the calibration of individual optical mod-
ules and the understanding of the optical properties of the ice [54]. The �rst
POCAM prototype was deployed successfully in March 2017 in lake Baikal,
�g. 3.10, into the GVD detector where it worked for one year at 1100 m of
depth, con�rming its proof of concept.
In 2018 it has been adapted for the STRAW experiment. As the POCAM light
�ashes can be observed by the surrounding sDOM units, it could work per-
fectly for attenuation length measurements purposes.

Figure 3.10: Deployment of one POCAM module into GVD detector - lake Baikal, southern Siberia. Picture
courtesy of Felix Henningsen.
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POCAM module consists of two glass hemispheres made of optically en-
hanced borosilicate glass N-BK7, less bent to temperature shock damage
useful also for the IceCube application. The transmissivity is >95% in the
range between 350 nm and 600 nm. They are attached to the �anges of a
cylindrical high-pressure resistant titanium housing using deepsea grade
epoxy resin [48] (the total length of the module is 40 cm).
On one side of the titanium cylinder, there is a penetrator for the VEOC
connection and on the other side a vacuum port allows for degassing and
nitrogen-�ushing of the module to remove air and humidity: to ensure seal-
ing also in low-pressure water environments, like test tanks before deploy-
ment, the pressure inside the housing is set at ⇠0.3 bar. This design is cer-
ti�ed to withstand an external pressure of 1500 bar, way higher than the
working conditions in Cascadia Basin where the pressure at 2600 m depth
is around 260 bar, and temperatures down to -40�C. A schematic view of
the POCAM housing design can be seen in �g. 3.11.

Figure 3.11: Left: Sketch of the POCAM housing: a titanium cylinder with BK-7 glass hemispheres on both
ends. Right: Picture of the �rst complete POCAM before shipment.

In each glass hemisphere there is a custom made inverted integrat-
ing sphere of polytetra�uoroethylene (PTFE) [55] that converts the strongly
anisotropic light from the LEDs multi-wavelength matrix into an isotropic
diffuse emission pro�le without altering signi�cantly the pulse shape.
The integrating sphere consists of two mechanical parts: the emitting ex-
ternal part is a hollow sphere with a circular recess on the bottom and a
neck, the second part is a plug that completes the sphere providing a pre-
diffusing PTFE layer as shown in �g. 3.12 [48].

The design chosen for this PTFE sphere homogenizes the light pulses of
different LEDs. The isotropic emission pro�le achieved is shown in �g. 3.13
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20mm

Figure 3.12: Left: POCAM integrating sphere two parts sketch. The plug that completes the sphere is cou-
pled on the bottom to the LEDs matrix. Right: POCAM LED layout as used inside the integrating sphere
plug. The corner LEDs are Kapustinsky-driven, the central LEDs are backup �ashers driven by the FPGA
directly [48] [51].

with polar isotropy of 5.4% and an azimuthal uniformity of 4.7%. The inten-
sity of the light output is constantly monitored in-situ by a 3x3 mm2 SIPM
from Ketek (PM3315-WB) and a large-area PIN-photodiode from Hama-
matsu (S3590-08), mounted right next to the integrating sphere.
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Figure 3.13: The achieved emission pro�les are homogeneous for different LEDs emission opening angles.
The considered polar angle ✓ is measured with respect to the axis of LED emission pulse, as shown in the
right side of the �gure.

The array of LEDs is driven by a Kapustinsky-style circuit [56] [57] that
emit light pulses of about 10 ns time width and a maximum of 108 - 1010

photons. Thanks to the adjustable light intensity, POCAM �ashes can cover
a large range of distances for different possible attenuation lengths mea-
surements while thanks to the timing it is possible to discriminate between
direct and scattered light.
In addition to the Kapustinsky driven LEDs array two backup FPGA driven
LEDs have been mounted on the �asher board (to be used in case the optical
properties would have been much worse than expected): they emit high-
intensity pulses with respect to the Kapustinsky ones, with a time width of
40 ns. The �nal LEDs con�guration is showed in the tab. 3.1.
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LED Color Wavelength[nm] Kapust. FPGA
XSL-365-5E [58] UV 365 ± 8 1x –
XRL-400-5E [59] Violet 405 ± 8 1x –
NSPB300B [60] Blue 465 ± 7 2x 2x

WP710A10LZGCK [61] Green 525 ± 17 – 2x
CSL0701DT5 [62] Orange 605 ± 6 2x –

Table 3.1: The chosen POCAM LEDs of STRAW are listed in this table with their wavelengths and their mul-
tiplicity on the �asher board (Kapustinsky or FPGA cicuit driven) [51].

The functionalities of the POCAM are implemented on three different
boards [48]:

• the power supply board converts the input voltage to local 12 volts
and it provides a local 10 MHz clock to both hemispheres;

• the digital board hosts a microcontroller, an FPGA, a 10-bit/10 MHz
ADC and storage memory;

• the analog board hosts the LED �ashers, the photodetectors for the
in-situ monitoring and their readout electronics.

Acquired data are �rst stored in the module and then transferred to the
ONC shore station where all the data are collected.

The isotropic light emission of the POCAM has been at the end veri�ed
measuring the light output considering the whole housing geometry. Nev-
ertheless, the potential refraction of the glass hemispheres effects, the
light emission pro�le was still compatible with the one measured consid-
ering only the PTFE sphere coupled to the LEDs matrix. The results of these
measurements are shown in the plot in �g. 3.14.

3.4 STRAWDigital Optical Module: sDOM

The STRAW Digital Optical Module (sDOM) main goal is to estimate the at-
tenuation length and to monitor the deep-sea optical background by de-
tecting POCAM �ashes.
The mechanical design chosen for the sDOM is similar to the POCAM one,
exploiting the fact that this latter was successfully tested and deployed in
lake Baikal as described in paragraph 3.3. It just includes a longer titanium
cylinder (the length of the module is 60 cm) to have more space for hosting
different electronics boards.

Also the sDOM module has at both ends two borosilicate glass N-BK7
hemispheres and, such as the POCAM, its titanium cylinder is equipped
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Figure 3.14: One POCAM hemisphere emission pro�le in air or water geometric estimation: light output
intensity versus polar angle ✓. The data points show a preliminary measurement of the angular intensity
emission in the air. They match pretty well the bands of geometric estimation.

with a penetrator for the VEOC connector coupling and with a vacuum port
(used to set a very low internal pressure - always ⇠0.3 bar - and remove
air and humidity that could damage the electronics).
The sDOM design is quali�ed to withstand an external pressure of 600 bar
(while for the POCAM this value is equal to 1500 bar), still way higher than
the pressure conditions present at 2600 m b.s.l. at Cascadia Basin.
A schematic view of the POCAM housing design can be seen in �g. 3.15.

Differently from the POCAM, the two glass hemispheres are coupled
with the optical gel to two 3” photomultiplier tubes - PMT - that are con-
nected to their HV bases and readout electronics. The details on the pho-
tosensors chosen and their characterisation tests are described in detail
in the paragraph 3.6.

The sDOM electronics, whose schematic view is shown in �g. 3.16 can
be identi�ed with three main parts [48]:

• analog part: the PMT readout is implemented with a four-channel re-
sistive splitter board connected to the Padiwa board (initially devel-
oped at GSI in Darmstadt for collider experiments) to shape and dis-
criminate the signal. For a better reconstruction of signals shape, the
four different thresholds allow the measure of PMT signals at differ-
ent levels, thus providing pulse charge information.

• digital part: connected to the Padiwa, the standard Trigger Read-out
Board (TRB3sc - always developed at GSI) handles the measurements
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Figure 3.15: Left: Schematic design of the sDOM. Right: Picture of the sDOMs and POCAMs ready for the
shipment to Canada. Picture courtesy of Felix Henningsen [51].

of PMT signals implementing the whole DAQ system (CTS and TDC) in
one FPGA. It records the time over threshold (ToT) of the PMT pulses,
including precise timestamps, at four different voltage levels [63].

• ethernet part: an Odroid C2 computer running on a standard Armbian
OS has the main control of the entire sDOM module. It is connected
to the TDC board (on the TRB3sc) on one side and on the other to an
auxiliary board called Polyphem that is responsible for converting the
incoming 48 VDC power to the internal 5 VDC supply voltage as well as
connection to the surface (through a standard USB ethernet adapter).

The sDOM housing is moreover equipped with different sensor for long
term monitoring: an MS8607 sensor provides temperature, relative hu-
midity and pressure of the entire module; a DS1822 temperature sensor
provides the DC/DC stage temperature and a unique 48 bit ID for all sDOMs;
two additional DS18B20 temperature sensors are mounted on the PMT
bases.

As described in paragraph 3.1, a Medusa board (developed by Michel
Böhmer - ZTL at TUM) hosted in the mini junction box of each string pro-
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vides a synchronization signal to the sDOMs by use of the LVPECL signal
standard, and handles the power distribution and the data acquisition.
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Figure 3.16: Scheme of the sDOM electronics. Custom designed and produced electronic parts are shown
in blue, TRB hardware by GSI is shown in green, and the Odroid C2, which could be bought from stock is
shown in red [48].

3.5 Final water tank test at ONC facility

Once arrived in Canada, before the deployment, each module has been
tested in a small saltwater tank to check for any current leakage and ground
faults potentially caused by the shipment.
Since no issues showed up, the modules have been integrated into the strings
whose cables systems were previously wound around the winches.
Hence, the entire assembled spools were deployed in a saltwater pool at
Marine Technology Center (MTC) of ONC for the underwater functional tests
that lasted several days. In this phase, the ONC IT team ran the �rsts tests
with the driver software required to operate STRAW and to collect the data
stream on the ONC web platform.
Since the PMTs of the sDOMs needed to be completely shielded from light,
3D-printed protective shells covered the glass hemispheres of the sDOMs,
as can be seen in �g. 3.17, and additionally a black tarp covered the entire
pool. The 3D-printed protective shells have been removed just right before
the deployment in ocean water.
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Figure 3.17: One string entering the pool for �nal underwater functional tests at MTC some days before
the deployment.

3.6 Photosensors of STRAW

3.6.1 The PhotoMultiplier Tube: PMT

A photomultiplier tube, PMT, is a light detector extremely sensitive to ul-
traviolet, visible and near-infrared wavelengths. A schematic of a PMT is
shown in �g. 3.18.
This device is so sensitive that it can detect even just one single photon.
The PMT working principle is mainly based on two effects: the photoelec-
tric effect and the secondary electrons emission.
It consists of a vacuum tube with an input window, a photocathode, a fo-
cusing electrode, an electron multiplier chain and an anode. The working
principle steps can be listed as follows [64]:

• a photon passes through the input window;

• it excites electrons on the photocathode, emitting photoelectrons (pho-
toelectric effect);

• photoelectrons are accelerated and focused by the focusing electrode
into the �rst dynode where they are multiplied through secondary
electrons emission (this secondary emission is repeated through the
entire dynode chain: there is thus a cascade phenomenon whereby
up to 106 electrons are generated on average for a single photon hit-
ting the tube);

• the electrons emitted from the last dynode are �nally collected by the
anode that produces the output signal.

The PMT quantumef�ciency is the ratio between the number of photoelec-
trons emitted by the photocathode nk and the number of incident photons
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np:

⌘ =
nk

np

. (3.2)

Photons at shorter wavelengths carry higher energy if compared to those
at longer wavelengths: this can increase the probability of electron emis-
sion. As a consequence, the maximum quantum ef�ciency occurs at a slightly
shorter wavelength than the radiant sensitivity 2 peak one, as shown in �g.
3.19.

Figure 3.18: Photomultiplier design and illustrated working principle scheme.

Even in absence of light sources, the PMT can produce a signal. In this
case, it generates a weak intensity current de�ned as dark current whose
presence is due to different phenomena that can occur within the PMT as:

• thermoioic emissioncurrent from the photocathode and dynodes (even
at room temperature): it consists in the thermal electrons emission
after their kinetic energy increases so much to allow them to win the
bonding force of the electrodes atoms;

• leakage current, caused by imperfect insulation of the glass or the
pin socket;

• photocurrent produced by scintillation from glass envelope: the elec-
trons emitted by the photocathode may deviate from their normal tra-
jectories and if they hit the glass envelope, scintillations may occur
and result in dark pulses;

2Radiant sensitivity is de�ned as the photoelectric current generated by the photocathode
divided by the incident radiant �ux at a given wavelength [64]
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• ionization current from residual gases: even if the internal part of a
PMT is at a high vacuum, there are residual gases whose molecules
may be ionized by collisions with electrons;

• noise current caused by cosmic rays and radiation from radioiso-
topes contained in the glass envelopes.

One of the basic features of a PMT is the gain that can be de�ned as the
ratio between the anode current and the cathode current; this is equal to
the ratio between the number of electrons present on the anode and the
number of photoelectrons emitted by the cathode.
If the voltage difference between the dynodes is the same, the gain follow
the low 3.3:

G = k(HV )N↵ (3.3)

where HV is the supply voltage, k depends on dynodes material, N is the
number of dynodes and ↵ is a constant between 0.6 and 0.8.
Usually the electrons secondary emission � is function of the voltage be-
tween the dynodes and it is expressed as in 3.4:

� = a · Ek (3.4)

where a is a constant, E is the electric �eld between the dynodes and k is
the already cited constant that depends on the dynode material. If the �eld
E is not constant it is necessary to calculate the different � for each dynode
and the �nal gain then will be written as in 3.5:

G = ↵ · �1 · �2...�n (3.5)

Even if the electron multiplier mechanism is designed on purpose for an
ef�cient electron trajectory, it needs to consider that some electrons may
deviate from their favourable trajectories, not contributing to multiplica-
tion and then to the gain. This is related to the collection ef�ciency, de-
�ned as the probability that photoelectrons will land on the effective area
of the �rst dynode. This is a merely technological issue: typical values of
collection ef�ciency are between 90% and 95% [64]. If the cathode-to-�rst-
dynode voltage is low, the number of photoelectrons that enter the effec-
tive area of the �rst dynode starts to decrease as well as the collection
ef�ciency.

Another basic characteristic of the PMT is the linearity of the response,
de�ned with respect to the input light signal; good linearity requires that
each dynode collects all the current from the previous one, to maintain a
certain proportionality from the cathode through the entire dynodes chain.
In general PMTs show good linearity for a wide range of incident light level
but if this quantity is too high, the output signal will start to deviate from
the ideal linearity behaviour.
Thus, the anode non-linearity depends mainly on the space charge density
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Figure 3.19: Characteristics of the Hamamatsu PMT R12199 from the datasheet provided by the manufac-
turer.

effect, due to the huge current that �ows within the dynodes when a high-
intensity light pulse hit the photocathode. This reduces the electric �eld
and the multiplicative effect. In the end, the amount of collected current
will be less than the one expected. These saturation effects depend also on
the power supply: when the HV increases the space charge density around
the dynodes decreases, but more electrons will reach the anode and, as a
consequence, the PMT saturates for a higher value of anodic current.

The PMT time response is exceptionally fast, on the order of nanosec-
onds. It is de�ned by the transit time necessary to the emitted photoelec-
trons to reach the anode after being multiplied (called also electron tran-
sit time). When a PMT photocathode is in single-photon illumination condi-
tions, the transit time of each photoelectron has a �uctuation: this �uctu-
ation is called TTS (transit time spread) and it is measured as the FWHM of
the transit time Gaussian distribution (equal to ⇠ 2.35�) [64].
The TTS is caused by the spread in the electron path length: for example,
some electrons produced at the edge of the photocathode have longer tra-
jectories and a weaker electric �eld to reach the dynode chain. Addition-
ally, the TTS is in�uenced by differences in the velocity emission of the sec-
ondary electrons [32].

In the paragraph 3.6.3 I will illustrate the characterisation phase of the
STRAW PMTs and the evaluation methods of all the quantities listed above.

3.6.2 The PMT chosen for the sDOM

Inside each glass hemisphere, the sDOM includes two Hamamatsu Photon-
ics R12199 PMTs, having a 300 hemispherical Bialkali photocathode with a
spectral response range of 300-650 nm and an average 25% peak quan-
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tum ef�ciency at 390 nm, �g. 3.20.

Figure 3.20: Picture of the Hamamatsu Photonic PMT R12199 and its dimensional outline and basic dia-
gram.

The two PMTs are glued to the glass hemispheres, whose refractive in-
dex is nGlass = 1.53, with an optical gel (Wacker SilGel 612) having a similar
refractive index (nGel = 1.4 at 589 nm) thus optimizing the transmission be-
tween 350 nm and 600 nm. In this way, the re�ections and refractive losses
are reduced and the overall �eld of view is maximised.
Due to this spectral response, the sDOM is perfectly able to monitor biolu-
minescence phenomena (see paragraph 5.1.5), Cherenkov light and POCAM
light emission, whose LED array produces light from 350 to 610 nm (see
paragraph 3.3).
The power supply minimum value for the PMTs to be functional is 1000 V;
thanks to the active base socket C12842-02 MOD (Cockcroft-Walton) from
Hamamatsu, �g. 3.21, customized on purpose for STRAW by the manufac-
turer, it is possible to generate high voltage maintaining low power con-
sumption since this base is working with only 5 V.
STRAW moorings system is powered with 48 Volts coming from the ONC
infrastructure and, for this reason, each sDOM is equipped with a DC/DC
converter transforming the 48 V supply voltage into the 5 V needed to the
PMT socket. An additional analog control input, which is 1/1000 of the PMT
HV setting, sets a control voltage value from 0 V to 1.5 V allowing the setting
of the PMT working point.

3.6.3 PMT characterisation and tests

I focused part of my PhD on the characterisation of all the 10 PMTs chosen
for the STRAW optical modules.
To achieve a homogeneous response of the entire STRAW system all the
PMTs needed to be set at the same gain. Thus the main goal of this work
has been to �nd the optimal working point for the photosensors [48].
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Figure 3.21: Picture of the custom made C12842-02 MOD socket and its electronic schematic diagram.
Pictures provided by Hamamatsu Photonics.

Through an extensive characterisation campaign on the adopted PMTs I
have measured mainly �ve quantities: single photoelectron signal ampli-
tude and charge, gain, dark counts, transit time spread (TTS) and linearity
(dynamic range), all described in detail in paragraph 3.6.1.
The setup used for the PMT characterisation is described in Fig. 3.22.
It is mounted inside a sealed dark box and it is composed by:

• a picosecond pulsed laser (PiLas, � = (405 ± 15) nm, pulse width <

45 ps, up to 100 MHz),

• an optical attenuator (PiLas, attenuation range 0 to -80 dB),

• two optical �ber splitters (50% and 10-90% emission ratio, respec-
tively),

• a power meter (Newport 2936-R) with power probe (Newport 918D-
UV-OD3R),

• an oscilloscope (Teledyne LeCroy HDO6054, 500 MHz, 2.5 GS/s).

Figure 3.22: Experimental setup used for PMT characterization.
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Using the calibrated power probe and power meter, thanks to in-depth mea-
surements, I have �rstly estimated all the insertion losses and attenuations
of the overall optical �ber splitters system.

The characterisation phase of the PMTs3 started measuring, in abso-
lutely dark condition, the single photoelectron signal charge at different
HV values to calculate the gain of the PMTs: this has been done after scal-
ing down the laser light emission to the single-photon level.
In �g. 3.23 the single photoelectron signal charge distribution is expressed
in V olt · sec. Excluding the pedestal due only to triggered PMT electronics
noise (whose mean value is zero), the considered total charge for each cho-
sen HV is the peak of the second Gaussian, divided by the 50-ohm oscillo-
scope impedance. Consequently, the gain is calculated as the total charge,
divided by the single-electron charge.
The trend of the gain with respect to the HV, for all the PMTs tested, is
shown in �g. 3.24 [49] (with a logarithmic scale on both axis).

During the identi�cation of the single photoelectron signal charge, I have
measured also the single photoelectron signal amplitude. This has been
helpful to identify the trigger thresholds for the next steps.
Both acquisitions have been carried out by the oscilloscope using the ex-
ternal trigger provided by the laser source.

Figure 3.23: Example of single photoelectron signal charge distribution.

The next step of the characterisation focused on measuring the dark
rates of the bare PMTs with respect to the power supply as shown in the

3Each PMT has been tested with its socket.
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Figure 3.24: Gain vs. supply voltage of all PMT of STRAW. For the BA0240 the gain has been measured only
up to 1300 V.

example in �g. 3.25, to discriminate, once STRAW has been deployed, the
background produced by bioluminescence and 40K decay.

Figure 3.25: Example of dark rate vs. HV for one of the STRAW R12199 PMTs. The measures have been
taken after 24h of pre-darkening and with a 1/3 photoelectron threshold.

The long-term monitoring of the dark rates revealed the day-night mod-
ulation induced by a slight temperature change in the laboratory. An ex-
ample of one PMT is reported in �g. 3.26; this �uctuation, produced by a
variation of the ambient temperature of ⇠2 degrees during the night, can

77



be considered negligible when compared to the dark rate measured after
coupling the PMT with the glass hemisphere (in a range from 1 kHz to 2.5
kHz), �g. 3.27. In this case, the large increase of dark noise is caused by
the radioactivity of the glass envelope.
It is worth remarking that these dark rates measurements have been per-
formed at ambient temperature, thus representing an upper limit with re-
spect to the operating conditions in Cascadia Basin (stable temperature of
the water at about 2�C).

Figure 3.26: Long term monitoring of dar rates at room temperature. Measures are taken after 24h of
pre-darkening and with a 1/3 photoelectron threshold.

The Transit Time Spread (TTS) is the intrinsic �uctuation of the electron
transit time, as already described in paragraph 3.6.1.
Evaluating the TTS at different HV is fundamental for the arrival time of
light pulses estimation. Always using the same setup as in �g. 3.22, to il-
luminate completely the photocathode with single photons, the distance to
set between the PMT and the light output of the optical �ber, has been cal-
culated considering the numerical aperture of the �ber and the size of the
photocathode diameter. Once in the single-photon conditions, it has been
measured the time interval between the laser output trigger signal (START)
and the 0.3 pe threshold of the PMT output signal (STOP): this time corre-
sponds to the sum of two quantities, the Electron Transit Time (ETT) and the
time that light needs to propagate through the �bers and splitters chain.
Considering negligible the �uctuations of the latter, the overall measured
�uctuation corresponds to the TTS of the PMT.
For each HV run, the histograms of the distributions have been analyzed.
The TTS has been estimated as the FWHM of these distributions. The re-
sults are in the range between 2.5 ns and 4 ns, fully in agreement with
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Figure 3.27: After the integration of the PMT in the glass hemisphere, due to the radioactivity of the glass,
the PMT dark rates increase from 600 Hz to 2500 Hz at 1200 V and room temperature. See �g. 3.25.

expectations and with the TTS measurements done by the KM3NeT collab-
oration on the same type of PMTs [65].
In �g. 3.28 are shown the TTS trends at different HV for each STRAW PMT
tested.

Figure 3.28: TTS trends at different HV for each STRAW PMT tested

The last step of the characterisation has been the study of the linearity
of the PMTs response and the consequent saturation.
In general, a PMT shows good linearity in output current over a large range
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of incident light levels but if the incident light amount is too large, the out-
put signal begins to deviate from the ideal linearity. To de�ne this range in
terms of detected photons, and consequently predict the amount of light
that a POCAM should emit to reach a certain sDOM without saturating its
PMTs, the linearity behaviour of PMTs has been investigated. The PMT has
been illuminated with different amount of light and powered with different
HV values, the output signal charge is measured with the oscilloscope.
In the plot in �g. 3.29 is shown as an example for the linearity of one R12199
PMT, at different HV: the number of electrons at the �rst dynode to the num-
ber of photons that reach the photocathode.
The number of photons has been estimated from the values measured by
the power meter considering the attenuations of the �ber splitter chain; the
number of electrons at the �rst dynode N

e
� is calculated as in the equation

3.6:
N

e
� =

QTOT

G · qe
(3.6)

where G is the Gain previously measured, QTOT is the total charge mea-
sured at the anode with the oscilloscope and qe is the electron charge [48]
[49]. The number of produced electrons in the dynode chain increases as
the gain increases with the power supply. This means that for the same
amount of light (i.e. same amount of photoelectrons produced by photo-
cathode), the dynodes chain produces a greater number of charges on the
anode and the PMT response will not be linear anymore.
Moreover, from the slope of the �tted line in the linear region, it is possible
to evaluate the quantum ef�ciency of the PMT.
In reality, in this case, it is not trivial to discriminate between the quan-
tum ef�ciency and the collection ef�ciency, thus it is possible to estimate
their product estimating the slope (which is the ratio between the number
of photoelectrons that reach the �rst dynode and the number of photons
that hit the photocathode). In the plot, the three slopes are in agreement
and, considering a typical collection ef�ciency for the R12199 of ⇠ 95%,
point to an estimated value for the quantum ef�ciency (QE) of the PMT of
about 29% [48] [49].

3.7 STRAW �rst results

In this chapter, I have described extensively design, mechanics, light sources,
light sensors, the fundamental working principle and the goal of the two
STRAW moorings besides my contributions to the realization of this exper-
iment.
Immediately after the successful deployment STRAW started the data-taking,
even if the �nal stability has been achieved after some months of DAQ �ne-
tuning at the end of February 2019.
So far STRAW has collected more than two years of data that are currently
still under investigation.
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Figure 3.29: Linearity trend for one STRAW PMT at three different power supply values. The slope of the
�tted line in the linear region is the quantum ef�ciency: ratio between the number of incident photons and
number of electrons at the �rst dynode.

The measurements of the attenuation length looked promising from the
beginning: this topic will be treated in depth in a next future publication
but preliminary results are described in the paragraph 5.1.2 thanks to the
work of Dr Christian Fruck (TUM) and Andreas Gärtner (TUM-ONC).
The long term monitoring of the light background, which has been another
signi�cant part of my PhD work, has been focused on the understanding of
bioluminescence phenomena and environmental radioactivity around the
detector in Cascadia Basin, in view of the future P-ONE neutrino detector
design.
I have described the entire STRAW data analysis in the chapter 5.
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“Secondariamente, io tengo per fermo che nella Luna non
siano piogge, perché quando in qualche parte vi si
congregassero nugole, come intorno alla Terra, ci
verrebbero ad ascondere alcuna di quelle cose che noi
col telescopio veggiamo nella Luna, ed in somma in
qualche particella ci varierebber la vista; effetto che io
per lunghe e diligenti osservazioni non ho veduto mai, ma
sempre vi ho scorto una uniforme serenitá purissima.”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632

83



Chapter 4

”STRAW-b”: second
path�nder mission

The STRAW-b experiment, the second path�nder for the Cascadia Basin
site, started to be designed at the end of 2018.
After the successful deployment of STRAW and its �rst promising results,
STRAW-b was born to verify the attenuation length measurements and study
the spectrum of the light background, thus adding new information to the
intensity of the rates registered by STRAW sDOMs.
STRAW-b consists of a longer mooring (⇠500 m) compared to STRAW ones.
The mission included the deployment technique test for future P-ONE moor-
ings, as the string length is very close to the one generally used for under-
water neutrino telescope moorings.
The deployment of STRAW-b took place during summer 2020, about two
years after the beginning of the project. During this relatively small time
window, all modules, together with their mechanical structure, have been
designed, assembled and tested. The mooring has been connected to the
underwater ONC infrastructure ⇠40 meters from STRAW, as shown in �g.
4.1 and since then is taking data while the TUM team is �ne-tuning the ac-
quisition process and the ONC team is �nalising the integration into the ONC
web platform.

4.1 Design of the string

In order to be as close as possible to the future P-ONE moorings, STRAW-b
design is based on one 500 m length mooring equipped with ten modules:
three Standard Modules and seven Specialised Modules all composed by
a spherical 1300 high-pressure resistant glass housing, see �g. 4.2.

The Standard Modules (described in detail in paragraph 4.3.1) provide
constant monitoring of pressure, temperature and humidity. In addition,
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Figure 4.1: Map of the positions for STRAW and STRAW-b in Cascadia Basin.

Figure 4.2: Left: Schematic of STRAWb 1300 high-pressure resistant glass housing and its mounting. Right:
Picture of the housing sphere sent from the manufacturer (Nautilus MarineService Gmbh) equipped with
penetrator, cable connector and internal mountings for hosting the electronics.

they are used as testing ground for components and electronics that will
be used for P-ONE.
The Specialised Modules (described in paragraph 4.3.2), instead, have the
goal of performing new measurements compared to STRAW ones. The aim
is a further characterisation of the Cascadia Basin site water optical prop-
erties and light background. These modules are:

85



• two PMT-based spectrometers,

• two LiDARs (Light Detection And Ranging) based on laser diode and
µPMT,

• one muon tracker using scintillators and SiPMs,

• one CMOS based mini spectrometer module,

• one Wavelength shifting Optical Module-WOM (from Johannes Guten-
berg - University of Mainz).

To have a second precise measurement of the Cascadia Basin attenua-
tion length, the STRAW-b idea for measuring the absorption and scattering
lengths is implemented by the two LiDARs. This alternative measurement
technique adopts short light pulses at 450 nm wavelength, emitted into the
seawater, then scattered back and detected.
The light background spectrum measurement is assigned to the spectrom-
eters, using PMTs and CMOS sensors to detect and analyse a wide range of
light intensity from about 340 to 850 nm. The different adopted techniques
are described in details in the following paragraphs.
As can be seen in �g. 4.3, the ten modules are distributed from 120 m to
432 m alongside the bundle of ten Vertical Electrical Optical Cables - VEOCs
- that compose the mooring. The VEOCs are hybrid cables composed of two
copper wires, used for the power supply, and two single-mode �bers1 used
for communication.

At the beginning of the project, the number of VEOCs was 14: the short-
est one was 120 m in length and the longest 432 m, with increasing steps of
24 m. Since for STRAW-b we planned only ten modules, it has been possible
to save four cables for testing and spare pieces. In this way, considering
the cables missing, the VEOCs result divided into three sections: the �rst
section is from 120 to 168m, the second section is from 240 to 312m, and
the third section is from 384 to 432m. Hence, the modules are distributed
in each section every 24m with a jump of 72m between two consecutive
sections.
The VEOCs are coupled to the mechanical backbone made of steel cable
(spiral rope with 19 one wire strands and a diameter of 8.4mm): this is
provided with ferrules every 12 m to allow module and spacers mountings
(described in depth in the paragraph 4.2.1) and, as for STRAW, to reduce
light re�ection and to avoid corrosion from salt water, it has been coated
with a Galvan zinc-aluminium alloy.
One of the crucial parts of the design has been taking into account the
length of the VEOC cables connector, that is around 20 cm (SEACON OPT-
G-4-CCP dry-mate connector): the external mounting and the deployment

1Single Mode optical �bre has a small core diameter: this allows the light to propagate only
in one way, strongly limiting the number of internal re�ections and attenuations. Hence the
signal can travel further without distortion.
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Figure 4.3: Sketch of the STRAW-b mooring: a bundle of 10 VEOCs equipped with modules coupled to the
mechanical backbone made of steel cable. On the right of the picture a detailed view of the two buoys
system and mini junction box with the anchor. Picture courtesy of Christian Spannfellner.
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procedure have been tailored around this feature since such a long con-
nector creates a large lever arm [6] and the modules glass sphere can be
damaged by mechanical shocks.

Figure 4.4: Design of the STRAW-b as-
sembly.

In the upper part of the string, the buoy-
ancy system (two 4400 buoys with a com-
bined buoyancy of 622kg, depth rating of
2500m [6]) is connected to the mooring with
a swivel so that it can rotate with currents
without affecting the string.
The connection between the VEOCs and
node is performed through a mini junction
box developed and built by the ONC team.
The mini junction box provides power, con-
verting high voltage coming from the node
to lower voltages for the mooring (15V, 24V
or 48V), and handles the communications
with the deployed instruments. Similar to
the STRAW anchor, the STRAW-b anchor is
made by two train wheels (designed by ONC),
weighing approximately 592 kg in water. Dif-
ferently from STRAW, it is not necessary to
have a mooring that can rotate, so the an-
chor is �xed with a simple chain to the entire
structure, as shown in �g. 4.4. The future
recovery of the string is in any case guaran-
teed by the so-called ROV release. The ROV
can detach the mooring from the anchor by triggering a mechanical re-
lease, while the buoys force brings the mooring to the ocean surface [6].

4.2 Mechanics, deployment and �rst inspection

4.2.1 Mechanics

Differently from STRAW, for STRAW-b has not been possible to mount the
entire string (cables plus modules) on one winch: the weight and the fragility
of the VEOCs optical �bres forced us to �nd a different solution. So we de-
cided, taking into account also the deployment technique to use (described
in detail in paragraph 4.2.2), to separate the components and store the
VEOCs plus the modules on a tray and the steel backbone on a which.
This solution turned out to be the safest one, considering the shipment to
Canada and the pool test phase before the deployment.
The tray has been designed by Christian Spannfellner (more details on this
can be found in his thesis [6]). The principal requirement was to host all the
ten modules (including their mountings), the 10 VEOCs and the mini junc-
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tion box (coupled to the string once the trey arrived in Canada). In addition,
the tray has been designed to guarantee easy access during deployment.
The minimum bending radius of the VEOCs optical �bre of ⇠125mm has
also been considered.
The tray has been produced by the TUM Physics Department Central Work-
shop and assembled by our team: in �gures 4.5 and 4.6 are shown the
technical drawing and pictures with the VEOCs spooled on it.

Figure 4.5: Technical drawing of the tray. Courtesy of Christian Spannfellner [6].

Figure 4.6: Picture of the tray with all 10 VEOCs spooled on it. Pictures courtesy of Christian Spannfellner
[6]
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The winch, instead, was one the two used for the deployment of STRAW:
since the STRAW-b steel cable reel was bigger, it has been adapted ac-
cordingly using additional cylinders, see �g. 4.7.

Figure 4.7: Picture of one of the two STRAW winches used for the spooling of STRAWb backbone steel cable.
Pictures courtesy of Christian Spannfellner [6]

The quali�cation for all the components has been performed through spe-
ci�c vibration, shock and pressure tests. The goal was to verify their be-
haviour in the expected deep-sea conditions and the deployment stress.
A Standard Module and a prototype of the PMT spectrometer module have
been tested according to the ISO 13628-6 standard at IABG2: sine vibra-
tions with an amplitude of 2mm for the frequency range 5-25Hz and after-
wards with an acceleration of 5g between 25-150Hz, and shock vibrations
at 10g for eight times for all axis. Both modules passed the tests.
The pressure tests, instead, have been carried out at Nautilus. Even if the
spheres were already rated for high pressure by the manufacturer (Nau-
tilus itself), a second pressure test has been performed to exclude any pos-
sible effect of the connector holes. The module chosen for the test was re-
peatedly cycled to a maximum pressure of 375 bar in a speci�c pressure
chamber [6]. Also, the pressure tests have been successfully passed by
the module.

2Industrieanlagen-Betriebsgesellschaft mbH (IABG)
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External module mounting

A fundamental part of the mechanics design has been de�ning how the
modules glass spheres could be mounted �rmly next to the steel cable.
Hence different prerequisites needed to be satis�ed by the module mount-
ing:

• the design should have matched the already present ferrules on the
steel cable;

• the �eld of view of the modules, in the upper part of the spheres,
should not have been affected by the mounting shadows;

• the weight of the mountings should have been as light as possible,
considering the handling of the modules by the crew during the de-
ployment;

• the remarkable length of the VEOC cables connectors, around 20 cm,
could have generated mechanical shocks on the glass spheres if not
taken properly into account in the design.

After several iterations, the design chosen for the external module mount-
ing has been the one illustrated in �g. 4.8. Around the sphere, two steel
rings located 30mm above and below the equator hold it together with a
layer of rubber edge protection (mounted in the �nal stage of the sphere
assembly), squeezed enough to robustly hold the glass. On one side of the

Figure 4.8: Technical drawing of the external mounting for a glass sphere module of STRAWb. Picture
courtesy of Christian Spannfellner.

rings, a click-in mechanism ensures an easy connection to the ferrules of
the steel cable without using any tools. This has been fundamental to have
smooth deployment operations.
A lot of additional and more detailed information on the external mounting
characteristics can be found in the thesis of Christian Spannfellner, as this
part was also one of the topics he developed in detail [6].
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4.2.2 Deployment and �rst inspection

Because of the VEOCs optical �bers fragility, the chosen deployment tech-
nique followed the top-down approach, similar to STRAW deployment (see
paragraph 3.2.2). The overall operations complexity for STRAW-b has been
greater compared to STRAW one. The reason is that the two structures
that composed the string, the VEOCs and the steel cable (described in the
paragraph 4.2.1), needed to be merged on the back deck of the vessel be-
fore laying the string on the water surface.
The buoys were deployed �rst and dragged far from the vessel by a rigid-
in�atable boat (RIB), as in �g. 4.9.

Figure 4.9: First phase of deployment operations: the buoys are dragged far from the ship to have the string
well stretched on the sea surface. Credits to Will Glatt and Tammy Gomez (ONC).

Then, the ONC crew members started to couple the VEOCs to the steel ca-
ble while attaching the modules to the string (thanks to the click-in mech-
anism designed on purpose). At the same time, they started deploying the
entire string into the water step by step accordingly. The picture in �g. 4.10
caught one of these very delicate steps.
Once the entire mooring was stretched on the sea surface, the anchor was

lowered in the water by a heavy-lift line. When the mooring reached the
vertical position, the anchor was disconnected by an acoustic release [6].
Then, the heavy-lift-line was connected to the buoys allowing the string to
descend in a controlled way up to the seabed (speed ⇠0.3m/s).

The visual inspection of the string and the connection to the junction box
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Figure 4.10: Picture taken during deployment operation: the crew members are connecting the module to
the steel cable. Credits to Will Glatt and Tammy Gomez (ONC).

node were performed some days after the deployment, because of bad
weather conditions. Firstly, to check if the modules showed some visible
damage (potentially occurred during the descent), the ROV camera per-
formed a very close visual inspection of the entire string. Some pictures
are showed in �g. 4.11. After this stage, the ROV connected the string to
the main junction box and the string was powered up.
All the modules were perfectly functioning except for the Standard Mod-

Figure 4.11: Pictures of STRAW-b from the ROV visual inspection after the deployment.

ule at 2273m depth (384m on the VEOCs - see �g. 4.3) for which has not
been possible switch on the electronics. The reasons are still under inves-
tigation, probably are linked to a broken connector at MJB.
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4.3 STRAW-b modules

The STRAW-b mooring hosts in total 10 modules that have been designed,
assembled and tested by the TUM team. Three of them are de�ned as Stan-
dard Modules and seven of them as Specialised Modules, born for the im-
plementation of completely different functions.
A detailed description will follow.

4.3.1 StandardModules

The Standard Modules were born with the idea of being the ”generalized
modules”, used as testing ground for components and electronics for the
future P-ONE. Moreover, their electronics and internal modular mechani-
cal substructure act like the base to which couple the Specialised Modules
equipment and their electronic boards. Hence, the Specialised Modules
can be considered like Standard Modules with a consistent upgrade.
Their principal function is to provide constant monitoring of pressure, tem-
perature and humidity. In addition, they are used to check the positions of
all the modules, using magnetic �eld sensors and accelerometers.

In view of the future P-ONE mooring design, as all other modules, the Stan-
dard Modules are integrated into a 1300 glass pressure housing produced
by Nautilus [66] (optically enhanced borosilicate glass N-BK7 with a trans-
missivity >95% in the range between 350 nm and 600 nm).
To provide enough space for the Specialised Modules equipment, the read-
out electronics and the internal mountings needed to �t a minimum space
inside the sphere. In the technical drawings in �g. 4.12 are shown the main
parts:

• an aluminium bowl attached to one glass hemisphere by optical gel is
used as a base (and for heat dissipation);

• a laser-cut aluminium plate, attached to the aluminium bowl, hosts
the electronics that is mounted upside-down;

• three strives whose shape follows the radius of the sphere, keep in
place the entire mechanical structure and the other half of the sphere
thanks to the presence of suction cups at the end.

Such a glass sphere is closed and sealed by rubber edge protection (tero-
stat) and adhesive tapes. On one side of the sphere, the presence of a vac-
uum port allows setting a very low internal pressure (⇠0.3 bar), bene�cial
for the seal tightness. Moreover, removing air and humidity in this way help
to prevent the damage of electronic boards. Next to the vacuum port, there
is the penetrator for the VEOC connector coupling.

The readout electronics of the Standard Module has been designed as a
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Figure 4.12: Design of the STRAW-b Standard Module internal mechanics. The complete mechanical sub-
structure with enclosed readout electronics is located 75mm below the sphere equator. Pictures courtesy
of Christian Spannfellner.

customization of the STRAW sDOMs electronics, described in paragraph
3.4.
This system is based just on the digital and the ethernet parts, while the
analog one is implemented only in the specialized modules, acting as front-
end board for the different photosensors.
Similar to the sDOM electronics, also in the Standard Module electron-
ics the digital part is composed by the standard Trigger Read-out Board
(TRB3sc) [63], that implements the whole DAQ system with the central trig-
ger system (CTS) and the time-to digital converter (TDC) in one FPGA.
Differently, the ethernet part is composed by an Odroid C2 computer and
a new board called Phobos that establishes the connection between the
Odroid and the TRB3sc. The Phobos hosts switchable power (DC/DC) con-
verters, digital-to-analog converters, and analog-to-digital converters. Fur-
thermore, on this board are implemented some environmental sensors and
a monitoring system for the power consumption of voltage converters.
An additional board, named Octopussy, is responsible for converting the
optical signals coming from the VEOCs into an ethernet format.
Besides, a dedicated system of redundancies is implemented to minimize
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the effect of potential failures due to data transmission overload.
A picture of the boards assembly on the aluminium plate is shown in �g.
4.13, while a block diagram of the electronics for the Standard Module is
shown in �g. 4.14.

Figure 4.13: Assembly of the Standard Module electronics on the aluminum plate.

To have the possibility of checking the functionalities of the sensors and
to add more measurements to the attenuation length, the electronics of
some modules (muon tracker, both LiDARs and both PMT-spectrometers)
has been provided with blue, white and UV LEDs looking downwards. Fi-
nally, all modules have been equipped with a battery-powered data logger
(Uboot), aimed at monitoring the acceleration and the orientation of the full
system during the deployment operations.
The entire readout electronics has been designed by Michael Böhmer (ZTL-
TUM) in close collaboration with GSI in Darmstadt.

4.3.2 SpecialisedModules

As already anticipated, the Specialised Modules were born to enrich the
measurements obtained by STRAW, aiming at a full characterisation of the
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Figure 4.14: Block diagram of the electronics for the Standard Module. Picture courtesy of Christian Span-
nfellner.
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optical properties and the light background of the Cascadia Basin site wa-
ter.
One of the goals consists in new attenuation length measurements, dis-
criminating between scattering and absorption lengths. The second one is
the measurement of bioluminescence emission spectra, since in the past
experiments, including STRAW, only the intensity of light background has
been monitored.
Most of the Specialised Modules perform delicate optical measurements.
Therefore, we decided to optimize the transmittance of light using optical
enhanced glass upper hemispheres.

The LiDARModule

The two LiDAR (Light Detection and Ranging) modules aim at measuring the
attenuation length, complementing STRAW measurements. Besides their
principal goal, they can even register, like all the other modules, parame-
ters and status information like the Standard Modules.
This alternative approach for attenuation length measure makes use of
short 450nm light pulses of⇠10ns, emitted from a pulsed laser diode beam
(ThorLabs, NPL45B). The optical receiving system detects the back-scattered
light: a lens with a narrow-band �lter for the laser wavelength focuses the
light into a µPMT (Hamamatsu, H12406), which measures the light inten-
sity as a function of time.
The optical assembly is mounted on a motorized gimbal that allows the Li-
DAR to scan the entire⇠2⇡ sr upper hemisphere. Thanks to a self-calibration
system, the laser light intensity can be monitored by a silicon photodiode,
while the laser wavelength is constantly calibrated with a mini spectrom-
eter device (the same type as mounted in the Minispectrometer Module,
paragraph 4.4).
Moreover, since the two LiDAR modules host two ultra-bright, downward-
pointing Lucifer LED boards (broad-spectrum white LED and UV LED), it is
possible to calibrate the two PMT spectrometer modules placed directly
below them. The LEDs emission range matches perfectly the detection range
of PMTs.
In �g. 4.15 is shown a picture of one assembled LiDAR module with its tech-
nical drawing for the internal mounting.

The PMT-spectrometerModule

With STRAW modules, and in general with any other digital optical neu-
trino telescope module so far, it has been possible to detect and measure
only the background light intensity but not the light spectrum. With the two
STRAW-b PMT spectrometer modules, instead, the main goal is to charac-
terize the bioluminescence background light spectrum.
Each module hosts twelve PMTs coupled to focusing lenses (ThorLabs N-
BK7 Plano-Convex Lenses with AR Coating: 350-700nm) and different wave-
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Figure 4.15: Left: Frontal picture of one of the two LiDAR modules before shipping them to Canada. Right:
Technical drawing of the internal LiDAR module assembly. Courtesy of Laszlo Papp.

length �lters (Edmund Optics Hard Coated OD 4.0 Bandpass Filter from 350
to 550nm, nominal FWHM from 10 to 50nm) to detect light according to the
expected bioluminescence emissions [67], see paragraph 5.1.5.
Two different PMTs have been adopted: R1924A and R1925A, both pro-
duced by Hamamatsu. The R1924A has a greater quantum ef�ciency at
short wavelengths: for this reason, it has been coupled to short-wavelength
optical �lters. The R1925A instead has been coupled to longer wavelengths
optical �lters.
The internal module PMTs support structure has been designed by Kilian
Holzapfel and 3D printed with an Ultimaker3: it consists of four equal sub-
structures, each hosting three PMTs, three lenses and three �lters. This
structure aligns the PMTs to the same �eld-of-view taking into account dif-
ferences due to their arrangement and refraction [6].
To take pictures of bright bioluminescence events or bioluminescence or-
ganisms approaching the modules, a compact astronomy camera (ZWO
Kamera ASI294MC Color, 4/300, 19.1mm x 13.0mm,⇠11M pixel), connected
to the Odroid by USB 3.0 port, has been installed at the centre of the PMT
support structure.
In �g. 4.16 is shown a picture of one of the �nal assembled PMT spec-
trometer module and one of its technical drawings. Details on the PMT
spectrometer module design, tests of all the components and assembly has
been described by Li Ruohan in her master thesis [68].

TheMuon TrackerModule

One of the fundamental reasons for building a neutrino telescope at big
depth underwater is to exploit the water mass as a veto for atmospheric
muon �ux. A suf�cient depth can highly reduce this source of background,
discriminating, in particular, those muons that are mis-reconstructed as
up-going.
The muon �ux in the deep ocean has been well studied in the last years
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Figure 4.16: Left: Frontal picture of one of the two PMT spectrometer modules before shipping them to
Canada. Right: Technical drawing of the internal 3D support structure designed by Kilian Holzapfel.

by different underwater experiments. The STRAW-b Muon Tracker aims to
con�rm these measurements in the deep Paci�c Ocean.
The module uses two scintillator planes (BC-404, Saint Gobain) that gener-
ate photons when a passing muon deposits some of its energy interacting
with the material. The emitted light is then detected by Silicon Photomulti-
pliers (SiPMs) arrays (PM3315-WB-B0, Ketek).
The scintillators are mounted inside two housing boxes (held at 10 cm dis-
tance by threaded bars) composed by a Te�on frame (allowing a matrix of
2x2 scintillator tiles) with an outer thick aluminium layer: a re�ective foil,
placed between the scintillators and the aluminium layer, combined with
the Te�on diffusion effect, assures that most of the light reaches the pho-
tosensors.
Each SiPM array consists of 9 SiPMs, directly coupled by optical gel to the

Figure 4.17: Left: Picture of Muon Tracker Module completely assembled. Right: Technical sketch of the
working principle for muon detection.
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scintillator surfaces, thanks to cut-out windows on the upper and lower
opposite corners of the aluminium plates.
Since other charged particles can deposit energy into the scintillators and
consequently generate unwanted signals, only time coincident signals in
the two different scintillator planes are counted as muon events. This is
suf�cient to discriminate between background radiation and muons.
In the �g. 4.17 it’s shown a picture of the Muon Tracker in the �nal con�g-
uration and a technical drawing representing its working principle.
More details about the development and the design of this module can be
found in the thesis of Eva Laura Winter [69].

TheWavelength Shifting Optical Module (WOM)

The Wavelength shifting Optical Module (WOM) has been developed for the
IceCube Upgrade by the Johannes Gutenberg University of Mainz, Germany.

Figure 4.18: Picture of the WOM: the de-
tector is illuminated by UV light to show
the �uorescence of the wavelength shifter.
Courtesy of JGU Mainz group.

Typically, the spheres adopted in neutrino
telescopes are opaque to the UV radia-
tion, as the glass cuts out the wavelengths
<330nm. The goal of the WOM is to detect
UV photons, thanks to its external hous-
ing made of quartz, that is transparent
to these wavelengths. In this way, unex-
plored deep-sea background light wave-
lengths can be detected.
The external quartz cylindrical tube high-
pressure resistant housing (Nautilus) hosts
a smaller cylinder, coated with a wave-
length shifting optical paint. In this way,
the incident UV photons get absorbed and
re-emitted in the visible range. This radi-
ation can be easily detected by two PMTs
(Hamamatsu R14689 3.500 bialkali), cou-
pled to the internal cylinder with an opti-
cal glue (NOA61). The space between the
inner tube and the outer one is �lled with
a material with a proper refractive index
(hydrogel, n=1.33).
This working principle is represented in
�g. 4.19 while in �g. 4.18 there is a picture
of the assembled module.

TheMinispectrometerModule

The realization of the Minispectrometer Module has been another signi�-
cant part of my PhD project.
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Figure 4.19: Sketch of the WOM working principle. Courtesy of JGU Mainz group.

My work covered all the stages of the development process: design, proto-
typing, integration, calibration and test. All these steps will be extensively
described in the next paragraph 4.4.

4.4 TheMinispectrometer module

The idea of building a module that could measure the spectrum of deep-
sea light background was born immediately after the visual inspection of
STRAW moorings, one month after their deployment. The check, indeed,
revealed the presence of several Pyrosomes entangled into the strings ca-
bles (as described in detail in paragraph 5.8).
Thanks to the STRAW experiment, it has been possible to collect long-term
information about bioluminescence emission rates (paragraph 5). So far,
no information is available from literature about bioluminescence emission
spectra measured in-situ. Generally, the light emission of deep-sea organ-
isms has been measured in the laboratory [70], quite far from their original
environment. This could, in principle, in�uence their light emission.
An optical module able to measure the light spectrum can add new dis-
criminating constraints in the background analysis and provide useful in-
formation about the bioluminescent burst emission mechanisms.

STRAW-b hosts two different modules for light spectrum measurements:
the PMT-spectrometer Module (already described) and the so-called Min-
ispectrometer Module. Both modules are able to detect light and anal-
yse wavelengths, but their different sensitivity makes their measurements
complementary. Indeed, the PMT is sensitive to single photons and has
a linear response up to a couple of hundreds of photons before saturat-
ing. On the other side, as described in the following paragraphs, the minis-
pectrometer device has a higher dynamic range. For this reason, the goal
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of the PMT-spectrometer Module is to detect faint diffused light, while the
Minispectrometer Module is focused on detecting bioluminescence bursts.

4.4.1 The light sensors

The idea behind the working principle of the minispectrometer module is
represented in the sketch in �g. 4.20. The light emitted by a deep-sea or-
ganism in the vicinity of the module is transmitted through the glass sphere,
where it �nds a detector able of separating individual narrow bands of
colour.

Following this idea, after an extensive investigation phase, I decided to

Figure 4.20: Sketch of a minispectrometer working principle.

build the module using a combination of commercial devices, in order to
have a high reliability over time.
After a long investigation, the chosen device has been the Hamamatsu min-
ispectrometer C12880MA, �g. 4.21: very compact (size: 20.1 x 12.5 x 10.1mm,
weight: 5g) and hermetic for high reliability against humidity. It is equipped
with a high-sensitivity CMOS linear image sensor, composed of 288 pixels.
The spectral range response goes from 340 to 850 nm, with a spectral
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resolution of 15 nm. Each device is pre-calibrated by the manufacturer.
The absolute wavelength � is related to the pixel number p by the following
�fth-order polynomial

� = A0 + B1p + B2p
2 + B3p

3 + B4p
4 + B5p

5
. (4.1)

Figure 4.21: Picture of Hamamatsu
minispectrometer C12880MA.

The light is collected through a 50 x 500
µm input slit with a numerical aperture of
NA= 0.22. For this reason, no optical �bre is
needed. An alternative solution (discarded for
this application) could be represented by the
Hamamatsu C12880MA-10 device, mounting
an SMA connector for optical �bre coupling.
The internal con�guration is represented in
the sketch in �g. 4.22: besides a CMOS im-
age sensor chip, the C12880MA uses a re�ec-
tive concave blazed grating formed by nanoim-
print. The Hamamatsu evaluation board C13016, connectable directly via

Figure 4.22: Sketch of the internal con�guration and working principle of the Hamamatsu C12880MA min-
ispectrometer.

USB to a PC and provided with a dedicated software, makes this device
ready to be tested and used. The integration time can be set in the range be-
tween 11µs and 1s. The digitized output signal vs wavelength is expressed
in ADC counts, as shown in the software window caption in �g. 4.23. The
manufacturer does not provide any calculation factor for converting the
ADC counts into the input light levels. Therefore, a detection sensitivity
study has been performed during the test phase. In particular, the low light
level regime has been characterised.
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Figure 4.23: Example of measurement: cold white lamp light detected by a minispectrometer device and
displayed in real time thanks to the evaluation software.

4.4.2 Selection phase tests

As described in the previous section, Hamamatsu can provide two min-
ispectrometers of the C12880MA type: one with an SMA connector that
allows an optical �bre, called C12880MA-10, and another without, called
C12880MA (see �g. 4.24).
During the selection phase of the candidate spectrometers, I tested both

Figure 4.24: Picture of the two Hamamatsu minispectrometer considered in this study.

solutions in order to study any differences in light collection ef�ciency and
detection. In addition, the mounting design and the optical �bre coupling
with the 1300 glass sphere that will host the Minispectrometer Module have
been evaluated. For the �nal choice, also stability during deployment has
been considered.
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In order to choose the best solution, I started with testing the response
of the two devices at different distances from a light source, for different
light intensities and different wavelengths.
As a light source, I used the LED matrix from the POCAM module, coupled
to its PTFE sphere, having an isotropic light emission. In particular, the
LEDs used have been the UV 365±8 nm, the blue 465±7 nm and the or-
ange 605±6nm, as described in paragraph 3.3.
Each LED has been �ashed at 10 kHz and powered at different HV to mod-
ulate the light emission:

• the 365 nm LED at 22.5 V

• the 465 nm LED at 7.5 V, 8V, 9V, 10V

• the 605 nm LED at 6V, 9V, 20V

For each LED-HV light con�guration, the investigated distances from the
light source have been: next to the sphere, at 5cm, at 10cm, at 15cm and
20 cm from it.
The tests have been performed in a dark box, at room temperature, by
aligning the centre of the PTFE sphere source with the C12880MA spec-
trometer input slit centre, and in the second test phase with the centre of
the optical �bre coupled to the C12880MA-10, as shown in �g. 4.25.
Thanks to the Hamamatsu software, the data-taking has been straightfor-

Figure 4.25: Setup used for testing light detection of the C12880MA and the C12880MA-10. The POCAM
integrating sphere coupled with the LED matrix, is used as a light source. The C12880MA minispectrometer
and the optical �bre of C12880MA-10 are aligned. Picture courtesy of Nikhita Keera.

ward. It allowed �rst to set, for each spectrometer, the conversion param-
eters for the right calibration of the pixels in wavelengths and, second, to
set the integration time (that for these tests has been �xed at 1 s).
For each measurement, two .csv �les have been saved. One contains a
dark spectrum, represented by the ADC counts measured by each of the
288 pixels in the dark run. The other contains the light spectrum, with the
ADC counts proportional to the light detected.
These data have been used for the dark subtraction implemented in later
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stages of the analysis.
An example of the analysed data is shown in �g.4.26. In the upper part,
there is the dark spectrum. In the centre, the light spectrum (without the
dark subtraction). In the lower part, there is the �nal light spectrum af-
ter the dark subtraction. Since LEDs are moderately narrow band emit-
ters with an approximately gaussian spectral shape, the light spectrum
detected is exactly a gaussian distribution.

Figure 4.26: Example of data collected by one spectrometer. In this case, the light source used has been
the LED 365 nm from the POCAM. The spectrometer under investigation was the C12880MA-10, with an
integration time of 1s.

Following the approach described above, I collected all the data �les, for
both minispectrometers, taken in every mentioned layout of light.
In particular, after the dark subtraction, I considered the total amount of
light detected as the integral of the ADC counts and the resolution as the
FWHM of the gaussian distribution.
For each LED-HV-distance con�guration, I plotted both spectrometers re-
sults (in fuction of the distances) on the same graph, as in �g. 4.27, 4.28
and 4.29.

It is not immediate to determine the best sensitivity con�guration: for
short light source-spectrometer distances, the C12880MA spectrometer
appears to be slightly more ef�cient than the �bre C12880MA-10 spec-
trometer. Anyway, at longer distances, the �bre C12880MA-10 spectrom-
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Figure 4.27: Example for the LED at 370nm powered at 22.5V. Left: Light spectrum ADC counts versus dis-
tances. The error bars are too small to be visible in the plot. Right: FWHM of each ADC gaussian distribution
represented in the plot on the left.

Figure 4.28: Example for the LED at 465nm powered at 9V. Left: Light spectrum ADC counts versus dis-
tances. The error bars are too small to be visible in the plot. Right: FWHM of each ADC gaussian distribution
represented in the plot on the left.

Figure 4.29: Example for the LED at 605nm powered at 6V. Left: Light spectrum ADC counts versus dis-
tances. The error bars are too small to be visible in the plot. Right: FWHM of each ADC gaussian distribution
represented in the plot on the left.

eter collects more light with a better resolution, despite the intrinsic atten-
uation and insertion loss. It must be considered, however, that the distance
from the light source affects the photon incident angle and, consequently,
the detection of the devices. At lower distances, the incident angles are
wide and the collection ef�ciency of the bare C12880MA slit turns out to be
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higher. On the contrary, increasing the distances, the �bre C12880MA-10
is more ef�cient. The inversion point in the plots on the left can be strictly
connected to this aspect.
Therefore, I performed additional tests, �xing the position of both spec-
trometers with respect to the light source at 15 cm. This value has been
chosen considering the dimension of the glass housing. In particular, it
corresponds to the minimum distance of the sensors from a deep-sea bio-
luminescent organism. In this way, the incident angle on both devices was
�xed: the only free variable was the light intensity.
Since the maximum attenuation length in water is in the range of 420-470
nm [71], I focused this test on the LED 465nm, powered from 7.5V to 20 V
in steps of 1V. To monitor the POCAM light emission, I used a photodiode as
a reference.
In �g. 4.30 becomes clear that in the same con�guration of LED-HV at
a mean distance from both sensors, the �ber+C12880MA-10 solution is
more ef�cient; moreover, for low light level, its resolution is up to 40% bet-
ter compared to the C12880MA bare spectrometer.

Figure 4.30: Detection test at 15 cm from the light source (POCAM LED 465nm). Left: Spectrometers light
spectrum ADC counts versus photodiode current. The error bars are too small to be visible in the plot.
Right: FWHM of each ADC gaussian distribution represented in the plot on the left.

At this point, which spectrometer is more suitable for STRAW-b pur-
poses?
Even with the same �eld of view (NA), the bare spectrometer C12880MA
appears to have a wider angular detection ef�ciency range with respect to
the �bre one, as expected. The collection ef�ciency of the �bre one turns
out to be higher at smaller incident angles (at longer distances from the
source), with a better resolution all over the investigated range.
Even if the �ber+C12880MA-10 seems to have better overall characteris-
tics, robustness and mechanical stability played a decisive role in the �nal
decision. Budget constraints and mechanical stability led to the decision
to opt for the most stable solution, the bare minispectrometer C12880MA,
and to think of a mechanical structure that would bring the minispectrom-
eters as close as possible to glass (as described in the paragraph 4.4.3.
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4.4.3 Electronics and internal mounting

For the design of the Minispectrometer Module, two aspects have been
considered: the coverage of a broad �eld of view with different minispec-
trometers, mounting them as close as possible to the sphere glass surface,
and the electronics ability to host a �xed number of components.

The Minispectrometer Moduleelectronics includes �ve mini-readout board,
a board with multiplexer functions and the common electronics as in the
other modules (PHOBOS board, TRB3sc board, Octopus board, DATA LOG-
GER), all customised by Michael Böhmer (ZTL-TUM).
In order to add several minispectrometers plus a camera and handle them
properly, the SPI multiplexer board named ”Bridgette” acts as an interme-
diary between the mini-boards and the common electronics part. The Brid-
gette board could implement only six SPI ports. For this reason, the multi-
plicity of the minispectrometers was limited to �ve.
The �ve Hamamatsu minispectrometers are coupled to mini-readout boards,
see �g. 4.31, designed on purpose since it was not possible to use the man-
ufacturer electronics because of different OS compatibility: STRAW-b has
Linux-based electronics, while the Hamamatsu PCB is compatible only with
Windows machines.

The main components of the mini-board are: +5V power for the minis-

Figure 4.31: Picture of the customised prototype mini-readout board for the Hamamatsu minispectrome-
ter, designed by Michael Böhmer. Left:side view. Right: top view.

pectrometer, a DC/DC converter, a JTAG+FPGA, a SPI, an ADC and a tem-
perature sensor. The FPGA generates the entire board necessary signals
and allows to set a very long integration time for the CMOS sensor in case
of reduced dark current by low temperature. The collected data from the
minispectrometer are �rst digitized and stored in the FPGA and then for-
warded to the SPI port.
The Minispectrometer Module electronics has two SPI communication in-

terfaces, that are used for data-taking and status reading. The software
used at this scope is the mctl (master control) software, developed on pur-
pose by the TUM team and written in object-oriented Python, that simpli�es
the data acquisition process and makes it more user-friendly [68]. The cal-
ibration values for the pixels/wavelengths conversion (for each mounted
device) have been included in the mctl software version for the Minispec-
trometer Module, to have consistent data output.
The data �le output is in HDF5 format and contains the readout data for all
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Figure 4.32: Final Minispectrometer Module electronics assembly. The 5 Hamamatsu devices are coupled
to the �ve mini-readout boards, connected to the Bridgette board. During the module mounting, the Brid-
gette has been connected to the TRB3sc board through a hole drilled in the aluminium plate that hosts the
entire common electronics, see paragraph 4.3.1.

�ve minispectrometers for each measurement. The complete electronics
with mounted devices is represented in �g. 4.32.

The Minispectrometer Module internal mounting has been designed by

Figure 4.33: Technical drawings of the Minispectrometer Module internal mechanics. Courtesy of Laszlo
Papp.

Laszlo Papp, combining mechanical stability and minimal distance of the
spectrometers from the glass.
The holding structure is composed of one aluminium plate (20 cm diameter)
and four bent aluminium rectangular frames of 17 cm height (see �g. 4.33).
The frames are screwed to both the lower cooling plate, which hosts the
common electronics, and the upper aluminium plate, hosting the �ve minis-
pectrometers with their mini-readout boards and the camera. The camera
and the slits of the spectrometers are aligned at the same distance from a
potential light source. The �nal assembly of the internal mounting with the
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sensors is represented in �g. 4.34.

Figure 4.34: Final assembly of the Minispectrometer Module internal mounting. On the right picture is
visible that the ”Bridgette” board is �xed between the two aluminum plates with four spacers screwed on
the bottom plate.

4.4.4 Dark calibration tests

The �nal con�guration of the Minispectrometer Module is shown in �g.
4.35.

As the radiation coming from the decay of the 40K present in the glass

Figure 4.35: Top and side view of the Minispectrometer Module �nal assembly.

can add an extra offset to the dark counts level (caused by internal heat)
of the minispectrometers, I tested the entire module in the dark controlled
temperature chamber in order to characterize it in different dark con�g-
urations and collect all the data. This measurement allows identifying the
right dark subtraction for the future of�ine analysis.
The temperatures tested have been from 0�C to 35�C in steps of 5�C. For
each temperature, different integration times have been set: 0.1s, 0.5s, 1s,
5s, 10s, 30s, 60s, 90s, 120s. It is not possible to predict in which light con-
ditions the module will work once deployed and if it will be necessary to set
different integration times accordingly. For this reason, it turns out to be
bene�cial to have a wide range of dark con�guration data collected.
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Figure 4.36: Example of dark response for pixel number 0 (of all minispectrometers) in function of integra-
tion time windows and external module temperatures.

In the plot in �g. 4.36, for each minispectrometer, is represented an exam-
ple of the dark response of pixel number 0: on the y-axis there are the ADC
counts, on the x-axis there are the different integration time windows; each
line represents the different temperatures. The trends con�rm a good lin-
earity in response at low external temperatures and over the entire range
of integration times. This information is available for all 288 pixels of each
minispectrometer.
Choosing one external temperature and one integration time, an example

Figure 4.37: Example of dark spectrum for calibration: the external temperature is 5�C and the integration
time is 5s.

of the dark spectrum for the entire module is shown in �g. 4.37. Ideally,
after a deep-sea run, these are the dark levels to subtract in order to look
for evidence in the detected light spectrum.
During this calibration phase, the internal temperature (measured by sen-
sors mounted on the mini readout board of each minispectrometer) was
⇠9�C higher than the external one. Therefore, for the correct dark sub-
traction in the of�ine analysis, the proper calibration data �le must be se-
lected comparing the internal temperature during tests and the one mea-
sured during the deep-sea data-taking.

4.4.5 Last functional tests

After the �nal assembly and before shipping to Canada, the entire module
has been subjected to the last functional tests.
This step has also been the right occasion to draw up the Minispectrom-
eter functional test procedure, needed to the Canadian team responsible
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for testing again the functionalities of every module once delivered at ONC.
The �ve minispectrometers and the camera have been tested in the dark
box using the POCAM integrating sphere coupled to the LED matrix.
In �g. 4.38 is shown how the output �le containing all �ve minispectrome-
ter data can be represented. In particular, this plot corresponds to one of
the tests performed with a POCAM LED (the 465 nm one). In �g. 4.39 are
shown, instead, some pictures taken with the camera: the different POCAM
LEDs illuminating the entire integrating sphere can simulate quite well pos-
sible deep-sea bright light sources.
In this framework, the readout software has also been tested one last time
to check for any left bugs.

Figure 4.38: Minispectrometers data taken during the last fuctional test phase with the POCAM. Here is
represented the emission of LED 465nm. On the y-axis there are the ADC registered by the sensors while
on the x-axis there are the wavelengths.

4.4.6 First MinispectrometerModule data

Some days after the deployment (see paragraph 4.2.2), the entire string
was powered up. Some basics tests were performed to check the func-
tionalities of all the modules and to exclude any possible damage during
the descent to the sea�oor.
The Minispectrometer Module was perfectly functioning. In addition, dur-
ing the visual inspection phase, I exploited the ROV light to perform the �rst
deep-sea measurements.
In �g. 4.40 it is shown the spectrum of the ROV light detected by the module.
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Figure 4.39: Picture taken with the camera of the Minispectrometer Module. Different LEDs of the POCAM
are visible. In the bottom right, the picture has been taken from the inside of the dark box to our laboratory
room in Garching.

Figure 4.40: Left: Picture of the Minispectrometer Module illuminated by the ROV light, taken during the
visual inspection. Right: Spectrum of the ROV light measured within 10 s integration time windows. It is
pretty clear the beginning of the saturation for the spectrometer number 3, that detects more light with
respect to the other because was the most exposed to light.
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The integration time of the �ve minispectrometers and the time window
between two following measurements are variable parameters. For this
reason, the data taking can be adapted to the environmental conditions.
An initial investigation phase (still ongoing) can help to evaluate the right
working point to set for the sensors.
In �g. 4.41 is shown an example of one deep-sea measurement taken using
an integration time window of 60 s. Apparently in the �rst plot no particular

Figure 4.41: Left: Example of deep-sea measurement with the Minispectrometer Module, using 60 s in-
tegration time window. Right: Dark calibration data to subtract for the data illustrated in the plot on the
left.

excess is visible in the spectrum, if compared to the calibration dark data.
Applying then the right dark subtraction (using the corresponding internal
temperature calibration dark �le from the ones collected previously in the
laboratory), a variation of the signal over dark can be seen in the minispec-
trometer number 5, �g. 4.42.
In the region around 550 nm, several consecutive pixels showed a 10%

variation over dark. It is unlikely that this is only a dark variation. There-
fore, it cannot be excluded that this can be a very faint event. The data-
taking is constantly ongoing and systematic studies on this are going to
follow.

4.5 STRAW and STRAW-b monitoring

Thanks to the Ocean Networks Canada web platform, it is possible to con-
stantly monitor the STRAW and STRAW-b modules.
The data search page ”Oceans 2.0” is publicly accessible and can be found
at the address https://data.oceannetworks.ca/DataSearch.
For the moment, this page can be used to download only the data of the en-
vironmental sensors present in the modules. It is not yet possible to have
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Figure 4.42: Percentage variation over dark spectrum, referred to the previous two plots in 4.41.

access to PMTs or spectrometers data because the integration of the light
sensors is still ongoing. Anyway, this feature is already in the pipeline.
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“Sı́ come nell’apprension de’ numeri, come si comincia a
passar quelle migliaia di milioni, l’immaginazion si
confonde né può più formar concetto, cosı́ avvenga
ancora nell’apprender grandezze e distanze immense. ”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632

119



Chapter 5

Cascadia Basin site
characterisation:
STRAW data analysis

Cascadia Basin has been identi�ed as a suitable site for the installation of
a future neutrino telescope. This heavily sedimented abyssal plain region,
at 2660 m b.s.l., is equipped with Ocean Networks Canada’s underwater in-
frastructure. Thanks to this existing and well-maintained infrastructure,
P-ONE can pro�t from fundamental requirements for mooring lines instal-
lation: adequate depth to completely shield the sunlight, closeness to the
coast for smooth deployment and solid communication from offshore to the
shore station, low values of deep water currents.
At the end of 2018, the �rst path�nder - STRAW - has started the site char-
acterisation, measuring the optical properties of the water and monitoring
the light background.
In this chapter, we describe the preliminary STRAW data analysis: the �rst
measurement of Cascadia Basin water attenuation length, the �rst moni-
toring of bioluminescence background intensities and their correlation with
underwater currents.
STRAW long-term monitoring also allowed the investigation of the sDOMs
photon detection ef�ciency reduction caused by the biofouling and sedi-
mentation effects.

5.1 Water optical properties and background
sources

In deep underwater neutrino telescopes, the background due to the mas-
sive low energy component of downgoing atmospheric muons is �ltered
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out by the huge amount of water.
Other physical phenomena that generate photons in the typical spectral
sensitivity range of the PMTs (300-650 nm for STRAW PMT, see paragraph
3.4) contribute to the background, and for them the water cannot act like
a veto:

• the environmental radioactivity associated to the 40K decay (water
salinity)

• the bioluminescence.

The study of the optical properties of the water and, in parallel, the monitor-
ing of the light background turn out to be fundamental since these two fea-
tures represent the natural constraints for the future neutrino telescope
design.
For example (see paragraph 5.1.1) theabsorption length largely determines
the geometrical layout of the optical modules needed for the detection, while
the scattering length constraints the angular resolution of the telescope.
The optical background resulting from 40K (see paragraph 5.1.4) and biolu-
minescence (see paragraph 5.1.5 ) instead affects trigger rates and track
reconstruction, while high and lasting bioluminescence blooms can induce
a dead time in the data acquisition.

5.1.1 Light transmission in water: absorption and scatter-
ing lengths

The detection ef�ciency of an underwater neutrino telescope depends strictly
on the properties of the site and in particular on the light propagation trough
the sea water.
A description on the optical properties of the water and their overall con-
text can be resumed as follows [72].
According to the Maxwell’s equations of the electromagnetic wave propa-
gation in a medium, both the scattering and the absorption of light can be
related to the properties of the water via its electrical permittivity1 ✏, mag-
netic permeability2 µ, and electrical conductivity3 �.
Water doesn’t have notable magnetic properties, and consequently the per-
meability µ can be approximated as that of vacuum (at all frequencies):
µ = µ0 where µ0 = 4⇡⇥10�7 NA�2.
Instead, the permittivity ✏ and the electrical conductivity � depend not only
on the frequency of the electromagnetic wave that propagates in the wa-
ter, but also on the water temperature, pressure, and salinity.

1It is a measure of the electric polarizability of a dielectric. A material with high permittivity
polarizes more in response to an applied electric �eld than a material with low permittivity,
thereby storing more energy in the material.

2It is the measure of the resistance of a material against the formation of a magnetic �eld.
3It represents a material’s ability to conduct electric current.
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In general, the overall effect of ✏, µ and � can be expressed with the com-
plex index of refraction m = n � ik, where n and k are the optical ”con-
stants” of water, even though they depend strongly on wavelengths (n(�)
and k(�)):

m2 = µ✏c2 �
i2⇡µ�c2

⌫
= (n � ik)2 (5.1)

where c = (✏0µ0)
�1/2 is the speed of light in vacuum.

The real part of the complex index of refraction, n(�), is related to the scat-
tering: if it were truly a constant, there would be no scattering, but even in
absolutely pure water, thermal �uctuations of molecules occur inducing
scattering processes andn(�) variations. Consequentlyn(�) is connected
also to the temperature, pressure and salinity: it decreases with increas-
ing wavelength or temperature, and increases with increasing salinity or
pressure, see �g.5.1.
Scattering processes can occur during the interaction of photons with wa-
ter molecules and dissolved salt (Rayleigh scattering 4) or with the organic
and inorganic particulate (Mie scattering 5): the dominant feature of these
scattering processes is that only the direction of the light changes, not its
wavelength (in the sea water the Raman effect indeed can be neglected be-
cause it is more rare). The imaginary part k(�), instead, is related to the

Figure 5.1: Real index of refraction of water for selected values of pressure, temperature, and salinity [72].

spectral absorption coef�cient a(�) according to the following equation:

a(�) =
4⇡k(�)

�
(5.2)

4It is the elastic scattering of light or other electromagnetic radiation by particles that have
a diameter much smaller than the wavelength of incident radiation.

5It is the elastic scattering of light or other electromagnetic radiation by particles that have
a diameter similar to or larger than the wavelength of the incident radiation
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In �g.5.2, the behaviour of the absorption coef�cient a(�) vs. wavelengths
is shown: it decreases by over nine orders of magnitude between the near
ultraviolet and the visible, and then rises again in the near infrared. In the

Figure 5.2: Spectral absorption coef�cient of pure water (solid line) and of pure sea water (dotted line) as
a function of wavelength [72].

visible band around blue wavelengths, photons don’t have enough energy
to interact with water molecules and the absorption coef�cient a(�) is at
the lowest value (around 420 nm). Therefore, these wavelengths are able
to propagate easily through the sea water. At lower wavelengths, towards
the ultraviolet spectral region, photons start to have enough energy to in-
teract with water and consequentlya(�) increases quickly; at even smaller
wavelengths other phenomena, like Compton scattering6, occur. In this
case, the water density becomes the main parameter to deal with, differ-
ently from its molecular structure considered so far.
The same happens on the other side of the visible band, towards infrared
wavelengths. Here, the energy of the photons is high enough to excite the
vibrational and rotational modes of the water molecules. This makes the
absorption coef�cient increase again, except from the very long wavelengths
where the photons are not energetic enough to continue this process.

Hence, to properly describe the transparency of the sea water in terms
of absorption and scattering, two quantities are monitored:

• the absorption length La(�) = 1/a(�): de�ned as the distance La(�)
in the dielectric after which the initial light intensity is reduced by a
factor 1/e ⇠ 0.37, due to absorption effects;

6It is an inelastic scattering between a photon and a charged particle: the wavelength of
the scattered photon is different from that of the incident radiation.
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• the scattering lengthLb(�) = 1/b(�): de�ned as the average distance
between 2 consecutive scatters, with the initial light intensity reduced
by a factor 1/e due to diffusion effects.

In some cases it is more convenient to consider a third quantity that
takes into account both processes: the total attenuation length, de�ned as

1

Lc(�)
=

1

La(�)
+

1

Lb(�)
(5.3)

with c(�)= a(�) + b(�) as the total attenuation coef�cient.

For the preliminary phase of STRAW feasibility study for the future P-ONE
neutrino telescope, we have measured the total attenuation length Lc(�).

5.1.2 STRAWmeasure of the Attenuation Length

According to the literature and previous studies of other similar experi-
ments like DUMAND, ANTARES, KM3NeT and GVD Baikal [73] [74] [75] [76]
[50], the expected values for the attenuation length in water at different
wavelengths, vary between 20 m and 90 m, therefore the geometry of STRAW
has been designed to cover this range, see �g.5.3.

Figure 5.3: Sketch of the two STRAW moor-
ings: the emitters represented by blue dots
are the POCAMs, while the receivers in yel-
low are the sDOMs.

The idea is to compare what is detected by
an sDOM with respect to what is emitted by
a POCAM, and extract the value of Lc(�).
Based on the detector design, the attenu-
ation length can be related to the number
of detected photons at a certain distance r
with the following equation 5.4:

N (r) =
N0

4⇡r2
exp

✓
�

r

Lc(�)

◆
Adet

(5.4)
where N0 is the number of initially emitted
photons (from the POCAM) and Adet is the
detector area, in this case the sDOM glass
surface.

The sDOMs constantly record the ar-
rival times of all photon hits and, as they
are included in the STRAW timing system
(see paragraph 3.4), their data are syn-
chronised to the same clock. On the other
side, the POCAMs are not synchronized
and do not emit a trigger for the read-
out. Therefore, the adopted strategy used
to identify POCAM �ashes is based on the
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analysis of the time distribution of two consecutive sDOM events, see the
�t histogram in �g. 5.4.

0.0 0.1 0.2 0.3 0.4 0.5

�t [ms]

10�6

10�5

10�4

10�3

10�2

N
or

m
al

iz
ed

C
ou

nt
s

20m

90m

Figure 5.4: STRAW �rst light: time distribution for 2 consecutive events detected by an sDOM. The peak
represents the 465 nm LED POCAM �ashes at 3.33 kHz. In blue the events coming from a POCAM at 20 m
from the considered sDOM, and in yellow the ones coming from a POCAM situated at 90 m from it.
Picture courtesy of Felix Henningsen [51].

The POCAMs emit light with a de�ned frequency of a few kHz (�xed at
the beginning of the data-taking) and at a known distance from the sDOMs.
In order to investigate on the quantity of POCAM �ashes revealed by an
sDOM, a �xed PMT time window, set according to the inverse of the POCAM
light emission frequency, is considered. In the example in �g. 5.5 the cho-
sen POCAM frequency is 5 kHz and the PMT time window is 5000 ns, a
submultiple of 200000 ns.

Folding thousands of these time windows, the number of counts reg-
istered by the PMT every 5 ns (bin) is collected to build an histogram: a
pileup of events clearly identi�es POCAM �ashes, since they reach the PMT
mostly at the same moment over a �at background due to the PMT dark
noise, radioactivity and bioluminescence.
After the estimation of the total POCAM emitted light �ashes in a de�ned
time interval, the attenuation length Lc(�) is calculated using a model that
considers it as a free parameter, while the design of the two moorings, the
sDOM geometry, its detection and angular ef�ciencies are taken as con-
straints [77].

The �rst preliminary results of the attenuation length collected with the
four POCAM Kapustinsky driven LEDs are promising and are listed below:
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Figure 5.5: Histogram of the photon arrival times on an sDOM. The number of counts registered by the
PMTs every 5 ns are distributing as follows: the POCAM �ashes are accumulating around the same bins,
as they reach the PMTs mostly at the same moment; the PMT facing the POCAM detects direct light, while
the PMT facing the opposite side detects only scattered photons. The phasogram also shows the after-
pulsing distribution of the PMTs, between 0.5 and 4 us after the direct peak. Picture courtesy of Dr Christian
Fruck [77].

• Lc(365 nm): 9.9 m +/- 0.4 m (stat.) +/- 1.0 m (sys.)

• Lc(405 nm): 15.6 m +/- 0.7 m (stat.) +/- 3.0 m (sys.)

• Lc(465 nm): 31.0 m +/- 1.0 m (stat.) +/- 6.0 m (sys.)

• Lc(600 nm): 5.0 m +/- 0.5 m (stat.) +/- 2.0 m (sys.)

The preliminary measurements of the STRAW attenuation length, compared
to the values for the clearest water [71] and to the values measured at the
KM3NeT site, are shown in �g. 5.6 .

5.1.3 Deep water environmental parameters:
temperature, salinity and water current

Oceanic waters are classi�ed according to their salinity and temperature,
both contributing to their density. The same site can contain warm water
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Figure 5.6: Attenuation length vs. wavelength. The wavelengths tested are relative to the POCAM LED
matrix ones. Also, measurements from various other neutrino telescope sites and the results from a study
of attenuation lengths in the clearest ocean waters are shown for comparison. Plot courtesy of Dr Christian
Fruck, TUM.

or cold and more dense water in different regions or even at different wa-
ter column depths.
The working environmental conditions of a deep-sea neutrino telescope
need to be accurately monitored, since they can impact on the properties
of the data.
As described in the paragraph 5.1.1, temperature, pressure and salinity
affect the real part of the complex index of refraction n(�), playing an im-
portant role in the diffusion of the light in the deep-sea.
These environmental macroscopic parameters are generally not constant
in time, therefore a costant in situ monitoring is fundamental.
In particular, the sea temperature, has a major effect on all the electronic
components and on the PMTs performance [64]. Measurements in Casca-
dia Basin, at 2654 m depth, taken using a CTD (Conductivity Temperature
Depth) device coupled to the ONC permanent infrastructure, show that the
water temperature is highly constant over long periods, ranging between
1.74 � C and 1.8 � C, see �g. 5.7: this provides a stable working environ-
ment for the STRAW equipment.

Once measured the temperature and the conductivity with the CTD, the
value of the salinity can be extrapolated, �g. 5.8. This parameter is related
to the amount of salt dissolved into the water, whose main compounds are
sodium chloride, magnesium sulfate, potassium nitrate and sodium bicar-
bonate, which dissolve into ions. Therefore the salinity is strictly connected
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Figure 5.7: Monitoring of the temperature in Cascadia Basin over 2 years from 2018 to 2020, at 2654 m
depth using a CTD. This plot has been generated using to the ONC Data Search web platform [78].

to the natural radioactive isotope of 40K whose decay represents one of the
main contributes to the optical background (see paragraph 5.1.4).

During September 2015, June 2017 and July 2018 several dedicated ma-
rine campaigns have been performed by ONC at the Cascadia Basin site in
order to determine the vertical pro�les of the environmental parameters
mentioned above. These measurements reveal how their values distribute
along the water column (how homogeneous) and support the identi�cation
of potential seasonal dependencies due to different distributions in the or-
ganic and inorganic matter.
The plots in �g. 5.9, that I obtained analysing the data provided by Dr. Fabio
De Leo (ONC), shows the vertical pro�les for temperature and salinity up to
1200 m depth for the 3 campaigns: both parameters exhibit no signi�cant
variation over the investigated timescale and depth, con�rming the excel-
lent physical properties of the water.

In an underwater neutrino telescope, the detection devices are installed on
vertical mooring lines subjected to displacement due to water currents.
Information on a long term monitoring of deep water currents is there-
fore necessary to de�ne the mechanical structure of the telescope, that is
designed in order to resist to a certain range of drag forces. In addition,
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Figure 5.8: Monitoring of the salinity expressed in psu (Practical Salinity Unit: 1psu is equal to 1 g of salt
per litre of water) in Cascadia Basin over 2 years from 2018 to 2020, at 2654 m depth using a CTD. This
plot has been generated using to the ONC Data Search web platform [78].

as will be widely described in the following paragraphs, since the currents
are partly responsible for the bioluminescence activity, a monitoring is also
helpful to constrain the optical background around the telescope.
In Cascadia Basin, a current meter installed 4 km from the STRAW moni-
tors the water currents at the sea�oor level. In order to have an estimate of
the current values during STRAW activity time window, I analysed the data
provided by ONC Data Search web platform for this device, for the period
from January 2018 to February 2020. As shown in �g. 5.10, the water cur-
rent values (at a depth around 2654 m) are ranging from 0.5 mm/s to 13.5
cm/s, with a maximum of the distribution around 3 cm/s: STRAW moorings
have been designed in order to withstand such water currents.

5.1.4 Environmental radioactivity

Sea water contains some level of natural environmental radioactivity that,
if energetic enough, emit Cherenkov light producing a visible background.
The main contribution to the light background in sea water is related to the
presence of 40K, an isotope of the potassium7 whose relative abundance is

7An isotope is a different form of the same element that contains equal numbers of protons
but different numbers of neutrons in its nucleus.
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Figure 5.9: Vertical pro�les -for the �rst 1200 m of the water column- of temperature and salinity at Cas-
cadia Basin site, measured in September 2015, June 2017 and July by an Ocean Networks Canada marine
campaigns [78]. Both parameters don’t show particular variations over the investigated timescale and
depth.

of 0.012% and half-life is 1.27*109 years.
It decays with a B.R. of 89.3% into 40Ca by emitting an electron and with
a B.R. of 10.7% into 40Ar by electron capture, emitting an energetic � ray
(photon):
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Figure 5.10: Distribution of the deep-sea current measured with a current meter at 2654 m depth in Cas-
cadia Basin. The period considered is from January 2018 to February 2020. The data plotted here have
been downloaded from the ONC Data Search web platform [78].

40K !40 Ca + e� + ⌫ e

40K + e� !40 Ar + � + ⌫e

(5.5)

In the �-decay channel the electron produced with a kinetic energy up
to 1.3 MeV leads to Cherenkov light emission when traveling in water. In
the electron capture channel the produced 1.46 MeV photon generates
energetic electrons through Compton scattering which subsequently emit
Cherenkov light. These processes occur as above the Cherenkov threshold
(Eth = 0.26MeV for nwater = 1.33) and constitute a low energy background
which is visible in the telescopes [79]. This background can be also used
for optical modules time calibration.

Preliminary studies with the STRAW experiment (analysis of the PMT rates)
determine how the environmental radioactivity affects the optical modules.
The continuous monitoring led to the identi�cation of a base rate whose
value ranges from a minimum of ⇠ 5 to a maximum of 63 kHz and changes
very slowly on a time scale of hours. Since this baseline is generated not
only by the photons originated from the potassium decays, but also by the
diffuse bioluminescence and by the PMT dark counts, the only contribution
of the environmental radioactivity cannot be isolated, see paragraph 5.3.
It is possible to verify our understanding of this activity by comparing in
situ measurements from STRAW with a Geant4 simulation of the sDOM re-
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sponse to ambient 40K, to appear soon in a P-ONE collaboration paper.

5.1.5 Bioluminescence

The bioluminescence is, together with 40K, the other ambient source of
background for an underwater neutrino telescope.
This phenomenon consists in the emission of visible light by a living organ-
ism as the result of a natural chemical process after mechanic, electric
or light stimulation. It is mainly present in the marine environment where
several species of pelagic fauna8 use it for vital functions ranging from
communication and defence to reproduction.
Defensive bioluminescence emission has been observed as a consequence
of organisms colliding with submerged objects, but in general it is even re-
lated to deep ocean environmental parameters like salinity, temperature
and water currents (as described in the following paragraphs of this chap-
ter).
Two kind of bioluminescence emissions can be observed [80]:

• a steady bioluminescence: related to the presence of luminescent
bacteria (unaffected by mechanical stimulation) that emit steady ho-
mogeneous diffused light (varying on a time scale of hours or days).
It is, in addition to the 40K background, identi�ed in the data by the so
called baseline contribution, see paragraphs 5.1.4 and 5.3.

• a bursting bioluminescence: intensive light bursts that can reach
frequencies up to ⇠MHz and that can last from a few tenths to a few
tens of seconds (as an example in �g. 5.46 is shown one of the biolu-
minescence events detected by all sDOMs in STRAW; this plot is also
reported in a full-page size in the appendix 5.A at the end of this chap-
ter). The bursts are mainly correlated with water currents as small
organisms can strongly impact on the sensors, see paragraph 5.4.
This phenomenon can be seasonal or it can happen also when water
current values are relatively small and other peculiar environmental
conditions occur, such as dense water formation events9 [81].

The amount of light signals associated with the bioluminescence is directly
proportional to the presence of �shes and bacteria living in a site. It is help-
ful, at this scope, to perform deep-sea campaigns in order to measure the

8The pelagic fauna is made up of species that for the whole life or for a continuous period
of it live independently from the bottom and the shores, at the mercy of waves and currents.
Typical characteristics of pelagic animals are the transparency of the body and the strong
hydration of the tissues that gives it a density almost equal to that of the sea water, a condition
favorable to �oating.

9During late winter, because of cold and persistent wind that cools sea surface, dense
deep water formation occurs: when cooled, shallow waters become denser than the deeper
waters and start sinking, originating movements of convection with consequently stimulation
of bioluminescence events.
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~30 sec 
~2 min

Figure 5.11: Bioluminescence event detected by all �ve sDOMs in STRAW. Several pulses in a time window
of 30 sec can be appreciated. A bigger version of this image is shown in the Appendix at the end of this
chapter. All credits for this plot to Dr Christian Fruck, TUM.

density of living organisms along the water column since their presence
varies with the depth. In the �g. 5.12 is shown an example of density pro-
�le of the bioluminescent organisms in Cascadia Basin for the �rst 1000 m
depth for 3 surveys performed during 2015, 2017 and 2018. New surveys
that will monitor until 2660 m depth have been scheduled for September
2020 and the results will be available soon.
From previous studies [70]10 [82]11 on the emission spectrum of deep-sea
organisms it is known that the light emission occurs at those wavelengths
for which the water has the greatest absorption length, see �g. 5.13 and
�g. 5.14, and matches perfectly with the detection sensitivity range of pho-
tomultipliers (300-650 nm for STRAW PMT, see paragraph 3.4).
So far, only laboratory experiments on ”�shed” animals have been per-
formed. To study the phenomenon as it is in deep ocean environmental con-
ditions, in situ , STRAW-b will measure the bioluminescence activity emis-
sion thanks to three spectrometer modules.

10From theabstract: ”The emission spectra of 70 bioluminescent marine species were mea-
sured with a computer controlled optical multichannel analyzer (OMA). A 350 nm spectral
window is simultaneously measured using a linear array of 700 silicon photodiodes, coupled
by �ber optics to a microchannel plate image intensi�er on which a polychromator generated
spectrum is focused. [...]Among unusual spectral features revealed were organisms capable
of emitting more than one color [...].”

11From the abstract: ”[...]To investigate the luminescence responsivity of Pyrosoma at-
lanticum and Pyrosomella verticillata, photic, electrical, and mechanical stimuli were used.
Photic stimulation of 1.5·109 photons · s�1· cm�2, at wavelengths between 350 and 600
nm, induced bioluminescence, with the maximum response induced at 475 nm. [...]Repeti-
tive, regular mechanical or electrical stimulation elicited rhythmic �ashing characterized by
alternating periods of high and low light intensities.”
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Figure 5.12: Density pro�le for bioluminescent organisms in Cascadia Basin for the years 2015, 2017 and
2018. All credits for this study to Dr. Fabio De Leo Cabrera - Ocean Networks Canada, University of Victoria,
BC - Canada.

5.2 Rates long termmonitoring

As reported so far, for a proper design of P-ONE, it is important to under-
stand the long-term behaviour of light background and water optical prop-
erties of the chosen site. At this scope, the main goal of the STRAW experi-
ment has been to perform a monitoring of Cascadia Basin site environmen-
tal conditions.
The registered rates are the result of PMT dark counts, photons related

134



Figure 5.13: An example of some bioluminescence emission spectra for different animals: (a) Scina cf.
rattrayi �max = 439 nm, FWHM = 70 nm; (b) Vargula hilgendor�i �max = 465 nm, FWHM = 83 nm; (c)
Argyropelecus af�nis�max = 487 nm, FWHM = 26 nm; (d)Cleiodopus gloria-mans�max = 506 nm, FWHM
= 92 nm [70].

Figure 5.14: Magnitude of the relative response vs light stimulus wavelength. Peak response for both
pyrosomes was for a 475 nm light pulse: colonies often produced from 25 to 30 �ashes over ⇠2h period
[82].

to the 40K radioactive decays (the potassium is present not only in the salt
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dissolved into the sea water but also in the glass of the optical modules)
and contributions from bioluminescence, that can �uctuate over time ac-
cording to speci�c circumstances (see paragraphs 5.1.5 and 5.8).
The �rst focus of my work then has been to analyse the data stream from
the 5 sDOMs of STRAW for the entire period of activity so far and try to
answer to these questions:

• What is the range of values in which the rates variate?

• Is there any modulation over time? (day/night, seasonal, ...)

• Is there any more intense burst activity period? Is it connected to an
increased water current?

In �g. 5.15 there is an example of registered rates in a time window of
10 minutes. As described in paragraph 3.4, the PADIWA board has 4 levels

Figure 5.15: Rate registered from the sDOM5 in a time window of 11 minutes. The blue line is representing
the PMT facing downward, while the red one is representing the PMT facing upward. No averaging is
applied in this data set: the PADIWA is sampling every 0.03 seconds and the detected events are ranging
from a few kHz to 25 MHz.

of threshold for the PMT signals sampling and, for this study, only the low-
est level ”CH0” has been considered: this corresponds to 0.5 p.e. threshold
for the PMTs so that every single photon detected is taken into account for
the monitoring.
Since the TRB (paragraph 3.4) samples the PMTs signals every 0.03 sec-
onds, to speed up the analysis for very long periods it is useful to average a
certain amount of acquisitions that, in turn, corresponds to a certain time
window: the overall trend will be not affected by the averaging on a small
time scale and the data processing will be quicker.
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In the example in �g. 5.47 the data are averaged over 4 hours (this corre-
sponds to 480000 acquisitions collected in this time window), from the end
of February 2019 to the end of May 2020. In this time window several pe-
riods of higher background level due to a combination of bioluminescence
bursts on top of a diffuse bioluminescence baseline have been registered.
This plot is also reported in a full-page size in the appendix 5.A at the end of
this chapter. In the following paragraphs I will describe my analysis strat-

Figure 5.16: Data stream of the 5 sDOMs of STRAW: the data considered are taken from the end of February
2019 to the end of May 2020 and are avaraged every 4 hours. Periods of increased background level
combined with higher bioluminescence activity can be seen.

egy on the identi�cation and quanti�cation of different background compo-
nents, also according to their correlation with environmental parameters.

5.3 Baseline analysis

The lowest value of the continuous data stream measured by the optical
modules is de�ned as baseline. The baseline represents the contribution
to the light background that largely comes from the 40K radioactive decays:
since it depends only on the salinity, it is mainly constant.
The contribution of diffuse bioluminescence (not necessarily bursts) can
add an extra offset to the baseline during some periods of major biolumi-
nescence activity. Monitoring the possible baseline variations and identify-
ing the different contributions is very fundamental as it helps in subtracting
the right background from neutrino-related PMTs signals.
Only for representation purpose, in �g. 5.17 is shown the rate distribution
for the PMTup of sDOM5 in a 12 h time window of a random day of February
2019 with no averaging on the data. The range of the considered rates has
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been from 0 kHz to 250 kHz (distributed in 1000 bins), in order to cut the
very long bursts tail that was not the focus of this analysis.
Three main parts can be identi�ed in the histogram of the rate distribution
in �g. 5.17:

• the pedestal: the rate value shouldn’t be lower than a certain mini-
mum caused by steady bioluminescence and 40K, but this can happen
sometimes, likely caused by some module electronics defects.

• the peak: is representing the baseline, as it is the most frequent value
of the registered rates whose contributions are due to 40K and biolu-
minescence constant activity (also bursts in same cases).

• the tail: is representing the light events that happen less frequently,
like bursts of bioluminescence.

Figure 5.17: Rate distribution for the PMTup of sDOM5 in a 12 h time window (no averaging on the data).
The range of the considered rates has been up to 250 kHz (distributed in 1000 bins), in order to cut the very
long bursts tail. Three main parts can be identi�ed in the histogram: the pedestal, the peak and the tail.

In �g. 5.18 are plotted the rate distributions (without the pedestals)
of 10 consecutive 12 hours time windows (5 days), always for the month
of February 2019: some distributions are very different from the others,
highlighting how even the diffuse bioluminescence activity can not only shape
the rate distribution but can also affect its peak value.

Considering thepeakof every distribution as mentioned above, we anal-
ysed 16 months of STRAW data (February 2019 - May 2020) in 12 hours
time windows. The results is what appear in �g. 5.48: generally the trend
shows the same periods of increase for all sDOMs. Some exceptions occur
and differences even between the two PMTs of the same sDOM can be ap-
preciated: one hypothesis is that probably some bioluminescence bursts
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Figure 5.18: Five consecutive random days of February 2019, divided into 12 h time windows with no av-
eraging on the data: the cut has been set at 250 kHz in order to isolate the diffuse component and exclude
the bursting regime. Some distributions are very different from the others, highlighting how variable can
be the diffuse bioluminescence activity.

are so local and persistent to affect just the baseline of one photodetector.
We observed a minimum for the baselines of ⇠ 5 kHz, caused by PMTs dark
counts and 40K dissolved into the sea water and contained into the optical
module glass, and a maximum of ⇠ 63 kHz. This plot is also reported in a
full-page size in the appendix 5.A at the end of this chapter.

In the histogram in �g. 5.20, we report the distribution of the observed
baselines in the same 16 months period, ranging between 7 and 10 kHz.
Since the 40K is most probably stable, the remaining baseline rate is inter-
preted as diffuse bioluminescence.

5.4 Burst fraction analysis

In this paragraph, we continue the study of the baseline rates searching
for increased activities due to bursting events (bioluminescence).
At this scope, I introduce here the quantity burst fraction.
The burst fraction is calculated as the number of events higher than a cer-
tain threshold, integrated and normalised to the total amount of detected
events. Considering that STRAW baseline, as shown in �g. 5.48, ranges
from 5 to around 63 kHz and that those speci�c rate distributions can be
quite wide (�g. 5.18) depending on the bioluminescence activity, I have cho-
sen to de�ne the threshold as the rate value corresponding with the begin-
ning of the tail of the distributions, around 200 kHz.
The evolution in time of the burst fraction is shown in �g. 5.49, also re-
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Figure 5.19: Trend over time of the baseline values: generally all sDOMs show the same behaviour. Some-
times exceptions can occur, and even two PMTs of the same sDOM can register different peak values.
In the time window from the end of February 2019 to the end of May 2020 the baseline varies between a
minimum of ⇠5 kHz and a maximum of ⇠63 kHz.

Figure 5.20: Distributions of all the baseline values for the analysed 16 months period: the peaks of these
distributions indicate that the most frequent baseline values are ranging between 7 and 10 kHz for every
sDOM.

ported in a full-page size in the appendix 5.A at the end of this chapter. If
compared with the baseline trend it is possible to estimate the correlation
between the two quantities, see the plot in �g. 5.22. In this plot are repre-
sented all the couples of points for one PMT of one optical module.
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Figure 5.21: Evolution in time of the burst fraction, calculated as all the counted rates greater than 200
kHz.

For the 70% of the events, the corresponding burst fraction is lower than

Figure 5.22: The 70% of baselines is uncorrelated with the burst fraction up to 25%: these phenomena
are related to different sources of light background. For burst fraction values higher then the 25%, two
population of points can be distinguished: low baseline, high burst fraction: uncorrelated; high baseline,
high burst fraction: direct correlation of 0.86.

25%. In such ”low bioluminescence activity regime”, the average level of the
baseline is constant within few percents. For burst fraction values higher
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than 25%, we can identify two population of points:

• low baseline (25 kHz), high burst fraction: no correlation is present.
The two quantities do not in�uence each other, suggesting that these
phenomena are related to different sources of light background, i.e.
various population of deep-sea organisms.

• high baseline(> 25 kHz), high burst fraction: linear correlation with ⇢
factor of 0.86.

In the last case, deep-sea organisms that generate bursts in�uence the dif-
fuse bioluminescence when their emission is very high or persistent. The
high-burst regime favours a pile-up effect and a consequent increase of
the baseline. Then the detected count rate turns out to be higher, and the
baseline shows an offset.

5.5 Correlation of baselines and bursts with wa-
ter current

The water currents produced by the tides are among the primary elements
that trigger the bioluminescence activity.
The neutrino telescope submerged structure acts against the water cur-
rent producing local turbulences. These local turbulences stimulate me-
chanically the deep-sea organisms that, consequently, emit light [81]. Be-
sides this relatively well-known effect, it is possible to observe a higher
level of bioluminescence in a certain period of the year, probably related
to dense water formation events. Indeed it can happen that, because of
cold and persistent wind that cools sea surface, shallow waters become
denser than the deeper waters and start sinking, originating convection
movements with consequent stimulation of bioluminescence events.
To monitor how the deepwater currents of Cascadia Basin affect the bio-
luminescence detected by STRAW, I have taken into account the measure-
ments from the closest Acoustic Doppler Current Pro�ler - ADCP -, situ-
ated at 4 km from the two moorings along with the ONC infrastructure, as
shown in �g. 5.23. The ADCP uses the Doppler effect of sound waves scat-
tered back from particles along the water column to measure the deep-sea
currents at different depths (dividing ideally the water column into several
depth cells called bins), �g. 5.24.
The frequency shift of the echo is proportional to the water velocity and

the travelling time of sound waves gives an estimate of the distance.
I studied the correlation between the ADCP measurements and STRAW
burst fractions in search of a possible (expected) signature of the cur-
rent water in�uence on deep-sea organisms light emission. In �g. 5.25
are shown the burst fractions measured by sDOM5 for both PMTs, depth
around 2590 m, and the currents detected by the ADCP bin that covers the
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ADCP

STRAW

Figure 5.23: Position of the ADCP device with respect to the position of the two STRAW moorings in Cascadia
Basin.

Figure 5.24: Sketch of the Acoustic Doppler Current Pro�ler working principle: the Doppler effect of sound
waves scattered back from particles along the water column is used to measure the deepsea currents at
different depths (dividing ideally the water column in several depth cells called bins).

same depth (2595.19 ± 4 m, bin size 8 m). The points represent the mean
values of currents and rates, averaged over 15 minutes time windows; the
entire data-set is one month, March 2019. Despite the ADCP device is sit-
uated 4 km far from the STRAW moorings, it is possible to observe a direct
correlation between the water current and the burst fraction: the corre-
lation factor ⇢ for the entire set of data (March 2019) is 0.65, as shown in
�g. 5.26. Following the same approach, I have investigated also the corre-
lation between water currents and baselines.
In this case, the obtained correlation is slightly weaker with a ⇢ factor of
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Figure 5.25: Top: Burst fractions trend, detected by sDOM5 for both PMTs. Bottom: Currents detected by
the ADCP bin that covers the same depth as the sDOM5. The points represent the mean values of currents
and rates, averaged over 15 minutes time windows; the entire data-set is from March 2019.

Figure 5.26: Correlation plot between the water current and the burst fraction for March 2019: the cor-
relation factor for this data-set is 0.65.

0.57, see �g. 5.27, but still indicating an association with the currents. In-
deed, as seen in �g. 5.22, high level of baselines are associated with high
level of burst fraction.

This correlation studies, observed also by other similar experiments
[83] [84], could be the starting point for identifying periods of high biolumi-
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Figure 5.27: Correlation plot between water current and baselines for March 2019: the correlation factor
for this data-set is 0.57.

nescence activity taking into account the only monitoring of the currents,
in case an ADCP or a current meter is installed next to a mooring. Indeed,
the possibility of installing several ADCP devices next to the future P-ONE
strings is under investigation as will be one of the fundamental tools.

5.6 Sedimentation and biofouling

The sedimentation is an effect due to the downward �ux of sediment in
the deep-sea that can cover submerged structures. In a neutrino tele-
scope environment such a phenomenon can progressively obscure up-
wards looking modules.
The biofouling (accumulation of layers of biological organisms) is a second
effect that naturally occurs on any surface in water and that can also in-
crease the sediment capture.
Since a neutrino telescope is designed in order to taking data for years, it
is crucial to monitor the impact that these two phenomena have on the op-
tical modules surfaces.
The effect of sedimentation and biofouling on the modules of a neutrino
telescope has been largely investigated also by the ANTARES experiment:
for a long period, the evolution of the light transmission through the glass
surface of the deployed modules has been studied, drawing the conclusion
that the accumulation of light-absorbing material is only signi�cant for up-
wards surfaces [85]. Furthermore, when the water currents is strong can
happen that the sedimentation and biofouling layer is partially washed off,
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increasing the light transmittance [80].
Following the above mentioned studies I have analysed the modules rates
trying to identify in STRAW detector the sedimentation effect. The strategy
used has been to quantify the detected rate difference between the PMTup

and the PMTdown with respect to the PMTup for every sDOM, making the
assumption that the sedimentation is not affecting (or affecting in a very
neglectable way) the downward looking PMT; thus calculating the follow-
ing ratio:

(ratePMTup � ratePMTdown)

ratePMTup

(5.6)

In principle, on average, both PMTs of an sDOM should detect the same
amount of signals (even during bioluminescence activity) but, if the sedi-
mentation and the biofouling is affecting the PMT looking upward, the ratio
trend has a negative slope. To study the overall effect of the phenomenon,
I have considered the 16 months data-set used so far. Also in this case,
the data set is sampled every 12 hours to smooth as much as possible lo-
cal and short-time dependent variations between PMT rates. The result is
shown in �g. 5.50. This plot is also reported in a full-page size in the ap-
pendix 5.A at the end of this chapter.
The red lines are the �tted lines, whose slopes are indicative of the sedi-

Figure 5.28: Ratio trend for all the sDOMs. The negative slopes of the �tted lines (in red) represent a de-
crease in the detection ef�ciency.

mentation effect. Since the slopes are negative, this represents a decrease
in the detection ef�ciency of the upward-looking PMT with respect to the
downward-looking one.
If no sedimentation would have affected the optical modules, the red line
would have been parallel to the x-axes.
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Figure 5.29: Sketch of the STRAW moorings indicating the percentage total loss in signal detection per
module for the investigated period of 16 months: ⇠ 2% for the sDOM1, ⇠ 5% for the sDOM2, ⇠ 19% for the
sDOM3, ⇠ 11% for the sDOM4 and ⇠ 4% for the sDOM5.
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The total loss in signal detection per module for the investigated time
window is calculated as follows:

rf � ri = m(tf � ti) (5.7)

where rf/i is the ratio of the PMTs up and down rates as expressed above,
m is the slope of the �t line and tf/i is the time. The values obtained and
expressed in percentage are of ⇠ 2% for the sDOM1, ⇠ 5% for the sDOM2,
⇠ 19% for the sDOM3, ⇠ 11% for the sDOM4 and ⇠ 4% for the sDOM5.
From the sketch shown in �g. 5.29 and in �g. 5.30, it can be seen that
the sedimentation effect increases at higher depth. We can not draw �nal
conclusions about this potential correlation because the depth is not the
only parameter that in�uences the sedimentation on the modules.
In September 2020, prior the deployment of STRAWb, the ROV inspected

Figure 5.30: Percentage ef�ciency losses vs. depth for the 5 sDOMs of the blue string and the yellow string.

the STRAW lines, in water since 2 and half years. The ROV camera took
pictures of all sDOMs, see �g. 5.31 and �g. 5.32, revealing the presence of
both biofouling and sediment on the glass hemispheres.

We have studied the sedimentation on STRAW modules. The observed
effect did not alter the optics of the detector massively. These losses were
minimal and expected and might not play a dominant role in P-ONE. We will
continue to monitor this effect over time as it will be bene�cial for future
design and detection ef�ciency simulation. We will also investigate the pos-
sibility of detector maintenance in the future.
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Figure 5.31: Picture of the sDOM2 taken during the inspection of STRAW moorings in September 2020: the
presence of both biofouling and sediment on the glass hemispheres is visible.

Figure 5.32: Picture of the sDOM3 taken during the inspection of STRAW moorings in September 2020: the
presence of both biofouling and sediment on the glass hemispheres is visible.

5.7 Rates periodicity study

An interesting aspect of the observed data is how they behave in time. The
goal of this analysis is to �nd periodicities in the data stream and, if any, to
relate them with environmental parameters like water current, tempera-
ture and salinity.
As widely described in previous paragraphs, the bioluminescence is strictly
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connected with water currents and tides. These latter are associated to
sea convection events, generated by wind drifts (caused by the Coriolis
force, as a result of the rotation of the Earth).
The deep-sea convection plays a major role in renewing the deep waters:
in this way the biological activity increases (higher bioluminescence emis-
sion) as the deep-sea ecosystem is feeded with new nutrients, oxygen and
new organisms.
These water movements can in�uence not only the speed of the currents
but also the water temperature. For this reason some periodicities in the
bioluminescence events are expected and, in this framework, changes in
water current, temperature and salinity can be considered as warning
signs for the increased bioluminescence activity.

For the identi�cation of periodicities in detected signals, it is helpful to anal-
yse the data in their frequency domain.
The frequency domain is the analytic space in which signals are expressed
in terms of frequency, rather than in terms of time: as a time domain func-
tion shows changes over time, a frequency domain function shows how
that function is distributing over the different frequency bands.
It is possible to convert a time domain function x(t) into a frequency domain
function X(!) using the Fourier Transform 5.8 or tools derived from it.

X(!) =

Z +1

�1
x(t)e�i2⇡!t dt (5.8)

Using the Eulero formula 5.9, it is easily deducible that the Fourier Trans-
form decomposes a time domain function in a sum of sinusoidal functions
with different frequencies, amplitudes and phases.

e�i2⇡!t = cos(2⇡!t) � isen(2⇡!t) (5.9)

For many data analysis applications, Fourier Transform methods are widely
effective and produce good results, but for a better frequency resolution
other more advanced methods of spectral estimation are used [86].
For example, if the total energy of a signal is �nite, in order to describe
how this energy is distributed over frequencies, one can de�ne the Energy
Spectral Density (ESD).
Starting from the de�nition of the signal energy in 5.10, for the Parseval’s
theorem12 it can be re-written using the identity expressed in 5.11, where
X(!) is the Fourier Transform of x(t); the integrand |X(!)|2 then can be in-
terpreted as the density function that describes the energy per frequency
unit.

E =

Z +1

�1
|x(t)|2 dt (5.10)

12Parseval’s Theorem: The sum (or integral) of the square of a function is equal to the sum
(or integral) of the square of its Fourier Transform.
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Z +1

�1
|x(t)|2 dt =

Z +1

�1
|X(!)|2 d! (5.11)

Hence the ESD can be de�ned as in the equation 5.12:

SE(!) = |X(!)|2 (5.12)

Following one of the properties of theCross-Correlation13, theEnergySpec-
tral Density in 5.12 turns out to be the Fourier Transform of the auto-correlation
function of x(t), see 5.13 (where the auto-correlation is de�ned the cross-
correlation of a function with itself).

F{x(t) ⇤ x(�t)⇤} = X(!) · X⇤(!) = |X(!)|2 (5.13)

Similar to as described above, if a signal has a �nite power over an interval
of time T, then one can de�ne also the Power Spectral Density (PSD) as in
5.14:

SP (!) =
1

T
|XT (!)|2 (5.14)

and for an in�nite time this expression becomes as the following 5.15:

SP (!) = lim
T!+1

1

T
|XT (!)|2 (5.15)

interpreted as the spectral energy distribution per unit time.
The PSD measures the relative importance of possible frequency values
that might explain the oscillation pattern of the observed data: it describes
very well how recurrent is a certain frequency component in the X(!) over-
all function and, besides potential repetitive patterns, also random struc-
tures are shown. The classical method for Power Spectral Density compu-
tation is based on a tool called Periodogram.
In all real cases, signal processing is applied to sampled and �nite version
x[n] of the real signal x(t): for this reason, instead of the above mentioned
Fourier Transform, it is necessary to consider the Discrete Fourier Trans-
form of the sample x[n], as in 5.16.

Xd(!) =
N�1X

n=0

x[n]e�i2⇡!n (5.16)

In this case, the Periodogram of a x[n] sample is 5.17:

Sx(!) =
1

N

�����

N�1X

n=0

x[n]e�i2⇡!n

�����

2

=
1

N
|Xd(!)|2 (5.17)

13The Cross-Correlation expresses a measure of the similarity of two functions with re-
spect to the displacement of one relative to the other.
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5.7.1 The Periodogram on STRAW data:
yearly data-set

As a �rst step towards frequency spectrum identi�cation, I applied the Pe-
riodogram tool to the STRAW data.
To search for periodicities over different time scales the approach has
been twofold and two data-set have been considered:

• almost two years of data (18 months),

• each month.

In this �rst step of the analysis, the Periodogram has been applied to a
data set of 18 months, from February 2019 to July 2020. Consistently as
described in paragraphs 5.3 and 5.4, the modulations are present simul-
taneously on each sDOM. Plotting such a Periodogram for one sDOM in �g.
5.33, the y-axis represents the relative magnitude of the data pattern, while
the x-axis represents the frequency range.

Figure 5.33: Periodogram of the STRAW 18 months data sample for the sDOM5.

The relative magnitudes analysis identi�es the following periodicities
over more than one year and half time window, see �gures 5.34, 5.35, 5.36
and 5.37:

• 4227 h (⇠6 months)

• 1400 h (⇠2 months)

• 1148 h (⇠1,6 months)

• 667 h (⇠28 days)
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• 551 h (⇠23 days)

• 468 h (⇠19,5 days)

• 393 h (⇠16,4 days)

• 350 h (⇠14,5 days)

• 60 h

• 26 h

• 24 h

• 15.6 h

• 12.4 h

• 8 h

• 7 h

• 6.2 h

The data have been averaged over 1 hour and, consequently, the minimum
appreciable periodicity is not less than 2 hours and the maximum one cor-
responds to the maximum value of the time sample (527 days).

Figure 5.34: Periodicities of the entire data-set for the sDOM5: here are visible the periodicities of 4227 h
(⇠6 months), 1400 h (⇠2 months), 1148 h (⇠1,6 months), 667 h (⇠28 days).

The Power Spectral Density that comes out from this analysis, repre-
sents the light background oscillations that, for the reasons mentioned in
the previous sections, must be correlated with water current behaviours.
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Figure 5.35: Zoom of the previous plot up to 500 h: other periodicities are appreciable as 468 h (⇠19,5
days), 393 h (⇠16,4 days) and 350 h (⇠14,5 days).

Figure 5.36: Zoom over the periods range up to 100 h: around 60 h there are several events.

Taking into account precious suggestions from Dr Steven Mihaly (ONC), I
collected all the most inherent information on Cascadia Basin tides and
deep water current, and tried to draw conclusions about some of the peri-
odicities found:

• the current in Cascadia Basin can be in�uenced by warm water �uxes
that come out from subsea�oor, modify the water density structure
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Figure 5.37: Zoom up to 30 h: these periodicities are representing those events that occur during one day
with different frequencies as 26 h, 24 h, 15.6 h, 12.4 h, 8 h, 7 h, 6.2 h.

and lead to deep subsea currents;

• the high frequency variability in the periodogram can be associated
with local turbulences caused by small currents while the low fre-
quency variability can be associate with the passage of deep eddies
(both phenomena make the microorganisms impact on STRAW strings
thus generating bioluminescence);

• the expected dominant periodicities in currents are at ⇠12 h (semid-
iurnal tide), at ⇠24 h (diurnal tide) and at the local inertial frequency
of ⇠16 h: STRAW data shows periodicities very close to these val-
ues and their harmonics, even if with very variable magnitudes. For
example, STRAW 24 h periodicity magnitude is very low if compared
to one of the semidiurnal tides at 12 h (the 6.2 h periodicity can be
interpreted as its �rst harmonic such as 8 h periodicity can be the
�rst harmonic of the local inertial frequency that in STRAW appears
around 15.6 h).

• other expected periodicities are also fortnightly (15 days), monthly,
semi-annual and annual tidal variability: in the yearly STRAW data-set
fortnightly and monthly variability are identi�ed respectively at⇠14,5
days and ⇠28 days. The semi-annual periodicity appears exactly at
6 months. Surprisingly, no annual periodicity has been found: more
investigations on this will follow considering longer periods.
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5.7.2 The Periodogram on STRAW data:
monthly data-set

After the research of periodicities over a very long time scale, the focus
of this second phase of the analysis has been not only the periodicities re-
search over smaller time scale but also the identi�cation of a potential sea-
sonal pattern as each month can add a different contribution to the data
periodicity.
The data stream has been fragmented in months, as shown in �g. 5.38,
thus generating smaller data-sets on which the Periodogram algorithm
has been applied.
Choosing one PMT of the sDOM5 as a reference and overlapping the re-

sults from all 18 months, �g. 5.39, it can be appreciated that the monthly
periodicities that appear are not exactly the same in each month and even
when a particular periodicity is identi�ed in more months, it can show vari-
ations in its magnitude. The �gures 5.40, 5.41 and 5.42 display the period-
icity distribution during an ideally time window of more than one day (30
hours), for the entire considered data-set.

Looking closely only two periodicities appear constantly in all months:
6 hours and 12 hours, where the �rst one has to be considered as the
�rst harmonic of the second one (semidiurnal tide). The periodicity of ⇠16
hours for example seems to disappear completely during summer 2019,
even if it represents the local inertial frequency of Cascadia Basin.
The reasons for these differences need a properly investigation, as this is a
very peculiar multidisciplinary topic that involves, besides physics, oceanog-
raphy and marine biology. Still the goal of monitoring the light background
periodicity over time is fundamental in order to know exactly at which time
of the day/month/year a higher light background in the detected events is
expected.

5.7.3 Environmental parameters periodicity:
hint for the global warming?

For the third and last step of this study I started to focus the attention back
to the environmental parameters considering, beside the water current al-
ready mentioned in the paragraph 5.5, the oxygen dissolved into the water
and the temperature.
Years of constant observation showed that as the Earth atmosphere is
warming up, the same is happening with the oceans: waters can be im-
pacted by persistent climate trends. From a study of the Institute of Ocean
Sciences [87], has been seen that Paci�c Ocean waters up to at least 1000
m depth have been warming and losing oxygen in the last 50 years. This
process has a negative impact on marine ecosystem since life in the ocean
requires oxygen to support �ora and fauna metabolism.
Thus, as the oxygen levels are decreasing and the water temperature is

156



Figure 5.38: The Periodogram has been applied on smaller data-set of one month each in order to identify
different contributions to the periodicity.
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Figure 5.39: Superposition of periodicities belonging to different 18 months for one PMT of the sDOM5
(zoomed up to 30h period). Monthly periodicities are not exactly the same in each month, showing also
variations in their magnitudes.

Figure 5.40: Periodicity for the sDOM5 from February 2019 to July 2019 (zoom on 30 hours period).

increasing, could the monitoring of variations in the deep-sea biolumines-
cence background trace this signature?
How the light background could be in�uenced by this process?
In view of this I started to collect information about heat waves in Casca-
dia Basin that could have potentially in�uenced STRAW rates. This study is
still in a very embryonic stage, but I illustrate here a potential strategy for
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Figure 5.41: Periodicity for the sDOM5 from August 2019 to January 2020 (zoom on 30 hours period).

Figure 5.42: Periodicity for the sDOM5 from February 2020 to July 2020 (zoom on 30 hours period).

a future investigation.
The idea is that since water currents can affect deep ocean temperatures,
one can expect that an investigation on the deep eddies and tides periodic-
ities (besides showing a strict connection to the background light detected
signals periodicity) can show corresponding periodicities in the temper-
ature trend; also it could be possible to �nd the same periodicities in the
trend of the oxygen dissolved into the water.
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It is well known that, the trend of the temperature and the oxygen are com-
pletely simmetric to each other (anticorrelated): one explanation can be
that high temperature stimulates metabolic functions of deep-sea organ-
isms that consume more oxygen. In �g. 5.43 I took as an example one
month of data (averaged over 15 minutes), March 2019, for one sDOM in
order to compare the trends of rates, water current, temperature and oxy-
gen.

Figure 5.43: Example of March 2019 data stream (averaged over 15 minutes) for one sDOM. Trends of
detected rates, water current, temperature and oxygen can be compared.

Applying the Periodogram algorithm to these quantities, see �g. 5.44,
the main periodicities found con�rmed of course the correlation between
water current and STRAW rates, as already discussed in paragraph 5.5.

From the plot is appreciable that water masses movements in�uence
the bioluminescence activity and the temperature for some periodicities;
the rest of the periodicities that appear in the temperature plot should de-
pend on other (for the moment unknown) parameters. The corresponding
periodicities in the oxygen trend are not matching perfectly with the tem-
perature ones: this can be attributed to the very small data sample taken
into account and for the moment no conclusion can be drown from this.
In the next future more studies will follow.
In a multidisciplinary framework then, a deep-sea neutrino telescope per-
manently connected to the shore can provide synergetic opportunities for
continuous long term deep-sea parameters observations, global warming
effects and climate change.
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Figure 5.44: Periodicities found for March 2019 on the same sDOM as in 5.43. Water current is correlated
not only with STRAW rates but also with temperatures (at least for some periodicity). More investigations
on the oxygen periodicities are needed.

5.8 Sightings of Pyrosomes in STRAW

Pyrosomes are colonial tunicates usually living in shallow water in warm
seas whose size ranges from less than one centimetre to several metres
in length. Their name comes from the Greek pyro which means ”�re” and
soma which means ”body”, strictly referred to their property of emitting
light.
For the past 30 years, pyrosomes have been found in waters off southern
California but during spring and summer 2016, they have started to be col-
lected also off shore Vancouver Island [88]. In spring and summer 2017,
it was registered an anomalous bloom of pyrosomes with very high pres-
ence of large colonies from California to Alaska, along the NE Paci�c. The
causes of all this are under investigation, most probably they are related
to the marine heat wave of 2014-2015 and to the El Niño during 2016: py-
rosomes could have found an environment which provided enough warm
temperatures and food for their reproduction.
More observations during November 2017 suggested that environmental
conditions could have been favourable for another bloom in the summer of
2018, in coincidence with STRAW deployment.
In July 2018, one month after the deployment, the ONC team performed the
survey of the 2 STRAW moorings. Thanks to the picture from the ROV it has
been possible to see how the pyrosomes can entangle in the strings cables,
see �g 5.45.
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Figure 5.45: Pyrosomes entangled in the STRAW mooring lines. Pictures taken during the July 2018 ONC
survey.
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“E �nalmente io ti domando, oh uomo sciocco: Comprendi
tu con l’immaginazione quella grandezza dell’universo, la
quale tu giudichi poi essere troppo vasta?
Se la comprendi, vorrai tu stimar che la tua apprensione
si estenda più che la potenza divina, vorrai tu dir
d’immaginarti cose maggiori di quelle che Dio possa
operare?
Ma se non la comprendi, perché vuoi apportar giudizio
delle cose da te non capite?”

Galileo Galilei,
”Dialogo sopra i due massimi sistemi”, 1632
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Conclusions

The Paci�c Ocean Neutrino Experiment, P-ONE, is born from an idea of Prof.
Elisa Resconi supported by the Ocean Networks Canada team and followed
right after by the joint effort of other Canadian and North American univer-
sities.
Over the last four years, the TUM group focused on two path�nders projects,
STRAW and STRAW-b, pointing to the feasibility study of the candidate site
chosen for the P-ONE telescope, Cascadia Basin.
STRAW, the �rst path�nder, has been realised using optical calibration mod-
ules (POCAM) in combination with digital optical modules (sDOM), which en-
abled an initial approach to the development of what will later be the opti-
cal modules for P-ONE. STRAW allowed the �rst measurement of Cascadia
Basin waterattenuation lengthand the �rst monitoring of bioluminescence
background intensities. The preliminary measurement of the attenuation
length looked promising: at 465 nm wavelength Lc is around 30 m. The
monitoring of bioluminescence background showed relatively low intensi-
ties and no signi�cant burst period. Moreover, rates modulations on dif-
ferent time scales result directly correlated with underwater currents.
After the two years of monitoring, it has been possible also to measure
the reduction of photon detection ef�ciency of the sDOMs caused by the
biofouling and sedimentation effects. The obtained results are compatible
with expectations and consistent with those of other neutrino telescopes
currently taking data or under construction.
STRAW results stimulated the implementation of the second path�nding
phase, STRAW-b. This mooring line, equipped with ten different optical
modules, aims to perform a second measurement of the attenuation length
and characterise the background sources. In particular, the biolumines-
cence emission spectrum can be traced by the three spectrometer mod-
ules, covering in combination a wide dynamic range. The marine biology
community is showing particular interest in STRAW-b as it will investigate
for the �rst time bioluminescence emission spectrum in situ.
These studies are fundamental to evaluate Cascadia Basin water optical
properties and all the collected data will be crucial for constraining the
design of the P-ONE telescope.
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and on behalf of the Baikal-GVD Collaboration. High-energy neutrino
astronomy—baikal-gvd neutrino telescope in lake baikal. Symmetry,
13(3), 2021.

[46] Rosa Coniglione. Results from the Mediterranean neutrino detectors.
PoS, ICRC2019:006, 2019.

[47] Matteo Agostini, Michael Böhmer, Jeff Bosma, Kenneth Clark,
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M. Lotze, S. Loucatos, M. Marcelin, A. Margiotta, A. Marinelli, J. A.
Martı́nez-Mora, R. Mele, K. Melis, P. Migliozzi, A. Moussa, S. Navas,
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