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Abstract

The detection of high energetic cosmic rays and cosmic neutrinos has chal-
lenged scientists since their first discovery. New methods and experiments
are needed to gain better understanding of the highest energetic processes
and particles and new sites for large scale neutrino telescopes need to be
tested and probed. We introduce the path finder experiment "STRings for
Absoption length in Water" (STRAW), which is situated at the Cascadia
Basin site in the Pacific Ocean. In June 2018, STRAW was first deployed
by Ocean Networks Canada and has been collecting data since then. The
two 120 meters tall mooring lines at a depth of about 2600 meters are
instrumented by three light sources POCAMs ("Precision Optical Cali-
bration Modules") and five light sensors sDOMs ("SRAW Digital Optical
Module"). In this work, we describe the characterization of the gain, lin-
earity, dark rates and transit time spread of the photomultiplier tubes used
in the sDOMs. The main background of STRAW is bioluminescence pro-
duced by deep sea organisms. We present the upgrade STRAW-b, which
will consist of an additional 450 meter long string with 10 modules. For
this upgrade we present the proposed and ongoing design and the inves-
tigation of two spectrometer modules. For the stand-alone spectrometer,
the response at different distances for different colored LEDs will be pre-
sented. On the other hand for the PMT spectrometer, the estimated rates
for different wavelengths and there comparison to the sDOM rates will be
described. These spectrometers will be deployed to further investigate and
examine the background bioluminescent radiation.
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Chapter 1

INTRODUCTION

1.1 Cosmic Ray Discovery

Ionizing radiation was assumed to be coming from the radioactivity in the
Earth, until in 1909, Theodor Wulf, with an electrometer, measured that
the radiation does not drop on the Ei�el tower as much as was expected.
This lead him to think whether there was another component of radiation
coming from elsewhere [102].

To test Wulf's discovery, Austrian physicist Victor Hess, in the year
1911-12 made a series of ascents in a balloon, taking measurements of the
radiation in the atmosphere at di�erent altitudes.

Figure 1.1: Victor Hess on a balloon
[39]

But he found "no essential change" [39]. In
April 1912, during a near-total eclipse of
the Sun, when Hess ascended to5300me-
ters and saw no decrease in the radiation he
reasoned that since the radiation could not
be coming from the sun, it had to be com-
ing from further out in space. He reported
�The results of my observation are best ex-
plained by the assumption that a radiation
of very great penetrating power enters our
atmosphere from above� [40], for which he
received a Nobel Prize in 1936.

1.2 Cosmic Ray Spectrum

Earth's surface is constantly hit by highly
energetic particles that travel through the

1



2 CHAPTER 1. INTRODUCTION

Milky Way including our solar system -
calledCosmic Rays. Primary cosmic rays, which are those originally pro-
duced in various astrophysical processes, are mostly protons,10% of the
primaries are helium nuclei and less than1% are heavier nuclei of ele-
ments such as carbon, iron and lead. When this primary cosmic ray in-
teracts with the Earth's atmosphere showers of photons, electrons, pions,
positrons, and muons are produced. This cascade of secondary interactions
are calledsecondary cosmic rays. [40]

Figure 1.2 shows how the cosmic ray �ux changes with energy. The more
energetic a cosmic ray is, the rarer it is. Cosmic rays have been observed
to have energies from109 eV to over1020 eV. Over this range the �ux� of
cosmic rays (i.e. the number of particles arriving per unit area per solid
angle per unit time) falls o� with a power law,

� / e
 ; 
 � 2:7 � 3:1 (1.1)

Figure 1.2: Flux of cosmic rays vs. energy [121]

The curve is nearly smooth with the exception of three noticeable points
called the � Knee, Ankle and the GZK cuto�, where its slope changes.



1.2. COSMIC RAY SPECTRUM 3

The origin of these changes in the steepness of the spectrum is still the
subject of intense study, but it is assumed that they distinguish between
populations of cosmic rays originating from di�erent mechanisms [9]. Cur-
rent suggestions are that the cosmic rays with energies less than about
1010 eV are primarily solar cosmic rays produced in solar �ares, while
those with energies between1010 eV and the knee at1015 eV are galactic
cosmic rays produced in the shocks of supernova remnants (mechanism:
Fermi acceleration). The origin of the cosmic rays with energies between
the knee and ankle is unclear ; they are thought to be produced within
the Galaxy, but the energies are too high for them to be accelerated by
the shocks of supernova remnants. The origin of the ultra-high energy
cosmic rays (UHECRs) below the ankle is also unknown, but many have
suggested that these may be created outside of our galaxy [9].

Thus from the knee to the ankle there is a transition from galactic
sources to extra-galactic sources (active galactic nuclei, gamma ray bursts
etc). In this case, the existence of UHECRs with energies above5 � 1019

eV shows a clear cut o� that is in agreement with the GZK but it is not
yet clear if this is due to the GZK or it is caused by the intrinsic spectra
of the sources. At energies beyond this Greisen-Zatsepin-Kuzmin limit
(GZK limit), cosmic rays should interact with the radiation of the cosmic
microwave background. Due to this interaction, the energy of the cosmic
rays is reduced to values below the GZK limit also called the GZK cuto�
or source exhaustion [16].

The acceleration of cosmic rays occurs mainly due to a shock driven
acceleration (�rst order fermi acceleration), which is a fundamental pro-
cess found on any scale in the universe: from solar �ares to star explosions
(supernovae) to rapidly spinning stars (pulsars) to the emissions of super-
bright galaxies known asactive galactic nuclei[121]. All are cases of
matter �owing faster than the speed of sound, producing an expanding
shock wave that accumulates cosmic ray particles (protons and others).
The particles re�ect back and forth across the shock wave, trapped be-
tween the magnetic �eld of the plasma and the vacuum of empty space,
gradually gaining energy with every bounce and eventually escaping [121].
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1.3 Air Showers

High energy primary cosmic ray particles interact with air nuclei near the
top of the atmosphere, initiating a cascade of secondary interactions that
yield a shower of electrons, photons and muons [49]. These air showers
can be gamma induced or hadron induced.

Gamma induced air showers, also calledElectromagnetic Showers, start
with electron-positronpair production. Thesee+ � e� pairs radiate new
gamma rays via the process ofbremsstrahlung, which further undergo pair
production, thereby increasing the number ofe+ , e� , and 
 .

In a hadron induced shower, a high energy proton interacts with at-
mospheric particles, producing pions and kaons, which being unstable,
further generate hadronic, muonic and elecromagnetic components of the
air shower. The decays involved are,

� 0 �! 
 + 
; (1.2a)

� + �! � + � � ; (1.2b)

K + �! � + � � ; (1.2c)

K � �! � � + � 0: (1.2d)

The air shower pro�le and spread reveals the primary particle responsi-
ble for its generation i.e. a hadron or a gamma. Hadronic showers spread
wider than electromagnetic showers as can be seen in Figure 1.3. The
lateral distribution of the shower provides information about its energy
and the direction while the longitudinal pro�le depends on its energy as
well as its composition. The Gaisser�Hillas function, can parameterize the
longitudinal pro�le of the number of charged particles [44].

1.4 Detection

Arriving cosmic ray particles travel at high energies and therefore their ve-
locities are near the speed of light. Hence the products of the collision tend
to move in the same direction as that of the primary, spreading laterally
to some extent. The forward moving secondaries, when travelling faster
than light in the given medium, tend to produce a widespread �ash of light
due tothe Cherenkov e�ect. Some secondary particles in air may also emit
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�uorescence light due to their interaction with the nitrogen molecules in
air. [65]

Figure 1.3: Gamma induced and Hadron induced Air Showers [105]

1.4.1 Cherenkov Detectors

When a charged particle moves inside a polarizable medium, it excites its
molecules higher energy states. Upon returning to their ground state, the
molecules emit some photons in the form of electromagnetic radiation. Ac-
cording to the Huygens principle, the emitted waves move out spherically
at the phase velocity of the medium. If the particle motion is slow, the
radiated waves bunch up slightly in the direction of motion, but they do
not cross. However if the particle moves faster than the light speed, the
emitted waves add up constructively leading to a coherent radiation at an-
gle� with respect to the particle direction, known as Cherenkov radiation.
[62]

The signature of the e�ect is a cone of emission in the direction of
particle motion. Figure 1.4 shows a schematic of the Cherenkov radiation
showing the typical spherical wavefront and the resulting radiation. The
number of photons from Cherenkov radiation at a given wavelength and
the angle of radiation is given by

@2N
@x@�

= 2��
�
1 �

1
� 2

�
1
� 2; (1.3)
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where � =1/137 is the �ne structure constant [62]. Unlike the �uo-
rescence or emission spectra, the Cherenkov radiation spectrum given by
the above formula is continuous and its density is inversely related to the
wavelength squared. Therefore, the number of photons increases as the
wavelength decreases. That explains why most of the Cherenkov radiation
seems blue and mostly in UV range.

Figure 1.4: Left: The waves emitted by an electron travelling slowler than light in water. The
spherical light wave emitted in position (b) does not catch up with the one emitted previously in

position (a). Centre: The electron goes faster than light in the medium. The spherical waves catch
up, generating a conical wave front which follows the corpuscle. Right: The formula gives the angle
of the Cherenkov wavefront with respect to the corpuscule direction as a function of its speed. [7]

1.4.1.1 Water Cherenkov Detector

Water cherenkov detectors principally detect the Cherenkov light from the
air shower particles in the water tanks built on the ground(Figure 1.5a).
This detection is relatively e�cient in water due to its high refractive index.
The Cherenkov light is emitted into a forward cone that surrounds the
direction of motion of the charged particle, which is then detected by the
PMTs that are located in these detector tanks. The energy of the primary
cosmic ray particle can hence be determined based on the amount of light
that is detected by the PMTs whereas the timing gives the information
about the direction of the cosmic rays [59]. Various experiments use water
Cherenkov detectors, the most prominent one being The Pierre Auger
Observatory [64].

1.4.1.2 Air Cherenkov Detector

Air Cherenkov Detectors also calledIACTs (Imaging Air Cherenkov Tele-
scopes) (Figure 1.5b), map the Cherenkov light from air showers with large
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mirrors onto a fast camera in the focal plane of the mirrors and thereby
measure the angular distribution of the Cherenkov light from the air shower
[18]. IACTs are a part of many gamma ray astronomy experiments like
MAGIC, H.E.S.S, CTA etc.

(a) (b)

(c)

Figure 1.5: (a) Water Cherenkov Detector [59], (b) Imaging Air Cherenkov Telescope from H.E.S.S
[18], (c) Schematic view of a �uorescence telescope of the Pierre Auger Observatory [60]

1.4.2 Fluorescence Detectors

The charged particles in air showers also interact with atmospheric nitro-
gen, causing it to emit ultraviolet light via a process called �uorescence.
This light is invisible to the human eye - but not to the optical detectors.
This detection method uses these detectors to observe the trail ofnitro-
gen �uorescenceand track the development of air showers by measuring
the brightness of the emitted light. By studying the longitudinal pro�le
of the showers, these detectors yield information about the composition
of air showers [19]. Pierre Auger Observatory uses 27 such �uorescence
detectors at four di�erent places (Figure 1.5c). Figure 1.6 shows the map
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of the detector sites of Pierre Auger Observatory [119].

Figure 1.6: Map of the Pierre Auger Observatory. The four telescope sites are marked in blue with
lines indicating the �eld of view of the telescopes. The surface detector stations are represented by

black dots. [119]

1.4.3 Radio Antennas

Finally, air showers emit radio waves due to the de�ection of electrons
and positrons by the geomagnetic �eld. As advantage over the optical
techniques, radio detection is possible at all times and not only during dark
and clear nights. Thus, several modern experiments, e.g., Tunka Rex of
TAIGA (Tunka Advanced Instrument for cosmic ray physics and Gamma
Astronomy) [112], LOFAR(Low Frequency Array) [82], or the Pierre Auger
Observatory [91] use radio antennas in addition to particle detectors and
optical techniques. [38]

1.5 Gammas as Cosmic Messengers

Gamma ray astronomy is the observation of cosmic photons with energies
above100 keV [50]. Gammas above30 GeV are referred to as very high
energy (VHE) gamma-rays. They point towards their sources as long as
the energy doesn't get too high. With increasing energy, gammas are
more likely to get absorbed in electron pair production interactions with
ambient radiation �elds. In their sources, VHE
 -rays can be produced
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through various processes [61]. These processes are brie�y explained in
the following sections.

1.5.1 Bremsstrahlung and Synchrotron Radiation

A magnetic �eld could exert a force on a charged particle moving in it
causing the particle to radiate, often in the gamma-ray region of the elec-
tromagnetic spectrum. If the electron is accelerated in the electrostatic
�eld around a nucleus it is calledbremsstrahlung(Figure 1.8). When the
acceleration takes place in a static magnetic �eld the process is called
synchrotron radiation (Figure 1.7). Supernovae and supernova remnants
produce a lot of synchrotron radiation. [120] [27]

Figure 1.7: The charged particle moving through a magnetic �eld is accelerated in a circular motion.
The synchrotron light is emitted from the electron, causing an energy loss of the particle. Figure

taken from [56]

Figure 1.8: The electron (marked with -) moves into the vicinity of a nucleus (marked with +). The
electron is accelerated towards the nucleus and emits bremsstrahlung in the process. Figure taken

from [6]
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1.5.2 Matter Anti-Matter Annihilation

Figure 1.9: Matter-Antimatter
Annihilation [42]

As shown in �gure 1.9 when a particle of
matter collides with its anti-matter twin,
they annihilate each other. Thismatter-
antimatter annihilation produces a pair of
gammas of a speci�c wavelength depending
on the mass of the annihilating particles.

1.5.3 Inverse Compton Scattering

Figure 1.10: Inverse Compton
Scattering [20]

Inverse Compton Scatteringoccurs when
a photon and an energetic charged particle
(say an electron) scatter o� of each other
(�gure 1.10). In this process, the kinetic
energy of the particle can be transferred
to the photon and hence can increase its
energy into the
 ray regime [36].

1.6 High Energy Gamma Ray Sources

After years of theoretical studies and rig-
orous experimenting, the knowledge about the galactic cosmic ray sources
still remains rather limited. The main complication in determining the pro-
duction sites and acceleration mechanism of cosmic rays arises from the
di�usion of charged particles in interstellar magnetic �elds. The charged
particles in the cosmic rays lose their directional information on their way
from the source to Earth. Also the original source spectra of accelerated
particles are signi�cantly modi�ed by this di�usion. Neutrinos and
 rays
- the uncharged components of the cosmic radiation, thus hold the power
to directly reveal the sites of particle acceleration. [85]

Before moving on to neutrino astronomy, this section will cover a very
brief and phenomenological introduction to some known or potential sources
- both galactic and extra galactic - of very high-energy
 rays.

1.6.1 Supernova Remnants

Although the exact nature of cosmic-ray sources in the Galaxy is not yet
�rmly well known, supernova remnants are contemplated to be the most
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plausible candidates both from the theoretical and the observational point
of view [116]

A supernova remnant (SNR) is a di�use, expanding nebula that results
from a supernova explosion [34]. It is bounded by an expanding shock wave
and consists of ejected material expanding from the explosion and the in-
terstellar material it sweeps up and shocks along the way [55]. Although
not necessarily visible at optical wavelengths, SNRs tend to be powerful
X-ray and radio emitters due to interactions with the surrounding inter-
stellar medium. They typically last several hundred thousand years before
dispersing into the interstellar medium, during which time they evolve
[116].

The shockwave accelerates electrons, protons and ions, via the process
of Fermi acceleration, to velocities very close to the speed of light. It
is believed that most cosmic rays in our galaxy are a part of the gas in
the interstellar medium, until they are caught in a supernova shock wave.
By rattling back and forth across the shock wave, these particles gain
energy and become highly energetic cosmic rays [33]. At the site of the
1054 supernova is one of the most remarkable objects in the sky,the Crab
Nebula, now about 10 light-years across [35]. It is one of the most famous
SNR.

1.6.2 Pulsars and Pulsar Wind Nebula

A supernova explosion can leave behind two bits of evidence for its passing:
a pulsar and a supernova remnant [29].

A pulsar is a spinning neutron star, about 1.4 times as massive as the
Sun but with a diameter of only 20 kilometers. Pulsars release enormous
amounts of energy in terms of a strong plasma wind and relativistic par-
ticles [106]. They have very strong magnetic �elds which funnel jets of
particles out along the two magnetic poles. These accelerated particles
produce very powerful beams of light - like from a rotating lighthouse [24].

A pulsar also has a wind, and charged particles, sometimes accelerated
to near the speed of light, form a nebula around the pulsar:a Pulsar
Wind Nebula (PWN) [43]. Processes creating pulsar wind nebulae are
complicated and they evolve through various phases before creating a so-
called relic nebula, which is visible as a wind bubble, shell nebula, or as a
bow-shock [45]
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Figure 1.11: Association between a pulsar and a supernova remnant [29]. The pulsar moves away
from its original location, the center of explosion.

The emission from PWN can be divided into two broad categories � one
originating from the relativistic particles within the nebula and the other
produced by material that has been swept up by the nebula. The former
is a combination of synchrotron radiation and Inverse Compton radiation
associated with the up-scattering of ambient photons. The latter however
is a result of the expanding PWN into the surrounding supernova ejecta,
which heats the ejecta. The resulting emission is a combination of radiation
from shocked gas and continuum emission from dust condensed from the
cold ejecta in the early adiabatic expansion of the SNR [114].

The Crab Nebula is the best-known member of this class; indeed, it is
generally regarded as the `standard candle' for high-energy astrophysics.
Its emission over more than 15 decades in energy shows it to be an e�ective
particle accelerator [28]. Figure 1.11 shows a sketch of an association
between a pulsar and a supernova remnant. Pulsars generally move away
from the center of the supernova remnant with which they are associated,
since they usually have quite high velocities [29].
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1.6.3 Active Galactic Nuclei

The supremely massive representative of compact accreting objects is the
so-called Active Galactic Nuclei (AGN). They are a candidate source of
high and ultra-high energy cosmic rays [46]. AGN reside amongst the most
luminous objects in the universe. They source their energy from accretion
processes onto super-massive black holes of106 to 109 of solar masses.
While they are typically accreting about two solar masses per year, they
release an immense amount of radiated energy. Much of the energy output
of AGNs is of a non-thermal (non-stellar) type of emission, with many
AGN being strong emitters of X-rays, radio and ultraviolet radiation, as
well as optical radiation. Most of this energy is emitted from a region that
is by a factor108 more compact than the host galaxy. [11]

AGN can vary in luminosity on short (hours or days) timescales. This
means that the light or energy-emitting source must be of order light hours
or light days (respectively) in size, and gives clues as to the energy mech-
anism [3].

Numerous subclasses of AGN have been de�ned based on their observed
characteristics. They are thought to be powered by supermassive black
holes, which lie at the center of massive galaxies. However, the black
holes themselves do not emit visible or radio light (i.e. they are �black�)
� the light we see from AGNs comes from a disk of gas and stars called
an accretion disk, which surrounds the black hole. Intense heat and light
is emitted from this accretion disk, caused by friction produced from the
material swirling around, and eventually into, the black hole.

AGNs are typically more than 100 times brighter than their host galax-
ies. They also emit jets from their central regions, which can be larger in
extent than the host galaxy. When an AGN jet interacts with the gas sur-
rounding the galaxy, radio waves are emitted which can be seen as �radio
lobes� by radio telescopes [30].

1.6.3.1 Blazar

A blazar is an AGN with its jets pointing at the earth. Like other forms of
active galactic nuclei (AGN), blazars are the most luminous and energetic
objects in the known universe [37].

Figure 1.12 (adapted from [4]) shows an artistic representation of an
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Active Galactic Nuclei. The central black region shows the supermassive
black hole. The accretion disc around the black hole consits of rotating
material, the heat and friction of the particles producing luminosities out-
shining the host galaxy. The jet is indicated with blue lines, being emitted
perpendicular to the accretion disc.

Figure 1.12: Artistic representation of an AGN [4]

1.6.4 Gamma Ray Bursts

Another possible source candidate of UHECRs are Gamma Ray Bursts
(GRBs). A GRB is an astrophysical phenomenon of a short, but very
intense �are of gamma rays from space [67]. Gamma ray astronomers have
observed these explosions, which are extremely energetic, in various distant
galaxies. According to the internal shock model, the prompt emission in
gamma-rays is expected to come from internal collisions inside the ejected
material, accelerating particles to the highest energies [67]. GRBs shine
hundreds of times brighter than a typical supernova and about1018 times
brighter than the Sun. When a GRB erupts, it is brie�y the brightest
source of cosmic gamma-ray photons in the observable Universe [14].
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Figure 1.13: Illustration of a gamma-ray burst [13].

GRBs can last from ten milliseconds to several hours. After an ini-
tial �ash of gamma rays, a longer-lived "afterglow" is usually emitted at
longer wavelengths (X-ray, ultraviolet, optical, infrared, microwave and
radio) [51]. Figure 1.13 shows the most common type of gamma-ray burst,
thought to occur when a massive star collapses, forms a black hole, and
blasts particle jets outward at nearly the speed of light.

1.7 Neutrinos as Cosmic Messengers

Just like gammas, neutrinos are expected to be produced in both galactic
and extragalactic objects. For example, they are produced in the processes
that power stars, the most near-by of them being our Sun. It emits electron
neutrinos with energies in the MeV range. These neutrinos have been
observed by several experiments like the Super-Kamiokande experiment
[84], Borexino [63] and Sudbury Neutrino Observatory [71] and have been
used to study properties of the neutrinos itself, like the oscillation between
di�erent leptonic �avors of neutrinos [107].

In the subsequent chapter we talk more meticulously about neutrinos,
discussing a few potential sources of high energy neutrinos, followed by in-
troduction to neutrino oscillations, neutrino production models and �nally
giving a brief overview of some currently running neutrino telescopes.





Chapter 2

NEUTRINO ASTRONOMY

2.1 Motivation to Neutrino Astronomy

The disadvantage of classical astronomies like observations in the radio,
infrared, optical, ultraviolet, X-ray, or gamma-ray band is related to the
fact that electromagnetic radiation is quickly absorbed in matter. Neutri-
nos on the other hand have extremely small interaction probabilities which
proves to be an advantage for astronomy.

The optimal astronomical messenger:

ˆ Should not be in�uenced by magnetic �elds.

ˆ Should not decay from source to Earth.

ˆ Must be penetrating so that one can look into the central part of the
sources.

ˆ Should not be absorbed by interstellar or intergalactic dust or by in-
frared or blackbody photons. [87]

These four requirements are ful�lled by neutrinos and hence make them
ideal cosmic messengers. As mentioned above neutrinos have very small
cross section with matter, which enables them to escape very dense as-
trophysical environments, where e.g. photons can be trapped. This small
interaction cross section however, also makes them hard to detect. To
facilitate neutrino detection one needs huge detection volumes. [83]

2.2 Candidate Astrophysical Neutrino Sources

If the sources and acceleration mechanisms of charged cosmic rays or VHE

 -rays involved hadronic interactions, they could also be sources of highly

16



2.2. CANDIDATE ASTROPHYSICAL NEUTRINO SOURCES 17

energetic neutrinos [107].
Neutrinos are known to be coming from both arti�cial and natural

sources. The two principal types of arti�cial neutrino sources are �ssion
reactors, producing electron-type anti-neutrinos from beta decays of �s-
sion fragments, and proton accelerators, producing muon neutrinos (or
antineutrinos) from pion decays in �ight.

However, one of the most important discoveries in neutrino physics,
the phenomenon of neutrino oscillations, came about not through the use
of arti�cial neutrino sources, but by using neutrinos produced naturally
in the Sun and in the Earth's atmosphere. Astrophysical neutrinos can
provide information both on the physics of neutrinos and on important
astrophysical phenomena such as supernovae and active galaxies. [100]
[78]

2.2.1 Solar Neutrinos

In this section, we introduce the theoretical description of the solar neu-
trinos.

Solar neutrinos are produced in the core of the Sun through various
nuclear fusion reactions, each of which occurs at a particular rate and
leads to its own spectrum of neutrino energies. The main contribution
comes from the proton-proton reaction [54].

p + p �! d + e+ + � e (2.1)

This p-p reaction is dominant in light starts like our Sun. The pp
neutrinos amount to more than 90% of the solar neutrino �ux coming to
Earth. The fusion of proton plus proton (pp) to deuterium plus positron
plus neutrino is responsible for 98% of the energy production of the sun.
Therefore these pp-neutrinos are the most plentiful, and the most reliably
estimated. [1]

The neutrino �ux from the Sun is enormous: about 60 billion per square
centimetre per second. Even given the neutrino's reluctance to interact, it
seems that detecting solar neutrinos should be a reasonably practical task.
Unfortunately, the vast majority of pp neutrinos have very low energy,
< 0:42MeV. Most methods of neutrino detection are not sensitive to such
low-energy neutrinos, so most experiments rely on the higher energy7Be
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and 8B neutrinos produced in the pp-II and pp-III side chains (the pep
and hep neutrinos (Figure 2.1) also have high energies, but are very rare).
[77]

The Sun is a pure electron � neutrino source. It does not produce
electron antineutrinos and, in particular, no other neutrino �avours. Solar
neutrinos have been instrumental in studying neutrino oscillations; results
from solar neutrino experiments are still a key input into calculations of
neutrino mixing angles. Some experiments that are trying to measure
the �ux of solar neutrinos are GALLEX, SAGE, Borexino and Super-
Kamiokande. [78]

Figure 2.1: pp chain in the Sun [77]

2.2.1.1 The Solar neutrino problem

An interesting thing happened when scientists started looking for the elec-
tron neutrinos from the Sun in the 1960s. Only about one third to one half
of the predicted number of neutrinos actually showed up in detectors. This
was calledthe solar neutrino problem[31]. As measurements of the sun
improved and the solar model was validated, researchers looked more and
more to new physics beyond the Standard Model to explain the neutrino
de�cit. The breakthrough came with data from two experiments-Super-
Kamiokande and the Sudbury Neutrino Observatory - that discovered the
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solution to the solar neutrino problem:neutrino oscillations. Roughly two-
thirds of the electron neutrinos coming from the sun change their �avor as
they travel, arriving as muon or tau neutrinos. Evidence that neutrinos
changed type also proved that they have mass, something not predicted
by the Standard Model. [31]

2.2.2 Geo-neutrinos

A geoneutrino is a neutrino or antineutrino emitted in decay of radionuclide
naturally occurring in the Earth. Most geoneutrinos are electron antineu-
trinos originating in � -decay branches of40K, 232Th and 238U. Together
these decay chains account for more than 99% of the present-day radio-
genic heat generated inside the Earth [52]. Even though the geo-neutrino
�ux at the Earth surface is some106cm� 2s� 1, their detection is challenging
as antineutrinos interact with matter only through the weak interaction,
thus the probability of such interactions, and possible detection, is very
small [68].

Scientists at the KamLAND experiment in Japan and the Borexino de-
tector in Italy have been studying geoneutrinos, though not exclusively.
Researchers spot geoneutrinos when an antineutrino smacks into the ma-
terial in a detector, causing a reaction called inverse beta decay. [15]

� e + p �! e+ + n (2.2)

The positron quickly annihilates with an electron inside the detector,
producing �ashes of light that are then recorded. Another signal emerges
when the neutron is captured by a nearby proton. By looking for the twin
signals, scientists can rule out problematic background noise and con�rm
the neutrino interaction with high accuracy [15].

2.2.3 Supernova neutrinos

When a massive star at the end of its life collapses to a neutron star, it
radiates almost all of its binding energy in the form of neutrinos, most of
which have energies in the range 10-30 MeV. These neutrinos come in all
�avors, and are emitted over a timescale of several tens of seconds [23].
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Figure 2.2: Core collapse supernova [23].

Core collapse supernovae (�gure 2.2) arise when a massive star comes
to the end of its life. All stars generate energy from nuclear fusion reac-
tions, initially using hydrogen; when the hydrogen in the central regions
runs out, stars like the Sun will eventually switch to fusing helium into
carbon � which requires much higher central temperatures � before dying
as a white dwarf. Stars with more than 8 times the mass of the Sun can
continue this process of fusing heavier elements through successively heav-
ier isotopes, until they form a core of iron. Once the star has formed an
iron core, it is predestined to become either a core collapse supernovae, a
neutron star or a stellar black hole. When the core becomes too massive
to support itself against gravity, it collapses, and in these conditions of
extreme heat and pressure the protons and electrons combine together to
form neutrons, releasing electron-neutrinos. Conditions are so hot that
even more neutrinos are made thermally, as neutrino-antineutrino pairs:
in fact, even though to us it's the light from the supernova that is spec-
tacular, 99% of the energy released by a core-collapse supernova comes in
the form of neutrinos. [79]

The neutrino signal emerges from the core of a star promptly after core
collapse, whereas the photon signal may take hours or days to emerge from
the stellar envelope. The neutrino luminosity of a gravitational collapse-
driven supernova is typically 100 times its optical luminosity [23].
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Colgate and White'stheory of supernova neutrino production [74] was
con�rmed in 1987, when neutrinos from Supernova 1987A were detected.The
water-based detectorsKamiokande II andIMB detected 11 and 8 antineu-
trinos respectively, while the scintillator-basedBaksan detectorfound 5
neutrinos, in a burst less than 13 seconds long. The neutrino signal from
the supernova arrived at earth several hours before the arrival of the �rst
electromagnetic radiation, as expected from the evident fact that the latter
emerges along with the shock wave.[53]

Information from a supernova can be used to learn more about neutrinos,
such as how they change over long distances and setting limits on how
massive they can be. They can also be used to learn more about the life
cycle of stars and the formation of neutron stars and black holes [32].

2.2.4 Atmospheric Neutrinos

Atmospheric neutrinos are typically produced around 15 kilometers above
Earth's surface. They form when a cosmic ray, an energetic particle from
space, crashes into Earth's atmosphere [99].

Figure 2.3: Neutrino production from cosmic rays [99]. The primary particle, the cosmic ray hits a
nuclei in the atmosphere. An example particle cascade is depicted in this �gure, starting with the

decay of two pions and producing atmospheric neutrinos. There are twice as many muon neutrinos
produced as electron neutrinos.

As mentioned in Chapter 1, cosmic rays are a radiation of high energy
particles arriving at the Earth from the Universe. In the GeV/nucleon
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energy region, these cosmic-ray particles are mostly protons, about 5% are
Helium nuclei and a still smaller fraction of heavier nuclei [98].

These cosmic ray particles, after entering into the Earth's atmosphere,
interact with the nuclei in the high altitude atmosphere. Typically, in these
high-energy nuclear interactions, many� mesons, and less abundantly K
mesons, are produced. Since these mesons are unstable, they decay to
other particles. For example, a� + decays to a muon (� + ) and a � � . The
produced muon (� + ) is also unstable and decays to a positron (e+ ), a � �

and a � e. Similar decay processes occur for� � and K mesons. In this
manner, neutrinos are produced when a cosmic-ray particle enters the at-
mosphere [99]. Figure 2.3 shows schematically the production of neutrinos
in the atmosphere. These neutrinos are called atmospheric neutrinos.

� + �! � + + � � (2.3a)

� � �! � � + � � (2.3b)

� + �! e+ + � e + � � (2.3c)

� � �! e� + � e + � � (2.3d)

If all the muons decayed before reaching the ground, we would expect
to see two muon-neutrinos for every electron-neutrino (one muon-neutrino
associated with the production of the muon, one of each produced when it
decays). Early observations of atmospheric neutrinos were contradictory,
with some experiments observing approximately the expected ratio while
others saw signi�cantly fewer muon-neutrinos than expected: the Atmo-
spheric Neutrino Anomaly. After some years of disagreement, data from
Super-Kamiokande �nally convinced everyone that the de�cit was real and
a consequence of neutrino oscillations. The atmospheric neutrino anomaly
along with the solar neutrino problem is a de�nitive evidence for neutrino
oscillation. [80]

2.2.4.1 Neutrinos from cosmic accelerators

Recalling from chapter one, most cosmic rays may come from supernova
remnants and the more energetic ones may originate in active galaxies or
gamma-ray bursts -cosmic accelerators.

The neutrinos generated from these sources carry far more energy than
any other kind of neutrino we see here on Earth�and more than we could



2.3. NEUTRINO OSCILLATIONS 23

hope to produce in any of our experiments. The most energetic neutrinos
ever witnessed were cosmic neutrinos captured by the IceCube experi-
ment, a neutrino telescope made of a cubic kilometer of Antarctic ice.
Researchers witnessed neutrinos with petaelectronvolts of energy, or one
thousand trillion electronvolts. [8]

2.2.5 Relic Neutrinos

Just like the cosmic microwave background (CMB) radiation left over from
the Big Bang, there is a background of low-energy neutrinos in our Universe
[53]. This cosmic neutrino background (CNB or C� B) is the universe's
background particle radiation composed of neutrinos. They are sometimes
known asrelic neutrinos [48]. These "Big Bang" neutrinos could provide
the earliest insight into the youngest state of our universe.

2.3 Neutrino Oscillations

Contrary to predictions of the standard model, the �avor of neutrinos
change as they travel. A neutrino might start out as an electron neutrino,
but as it moves, it may morph into a muon neutrino or a tau neutrino,
changing �avors as it goes. Looking at how neutrinos change as they
travel yields valuable information about the particles [22]. Perhaps the
most important thing to know about neutrinos is that they come in three
types, or �avors: electron neutrino(� e), muon neutrino(� � ), tau neutrino
(� � ).

Each �avor of neutrino is considered a fundamental particle and they
are associated with three similarly named fundamental particles, the elec-
tron, muon and tau. When a neutrino interaction happens, this partner
lepton often shows up, which helps in identifying the neutrino �avor that
generated this lepton.

Neutrinos are produced in astronomical sites with some initial compo-
sition of the above mentioned �avors. For instance:
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1. in the Sun they are electron neutrinos , since the matter is proton-rich
and certain nuclear species transform according top ! n + e+ + � e

2. in supernovae, all types of neutrinos and antineutrinos are produced,
due to all types of reactions, including the pair radiationN + N ! N +
N + � l + � l with l = e; �; �

3. in cosmic ray collisions, around their sites of production, they are
mostly electron and muon neutrinos and anti-neutrinos, since they are due
to light meson decays such as� + ! � + + � � followedby� + ! e+ + � e+ � �

However, for neutrinos to change �avor, neutrinos had to possess mass.
Once produced, therefore, the neutrinos and antineutrinos with given �avor
l = e; �; � cannot propagate unperturbed, since they are not states with
de�nite mass. They are rather superpositions of states with given mass.
[111]

One of the most sensitive methods to observe small neutrino masses
is to study neutrino �avor oscillations. If neutrinos have �nite masses,
each �avor eigenstate (e.g.� � ) can be expressed by a combination of
mass eigenstates(� 1; � 2; � 3). The relation between the mass eigenstates
(� 1; � 2; � 3) and the �avor eigenstates(� � ; � e; � � ) can be expressed by

0

@
� e

� �

� �

1

A = U

0

@
� 1

� 2

� 3

1

A (2.4)

where U is the mixing matrix. The mixing matrix U (Pontecorvo�Maki�
Nakagawa�Sakata ORPMNS Matrix ) is expressed by

U =

0

@
c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� c12s23 � s12c23s13ei� c23c13

1

A (2.5)

wherecij and sij representcos� ij and sin� ij respectively [99].
As already mentioned, high energy neutrinos are produced in astro-

physical sources mainly through the decay of charged pions, in p
 , pp, pn
interactions. Therefore, neutrino �uxes of di�erent �avors are expected to
be at the source in the ratio:

� e : � � : � � = 1 : 2 : 0 (2.6)
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Neutrino oscillations will induce �avor changes while neutrinos prop-
agate through the Universe. One has to consider mass eigenstates� m =
� 1; � 2; � 3 in the propagation, instead of weak �avor eigenstates� l = � e; � � ; � � .
The weak �avor eigenstates� l are linear combinations of the mass eigen-
states� m through the elements of the mixing matrix U as seen in eqn. 2.4
is [73] :

� l =
3X

m=1

Ulm � m (2.7)

The oscillation probability in the simple case of only two �avors, for
instance (� � ; � � ) and one mixing angle� 23, is [73]:

� � = � 2 cos� 23 + � 3 sin� 23 (2.8a)

� � = � � 2 sin� 23 + � 3 cos� 23 (2.8b)

(2.8c)

The probability for a neutrino produced in a �avor state� � to be ob-
served in a �avor state� � after traveling a distance L through the vacuum
is

P( � � ! � � ) = sin 2 2� 23 sin2(
1:27� m2

23( eV2) L( km)
E � ( GeV)

) (2.9)

whereE � is the neutrino energy,� 23 is the mixing angle between the
�avor eigenstates and the mass eigenstates, and� m2

23 is the mass-squared
di�erence of the neutrino mass eigenstates (� j m2

2 � m2
3j) [99].

The above 2-�avor oscillation formula has to be generalized to three-
�avor oscillations. In the three-�avor oscillation framework, neutrino os-
cillations are parametrized by three mixing angles (� 12; � 23; and� 13), three
mass squared di�erences (� m2

12; � m2
23, and� m2

13; among the three� m2's,
only two are independent), and one CP phase (� ). � 23 and � m2

23 are most
relevant to present atmospheric neutrino experiments.� 12 and � m2

12 are
most relevant to solar and long baseline reactor neutrino experiments.� 13

was most recently measured by accelerator-based long baseline and reactor
neutrino oscillation experiments. [99]

According to these neutrino oscillation parameters, the ratio of �uxes of
neutrinos from astrophysical origin (i.e. very large baseline L) in eqn. 2.6
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changes to a �ux ratio at Earth as [73]

� e : � � : � � = 1 : 1 : 1 (2.10)

2.4 Neutrino Interactions

While the previous sections were dedicated to the sources, production
mechanisms and types of cosmic neutrinos, this section deals with the
interactions of neutrinos at (or rather inside) the Earth and the detection
of these interactions.

Since neutrinos are very light, electrically neutral leptons, they interact
only through the weak force (and as all matter, through gravitation).

When neutrinos encounter a matter, target reactions takes place with
both electrons and nucleons. However, for neutrinos with energies in the
range1PeV � E � � 100PeV the cross-section forneutrino + electron
reactions is very small compared with the cross-section forneutrino +
nucleonreactions. Hence the total neutrino interaction cross sections are
dominated to a very large extent by these deep inelastic scattering reactions
of the neutrino on the nucleon.

Figure 2.4: An example Feynman diagram of charge current� � interaction [113].

Neutrinos interact via weak interactions.

ˆ "Charged-current interaction" (CC) mediated by particles that carry
an electric charge (the W+ or W-bosons), and is responsible for the
beta decay phenomenon [57]. Here the neutrino interacts with a nu-
cleon and converts into the equivalent charged lepton where �nally
detectors detect this charged lepton (by detecting the cherenkov radi-
ation emitted by this charged lepton in the medium)
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ˆ "Neutral-current interaction" (NC) mediated by a neutral particle,
the Z boson [57]. This is where the neutrino remains a neutrino, but
transfers energy and momentum to whatever it interacted with � this
energy transfer is detected, either because the target recoils or because
it breaks up.

Figure 2.5: An example Feynman diagram of neutral current� � interaction [113].

In principle, charged-current interactions are easier to work with, be-
cause electrons and muons have characteristic signatures in particle detec-
tors and are thus fairly easy to identify. They also have the advantage
that they ��avour-tag� the neutrino: if an electron is produced, it came
from an electron-neutrino. However, there must be enough available en-
ergy to allow the mass of the lepton to be created from E = mc2 � this
means that for very low-energy neutrinos (e.g. solar and reactor neutrinos)
charged-current interactions are only possible for electron-neutrinos. [76]

Schematic views of a� e, � � and � � CC events and of a NC event are
shown in Fig. 2.6. Neutrino and anti-neutrino reactions are not distin-
guishable; thus, no separation between particles and anti-particles can be
made.
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Figure 2.6: Some event signature topologies for di�erent neutrino �avors and interactions in
ANTARES. (a)CC � � interaction, (b) CC � � interaction, tracing the double bang signature, (c) CC

� e interaction and (d) a NC interaction producing a hadronic shower [90].

2.5 Neutrino Detection

Neutrino interaction cross sections are very small. Therefore, huge tar-
get masses are needed for their detection, and the detection can only be
indirect, i.e. through the detection of the interaction products. Several
distinctive detector technologies have been used in neutrino experiments
throughout the years, subject to the needs of the area of study. Suitable
topographies of a neutrino experiment must typically include many of the
following [76]:

ˆ Low energy threshold , so that low-energy neutrinos can be detected
and studied (especially forsolar neutrinos)

ˆ Good angular resolution , so that the direction of the detected
particle can be accurately reconstructed (especially forastrophysical
neutrinos)

ˆ Good particle identi�cation , so that electrons and muons can be
well separated (essential foroscillation experiments)

ˆ Good energy measurement , so that the energy of the neutrino
can be reconstructed (useful for oscillation measurements and astro-
physics)
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ˆ Good time resolution , so that the time evolution of transient signals
can be studied (essential forsupernova neutrinos, and important for
other astrophysical sources)

ˆ Charge identi�cation , so that leptons and antileptons can be sepa-
rated (will be essential for neutrino factory experiments)

It is not possible to have all of these things in one experiment � for ex-
ample, experiments with very low energy threshold tend not to have good
angular or energy resolution. Neutrino physicists select the most appro-
priate technology depending on the aims of a particular experiment [76].
In the following sections, we will discuss di�erent neutrino experiments.

2.5.1 KM3NET

At the bottom of the Mediterranean Sea, an enormous detector is being
constructed that will study cosmic neutrinos that have passed straight
through the Earth. Numerous scienti�c and technical challenges need to be
overcome to make this possible. The principle of the KM3NET (acronym
for Cubic Kilometer Neutrino Telescope) detector is based on the very
accurate measurement of the arrival time of the cherenkov radiation wave-
front generated by the charged lepton [21] [2].

As the chances of neutrino interactions are so small, the measurements
would be performed in an enormous volume of water to be able to detect
enough neutrino interactions. The KM3NeT detector will have a total
volume of 3km3, and will thus be able to detect several cosmic neutrinos
per year. The detector (see Figure 2.7) is made up of detection lines, each
of which has 18 digital optical modules (DOMs). These are thick glass
spheres, which each contain 31 photomultiplier tubes (PMTS): highly sen-
sitive sensors that detect the Cherenkov radiation. The vertical distance
between the spheres is 40m: a detection line is 760m long. The distance
between the lines is about 100m. The detector is located at a depth of
3.5 km under the surface on the seabed. With a height of 760m the de-
tetror still has 2.7km of water above it. No sunlight penetrates to that
depth. However, there is some light from radioactive decay (40Kis a ra-
dioactive component of sea salt) and from organisms that produce light,
a phenomenon calledbioluminescence, which will be discussed in detail
later. But these light sources do not move through the detector with con-
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siderable speed, making them easily distinguishable from a neutrino signal.
Another source of background are the Atmospheric muons which will also
be brie�y introduced in chapter 4. [21] [2]

Figure 2.7: Impression of the KM3NET detector [21]

KM3NeT is not the �rst neutrino telescope of this3pThe ANTARES
detector, which is located near Toulon in France at a depth of g.g km, has
been detecting neutrinos since 2007.

2.5.2 ICECUBE

The South Pole is a home to the world's largest neutrino detector - Ice-
Cube.

IceCube is an international collaboration which has constructed and is
operating the world's largest neutrino telescope. Its main mission is the
discovery and exploration of Galactic and extragalactic sources of high-
energy neutrino emission. However, the detector is also well suited for
the search for dark matter (WIMPs) and the measurement of cosmic rays,
neutrino oscillations and several other topical questions in particle and
astroparticle physics. [101]

While photographs of IceCube often show a building sitting on the
snowy surface, the real work is done below. The multipurpose experi-
ment includes a surface array, IceTop, an array of stations that sit above
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the strings. IceTop serves as a calibration detector for IceCube, as well as
detecting air showers from primary cosmic rays, and their �ux and com-
position. [110]

Figure 2.8: Sketch of IceCube detector [58].

The dense inner subdetector, DeepCore, is the powerhouse of the Ice-
Cube experiment. Each of the IceTop stations are made up of strings
attached to digital optical modules (DOMs) that are deployed on a hexag-
onal grid spaced 125 meters apart. Several hundred scientists and engineers
have constructed and deployed over 5,000 OF THESE individual photo-
sensors in 86 separate 1.5-mile-deep holes melted in the polar ice cap with
a custom-designed hot-water drill. Over the course of seven summer sea-
sons these sensors were installed. The IceCube array was fully installed
in early 2011 and has been taking data continuously ever since [81]. This
array of ice-bound detectors can sense with great precision when a neu-
trino �ies through and interacts with a few Earthly particles that generate
dim patterns of bluish Cherenkov light, given o� when charged particles
move through a medium like ice at close to light speed. Figure 2.8 shows
a sketch of the Icecube detector. Deep within the ice, IceCube is able to
hunt for neutrinos that come from the sun, from within the Milky Way,
and from outside the galaxy.

IceCube successfully deected the so called "IceCube-170922A neutrino"
� and traced it back to a small patch of sky in the constellation Orion
and pinpointed the cosmic source: a �aring black hole the size of a billion
suns, 3.7 billion light years from Earth, known as blazar TXS 0506+056
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[81], [75].
In addition, design work is now underway on a next generation neu-

trino observatory, IceCube-Gen2 , with the goal to instrument a volume
of 10km3, and deliver a substantial increase in sensitivity to astrophysical
neutrinos of all �avors. IceCube-Gen2 would build upon the existing Ice-
Cube detector infrastructure, and would take advantage of the very long
absorption lengths found in the glacial ice near the IceCube detector to
add additional instrumentation with signi�cantly larger string separation
distances. Building this larger instrument would be achieved with a com-
parable number of strings used in the existing IceCube detector, and would
target neutrino energies above� 50 TeV with high e�ciency. [58]

2.5.3 SUPER-KAMIOKANDE

Super-Kamiokande is a large water Cherenkov detector, the construction
of which started in 1991 and the observations began on April 1st, 1996.
The Super-Kamiokande is operated by an international collaboration of
about 150 people and about 40 institutes [25].

Figure 2.9: The Super-Kamiokande detector, in cutaway, showing the inner and outer detector,
partially �lled with water [97].

The Super-Kamiokande detector consists of a stainless-steel tank, 39.3m
diameter and 41.4m tall, �lled with 50,000 tons of ultra pure water (�gure
2.9). About 13,000 photo-multipliers are installed on the tank wall. The
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detector is located at 1,000 meter underground in the Kamioka-mine, Hida-
city, Gifu, Japan.[25]

The PMT support structure divides the tank into two distinct, optically
isolated volumes, the inner detector (ID) and the outer detector (OD). The
inwarded PMTs are installed to the ID wall and the outwarded PMTs to
the OD wall. The inward-facing 11,129 photo-multiplier-tubes (PMTs) are
instrumented in the inner tank. The Cherenkov light emitted by charged
particles running in water is detected by these sensors. After 2002, in
order to avoid chain reactions of implosions even if a single PMT implosion
happen, all of inner PMTs are covered with acrylic and �berglass shields.
The main purpose of the outer detector is to distinguish the neutrino events
from the cosmic ray muon events. The cosmic ray muons are background
sources of the neutrino observation. [10]

Because the neutrinos are electrically neutral, the Cherenkov light is
emitted when the neutrinos scatter with the water. On the other hand,
because the cosmic ray muon have an electric charge, the Cherenkov light
is immediately emitted when the cosmic ray muon enters the detector.
Therefore, in case of cosmic ray muons the OD PMTs almost have hits,
while in case of neutrinos, the OD PMTs have few hits. This di�erence
enables to roughly distinguish between neutrinos and cosmic ray muon
events. [12]

Figure 2.10: Two simulated events displayed for the Super-Kamiokande detector. Left: a muon
event. Notice the cleaner outer ring of the Cherenkov cone. Right: an electron event. Notice that the

ring is much more ragged due to the many particles of the electromagnetic shower and multiple
scattering of the shower particles [69].



34 CHAPTER 2. NEUTRINO ASTRONOMY

Shown in Figure 2.10 is the signal in the photomultipliers of the de-
tectors. The color code indicates arrival time. When a charged particle
�ies through the detector, the cherenkov cone can be seen by the PMTs
as depicted in the �gure. One of the purposes of the Super-Kamiokande
experiment is to reveal the neutrino properties through the observation of
solar neutrinos, atmospheric neutrinos and man-made neutrinos. In 1998,
Super Kamiokande measured neutrino oscllation from the observation of
atmospheric neutrinos. Neutrino oscillation describes a change of neutrino
type in their �ight. In 2001, solar neutrino oscillation was measured when
observing solar neutrinos. In 2011, the third neutrino oscillation mode was
detected by man-made neutrino observation. [10], [12]

The picture in Fig. 2.10 is the event display of a muon neutrino detected
by the Super-Kamiokande. The colored points indicate the quantity of the
detected light by each PMT. The Cherenkov ring emitted by a muon is
displayed [69].

2.5.4 BAIKAL/GVD

The Baikal Deep Underwater Neutrino Telescope (BDUNT) is a neutrino
detector conducting research below the surface of Lake Baikal (Russia)
since 2003. At 1.1km beneath the surface of the world's deepest lake and
pointing towards the centre of the Earth, it is one of the most unusual
telescopes on the planet [41]. The �rst detector was started in 1990 and
completed in 1998. It was upgraded in 2005 and again starting in 2015
to build the Baikal Gigaton Volume Detector (Baikal-GVD.) BDUNT has
studied neutrinos coming through the Earth with results on atmospheric
muon �ux. BDUNT picks up a lot of atmospheric neutrinos created by
cosmic rays interacting with the atmosphere � as opposed to cosmic neu-
trinos which can give clues to cosmic events and are therefore of greater
interest to physicists [47].

The original NT-200 design was deployed in stages 3.6 km from shore at
a depth of 1.1 km. The �rst part, NT-36 with 36 optical modules (OMs)
at 3 short strings, was put into operation and took data up to March
1995. NT-72 ran 1995�1996 then was replaced by the four-string NT-
96 array. Over its 700 days of operation, 320,000,000 muon events were
collected with NT-36, NT-72, and NT-96. Beginning April 1997, NT-144,
a six-string array took data. The full NT-200 array with 192 modules was
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completed April 1998. In 2004-2005 it was updated to NT-200+ with three
additional strings around NT-200 at distance of 100 meters, each with 12
modules. [47]

The successful, more than 10 year long operation of the the NT200
Baikal neutrino telescope proved the feasibility and e�ciency of neutrino
detection in natural media, which made it possible to pass to development
and implementation of projects of new generation setups with a sensi-
tive volume of� 1 km3. The �rst stage of 3 strings was switched on in
April 2013. During 2015 the GVD demonstration cluster with 192 optical
modules was successfully operated. In 2016 this array was upgraded to
the baseline con�guration with 288 OMs on eight vertical strings. It is
expected to be completed around 2020. [66]





Chapter 3

Strings for Absorption Length in Water
(STRAW)

ONC (Ocean Networks Canada), an initiative of the University of Victoria,
in British Columbia, operates undersea sensor networks around Canada
and they support interdisciplinary science through a wide variety of instru-
ments connected by undersea cables that provide ample power and giga-
bits per second of communication capability. Of particular note, the ONC
deep-sea infrastructure at Cascadia Basin dark site (N47� 460 W127� 460)
, at a depth of � 2600 m b.s.l., provides a number of the ideal prerequi-
sites for a possible large scale neutrino telescope. To this end, since late
2017 a path�nder mission emerged named �STRings for Absorption length
in Water� (STRAW) with the aim to build and deploy photosensors and
calibration instrumentation. In June 2018 STRAW was deployed at the
Cascadia Basin site and has been collecting data since then. [70]

The target of the STRAW project is the investigation of the Cascadia
Basin for its feasibility as a possible new large scale neutrino telescope
site by characterizing the optical properties of its deep waters. Ultimately
this will enable the evaluation of the site and its compatibility to host a
potential large-volume neutrino telescope. In what follows, I will refer to
the previous theses related to STRAW [86] [92] along with [70].

3.1 STRAW Concept and Design

STRAW was built and deployed with a vision of being a new large-scale
neutrino facility in the Paci�c. The main aims of STRAW are

1. To principally deduce the attenuation properties of the sea water thus
allowing the measurement of the absorption and scattering length of

36
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the water at Cascadia Basin in the wavelength range between 350 nm
and 600 nm, and

2. The characterization of the overall ambient background light produced
by the bioluminescence of deep-sea living organisms and the40K dis-
solved in the sea water [70].

Following the norm of the existing neutrino telescopes, the design of
STRAW includes PMT light sensors, LED calibration light sources, and
speci�c choices about the readout electronics and deployment strategy.
The STRAW detector is a two-string geometry made of two vertical moor-
ing lines instrumented with light emitter and light sensor modules mounted
at di�erent heights above the sea �oor. The light emitter module is based
on the design of the Precision Optical Calibration Module (POCAM),
which provides an isotropic and short-pulsed �ash of light. The light sen-
sor module named the STRAW Digital Optical Module (sDOM) uses two
300PMTs encapsulated in a titanium cylinder similar to the one of the
POCAM. The entire PMTs' readout and data acquisition system is also
included in the module [70].

3.1.1 Optical properties of sea water

Seawater is an nearly homogenous dielectric material, thus interference
does not signi�cantly a�ect light propagation. Therefore the optics can be
seen as the propagation of whole wave packages. Keeping in mind one of
the primary goals of STRAW, the processes of absorption and scattering
have to be characterised. Both e�ects depend on the distance the photon
has travelled and are described by an exponential law. [115]

The absorption lengthL(� ) and the scattering lengthS(� ) are de�ned
as the distance, whene� 1 of the initial photons are absorbed or scattered
or in generalattenuated. The measurement of the attenuation lengthLT

in water is realized by emitting a �ash of photons of known intensityI 0

and wavelength� from one of the POCAMs and detecting it at a known
distance r in one of the sDOMs with e�ective collection areaAdet [70], and
measuring an intensity I(r) [115]

I (r ) =
I 0

4�r 2 exp (� r� ) Adet (3.1)
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where� is the attenuation coe�cient and is simply the inverse of the
attenuation lengthLT .

=) I (r ) =
I 0

4�r 2 exp
�

� r
LT

�
Adet (3.2)

From the look of the absorption spectrum in pure water [72] as well as
in sea water [115], it is known that the absorption length is highest for
the wavelength band around460nm and decreases quickly in the UV as
well as towards the red region of the spectrum. Fortunately, this is also
the most sensitive wavelength band for the detection of Cherenkov light,
especially when using PMTs. Expected maximum values for the absorp-
tion length are around50m; therefore a geometry has been chosen that
covers distances from20m to 90m [70]. The geometry also incorporates
a fair amount of symmetry to allow for a study of systematic uncertain-
ties on a module to module basis. The STRAW detector aims to probe
the absorption and scattering of the deep Paci�c water near the Cascadia
Basin.

3.2 The Modules

As mentioned in the previous section the STRAW detector array hosts
two long mooring lines spaced nearly 40 m apart, with a total of three
light emitters and �ve light sensors. These modules are spaced at about
20 m from each other. With this setup the distances between the modules
extend over few attenuation lengths in any expectable case.

Figure 3.1 shows a detailed mechanical sketch of the STRAW mooring
lines with exact geometries of all the modules involved. Each string is
attached to a buoy at the top and an anchor at the bottom. The strings
have a length of 140 m in total with instruments at the heights of 30 m,
50 m, 70 m and 110 m. The strings consist of two steel wire ropes each,
which are kept apart by spacers. The strings are referred to as string
Blue and string Yellow. The use of double strings prevents the rotation of
the modules around the strings, making sure that the modules of the two
strings face each other. There are four modules on each string which are
connected to a mini junction box at the bottom, developed by ONC. [86]
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Figure 3.1: Detailed Sketch of the STRAW strings (courtesy Kilian Holzapfel) with precise
speci�cations and geometry of all the modules [70].
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3.3 POCAM

The Precision Optical Calibration Module (POCAM) was initially de-
signed to act as a calibration device for IceCube Gen2 [96] to improve
the understanding of the optical properties of ice [70]. For the STRAW
project, the POCAM was iterated and a second generation was developed.
This new version uses LED �ashers of four di�erent wavelengths in the 365
- 600 nm range. This LED �asher is based on a modi�ed version of the Ka-
pustinsky LED pulsing circuit [92] which provides nanosecond light pulses.
With the implementation of in-situ self-calibration using integrated photo-
sensors, the POCAM acts as an isotropic light source emitting light �ashes
with known intensity. As a result the POCAMs are used to emit intense
(109 photons), adjustable (via the supply voltage), isotropic, nanosecond
light �ashes that are observed by the surrounding sDOM units. [92]

Figure 3.2: Simulation of a POCAM assembly giving aside view of all its components [93].

One major challenge faced by the author of [92] when using LEDs was
to achieve a high level of intensity and isotropy with these �ashes while
keeping the nanosecond timing - the former being necessary to illuminate
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