
Università di Pisa
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Introduction

Observational Astronomy is probably as ancient as is the very presence of man on
earth. The earliest recorded observations, due to Egyptian and Central American
Civilisations, go back to about 4000 years b.C., while the first written material
on Astronomy is found about 1000 years later. All experimental observations, up
to the17th century had relied on the human eye as an ”optical instrument”. The
situation changed drastically in 1609, when Galileo first made use of the telescope,
invented one year earlier by Lippershay, a Dutch spectacles maker.

In the19th century, the discovery of the Doppler effect and the development of
optical spectroscopy allowed again a big step forward, yielding, at the end of the
century, the discovery of optical binaries and, around 1915, that of the relationship
between the star spectral type and absolute magnitude by Hetzsprung and Russell.
The field of Astronomy had gradually developed into the more general one of
Astrophysics.

All observations up to the20th century were done in the visible region of the
spectrum. Astrophysics, aiming at an understanding of the Physical Processes
taking place in stars, galaxies, galaxy clusters etc. could not have developed to
the advanced stage in which we find it today, without an extension of the range
of wavelengths used. Thus, it would not be possible to study processes occurring
in the region of the center of our galaxy, without the use of detectors working in
the infrared and in the radiowaves. Analogously, it is only thanks to instruments
working in the radio, X andγ ray regions that pulsars have been discovered and
studied in detail. A giant step forward has come with the advent of satellite-born
X andγ ray detectors.

Detectors sensitive to higher and higher energyγ rays are now being built.
They fall either in the category of satellite-born tracking-calorimetric detectors,
characterised by an acceptance in energy limited to≈ 300 GeV (for the forth-
coming experiment GLAST) or in that of large area surface detectors, using the
Cerenkov technique, that can reach the energy range above1010 ÷ 1011 GeV ,
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6 INTRODUCTION

where the flux has fallen to very small values. All these detectors can, however,
cover a region in space around the Earth limited to about100 Mpc at 10 TeV ,
because ofγ ray absorption by the3oK cosmic microwave background.

Ground-based hadron detectors and underground muon detectors have been
used since the beginning of the20th century, for the study of cosmic rays. These
may also bring useful information on the Physics taking place in stars, galaxies,
pulsars, etc. However, only the highest energy protons (E > 1010 GeV ) could
possibly point to their sources and, as for the photons, the region which can be
explored is limited by interaction with the extragalactic backgrounds.

The neutrino, on the other hand, thanks to its tiny cross section and lack of
electric charge, is a new excellent candidate for probe able to bring information
from objects located at large distances and, what is even more important, from the
core of such objects. In chapter1, I will discuss advantages of using neutrinos as
probes of the Universe. Detection ofMeV neutrinos from the nuclear reactions in
the core of the Sun or from supernova explosions in our galactic neighbourhood
is by now largely used. However the main interest of neutrino astronomy at the
moment is focused on neutrinos with energy aboveGeV ÷ TeV for several rea-
sons: the neutrino cross section as well as the muon range and the detector angular
resolution increase with energy, large natural target media (like water, ice or the
atmosphere) can be used and much less is known on the underlying astrophysics.
In the same chapter1, I will briefly report the astrophysics and particle-physics
problems that high energy neutrino astronomy may help to solve, like e.g. the
understanding of the acceleration mechanisms for high energy cosmic rays or of
the composition of the “dark matter”.

The advantage thatνs have compared to other particles, the tiny cross section,
turns into a disadvantage when one tries to detect them. Enormous detectors are
needed, and they have moreover to be well screened from the large cosmic ray
muon background, through the use of massive layers of inert material.
The only means of detection that appears feasible for the low fluxes of high en-
ergy neutrinos is through the use of deep lake or sea water as target, combined
with large photomultiplier arrays to capture the Cerenkov light emitted by charged
secondaries produced in theν interaction.

A first attempt to build such a detector was made more than twenty years ago
by the DUMAND collaboration, who chose a site close to the Hawaii islands. The
experiment demonstrated that muons could indeed be detected, but it was after-
wards prematurely terminated. The first real detection of neutrino-induced muons
in a similar setup was achieved only much later by a Russian group working at
great depths in Lake Baikal. In chapter2, I will discuss the general features of
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the detection technique used in aČerenkov neutrino telescope. I will briefly de-
scribe the main results obtained up to now by the experiments which are already
taking data, and summarize the status of new experiments which are still under
development.

The work described in this document has been carried out in the framework
of the ANTARES experiment which aims at building a neutrino telescope in the
Mediterranean. The ANTARES architecture, electronics and data acquisition are
briefly illustrated in chapter3.

Since bioluminescence and40K radioactive decay are a non-negligible source
of background in any experiment performed in the sea, I have analysed data col-
lected by a prototype string of ANTARES in 2003, specifically aiming at a quan-
tification and charaterisation of these noise sources. The analysis methods and the
results obtained are described in chapter4.

In addition I have tried to understand what improvement could be brought
in by the use of a photodetector of a new type, the hybrid photodiode (HPD).
In this context I have designed, making use of commercial software, an HPD
with a convenient geometry and verified the possibility of its use in a neutrino
telescope by means of a modified version of the ANTARES Monte Carlo. Details
of the HPD and of the experimental layout, together with the performance of such
detector, are given in chapter5.

A discussion of the main results obtained and conclusions are given in the
closing chapter.
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Chapter 1

High energy neutrino astronomy

1.1 A new glance at the edge of the Universe

In order to investigate phenomena very far from us, it is important to use particles
whose direction is not scrambeld during propagation. Therefore, first of all, par-
ticles must not be affected by the ambient magnetic fields. Good candidates may
then be neutral radiations - such as gamma rays, gravitational waves, neutrinos - or
charged and massive stable particles (like protons) with an extremely high energy.

Gravitational waves are predicted by General Relativity, which is one of the
most supported theories in science. The best evidence, for the moment, that gravi-
tational waves exist comes from the orbits of close binary pulsars; binary systems
are predicted to emit gravitational waves: it has been found that the orbits decay
at exactly the correct rate predicted by the theory of gravitational radiation and
have no other explanation available. Nevertheless, gravitational waves have not
yet been detected, mostly because of the difficulty involved in the endeavour.

Proton astronomy may be possible atEeV energies and above: the arrival
directions of electrically charged cosmic rays are no longer distorted by the mag-
netic field of our own galaxy and the Bremsstrahlung and syncrotron radiation
- which make electrons totally unusable - are negligible. Protons point back to
their sources with an accuracy determined by their gyroradius in the intergalactic
magnetic field B:θ ≈ d

Rgyro
= Bd

E
, whered is the distance to the source. Scaled to

units relevant to the problem,θ
0.1o ≈ B

10−9 G
d

1 Mpc
3·1020 eV

E
.

Speculations on the strength of the inter-galactic magnetic field range from10−12

to 10−7 G in the local cluster. For a distance of100 Mpc, the angular resolution
may therefore be anywhere from sub-degree to almost zero. It is still possible that
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10 CHAPTER 1. NEUTRINO ASTRONOMY

the arrival directions of the highest energy cosmic rays provide information on
the location of their sources. However, in principle, if the GZK-cutoff were con-
firmed (see section1.2) it would rule out the possibility of proton-astronomy as
a means of investigation: protons would be unable to access regions at distances
above50 Mpc for energies larger than50 EeV .

Neither is the Universe transparent to photons of TeV1 energy and above: en-
ergetic photons are absorbed on infrared and microwave background by pair pro-
duction of electronsγ + γbg → e+ + e− above a thresholdEγ ≈ (2me)

2/4εbg for
the high-energy photon.
The equation implies thatTeV photons are absorbed on infrared light,PeV pho-
tons on the cosmic microwave background andEeV photons on radio-waves.

Only neutrinos - electrically neutral and weakly interacting - can reach us with-
out attenuation from the edge of the Universe or simply from dense cores of po-
tential, both close or distant, sources. The existence of point-like neutrino sources
is still unproved, although different astronomic objects are considered capable of
emitting high energy neutrinos, as predicted by different theoretical models (see
section1.3). Simultaneous source detection through neutrino and gamma astron-
omy would bring a big progress in the check of such theoretical models.

The development of novel ways of looking into space has also the appeal of
possibly leading to the discovery of unanticipated class of phenomena hidden to
the “standard” astronomy.

1.2 Cosmic rays and open problems

Since 1912, long before the existence of the neutrino was suspected, it was known
that an extra-terrestrial charged radiation arrived on Earth. We know that primary
cosmic rays consist of an isotropic flux of ionized atomic nuclei (mainly protons,
89%, and helium) that reach the Earth at a rate of thousands perm2 and pers (see
figure1.1) and interact with the atmosphere producing a large flux of secondary
particles. It is also accepted that the origin of high energy cosmic rays must be
intimately related to the origin of high energy cosmic neutrinos, though we still
do not know exactly how and where they are accelerated.

The spectrum of primary cosmic ray has now been measured for energies up to
1020 eV , as shown in figure1.1. Above 10 GeV, the spectrum can be characterized
by power-laws over wide ranges of energies. Up to a steepening point at≈ 4 ·

110 TeV -photons cannot acces regions at beyond100 Mpc.
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1015 eV , calledknee, the flux is proportional toE−2.7, above this energy the power
index changes from2.7 to 3. Above5 · 1018 eV , a point calledankle, the power
law is againE−2.7.

Figure 1.1: Primary Cosmic Rays Spectrum.

This large uniformity of the power-law index over many orders of magnitude
could be explained by the analogy of acceleration mechanisms at all energies,
and the nodal points (knee, ankle and maybe atoe at higher energies) may be
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interpreted as a change in particles’ origin and composition.
There is evidence that the highest energy2 cosmic rays are extra-galactic: they

cannot be contained by the magnetic field of our galaxy because their gyroradius
far exceeds its dimension (see section1.2.1) and they do not show the spatial
anisotropy expected for particles of galactic or super-galactic origin.

However, elementary particle physics dictates a universal and robust upper
limit on the energy of cosmic rays. The photoproduction of the∆-resonance,
p+γCMB → ∆ → π+N , becomes the major source of proton energy loss once the
threshold energyEp ≈ (m2

∆ −m2
p)/2εγ ≈ 5 · 1019 eV is reached. The absorption

length, which establishes the so-called Greisen-Kuzmin-Zatsepin (GZK) cutoff,
is λγp ≈ (nCMB · σp+γ)

−1 . 10 Mpc when the proton energy exceeds50 EeV .
But particles with energy beyond this limit have been observed by Haverah Park,
AGASA, Fly’s Eye and other experiments [58].

There are three possible solutions for the inconsistency of data with predic-
tions:

• the highest energy cosmic rays might be nuclei different from protons.

• proton sources might be closer than we think

• the original energy of cosmic rays might be much higher than we observe
(see section1.2.1)

A rough estimate of energies reachable via the known acceleration mechanisms
and our knowledge of the distribution of nearby galaxies show that the last two
possibilities are unlikely.

1.2.1 Reachable energy in the acceleration process

There cannot be static electric fields in the universe, because the particle flow
would quickly destroy them. Acceleration is therefore due only to electric fields
produced by variable magnetic fields.

The standard model for the cosmic ray acceleration is known asfirst order
Fermi mechanism[60] and it consists in the acceleration by shockwaves in the
interstellar medium. This mechanism is able to explain the shape of the cosmic
ray spectrum, however the existence of the ultra-high energy cosmic rays above
1011 GeV is a serious challenge for the model.

2Above the ankle:1018 eV .
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In order to accelerate a proton (Z = 1) to an energyE in a magnetic fieldB,
the sizeR of the accelerator must be larger than the gyroradius of the particle:
that is to say, the accelerating magnetic field must contain the particle orbit. This
condition yields a maximum energy

E = γ(Z)BR (1.1)

by dimensional consideration only. Theγ-factor has been included to take into
account the possibility that we may not be at rest in the frame of the cosmic
accelerator.

The acceleration can take place only in dense regions where huge gravitational
forces create relativistic particle flows. All speculations involve collapsed objects
and we can therefore replaceR by the Schwartzschild radiusρ ≈ GM/c2 and ob-
tainE ∝ γ(Z)BM . Given the microgauss magnetic field intensity in our galaxy,
no structures are large or massive enough to reach the energies of the highest
energy cosmic rays. This rough analysis therefore limits their sources to extra-
galactic objects, as those shown above the red lines in figure1.2. As shown by
the green line in the same figure, if primaries have bigger charge and mass than
protons the constraints on the acceleration sites are lowered.

However it must be pointed out that the limit stated in equation1.1 holds
for perfect accelerators with optimized design and perfect alignment of magnets.
The more realistic approach involving a complete description of the acceleration
mechanism occurring in shock waves turns out to have an efficiency of about10%.

The astrophysics problem of obtaining such high-energy particles is so daunt-
ing that many believe that cosmic rays are not the beams of cosmic accelerators
but the decay products of remnants from the early Universe, such as topological
defects associated with a Grand Unified Theory (GUT) phase transition (section
1.3).

1.3 Neutrino signature for different sources

Accelerating particles toTeV energy and above requires relativistic, massive bulk
flows. In such situation, accelerated particles are likely to pass through intense
radiation fields or dense gas clouds surrounding the bulk. This leads to the pro-
duction of secondary photons and neutrinos associated with the primary cosmic
ray beam. The target material, either a gas of particles or of photons, is likely to
be tenuous enough so that the primary and the photon beams are only partially at-
tenuated. However, shrouded sources from which only neutrinos can emerge, are
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Figure 1.2: Hillas Plot. Red, green and dotted lines show the relation between the mag-
netic field and the size of an accelerator which follows from equation1.1once energy and
charge of the accelerated particle are fixed. Astrophysics objects placed above a line are
candidate sites for acceleration.

also a possibility. These “hidden” objects cannot be the sources of cosmic rays,
conventional astronomy does not reveal them, and as a consequence no prediction
on neutrino flux can be made for them.
On the contrary, such a prediction of neutrino flux for a “trasparent” source, in
which every observed cosmic ray interacts once and only once, is referred to as
the Waxman-Bahcall (W&B) flux. The W&B limit [ 61], derived normalizing the
observed cosmic ray spectrum at10 EeV and extrapolating it to lower energies
using anE−2 source spectrum, results in a maximum yield of 200 events per
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yr · km2 in a large water-̌Cerenkov detector.

Figure 1.3: Atmospheric neutrino flux, which is a background for high energy neutrino
astronomy, compared with the upper limit on neutrino flux from extragalactic sources
as derived by Waxman and Bahcall. Spectra shown for the ANTARES sensitivity, after
reconstruction and quality cuts.

The observed gamma ray fluxes may also constrain the flux of potential neu-
trino sources, if a hadronic model is assumed for gamma production: for every
parent neutral pion (decaying into two gamma rays), a charged pion (thus a neu-
trino, fromπ → l + ν) is produced. The resultingν-flux would then turn out to
be of the same order of magnitude as that predicted by W&B. It is important to
realize, though, that the present energy resolution of existing or planned detectors
is not adequate to disentangle the hadronic contribuitionπ0 → γ + γ to theγ
spectrum.

The list of proposed sources is quite long. Below we recall the main neutrino
sources associated with the observed cosmic and gamma rays. Theoretical cal-
culations lead to predictions of a few tens of events perkm2 and per year in a
undersea detector, for each class of sources; but the arbitrariness of some model
assumption should invite to consider these numbers with caution.
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Figure 1.4: The GRB fireball
model.

Gamma Ray Bursts (GRB) Gamma Ray
Bursts, cosmological events releasing1051 ÷
1054 erg/s over a duration of seconds or tens of
seconds, are perhaps the best motivated source
for high-energy neutrinos. Although we still
do not understand the internal mechanisms that
generate GRB, the model of a relativistic ex-
panding fireball provides us with a successful
phenomenology accommodating observations
like the spectrum and the light curve. It is very
likely that GRB are generated in some kind of
catastrophic process involving dying massive
stars or cohalescence of compact objects like black holes or neutron stars.
Several mechanisms have been proposed for the production of neutrinos, and
moreover before to state a flux prediction we need to consider the variations that
may occur in the dynamics from burst to burst or simply the uncertainties due to
the lack of knowledge about the GRB mechanism itself.

Thermal Neutrinos (MeV).The core collapse of massive stars is, arguably, the
most promising mechanism for generating GRB. As with supernovae, GRB are
supposed to radiate the vast majority of their initial energy as thermal neutrinos
- though the spectrum may be expected at a higher average temperature than in the
supernova case: the average neutrino energy will be around100 MeV . Neutrinos
with this energy are below threshold for the detection methods used in large area
neutrino telescopes.

Stellar Core Collapse (TeV).The fireball produced is likely to be beamed in
jets along the collapsed object’s rotation axis. If the jets successfully emerge from
the stellar envelope, a GRB results; but failed “invisible” jets, which do not emerge
and do not produce a GRB, will still produce observable neutrinos.

Shocked Protons (PeV).Accelerated protons can interact with fireball gamma
rays and produce pions, predominantly via the∆-resonant processp+γ → N+π.
When the target are insteadeV ÷ KeV backshock photons3, the energy of the
produced neutrinos will be lower (TeV ÷EeV ). While astronomical observations
provide information on the fireball gamma rays, the proton flux is a matter of
speculation.

Decoupled Neutrons (GeV).The conversion of radiation into kinetic energy in

3Radiated by electrons and positrons in the reverse shock that propagates back into the burst
ejecta.
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the fireball will accelerate neutrons along with protons, especially if the progenitor
involves neutron stars. Neutrons and protons are initially coupled by nuclear elas-
tic scattering, but if the expansion of the fireball is sufficiently rapid they will de-
couple from each other. If their relative speed is sufficiently high, proton-neutron
interactions will be the source of pions which decay intoGeV neutrinos.

Figure 1.5: Schematic view of an
AGN.

Active Galactic Nuclei (AGN): Blazars
Although their isotropic luminosities of1045÷
1049 erg/s is lower than the one of GRBs,
Active Galactic Nuclei radiate this luminos-
ity over much longer time periods with regu-
lar flares extending from fraction of a day to
years. Flares from all AGN are believed to be
produced by relativistic jets projected out of an
extremely massive (107M� or more) accreting
black hole located in the center of galaxies.
Blazars are a particular class of AGN with the
boosted jets pointed to the observer, which are
therefore seen through emission ofγ rays, to-
gether with the standard AGN emission spectrum. The radio emission from the
jets is mainly electron synchrotron radiation, which is an indirect evidence for
particle acceleration. In addition, sequential images of the radio jets have shown
distinct moving “blobs” of material exiting the nucleus with relativistic velocities.

Highly Shocked Protons (EeV).If protons are present in blazar jets, they may
interact with photons via the∆-resonance to generate pions which then decay into
EeV neutrinos. This process is similar to the process generatingPeV andEeV
neutrinos in GRB, but the Lorentz factor of the motion of the blob is typically
smaller than for GRB and the geometry of the shocked material is a sphere rather
than a shell.

Moderately Shocked Protons (TeV).In line-emitting blazars, external photons
with energies in theKeV ÷MeV range are known to exist and protons of lower
energy relative to those considered in the previous paragraph can photoproduce
pions by interacting with them.

Other Sources Associated with Stellar Objects Other theorized neutrino sources
associated with compact objects include supernovae exploding into the interstel-
lar medium, X-ray binaries, microquasars and even the Sun, any of which could
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provide observable fluxes of high-energy (TeV) neutrinos.

Propagation of Cosmic Rays The photopion production following collision of
protons with cosmic microwave background is among the most likely sources
of high-energy neutrinos and the most easily predictable. Furthermore, cosmic
rays interact with the hydrogen concentrated in the galactic plane producing high-
energy neutrinos. It has also been proposed that cosmic neutrinos may themselves
produce cosmic rays and neutrinos in interactions with relic neutrinosν + νbg →
Z0 → any: this is called theZ-burst mechanism.

Top-Down Models: Dark Matter, Primordial Black Holes and Topological
Defects In recent years it has become generally accepted by astrophysicists that
most of the matter in the universe isdark matter. The clearest evidence for this
is the observed flatness of the rotation curves of spiral galaxies, which implies a
dynamical mass far in excess of that accounted for by the constituent stars and gas.
Constraints from the observed abundances of light elements indicate that much of
the dark matter in the cosmos must be non-barionic. No presently known particle
has the required properties, but a good theoretical candidate are the stable neutral
particles expected in most versions of supersymmetry theory.

The lightest supersymmetric particle (neutralino, labelled asχ), or other Weakly
Interacting Massive Particles (WIMPs) proposed as particle candidates for cold
dark matter, should become gravitationally trapped in the Sun, Earth or galactic
center. There, they would annihilate generating high-energy neutrinos observable
in neutrino telescopes.

Another class of dark matter candidates are superheavy particles with GUT-
scale masses that may generate the ultra high-energy cosmic rays by decay or
annihilation, as well as solve the dark matter problem. These will also generate
a substantial neutrino flux. Extremely high-energy neutrinos are also predicted
in a wide variety of top-down scenarios invoked to produce cosmic rays, includ-
ing decaying monopoles, vibrating cosmic strings and Hawking radiation from
primordial black holes.

However, conventional particle physics implies that ultra high energy jets frag-
ment predominantly into photons with a small admixture of protons, and this
seems to be in disagreement with mounting evidence that the UHECRs are not
photons. This does not necessarily rule out superheavy particles, because the un-
certainties associated with the universal radio backgroundand the strength of in-
tergalactic magnetic fields leave open the possibility that photons may be depleted
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from the cosmic ray spectrum near1020 eV.
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Chapter 2

Present status of very high energy
neutrino experiments

2.1 Neutrino Telescopes

2.1.1 Detection techniques

Neutrino detection at energies larger than100 GeV , requires large detector vol-
umes as a consequence of the low cross-section and flux expected. Large-scale
neutrino detectors, with dimensions of several thousands cubic meters for the in-
strumented volumes, primarily focus on detection of muon neutrinos. From the
detection of muons following the CC neutrino interaction, pointing accuracies of
one degree1 are achieved for the parent neutrino after few hundreds ofGeV . This
is comparable to the angular resolution achieved in satellite-borneγ ray detectors,
covering the multi-GeV energy region, or in large area ground based atmospheric
telescopes and (γ and particle) air shower detector arrays, covering the energy
region above fewTeV [62].

If the incoming muon neutrino undergoes a charged current interaction with
a nucleus, a muon is produced. Given the long range of muons in water2, one
can instrument a large sensitive volume with a reasonable number of phototubes.
The neutrino interaction may be detected not only if it takes place inside the in-
strumented volume but also at distances larger than1 km ahead of the detector,
as long as the muon reaches it. Therefore the effective volume of the detector is

1See following sections for details of single experiments.
2About360 m at100 GeV . [2]
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substantially larger than the instrumented volume.
The muon detection utilizes thěCerenkov light generated around the track in

a transparent medium. The energy threshold is160 MeV for n = 1.33, and both
liquid and solid water have a refraction index around that value in the wavelength
window300÷600 nm [66]. The only practically possible medium is water, in liq-
uid or solid form. An example of̌Cerenkov light spectrum is shown in figure2.1.
TheČerenkov light is detected by an array of large photomultiplier tubes (PMT)

Figure 2.1:Left: Schematic view of the possible origins of the photons that produce
signals in an optical module.Right: Differential light yeld per unit path length from
Cherenkov light in salt water computed using the refraction index measured at the
ANTARES site [3].

distributed inside the medium. From the time evolution of theČerenkov light it
is possible to obtain the parameters of the muon track. The signals in the PMT
are predominantly from single photoelectrons and the required time resolution is
a few ns.

In the high-energy neutrino telescopes the emphasis is placed on the direc-
tional resolution, of great importance in the search for point sources. Energy res-
olution is intrinsically limited, since the energy information is obtained from the
amount of light produced by electromagnetic showers, generated along the muon
path. In those cases in which the neutrino interaction occurs inside the array, also
the light from the hadron cascade at the vertex can be used for an estimate of the
energy. For fully contained events, where both the start and stop points of the
muon track are within the detector, it may be possible to deduce the muon energy
from the track length. This only works for the lower energy part of the muon
spectrum, below≈ 50÷ 100 GeV , and is mostly of value for neutrino oscillation
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measurements using fairly low-energy atmospheric neutrinos.
Electron-neutrino measurements are more difficult. The effective volume is

reduced, only electron-neutrino events occurring inside, or close to, the instru-
mented volume will be detected. The electron shower produces a large amount
of light, but within a relatively small volume. Having full containment is useful
for these events, in order to identify them positively and exclude possible back-
grounds.

If the incoming neutrino undergoes a neutral current interaction, only very en-
ergetic events may be detected, through hadronic cascades. Nobody has demon-
strated yet that we can even get coarse directional information using the cascade
events [13].

2.1.2 Background sources

Background rejection is of prime importance in neutrino telescopes. Two types
of background are present: physical background due to muons or neutrinos of
non-astrophysical origin and detector-related optical background. The physical
background is due to cosmic rays interacting in the atmosphere above the detector
and producing a large number of atmospheric muons, via a hadronic cascade and
subsequentπ/K decays. The rejection of these events requires that the neutrino
detector be located deep under as much water or ice as practically possible. Still
it is not possible to clearly interpret downward going muons as induced by neutri-
nos: at a depth of2 km, the flux of surviving atmospheric muons exceeds that of
ν-induced muons reaching the detector by about 6 orders of magnitude (see figure
2.2). Only those muons that are observed to move upwards (or nearly horizontally)
can be neutrino event candidates. For those the atmospheric muon background is
filtered away by the large mass of the Earth and only neutrinos remain. Upgoing
muons may come from atmospheric neutrinos, i.e. neutrinos produced by the in-
teraction of cosmic rays in the atmosphere, but they may be rejected by applying
an energy cut. Misinterpretation of a small fraction (≈ 10−6) of the atmospheric
muon events as up-going tracks would be a possible background to the neutrinos.
With increasing depth (i.e. water shielding) and array size the risk for misinter-
pretations will be reduced. Already in the present day telescopes the possible
misinterpretations are mastered by the application of strong selective cuts, at the
expense of some efficiency.

The detector-related optical background depends on the surrounding medium.
For example, in an under-ice detector the only kind of background comes from
radioactive decays within the glass sphere and the surroundings. In an underwater
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Figure 2.2: Atmosferic muons and muons induced by atmospheric neutrinos as a function
of the zenith angle for a detector depth of2300 m.

detector an additional contribution from chemiluminescence (see section4.1.2) is
present, and if the detector is deployed in the sea instead of fresh water, it also
suffers from the decay of radioactive isotopes present in salt water. Since both
the atmospheric-muon background and bioluminescence decrease with increasing
depth, the only way to improve the signal to noise ratio is to place the detector at
the largest possible depth.

2.1.3 Detector parameters

Neutrino astronomy is a signal-limited science: there is nothing one can do to
increase the signal at the production site, and it has already been stated that huge
detectors must be built. In order to quantify and compare acceptance of different
neutrino telescopes for specific sources, aneffective areais computed by Monte
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Carlo simulations.
One in general defines, to begin with, aneffective volumeas follows. A vol-

umeVgen, larger than the detector volume, is arbitrarily chosen and events are
generated within this volume for many different values of the neutrino energyEν

and incoming direction (θν , φν). Let Ngen(Eν , θν , φν) be the number of generated
events for each given set of values of the kinematic variablesEν , θν andφν . As-
sume now thatNx(Eν , θν , φν) events survive after applying a given requirement
x, which may consist in: trigger requirements, trigger + reconstruction require-
ments or trigger + reconstruction + quality requirements. The effective volume is
computed as:

Veff (Eν , θν , φν) ≡
Nx(Eν , θν , φν)

Ngen(Eν , θν , φν)
Vgen. (2.1)

The effective volume can be combined with the target nucleon density (ρNA) and
the neutrino cross-section per nucleonσ(Eν) to obtain a quantity having dimen-
sion of area:

A
(ν at detector)
eff (Eν , θν , φν) ≡ ρNA · Veff (Eν , θν , φν) · σ(Eν). (2.2)

This effective area is then combined with the differental neutrino fluxes at the de-
tector to give event rates.
Absorption in the earth can be expressed asPEarth(Eν , θν) = e−NAσ(Eν)

∫
ρdl,

hence the effective area for neutrinos at the detector can be converted to an ef-
fective area for neutrinos before entering the earth multiplying by this probability.

An effective area can also be usefully defined directly for muon reconstruction
as a function of muon parameters:

Aeff (Eµ, θµ) ≡ Nx(Eµ, θµ)

Ngen(Eµ, θµ

Agen(θµ). (2.3)

In general, for a cylindrical “can” generation (see appendixB), the zenith angle
dependent surface area isAgen(θ) = 2rh sin θ + πr2cosθ. The effective area can
be averaged over isotropic upward going muons, leaving only the energy depen-
dence. This second definition, relative to muon detection, has the advantage of
being independent from both theν-physics andν-fluxes: it parametrizes only the
detector capabilities, free from any bias due to our present knowledge. Effective
areas for neutrino telescopes are usually quoted for muons rather than for neutri-
nos.

A fundamental parameter in a neutrino telescope is the angular resolution in
event reconstruction. A poor resolution, in fact, compromises the ability to search
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for neutrino sources within definite small regions of the sky from which signals
have been detected using different probes. The angular resolution is usually ex-
pressed by the median value of the difference between the true and reconstructed
angle. The angular resolution is limited by the PMTs density, the optical proper-
ties of the medium, and the recostruction algorithm.

At high energies, the light yield is extremely high and the tracks are long
enough that highly efficient detectors may be constructed with low PMT density.
At low energies, however, the angle between the incoming neutrino and the gen-
erated lepton dominates the detector resolution.

Among the water optical properties, greatest importance assumes the photon
scattering length. If photons are scattered, information on the direction of the
originatingČerenkov cone is lost. If they undergo a large number of scatterings
before being detected, photons are completely useless and the reconstruction al-
gorithm may not converge. One can manage to reconstruct tracks with reasonable
accuracy by demanding hits with very large pulse heights on a large number of
PMTs, on the assumption that high pulse heights will correspond to unscattered
photons. But this is then paid with a significant decrease of the effective area.

A quantity which is usually adopted to compare characteristics of different
sites is theeffective scattering lengthλeff = λscatt/(1 − 〈cos θ〉), 3 which rep-
resents the length after which the direction of theČerenkov photon is essentially
randomized.

The angular resolution is also compromised by the background hits which
are not well rejected by the filters within the reconstruction algorithm. Further
improvements could be then obtained by reducing the background contamination.
An attempt in this direction is presented in chapter5.

3 〈cos θ〉 =
∫
4π

cos θ · f(θ)dΩ is the mean cosine of the scattering angle, averaged with the
differential cross sectionf(θ) for each scattering process:

∫
4π

f(θ)dΩ = 1.
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2.2 Present projects

Figure 2.3: Location of present neutrino telescope projects.

Figure 2.4: The DUMAND II detector.

There are five major collaborations
working on the construction of large
neutrino telescopes: Baikal, AMANDA,
ANTARES, NESTOR and NEMO. An
earlier projet, DUMAND, aimed at in-
stalling a telescope deep in the Pacific
Ocean close to Hawaii, was proposed at
the end of the 1970s after several years of
discussions. Prototype deployments of
DUMAND were performed in the 1980s
and beginning of the 1990s. The experi-
ment was plagued by technical problems
and has been cancelled, but the collab-
oration demonstrated the feasibility of
such a project.

The Baikal and the AMANDA
projects have both built working detec-
tors and have demonstrated their ability to identify neutrino events.

The ANTARES, NESTOR and NEMO projects, all three in the Mediterranean,
are in a state of development and prototyping. The realization of the ANTARES
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demonstrator will be a fundamental step to acquire experience in submarine tech-
nology and to seriously begin the activity of neutrino astronomy in the Mediter-
ranean.

2.3 Baikal

The Baikal telescope is installed in Lake Baikal, Siberia, at a depth of1100 m.
It has been built in successive steps; the first part containing 36 optical modules
was ready in 1993. Since 1998 [5] the array has reached 192 optical modules,
NT-200 (see fig.2.5). These modules are arranged along 8 strings, one central
string and seven strings on a circle with22 m radius. The instrumented height is
about75 m. The system is installed3.6 km from shore4. The thick ice surface
layer, which forms during the cold season, provides a stable platform at the end
of winter. The array is time-calibrated by two nitrogen lasers. Three underwater
electrical cables connect the detector with the shore station. The whole system is
retrievable for maintenance and reconfigurations.

The Baikal optical modules contain a special type of photomultiplier tube,
the QUASAR. In this tube the photoelectrons are accelerated by a25 kV poten-
tial difference from the photo-cathode to a centrally positioned scintillator. The
scintillator is placed on the entrance window of an ordinary PMT. The largest
QUASAR has a diameter of37 cm. The optical modules are installed in close
pairs. They are operated in a local coincidence mode to suppress the high count
rate from PMT-noise and from chemiluminescence down to a few hundred Hz.

The main trigger in the array is formed requiring a reasonable number5 of
these local coincidences within500 ns. For such events, amplitude and time of all
fired channels are digitized and sent to shore. Another trigger searches for clusters
of sequential coincidences occurring in the characteristic way of a slowly moving
object, e.g. a GUT-monopole.

Initially, half of the PMTs were installed looking upwards. The light trans-
mission to these tubes decreased by50% after 150 days due to sedimentation on
the top surface. Hence, in the presently installed array, almost all tubes are facing
downwards.

The maximum light absorption length between470 and500 nm is 20 ± 2 m

4The opposite shore is about30 km away. The collaboration has recently tuned the reconstruc-
tion program well enough to see the effects of the lake shore terrain in the angular distribution of
reconstructed atmospheric muons.

5Typically set to 3 or 4.
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Figure 2.5: Schematic view of the Baikal Telescope NT-200. On the left we show an
expanded view of 2 pairs of optical modules (svjaska) with the svjaska electronics module,
which houses parts of the read-out and control electronics.

with an about20% seasonal variation. The effective6 scattering length is300 m.
Light emitting biological activity is present in the water and contributes to the
noise in the PMTs. Strong variations in this activity is correlated with seasonal
changes and with outflow of nutrients due to heavy rains. The PMT noise rate
may then reach a few hundredkHz. Still, the increased noise rate does not affect
the trigger rate of the array in a noticeable way. Correlating the noise data with
other measurements will be also useful for limnological studies7 [4].

Since 1998 a calibration of the angular resolution of the detector has been

6The scattering length is about15÷30 m, but scattering is strongly forward peaked:< cos θ >
is 0.85÷ 0.95.

7Limnology is the scientific study of physical, chemical and biological characteristic of fresh
water.
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performed thanks to a (Čerenkov and scintillator) array for EAS measurements on
the ice cover present in the cold season above the Baikal telescope. Results for
energies above200 TeV show that the angular resolution is better than5o. The
same scintillator array has been used as trigger of an array of hydrophones, to
search for acoustic signals (see last section of this chapter) generated by very high
energyν-induced showers: with a threshold atPeV energies, 2-3 events per hour
have been observed.

Figure 2.6:Left: Upper limits on the flux of fast monopoles obtained in different exper-
iments. Right: Upper limits on the excess muon flux from the center of the Earth as a
function of the WIMP mass.

Summed over 840 days effective lifetime,4.6 · 108 muon events have been
collected with NT-36, -72, -96, -144. The collaboration has also analyzed the
NT-200 data up to 1999, a total of 572 additional live days. Figure2.6 shows
the upper limits derived for the flux of muons from the center of Earth (related
to WIMP annihilation) and the flux of relativistic magnetic monopoles [6]. The
limits on the diffuse neutrino flux are shown in figure2.10.

Figure2.7shows the celestial distribution of events recorded in 1999 (268 days
of effective lifetime): this data set yields 84 reconstructed events with upward
tracks, to be compared with the MC result of 80.5 muon tracks expected from
atmospheric neutrinos.

The NT-200 effective area is between1000 and5000 m2, depending on the
energy, and it investigates atmospheric neutrino spectra above10 GeV detecting
about 1 atmospheric neutrino per day.

An upgrade of NT-200, called NT-200+ [7], is now uderway. This consists of



CHAPTER 2. NEUTRINO EXPERIMENTS 31

Figure 2.7: Baikal skyplot from data taken in 1999 with NT-200. [6]

three sparsely8 instrumented outer strings, deployed140 m below the present de-
tector, at the edges of an equilateral triangle centered on NT-200, having a150 m
long side. The basic principle will be the search for cascades produced in a large
volume below NT-200. Most of the expected events would be produced by neu-
trinos in the energy range102 ÷ 105 TeV , with a mean energy around1 PeV .
Two of the outer strings have already been installed. The construction will be
completed in 2005. For higher neutrino energies, such a configuration could be
used as a basic subarray of a Gigaton Volume Detector (GVD), which could be
achieved with about 1300 OMs arranged in 91 strings. This would have a muon
threshold between10÷ 100 TeV and an effective volume between0.5÷ 1.0 km3

for 100 TeV muon cascades.

2.4 AMANDA

The Antarctic Muon And Neutrino Detector Array (AMANDA) is installed in the
2.8 km-thick glacier at the geographic South Pole. Installation of the detector

86 pairs of OMs on each string. The pairs are arranged in three groups, with a vertical sepa-
ration of6 m between the two pairs of each group of and a vertical separation between groups of
70 m.
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takes place only in the Antarctic summer when the Amundsen Scott Polar Station
is open to a larger population of scientists. During the winter season a crew of
less than 30 persons takes care of the running of the various experiments, includ-
ing AMANDA. The telescope effective area is of the order of104 m2 for TeV
neutrinos. It has a threshold near50 GeV and a pointing accuracy of2÷ 2.5o per
muon track.

Once installed in the ice, the detector remains geometrically stable and the
strings deviate from the vertical by less than1 m over2.4 km. Holes have been
drilled into the glacier by using hot water down to2400 m. The cost and the lim-
ited supply of fuel at the South Pole limit the maximum hole diameter to60 cm
and the drilling speed to1 cm/s. The detector modules are connected along elec-
trical and optical cables and lowered into the hole. The refreezing of water in the
hole takes about one week.

As the stable temperature is low, around−30o, the internal noise in the PMTs
is small. The absence of radioactive substances and of bioluminescent living or-
ganisms results in a very low noise rate, about300 Hz for the best part of the
array9. The low noise level facilitates triggering and data acquisition, allowing
detection even at low energies.

Figure2.8 shows the AMANDA telescope setup after the deployments that
took place in the year 2000.

The first installation to take place in 1993/1994, was that of AMANDA-A.
Eighty optical modules were installed at dephts between800 and1000 m. At this
depth the ice has a very long absorption length, greater than200 m, but remaining
air bubbles were found to make the scattering length short,20 ÷ 40 cm. During
1994-1996 a deeper detector10, having ten strings and reaching a total of 302 opti-
cal modules, was installed between1500 and2000 m. The diameter of this array,
AMANDA B10, is 120 m.
The installation of 9 more strings in an outer ring at a diameter of200 m was com-
pleted in the austral summer 1999/2000. This final array, AMANDA-II, consists
then of 677 8” Hamamatsu R5912-02 PMTs arranged in strings of beads on 19
electrical cables.

The optical properties of the ice have been measured for several wavelengths
in the range from313 to 540 nm. The absorption length is found to be90÷220 m

9After a change of the pressure-housing supplier (from Billings Inc. to Benthos Inc. Company)
the modules have higher noise, up to1.5 kHz. The increase is due to potassium, which had been
added to the glass.

10Below 1400 m, where ice is almost bubble free except for bubbles produced in the drilling
procedure. [8]
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Figure 2.8: The AMANDA II detector after the 1999/2000 deployment (left) and zoomed
views of the earlier detectors (center) and of an optical module (right).
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for light with wavelengths around400 nm. The effective scattering length in the
ice is not more than25 m for 523 nm light at the depth of the final detector11. The
collaboration anyway does manage to reconstruct tracks with reasonable accuracy
by demanding at least 6 PMTs with very large pulse heights, but the sensitive area
is then reduced by a factor 20.

The SPASE air shower array and the GASP atmosphericČerenkov telescope
at the surface of the ice measure air showers from high-energy (E > 100 TeV )
cosmic rays [8]. AMANDA events in coincidence with detection by experiments
at the surface can be used for calibration and for checking the performance of the
AMANDA array.

Figure 2.9: Skyplot in equatorial coordinates of events recorded by AMANDA-II in year
2000. The thick band of events below the horizon shows the onset of the down-going
cosmic ray muon background contamination. [9]

One of the major goals of AMANDA-II is to search for astrophysical point
sources of high energy neutrinos. All the data taken in 1997 (AMANDA B10)
and in 2000 (AMANDA II) have been analyzed. As shown in figure2.9, no sta-
tistically significant excess over the atmospheric background is seen in the search
for point sources. The most significant excess, observed at about68o Dec.,21.1h
R.A., is 8 events observed on an expected background of 2.1. Simulations predict
a probability of51% to observe such an excess as a random upward fluctuation

11The depth-dependent variations are correlated to known differences in the dust concentration
and depend on the conditions when the ice was formed, around5 · 104 yr ago.
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of the background. AMANDA-II has operated continuously since the year 2000:
the additional data which are now being analyzed should improve the sensitivity
of the results.

Figure 2.10: The limits on the diffuse neutrino flux, summed over the three flavors, shown
for AMANDA-II and Baikal. A multiplicative factor is applied as indicated to permit
comparison of limits derived forνµ in AMANDA B-10. The predicted atmosphericνµ, νe

fluxes are also shown. [10]

Using the cascade events the collaboration also derived constraints on the
diffuse flux of extraterrestrial neutrinos, shown in figure2.10. Demonstrating
ν-induced cascade sensitivity is an important step for neutrino astronomy be-
cause the cascade channel probes all neutrino flavours. Compared to muons,
cascades provide more accurate energy measurement and better separation from
background, but they suffer from far worse angular resolution and reduced effec-
tive volume.

The continuation of the experiment towards thekm3 scale, the IceCube project,
has been already approved and partially funded. It will be composed of 80 strings,
each one kilometer long (depht1400 ÷ 2400 m) with 60 PMTs each. The 4800
PMTs will be a modified version of the AMANDA ones, the 10” Hamamatsu R-
7081 PMTs. The detector volume will be one cubic kilometer and its instrumented
mass will be one Gigaton. The factor which determines the construction time is
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the speed of boring holes in the ice: a six year construction time is expected, and
work will start the next Austral summer.

IceCube has been designed to detect neutrinos of all flavours from107 eV
(supernova neutrinos)12 to the highest energy of1020 eV . Muons can be observed
from about1011 eV , cascades (generated byνe, νe ντ andντ ) can be observed
and reconstructed at energies above1013 eV , tau events can be identified above
energies of about onePeV .

A surface airshower detector consisting of 160 stations over1 km2 augments
the deep ice component by providing a tool for calibration, background rejection
and air shower physics.

2.5 Future projects: KM3-net

The obvious evolution for Neutrino Telescopes is the kilometer-cube size, in order
to become sensitive to very far or rare sources.

As a complementary project to the already approved ICECUBE experiment at
the South Pole, the European astroparticle physics community’s aim is to build a
very large volume neutrino telescope in the northern hemisphere. Co-ordination
between the various groups already existing, ANTARES, NEMO and NESTOR,
is needed to attract the necessary funding and manpower for this large project. To
this purpose, an application for a design study has been submitted to the European
Union in the framework of the6th EU’s Framework Programme for Research
and Technological Development(FP6). A decision on funding for this project is
forthcoming.

In chapter5 we shall discuss attempts, going on within the KM3-net collabo-
ration, towards the design of akm3 detector in the Mediterranean.

In the following sections the present situation and future planning of demon-
strator experiments in the Mediterranean, NESTOR and NEMO, will be briefly
described. The ANTARES experiment will be described in detail in the following
chapter.

12By using only the dense AMANDA array.
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2.5.1 NESTOR

The NESTOR (Neutrino Extended Submarine Telescope with Oceanographic Re-
search) collaboration has located a8 × 9 km2 horizontal plateau at a depth of
4000 m and only14 km off the coast near Pylos, Greece. The conditions are
very favorable for the operation of an optical detector system: the depth is con-
stant to within50 m over the entire plateau and the connection with close shore
requires an electro-optical cable of modest length, the water transmission length
in the blue part of the spectrum is about55 m [12], and underwater currents are
below10 cm/s. A total of 144 large 15” Hamamatus R2018-03 phototubes will
be employed. The optical background due to radioactive decays was measured to
be75 kHz per optical module at the0.25 p.e. level. Bioluminescence bursts of
duration3÷ 5 s, with frequency of1% of the experiment live time were detected.

Figure 2.11: Layout of the final
NESTOR telescope.

A modular, and hence expandible, design has
been chosen for the detector. The basic de-
tector element is a star-like hexagon made out
of titanium with a 32 m diagonal. A cen-
tral casing supports a spherical titanium pres-
sure housing which contains the readout and
data acquisition electronics, power convert-
ers, monitoring, control and data transmission
equipment. Attached to the central casing are
six titanium arms. At the end of each arm a
pair of PMTs is mounted, with one PMT look-
ing up and the other down, making a total of
12 PMTs per floor. Using this configuration
gives 4π coverage, enhances the discrimina-
tion between upward and downward going par-
ticles and improves the background rejection.
By stacking 12 of these hexagonal floors along
the vertical, with a distance between floors of
20 ÷ 30 m, a tower is created. As soon as the
first tower is deployed, the collaboration plans
to deploy the 3 strings they have been given by
the DUMAND collaboration at a distance of
80 m around the tower. The effective area of
the combination reaches105 m2 for PeV neu-

trinos [13].
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The first floor has been already successfully deployed at the end of March
2003 [14], and 745 atmospheric muons have been recorded. Figure2.12shows
the zenith angle distribution of the observed events, compared to a MC predicition.

Figure 2.12: Zenith angle distribution of detected atmospheric muons, compared with MC
prediction.

Additional funds could then allow to build six more towers, in order to deploy
them in a hexagonal fashion around the first tower (figure2.11) and at a distance
of 150 m from it. This array would have, forPeV neutrinos, a sensitive area three
times larger than the previous configuration. The detection threshold is forseen to
be10 Tev for muon tracks, but events contained within one tower can be recon-
structed down to4 GeV .

In order to be independent of cable-laying ships and to accelerate progress,
the NESTOR Institute has built a highly specialized deployment platform, the
DELTA-BERENIKE (see figure2.13): it has a central well, is a ballasted, self-
propelled equilateral triangular platform (51 m side), which can keep its position
in the high seas to a few meters using dynamical control GPS systems. All con-
nections would be made dry in air and no bathyscaphs would be required to make
connections under water.



CHAPTER 2. NEUTRINO EXPERIMENTS 39

Figure 2.13: The DELTA-BERENIKE platform

2.5.2 NEMO

NEMO is a research and development project directed towards the construction
of a submarine laboratory for high energy neutrino detection and interdisciplinary
activities, using a 1 kilometer cube detection system. The present activities [16]
include site search and characterisation, Monte Carlo simulation studies of the
detector capabilities, and construction of a0.1 km2 demonstrator.

Since 1998, the NEMO collaboration has performed more than 20 sea cam-
paigns on three possible sites, to establish a permanent site for the full study in-
volving a cubic kilometer neutrino telescope. A site in the Ionian Sea,70 km
SE of Capo Passero (Sicily), is currently the favoured option. The favoured site,
has a water depth of 3350 metres and fulfills all the needs regarding optical trans-
parency (λabs is 67 m at420 nm, close to the value of optically pure water, and the
overall attenuation13 is characterized by aλatt ≈ 33 m [17, 18]), low biological
activity and good oceanographical properties (like sedimentation, seabed geology
and deep sea currents).

Recently, a common effort has been undertaken by NEMO together with the
ANTARES collaboration, aiming at the design of akm3 telescope. The simula-
tions have been based on the ANTARES software package [56, 57]. Several geo-

13The used AC9 transmissometer does not allow to measure directly the scattering parameters.
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metrical configurations, instrumented with different numbers of large area PMTs
have been tested. The simulations assumed a detector instrumented with 6000
PMTs, arranged in a lattice of 400 square towers (800 m height) with horizon-
tal (string) and vertical (storey) distance between downlooking sensors equal to
60 m. Such a detector may achieve an effective area greater than2 km2 for
E > 100 TeV muons, and an angular resolution below0.2o at the same ener-
gies.

After a long phase of R&D, the collaboration is installing a deep sea test site
facility.

Figure 2.14: The NEMO tower,
partly packed with two unfurled
storey. In the circle: close up
view of one end of the tube with
the optical module assembly.

This project, called NEMO Phase 1, will be a
submarine laboratory for prototyping mechanical
structures and data transmission systems. It will
be composed by a network of Junction Boxes (a
main one and two secondary) and two NEMO
towers. A tower is a three-dimensional structure
composed by a sequence of storeys that host the
instrumentation, interlinked by a system of cables,
anchored on the seabed and kept vertical by an ap-
propriate buoyancy on the top. The final features
of the tower (number of storeys, number of optical
modules per storey, distance between the storeys)
can be optimized following the results of numer-
ical simulations. However, the modular structure
of the tower will allow to adjust these parameters
to the experimental needs. In the preliminary de-
sign an 18-storey tower is considered. Each storey
consist of20 m long pipe housing 2 OMs at each
end (4 OMs per storey). The vertical separation
between storeys is fixed at40 m, giving a total
active height of680 m. An additional spacing of
150 m is added at the base of the tower, to allow
for a sufficient water volume below the detector. In its working position each
storey will be rotated by90o, with respect to the upper and lower adjacent ones,
around the vertical axis of the tower.

In the meantime, the collaboration is developing a light detector prototype,
based on an improved (multianode) version of the BAIKAL hybrid PMT coupled
to a matrix of Winston cones [69]. Though the presently available photomulti-
pliers generally match energy and time resolution requirements, the possibility to
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recognize thěCerenkov light direction could drastically reduce the background
primarily generated by the40K decay, allowing to improve the detection perfor-
mances at lower neutrino energies. Similar goals are foreseen for the light detector
development described in chapter5.

2.6 Other detection techniques

The flux of neutrinos with energies higher than106 GeV is so low that even cubic
kilometer size detectors are too small to detect point sources. For cost reasons the
waterČerenkov technique is not affordable if one wants to instrument the required
tens of cubic kilometres. There is a lot of activity in developing the necessary
alternative experimental techniques.

Significant efforts are going on towards the detection of acoustic pulses pro-
duced in water by local heating from neutrino-induced showers of almost joule
energies. The (electromagnetic or hadronic) cascade of a neutrino interaction at
those energies is confined roughly in a cylinder with radius of a fewmm and
length5 ÷ 10 m [1]. The resulting local energy deposition heats the water caus-
ing an adiabatic expansion and a bipolar pressure pulse which can be detected up
to a few kilometres away. The acoustic signal is emitted preferentially in a disk
perpendicular to the cascade axis in a rather narrow solid angle.

The hardware and techniques for ocean acoustics are not expensive and have
already been developed for military research. The disadvantage is that the ocean
backgrounds are not well understood and the signal is very small, thus pushing
the detectable neutrino threshold to ultra high energies. However, there is some
activity going on14.

An alternative under test consists in the detection of coherentČerenkov ra-
diation produced in the radio and microwave regions by a charge asymmetry in
electromagnetic cascades atEeV energies [1]. The detection requires a medium
transparent to radio waves like Antarctic ice15, natural salt domes16 or the upper
10 m of the Moon’s regolith17.

14Baikal and AMANDA arrays, SADCO (Greece) and AUTEC (US) are few examples.
15ANITA propose the use of a ballon borne antenna; RICE is an already working antennae array

buried close to the AMANDA strings.
16SALSA, still at the conceptual stage, aims to reach a sensitive mass of several hundreds of

cubic kilometres by using a radio array.
17GLUE utilizes the NASA Goldstone Deep Space telescope: its effective target volume is

105 km3, but the observation time is very limited (300 hours in the next 3 years).
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Lastly, people are studying how to detect neutrinos travelling in a horizontal
direction with very large extensive air shower arrays like AUGER or with pro-
posed spaceborne instruments EUSO/OWL. Neutrinos are in fact the only parti-
cles that can survive the30 ÷ 40 interaction lengths which constitute the atmo-
sphere along the horizon, hence an extensive air shower coming from that direc-
tion may only be due to them. Space borne experiments also hope to detect upward
coming tau neutrinos, which have been degraded in energy by CC-interacting in
the Earth and being regenerated again (throughτ decay) until they interact in the
atmosphere.



Chapter 3

The ANTARES experiment

The ANTARES experiment (Astronomy with a Neutrino Telescope and Abyss
environmental RESearch) aims at the construction in the Mediterranean Sea of an
array of about 1000 optical modules to form a high-energy (in theTeV ÷ PeV
range) neutrino detector. In figure3.2the energy dependence of the effective area
(see definition in chapter2) for muon and neutrino detection is shown.

The experiment is somehow complementary to AMANDA. As can be seen in
figure3.1, the ANTARES detector covers the sky hemisphere opposite to the one
visible from the South Pole (the total field of view is3.5π sr, of which 0.6π sr
overlap with AMANDA) and is therefore able to look at the galactic center67%
of the time.

Figure 3.1: Comparison between the field of view of the AMANDA (left) and ANTARES
(right) experiment.

Furthermore, sea water is characterized by a longer scattering length than ice.

43
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Hence a better angular resolution1 can be achieved, allowing optimization for spe-
cific physics targets and counterbalancing the drawback of the optical background
(higher in sea than in ice). ANTARES will be characterized by a maximum angu-
lar resolution better than0.2o and a maximum energy resolution of about10 GeV
at 100 PeV . The energy dependence of these parameters is displayed in figure
3.3.

Figure 3.2: Effective area for neutrinos entering the Earth (left) and forν-induced muons
at the detector (right) as function of energy.

Figure 3.3:Left: Angular resolution for neutrinos and for muons as functions of energy.
Right: Muon reconstructed vs generated energy for Monte Carlo events. Black crosses
superimposed are a profile of the two-dimensional scatter plot.

1See definition in chapter2.
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The ANTARES telescope would extend its scientific programme within parti-
cle physics and astrophysics.

The particle physics area, mainly concerning neutrino oscillations, has partly
lost the importance it had when the ANTARES design started, in 1996, after the
successful efforts of SNO [63], Kamland [64], SK and K2K [65] in validating
the theory of neutrino oscillations and constraining the mixing angles and squared
mass differences. Moreover, the energies involved in the study of atmospheric
neutrino oscillations don’t well match the detection capabilities of ANTARES.

The detection of high energy neutrinos with unprecedented angular resolution
is the most important aim of the ANTARES experiment mainly because of its
astronomical implications. The principal mechanism for generating high energy
neutrinos is through decay cascades originating in the interaction of high energy
protons with matter or radiation. Hence the astrophysical sources of high energy
neutrinos may also be the sources of the highest energy cosmic rays. Neutrino
astronomy has already been discussed in the previous chapter.

The ANTARES sensitivity to muon fluxes expected after one year of data tak-
ing is shown in figure3.4, compared with upper limits already set by measure-
ments performed by other experiments. The estimate of the expected fluxes from
sources already known from gamma astronomy is very model dependent and it is
not reported here.

Another ANTARES goal is a search, through the detection of neutrinos, for su-
persymmetric dark matter relics in a region of the model parameter space which
is interesting for cosmology and particle physics. Neutrino telescopes are not
directly sensitive to WIMPs. However such particles could have been gravita-
tionally captured in the cores of the Sun and the Earth or in the centre of the
Galaxy. Their resulting high density would lead to annihilation reactions, which
would then yield high-energy neutrinos through the decays of the gauge bosons
and heavy particles produced. Compared to ongoing direct detection experiments,
neutrino telescopes are generally more suitable for large WIMP masses, although
resonances in the Earth’s capture cross-section are believed to strongly enhance
the signal at certain lower masses, particularly around56 GeV .

The two main noise components for the ANTARES experiment are an optical
and a physical background. The first one is due to light sources different from
theČerenkov light from cosmic particles, like bioluminescence orČerenkov light
from radioactive decay products.

The behaviour of this background places constraints on the trigger logic and
the electronics as well as on the mechanical layout of the optical modules. The
measured rates are in fact very high, such as to constitute a hazard to the very
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Figure 3.4:90% confidence level upper limits onµ fluxes induced by neutrinos with
E−2 spectrum as function of source declination for SK, MACRO, AMANDA-B10 and
AMANDA II. ANTARES sensitivity after1 yr is also shown. It has not been possible
to apply a correction due to differentµ average energy thresholds (1.5 GeV in MACRO,
3 GeV in SK, 50 GeV in AMANDA and ANTARES). Nevertheless, the maximum of
the response curves of all detectors is atEµ ≈ 10 TeV , hence events contributing below
50 GeV should not make a large correction to these limits. [19]

functionality of the photomultiplier tubes (PMT) or to increase by large amounts
data to be transferred to shore. A contribution of about30 kHz comes from
radioactive decays, in particular of the40K isotope. Bioluminescence present in
sea water increases up to50 ÷ 100 kHz the base noise rate and it also causes
intense bursts up to tens ofMHz. Assuming the PMT nominal gain of108, the
charge per single photoelectron can be estimated as≈ 10 pC: this means that the
maximum anode current tolerated by the PMT (0.1 mA) is reached already at a
rate of10 MHz.

The optical background is the main subject of this thesis and will be described
in detail in chapter4.
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Besides40K and bioluminescence, the main light sources in deep sea originate
from atmospheric muoňCerenkov light emission (about300 γ/cm in the interest-
ing wavelength range, between300÷600 nm). Multiple downgoing muon events,
which could constitute a background when misreconstructed as upgoing events,
is suppressed by the detection depth. However, the vertical downgoing muon flux
at a depth of2400 m (10 ÷ 30 Hz depending on threshold energy and solid an-
gle definition) is still about106 times larger than the vertical upgoing muon flux
from atmospheric neutrinos (see again figure2.2). This is a formidable challenge
for the detector. This second background component cannot be reduced with an
appropriate on-line trigger, but it will need an ad-hoc filter based on the physical
characteristics of the events.

3.1 Architecture

The detector consists of an array of 900 PMTs arranged in 12 vertical structures,
calledstrings, anchored to the sea bed, spread over an area of about0.05 km2

[23] and characterized by an active height of about350 m. Figure3.5 shows a
schematic view of part of the detector array indicating its main components.

In conjunction with the detector string is foreseen the deployment of a dedi-
cated line for monitoring environmental parameters (see section3.1.2) and a fa-
cility, the General Purpose Experimental Platform (GPEP), for oceanographic re-
search which will be connected to the shore via the same junction box and electro-
optical cable as the neutrino telescope lines.

The basic sensitive unit of the detector is the optical module (OM), consisting
of a PMT, a set of sensors for calibration purposes, and the associated electronics.
The electronics includes a custom-built digital electronic circuit for PMT data ac-
quisition, the high-voltage power supply for the PMTs and the network nodes for
data transmission and slow control. The optical modules are housed in pressure-
resistant glass spheres and are grouped together in clusters of three. Each of the 25
clusters of a single string is controlled by a separate electronic crate calledlocal
control module(LCM). All the LCMs in a string are interconnected via an electro-
mechanical cable. This composite segment (OM cluster + LCM) is calledstorey,
and ahydrophoneand (eventually2) anoptical beacons(OB) are also placed in it.
The three OMs of a storey, the OBs, the hydrophone and the associated LCM are
held by the optical module frame (OMF). The spacing between storeys is fixed to

2Since one OB is able to illuminate 8-10 storeys of each neighbour string, each detector line is
equipped with 4 OBs only.
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Figure 3.5: An artist view of the ANTARES detector. In the white square on the right, the
horizontal layout of the 12 string is shown.

14.5 m and about100 m divide the last storey from the sea bed, hence the total
height of each line is about450 m. As shown in the bottom-right corner of figure
3.5 the strings are arranged in an octagon with a minimum horizontal spacing of
60 m.

The optical modules in a storey are rigidly arranged in such a way that the
axes of the PMTs point downwards, at an angle of45o to the horizontal and with
a horizontal angle of120o between them. The angular acceptance of the optical
modules is broader than±70o (1.3π sr) with respect to the PMT axis. This means
that the proposed arrangement detects light in the lower hemisphere with high
efficiency, and also has some acceptance for muon directions above the horizontal.
Moreover, in the hemisphere below the sea horizon, there is an overlap in angular
acceptance between modules, allowing the possibility of an event trigger based on
coincidences between nearby modules.

The relative positions and orientation of all storeys in the detector are given in
real time by two independent positioning system.

A string, in fact, does not provides a rigid support for the optical modules,
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and event reconstruction has to take into account their real position at each given
moment. The precision of this spatial positioning should be better than the time
uncertainty in light detection by the PMT (1 ns is equivalent to22 cm of light
travel path in water). The relative positioning of every OM of the detector is
hence determined to an accuracy of10 ÷ 20 cm (depending on the OM location
and the current speed).
The first part of the positioning system is based on a set of tiltmeters and com-
passes which measure local tilt angles and orientation of each cluster. The recon-
struction of the line shape, as distorted by the water current flow, is obtained from
a fit of measurements taken at different points along the lines: a maximum error
of 1 m on the reconstructed shape is estimated, assuming a precision of0.05o in
tilt and of0.3o in direction.
The second system, based on acoustic triangulation, is more precise but requires
more complex and expensive electronics. Thetrasponder3 placed at BSS of each
string send an acoustic signal to a minimum of three transponders fixed to the sea
bed, each of whom replies with its characteristic frequency which will detected by
the hydrophones placed on each storey. A global fit of the measured acoustic paths
gives the precise three-dimensional position of the rangemeters, provided that the
positions of the transponders and the sound velocity in water are known4. The
systems are complementary: a few points of the line can be measured acoustically
and other points are obtained by line shape fitting.

In addition to the relative positioning of the OMs, the reconstruction of the
muon tracks in the ANTARES detector depends on the relative timing of each
phototube signal with respect to the others. A timing calibration with an accuracy
of 0.5 ns must be achieved in order to avoid degradation of the1 ns precision of
the Cerenkov light arrival time measurements given by the photomultiplier.

A string is instrumented with several electronics containers. Each of these con-
tainers constitutes a node of the data transmission network, receiving and trans-
mitting data and slow-control commands. At every storey, a local control module
(LCM) is located, and at the base of each string there is a string control module
(SCM). Special containers house acoustics and calibration equipments. The con-
trol modules support front-end electronics readout, sensor readout, slow-control
parameters adjustment and trigger generation. Electronic containers also provide
the distribution of power, master clock and reset signals to the front-end electron-

3Acoustic emitter-receiver.
4It is continuously monitored by a sound velocimeter with a precision of5 cm/s and some

Conducivity Temperature Depth (CTD) devices record the variations of water temperature and
salinity on which the speed of sound depends.
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ics.
The individual SCMs are linked to a commonjunction box(JB) by electro-

optical cables which are connected using a manned submarine. A standard deep
sea telecommunication cable links the junction box with the shore station where
the data are filtered and recorded.

The trigger logic off shore has been designed to be as simple and flexible
as possible. Its main goal is to reduce the optical background contamination of
physical events, without introducing a bias on event reconstruction. In the origi-
nal intentions5: following a second-level trigger the full detector would have been
read out.
The first-level trigger (L1) requires a coincidence between any two OMs in a sin-
gle storey, which is highly likely in case of̌Cerenkov emission from an energetic
muon, thanks to the typical wide emission cone in water and to the overlap be-
tween PMTs angular acceptance in the same cluster.
A second-level trigger (L2) is based on combinations of first-level triggers. A
more refined third-level trigger, imposing tighter time coincidences over larger
numbers of optical modules, must be implemented using a farm of processors on
shore: the readout rate is expected to be hundreds of kHz, but the corresponding
data recording rate should be lower than 100 events per second.

The following sections of this chapter describe the various components of the
detector in more detail.

3.1.1 The Detector Strings

Each of the 12 strings is mantained vertically by a buoy on the top and anchored
on the sea bottom. Between the buoy and the anchor, the active part of the string
comprises a series of elementary detector segments. These segments are stan-
dardised and can thus be mass-produced and (if necessary) interchanged. String
components are designed to resist corrosion by salt water and high pressure, to be
watertight and to minimize light reflection. The planned minumum lifetime for
each component is 10 years.

The configuration of the principal elements of each string is illustrated in fig-
ure3.6.

The bottom string socket(BSS) anchors the string to the sea bed, facilitates
the electrical connection of the string to the network and permits the release and

5Recently it has been suggested to avoid in the initial phase of the experiment the use of any
off-shore trigger.
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Figure 3.6: Schematic view of a detector string. Only 3 of the 25 storeys are drawn here.
Acronyms are defined in the text and itemized in appendixA.

subsequent retrieval of the string itself. Connection of the string to the network
is performed by a submarine. In order to allow precise and simple string instal-
lation, its construction has been optimized for handling on the deployment ship,
resistance to shock, stability during descent. The BSS is instrumented for acoustic
positioning.

The electro-mechanical cable(EMC) provides mechanical support for the
string and enables the electrical interconnection of the detector string elements.
It is capable of supporting tensile, torsion and bending stresses maintaining the
string’s stability, and is flexible enough to facilitate string handling, deployment
and retrieval. Electrical cables and optical fibres run through the EMC and enable
power distribution and transmission of signals between two consecutive electronic
containers (LCM or SCM).

A schematic view of the ANTARES storey and its main components is shown
in figure3.7.

The OMF is a titanium structure which supports the various elements placed
within it, namely the optical modules, the LCM container a hydrophone6 and
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Figure 3.7: The base elements of a storey.

possibly an optical beacon7 and supports the major traction forces that work on
the string during deployment and recovery without transmitting them to the active
elements.

Out of each set of five consecutive LCMs in every string, one is amaster
LCM (MLCM) with a predominant role for trigger logic and clock distribution.
The MLCMs act as mediators between the SCM and the other four slave LCMs.
Each group of five LCMs constitutes asector: each string consists of five sectors.
The Pisa group contributes to the ANTARES experiment with the integration and
testing of a large part of the slave LCMs which will be necessary for the0.1 km2

phase.
The top of the string consists of a buoy whose dimension and geometry are

optimised to minimise hydrodynamic effects, such as dragging and vibration, by
maintaining a suitable tension in the string. In addition, the buoyancy ensures a
controlled resurfacing of the string during retrieval.

6For acoustic positioning.
7For the OM time calibration.
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The optical module The optical module is the main sensitive element of the
detector. The PMT and its associated electronics are housed in a43 cm diameter,
15 mm thick, glass sphere, which can withstand pressures of up to700 bars,
produced by the Benthos Inc. Company. The sphere is made of two halves, one
of which (the one opposite the PMT photocathode) is painted in black on its inner
surface so as to give the OM some minimal directionality with respect toČerenkov
light detection without degrading its acceptance. The two halves have machined
edges which form a seal when subjected to an external over-pressure. Attenuation
of light atλ = 450 nm due to the sphere was measured to be less than2%.

Silicone gel, covering the entire photocathode area, ensures both optical cou-
pling and mechanical support of the PMT. Its refractive index (ngel = 1.40) does
not exactly match that of the sphere (nglass = 1.48) but is higher than the refractive
index of water (nwater = 1.35) in such a way as to minimize the amount of light
reflected out of the OM. The attenuation of light caused by the gel is negligible
with respect to the one due to the glass sphere.

A cage made of1.1 mm thick high-permittivity alloy wire is used to shield the
PMT from the Earth’s magnetic field and minimize the dependence of the detector
response upon its angle to the magnetic North. The mesh size of the cage (6.8 cm)
was optimized to reduce the non-uniformity of the PMT angular response to less
than 5% while minimizing the fraction of light lost due to the shadow on the
photocathode.

Figure 3.8: Hamamatsu measure-
ments of Q.E. for PMT R7081.

Several PMTs of different diameters have
been studied before coming to the final choice
of the Hamamatsu R7081-20 PMT. It is a
hemispherical tube made of borosilicate glass,
10 inches in diameter, with a bialkali photo-
cathode and a 14-stage amplification system.
The quantum efficiency for the specific com-
bination of window and photocathode materi-
als is shown if figure3.8. The nominal gain
of 108 is reached for a high voltage of about
2500 V . Its performances are summarised be-
low in terms of a small number of critical pa-
rameters, only a fraction of those which have
been measured [27].
Electromagnetic interference in the OM in-
duces less than5 mV (rms) noise at the PMT
anode. The gain at which the PMT is operated must be chosen taking this noise
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into account. A factor of10 between the average pulse height for a single photo
electron (SPE) and the pedestal is sufficient to ensure efficient discrimination of
the signal. This corresponds to an effective working gain of the order of5 · 107,
but in view of ageing a maximum gain of at least108 is required.
The effective photocathode area is defined as the detection area of the photocath-
ode weighted by the collection efficiency. It was measured by scanning the entire
photocathode surface with a collimated blue LED and a value of440 cm2 has been
obtained.
The peak to valley ratio is computed from the observed charge spectrum of single
photoelectrons with the high voltage adjusted to give50 mV amplitude for SPE.
It is measured to be 2 at the nominal gain of108.
Due to small imperfections in the electron optics and the finite size of the pho-
tocathode, the SPE transit time between the photocathode and the first dynode
has a measurable width, usually referred to as the transit time spread (TTS). This
defines the timing resolution of the PMT, which is required to be comparable to
that from the overall positional accuracy (1.3 ns RMS) and the timing precision in
the readout electronics (3 ns FWHM). The measurement of the TTS is performed
over the whole photocathode area with the PMT operating at a gain of108 yelding
3.3 ns FWHM.

3.1.2 The Instrumentation Line

Knowledge of light and sound speed in water is essential for track reconstruction,
while knowledge of deep sea currents will help to correlate effects visible in the
data (detector position variation, optical background modulation, effect of sedi-
mentation) with marine properties. The main ANTARES detector strings host a
few instruments8 providing the minimum amount of information needed for data
analysis.

The Instrumentation Line (IL) is a totally dedicated tool for monitoring envi-
ronmental properties relevant to the detector calibration and data analysis. running
in parallel to the rest of the experiment.

In order to simplify the construction and the data collection the Instrumenta-
tion Line uses the same mechanics developed for the other detector strings and the
same read-out electronics and data transmission.
The basic instruments installed on the Instrumentation Line are:

8CTD and sound velocimeters. See footnote on page49.
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Figure 3.9: The Mini IL, a
prototype of the final Instru-
mentation Line design.

• Acoustic Doppler Current Profiler (ADCP), to
monitor the water current flow along the full
height of the detector strings;

• Conductivity-Temperature-Depth (CTD) sen-
sors, to monitor the temperature and salinity
of the sea water at various depth;

• Sound Velocimeter, to monitor the sound ve-
locity in sea water;

• Device to measure the light attenuation and
absorption in sea water: a transmissiometer
CSTAR of WetLabs;

• Seismometer.

It is also foreseen, at least at the beginning of the
detector operation when only a few strings are de-

ployed, that the Instrumentation Line will host the Laser Beacon and an Optical
Beacon used for Optical Module time calibration.

The IL will be recovered (if needed) every one or two years to maintain instru-
ments, to install new devices, and to monitor the behaviour of immersed material.

3.2 Offshore electronics and DAQ

The detector size and the distance between the detector and land do not allow
to transmit analog signals and preclude a point-to-point connection between each
OM and the shore station. Instead, an electro-optical cable from the shore station
supplies electrical power to the detector array and permits data to flow in both
directions using optical fibres. The electro-optical cable ends at the juction box
to which the strings are connected. A star-topology network architecture is used,
running from the string control module to the optical modules via the local control
modules. A digital scheme has been devoloped for the necessary data multiplex-
ing. This network is used to distribute power, collect data, broadcast slow control
commands, distribute master clock signals, and form the trigger.
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The OM electronics is constrainted by the limited space and power available.
An Application Specific Integrated Circuit (ASIC) has been developed for the
digital front end at the PMT output, tailored to the experiment needs. The cir-
cuit is called Analogue Ring Sampler (ARS) and three9 of them are placed on
the motherboard of each OM. Its block diagram is shown in figure3.10. They

Figure 3.10: ARS1 block diagram

basically record all the pulse shapes either simple or more complex: the signal
type is determined from a pulse shape discriminator (PSD) and processing is run
in two different modes (WF and SPE). The PSD criterion is displayed in violet in
the center of figure3.11. The system allows to adjust the main parameters of the
PSD, i.e. the large pulse threshold, the time over threshold and the time window
for multiple pulses.

In figure3.11the main steps of data processing are shown. The chip samples
the PMT signal10 continuously at1 GHz and holds the analogue information on
128 switched capacitors when a low-level threshold is crossed (L0 trigger). A

9Only two ARS per OM are used for data taking in a “token ring” (see below), while the third
one is used for triggering purpose only.

10The anode output, an attenuated anode output and a dynode output.
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timebase20 MHz clock generated on shore is also sampled at1 GHz on one
channel, giving a relative timing of the signals to better than1 ns. Only if the

Figure 3.11: General description of signal processing.

PSD finds that the PMT signal output is longer or higher than the reference value,
the information is digitized by an external 8-bit ADC , i.e. the event is processed
in the full wave form (WF) mode.

The same external20 MHz clock is used by the Time-to-Voltage Converter
(TVC) as well as the Time Stamp (TS). The TVC provides an analogue value
proportional to the time when the L0 threshold was crossed in between two con-
secutive timebase clock cycles. Digitization by using 8-bit ADC provides time
resolution of0.2 ns.
The time stamp is obtained for each event by counting with 24-bit registers the
20 MHz reference clock cycles.
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A reset command sent through the clock stream is used to restart all the coun-
ters of the array synchronously.

Almost 99% of the pulses are single photoelectrons, whose pulse shape is
implicitly known from PMT calibration measurements. Hence, if the signal is
within the PSD gauge, the processing returns only the charge and the arrival time
at a threshold crossing, and the information is transmitted to shore along with the
OM address. This SPE mode reduces the dead time due to the event processing
and the data flow, because the related information needs only four words (8 bytes).
For the remaining1% of the pulses processed in the WF mode, the pulse shape is
also transferred to shore for offline analysis and this implies the processing of a
larger amount of data, namely 263 bytes per event.

The ARS chip has also two extra features independent from the signal pro-
cessing: the counting rate monitor (CRM), which generates a CRM event after a
predefined11 number of pulses, and the pulse generator for LED command12.

A pipeline memory is implemented to store the SPE information long enough
to match the readout request (RoR) propagation and formation time, which is
around10 µs in the case of a RoR following a global L2 trigger. Two memories
per optical module are used, in a token ring: the DAQ itself shares the data be-
tween them sending the event to the first free memory. This will permit the chip to
be used in case of counting rates exceeding60 kHz and for a km-scale detector,
where the trigger formation and propagation time may reach30 µs.

3.2.1 Data formats

A summary of hit types and the corresponding data volumes can be found in table
3.1.

Event Type SPE WF WF + dynode RTS STATUS CRM

data (Bytes) 6 263 519 4 4 5

Table 3.1: Summary of the ARS hit data.

11This precount value is an adjustable number between 1 and 155.
12Single or 1024 pulses synchronised to the reference clock are delivered at a predefined rate or

on the Time Stamp reset.
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SPE A single photo-electron hit is generated if an input trigger (L1 or L2) co-
incides with the (internal) L0 trigger of a hit. It contains the header, the
integrated charge (1 Byte), the time stamp (3 Bytes), and the TVC.

WF A waveform hit is generated if the signal passes the PSD criteria. It contains
the SPE information and 128 samples of the anode signal. When both ARS
chips are occupied by waveform hits, the data are reduced to those of a SPE
hit. The PSD flag in the header is then set correspondingly.

WF+dynode A subset of waveform hits can contain waveform information from
dynode signals as well.

RTS Reset time stamp events are generated each time the internal clock register
is reset. This reset occurs when the ARS counter reaches its maximum or
when an external RTS signal is applied. The header contains the last time
stamp value before the reset.

STATUS Status events are generated by the ARS at power on or when slow con-
trol access starts or terminates. The ACQ/BUS flag in the header indicates
the actual status. Status events contain the current time stamp value.

CRM Counting rate monitor events are generated by ARS each time the L0 pre-
count is reached. It contains the header, time stamp and the time needed to
reach the precount.

The data of each ARS are packed intoframesand sent to shore by the process
running on the LCM. A frame contains a header with information on the source,
time stamp, data type, etc. When applicable, a list of hit items is included behind
the header.

The frame header format13 that was read by the datafilter has the following
format:

13For a detailed explanation of data formats, see [51, 52].
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Raw ARS frame header (32 bytes):
FrameSize U32 Total length of frame in 4-byte words
DataType U16 Data type code (SPE, WF etc.)
FrameTarget U16 On-shore farm PC handling this time slice
FrameTime U64 Frame time stamp (units 50 ns)
FrameIndex U32 Frame number since start of run
NbItemsOrg U16 Number of L0 trigger happened in this data frame+

NbItems U16 Number of items sent in this data frame∗

LCM ID U16 Identifier of originating LCM
ARS ID U16 Identifier of originating ARS inside LCM
RunNumber U32 Unique run number
+ From the FPGA, and not from the ARS. Implemented later.
* That is CRM items, for the PSL, rather than SPE items. The SPE format

has been used for sending CRM events, hence 6 Bytes instead of 5
Bytes are used with one Byte set to zero.

The setup of the run (ARS threshold and CRM precount, PMT voltages, etc)
is stored in a database together with the run number and the frame-time dura-
tion. The frame time duration is set through the slow control. During the entire
life of the PSL in 2003 (see section3.5.2), it was 219 LCM clock cycles14, i.e.
13107200 ns.

3.3 On shore data handling

Two main functions are implemented on shore: the data acquisition and the slow
control for various aspects of detector operation.

The aim of the onshore data acquisition is to maintain an experiment status
database using the slow control information, apply a filter of higher level with re-
spect to offshore triggers (in order to reduce rates to a reasonable level for archiv-
ing on tape) and verify the data integrity.

The main purpose of the slow control system is to initiate and verify the con-
figuration of the detector (through in-situ calibrations and instrument settings), the
initialisation of all processes and the changes between the possible states of the
DAQ system.

The first step of the on-shore processing is event building. Here, time-stamped
data from various parts of the detector are assembled into events. Most of the

14For the CPU clock on each backplane, one cycle lasts25 ns.
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triggers are caused by accidental coincidences and these may be filtered in off-
line reconstruction. The event building will associate both digital data from the
OMs and slow-control data in the same event. Fully built events will be used
for feedback in controlling the detector, as well as for event display and data
monitoring. A Unix-based event display has been developed (and tested using the
prototype strings) for this purpose. An online monitoring system is also used to
monitor the quality of the data and the stability of the detector. This reduces the
time required to detect errors and speeds up the verification procedure after expert
intervention(s).

PMT voltage, temperature and power-supply voltages are read from the OMs,
while information on string attitude, water current speed, acoustic positioning in-
formation and other control data are provided by dedicated instruments. Parame-
ters to be adjusted during detector operation include the PMT voltage, thresholds
involved in pulse detection and triggering, and various calibration systems.
Slow-control data acquisition and execution of slow-control commands are car-
ried out by the processor on the motherboard of the relevant electronics container
(OM, LCM, SCM or specialized instrumentation containers).

3.4 Trigger logic and rates

A schematic drawing of the off-shore trigger logic is displayed in figure3.13.
Only a level zero trigger is still used for the readout of single hits.

The level zero trigger occurs when the output of a PMT crosses a threshold
corresponding to30% of a SPE amplitude. Two peculiar examples of L0 triggers
depending on the time duration of an event are shown in figure3.12. The L0
trigger signal has a minimum time duration ofTwmin, adjustable between10 ns
and70 ns, and the maximum pulse width is 4 timesTwmin. Setting limits to the
pulse width is needed in order to made coincidences between two OM in case of
low amplitude pulses leading to very short Time Over Threshold (TOT) and to
avoid any extra triggers in the falling tail of large amplitude pulses.

In order to deal with the high counting rate in the sea (see section4.1), a level
1 trigger is built out of a tight time coincidence (20 ns) between two L0 triggers
from the same storey.

A level 2 trigger can be formed by requiring multiple L1 triggers in a coinci-
dence gate whose width is of the order of that needed for a track to pass through
the entire detector (about2 µs). The L2 trigger condition could be at least two L1
triggers on the same string (L21: string trigger) or at least three L1 anywhere in
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Figure 3.12: L0 trigger timing examples

the detector (L22: array trigger).
When either the string trigger or the array trigger conditions is satisfied, a

readout request is sent to the entire array. The readout request is received in each
ARS, which starts the digitization of all the information within the maximum
allowed muon crossing time. Internal delays specific to each OM compensate
for the trigger formation and readout request propagation times. When an L1
trigger occurs in a storey, the two OMs involved are read out, even if they do not
participate in the subsequent L2 trigger.

The L1 trigger logic will be installed in each LCM, in the ARS mother-
board and in a specific trigger motherboard of each LCM which uses Field Pro-
grammable Gate Array (FPGA) circuits. The L2 trigger logic must be linked to
all the LCMs which may participate in the trigger, therefore the array trigger is
installed in the junction box, while the string trigger will be installed at the bottom
of each string (in the SCM) and then sent to the JB from which the readout request
will originate.

The volume of data transmitted to shore depends on the trigger rate, the OM
background and the proportion of WF events. Trigger rates and data flow due
to random coincidences from background counting rates will be here estimated,
in both cases of a readout request following either L0 or L1 trigger, assuming
optimistic values of75 kHz for the L0 trigger base rate and a contribution from
burst events during30% of the time.

During a bioluminescent burst, L1 triggers from affected storeys provide no
discrimination against noise, because often all the OMs in the storey “see” the
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Figure 3.13: Trigger logic. The avoidance, in the initial phase of the experiment, of global
RoRs has been recently suggested: all data generating a L0 trigger would be sent to shore.

burst. These storeys are removed from the trigger logic in real time, but the OMs
are still read out, though it will be hard to recover the signal from the noise when
tracks are reconstructed. Let us assume that the L1 trigger is disabled for modules
affected by bioluminescence events (threshold at500 kHz). From a distribution
of raw rates one can extrapolate that the dead time in the detector will be less than
10% and the effective burst fraction will be reduced to20% (with an average rate
reduced at300 kHz).

The average number of possible random coincidences in a OM triplet is2 ·
3!

2!(3−2)!
· R1 · R2 · τ . AssumingR1 = R2 = R3 = 75 kHz 70% of the time

andR1 = R2 = R3 = 300 kHz 20% of the time, and using the L1 coincidence
windowτ = 20 ns, the L1 trigger rate will be:6 · (112.5 · 0.7 + 1800 · 0.2) Hz ≈
2.6 kHz per storey, or12 · 25 · 2.6 kHz ≈ 800 kHz for the entire detector.

Accidental overlap of consecutive signals in the50 ns integration gate pro-
duces wide pulses detected as WF events1% of the times at the base rate and4%
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of the times in burst regime, which on average correspond respectively to 68.6 bits
and 130.2 bits per hit. Under these assumptions, the data flow rate for a readout15

of the entire detector (900 OMs) following a L1 trigger is6 · (112.5 · 0.7 · 68.6 +
1800 ·0.2 ·130.2) ·3 bits/s ≈ 940 Kbits/s per storey or≈ 2 Gbits/s for the entire
detector. The use of one of the type of L2 triggers described above will further
reduce this number.

In a future situation of single L0 triggers readout, assuming the same500 kHz
cutoff for bioluminescence, the average OM trigger rate would be(75∗0.7+300∗
0.2) kHz ≈ 100 kHz, the average OM data flow rate would be(75 ∗ 0.7 ∗ 68.6 +
300 ∗ 0.2 ∗ 130.2) Kbits/s ≈ 11 Mbits/s, and the average data flow rate for the
entire detector would reach10 Gbits/s.

3.5 Status of the experiment

Since its very beginning ANTARES has followed an R&D programme focused on
three major milestones:

• The construction and deployment of test lines dedicated to measuring en-
vironmental parameters such as optical background, biofouling and water
transparency.

• The development of prototype strings to acquire the necessary practical ex-
pertise in the deployment and operation of an undersea detector up to the
kilometer scale (see chapter2).

• The development of software tools to explore the physics capabilities of the
detector (see sectionB).

This R&D phase has demonstrated that the deployment and physics operation of
such a detector is feasible. As a consequence, the construction of the detector is
starting.

3.5.1 Site environmental parameters

The Mediterranean Sea represents an environment for a neutrino telescope that is
quite different from those of the operating arrays at Lake Baikal (a freshwater lake
which freezes in winter) and the South Pole.

15In the optimistic assumption that on average a single hit per OM is readout.
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Therefore, in order to ensure the success of the deployment of a large scale
detector in such an uncontrollable environment, an extensive programme of site
evaluation and prototype testing has been necessary. A continuous environment
monitoring will be done during the entire detector operation, thanks to a dedicated
instrumented line deployed in conjunction with the 12 detector strings (see section
3.1.2). The detector will be deployed at a site near Toulon, at42o50′ Northern
latitude and6o10′ Eastern longitude, at a depth of 2400 m under the sea level.
The final choice of the site, illustrated in figure3.14 satisfies the requirements

Figure 3.14: The ANTARES site, in the South cost of France.

on water transparency, optical background, fouling of optical surfaces, strength
of the deep sea currents, meteorological conditions and depth. It also presents
several advantages for the geographical position which allows an efficient on-
shore support and is characterized by a large availability of infrastructure and
pier.

Water optical properties The water transparency affects the muon detection
efficiency, while the amount of scattered light determines the detector angular
resolution. The optical properties also place strong constraints on the detector
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geometry, because light attenuation limits the maximum spacing between opti-
cal modules that allow a good reconstruction of tracks with no information loss.
Measurements and analysis performed in the ANTARES site [21, 22] give an ab-
sorption length in the range25 ÷ 55 m and an effective scattering length in the
range120÷ 300 m from UV to blue light (370÷ 470 nm).

Fouling The surfaces of optical modules exposed to sea water are affected by
the combination of two fouling processes. The first one is the growth of living
organisms, mostly bacteria, on the entire outer surface of the glass sphere. The
second process is the fall of sediments, mainly originating from continental river
beds, on upward-looking surfaces. The bacterial growth is almost transparent,
but sediments adhere to the surface and make it gradually opaque. As shown in
figure3.15, measurements have demonstrated that fouling is significantly reduced
for polar angles larger than 50 degrees with respect to the zenith. At the equator
(θ = 90o in figure3.15), the fouling induces a transmission loss which saturates to
1.5% after eight months of immersion. This is an upper limit on the loss expected
on the actual detector, where optical module axes will be oriented at a polar angle
of 135 degrees with respect to the zenith [34].

Figure 3.15: Light transmission as a function of time and polar angle.

Sea conditions Suitable sea conditions are required to perform deployment and
recovery operations. These conditions depend both on the nature of the operations
and on the characteristics of the ship. The favorable sea conditions specified for
operations with the boatCastor16, for example, are a wave height lower than1.5 m
and a wind speed lower than25 knots17. The analysis of data from a number of
sources leads to the conclusion that periods of three consecutive days with these

16Belonging to the SERRA-MARINE company.
17Force 5 on the Beaufort scale.
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specific conditions occur less than five times per month between October and
April, and more than five times per month from May to September.

The strength and direction of undersea currents has been taken into account
in the mechanical design of the detector. The strings well tolerate the maximum
current speed presently observed, namely19 cm/s (see section4.1.3).

A visual and bathymetric survey of the sea floor was also performed in the
potential sites. It checked the absence of topographical anomalies, such as steps
or rocks, which could obstacle the string deployment and anchoring and it also
made sure that the floor substrate will be a satisfactory support for the detector.

3.5.2 Prototype lines deployed in 2003

In 2002/2003, the ANTARES collaboration has deployed at the ANTARES site a
prototype line made of one single sector (PSL, Prototype Sector Line: deployed in
December 2002) and a first version of the instrumentation line (MIL, Mini Instru-
mentation Line: deployed in February 2003) which have allowed the verification
of the “final” design, in the final environment, using prototype electronics boards.
They were intended to identify any problems as early as possible, in order to cor-
rect them before the production of the full0.1 km2 detector.

The sea deployment has permitted testing of many aspects of the design which
would have been impossible to study in on-shore tests: the deployment/recuperation
procedure itself, the power distribution via the sea electrode, the line movement,
the acoustic and absolute positioning, the medium term corrosion effects, the eval-
uation of system reliability, to name but a handful.
Unfortunately, testing trigger rates and data volumes in final conditions, as well
as in situ time calibration with OM flashers and optical beacons (with real scat-
tering and absorption effects), had not been possible because of the lack of the
global 20 MHz clock from shore, due to a problem with the optic fiber which
was intended to transmit the clock signal generated on shore.

The sector line consists of a single sector of 5 storeys, with the associated
SCM/SPM and BSS, and a minimal DAQ system at the on-shore station. The
lowest storey is at the nominal position,100 m from the sea bed, and the spacing
between storeys is the old standard12 m.

The MIL was equipped with 2 storeys separated by100 m and a BSS. The
devices in the upper storey were the ADCP and the sound velocimeter, while
in the bottom storey the CT probe and the transmissiometer were located. The
seismometer was positioned50 m away from the MIL anchor.



68 CHAPTER 3. THE ANTARES EXPERIMENT

Figure 3.16: The layout of the two prototype strings as appeared after March 2003. PSL
shown on the left, MIL on the right.

Both the MIL and the PSL were connected to the Junction Box in March 2003,
and it was planned that they would be operating in conjunction. However, a water
leakage due to a faulty washer of the MIL forced the recovering of the line for
debug almost immediately (April 2003), while the PSL continued its operations
until the first weeks of July.
Furthermore both lines have been affected by several problems.
The main issues on the MIL have been the failure of clock distribution for trig-
gering the acoustic positioning system (because of a break of the optical fibre),
and the water leak on the MLCM which damaged MLCM and LCM electronics
(the latter because of migration of water through the EMC). The acquisition of the
environmental parameters (seismic activity, light absorption, sea currents, sound
velocity, conductivity, pressure, temperatures) was not impeded by the clock prob-
lem, but data were collected for 3 days only due to the flood of the MLCM.
In the PSL, the early failure of some capacitors on the PMT basis, a problem with
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a DC/DC converter on the same location and some booting problem caused the
malfunctioning of all three OMs of LCM 2, while the LCM 3 stopped working
because of a water leak. Moreover the clock did not propagate from the SCM to
the LCM clock-boards, because the high pressure and tension endured by the de-
manded fiber harmed the signal transmission. Without the clock, the ARSs cannot
be enabled, therefore neither SPE18 nor WF events could be acquired, but they did
transmit some data even though not enabled: the CRM events. These can be used
to measure the singles rates as functions of time, HV and ARS threshold values.
In absence of the global clock, the LCM clocks have local20 MHz oscillators,
which arenot synchronised19, though.

Figure 3.17: MILOM layout, as
agreed upon in March 2004.

For the next future, between the end of this
year and the beginning of 2005, the deployment of
two “new” test strings is scheduled: the MILOM,
a new 3-storeys version of the MIL with optical
modules and the old devices but new electronics,
and again the (repaired) PSL line, with 4 storeys
only (the broken LCM 2 will not be replaced) and
using a new reinforced EM cable.
The main objectives of MILOM and PSL2 are
the validation of the new EM Cable in real con-
ditions, the test and validation of the new elec-
tronics, long term monitoring of environmental
parameters and their correlations, procedure de-
velopments and checks for in situ calibration, and
all those tests which were not possible with the
MIL and PSL because of the failures mentioned
above.

The deployment of the first of the 12 final
strings will take place only a few months later and
the whole detector will be operational within the
following two years.

18For more details on data formats, see section3.2and section3.2.1.
19If they had been synchronized a time resolution≈ 25/

√
12 ns would have been gained on

every L0 by setting the CRM precount equal to 1.
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Chapter 4

The Optical Background

4.1 Background analysis

The analysis presented in this chapter aims at establishing the nature and be-
haviour of the optical background sources and determining the possible long-time
variations and correlations with other environmental parameters. A precise char-
acterization of the background sources is necessary to optimize the choice of the
detector trigger, by tuning the algorithms in order to minimize the dead time.
To this purpose, in the MonteCarlo simulation an accurate parametrization of the
background is equally important as the physical event generation.

Since the beginning, several measurements of the optical background have
been performed at different depths on the ANTARES site as well as on another
site near Corsica1, in order to perform a comparison. These results have been
reported in a large number of publications and presentations. Because of different
hardware problems and slight modifications to the string arrangement from test to
test, it is not always possible to apply appropriate corrections to the data in order
to compare the different results. Consequently, only the ones which are more
relevant for the experiment will be reported here.

The general line setup used in the tests consisted essentially of two or three
optical modules, located in such a way as to have at least one close pair, and
a currentmeter. The two close OM (called A and B) are mainly used to study
coincidences and correlations. If present, the third OM (called C) was located
further down in the line (10 ÷ 40 m deeper), in order to study the dependence
of signal correlations upon PMT separation. Each optical module consisted of a

1About40 km off Porto (42o22′ N, 8o15′ E), at a depth of2680 m.

71
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10′′ Hamamatsu PMT2, shielded by aµ-metal cage and enclosed in the standard
Benthos glass sphere. Recorded data comprised the time needed to reach a preset
value on the single counter for OM A, the counts reached during this period by
the OM B (and C) single counter and the number of coincidences for all possible
pairs. The threshold on the PMT output signal was normally set to 0.3 p.e.; higher
threshold values were also sometimes used to check the background contribution
at larger photon yields.

Figure 4.1: Example of background rate time stream. [30]

Two different components can be identified. A continuous background, whose
frequency varies slowly in time over periods of several hours, and usually corre-
sponds to several tens ofkHz for a 10′′ PMT; a few sharp peaks, ranging up to
tens ofMHz and lasting few seconds, sticking out of the continuous component.
In order to quantify the background, two definitions were introduced: thecontin-
uous componentis the lower envelope of the plot representing the counting rate of
a given OM as a function of time; thebioluminescence activity(or burst activity)
is the fraction of time during which a given OM exhibits a counting frequency
higher than200 kHz3 at the 0.3 p.e. level. Both quantities are usually evaluated
over time spans of half an hour.

2Before 1999, the8′′ Hamamatsu R5912 PMTs were used. Anyway, all the data presented here
are re-scaled to the10′′ Hamamatsu R7081 PMT, which is the one chosen for the final detector.

3This frequency corresponds to the one for which a sizable amount of dead time was expected.
Periods of high bioluminescence activity can last for as long as a day, causing a large dead time
on the affected PMTs during this period [34].
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As already introduced in the previous chapter, the background light is known
to be caused by the radioactive decay of isotopes naturally present in the sea salt
and bioluminescent living organisms.
The activity of the continuous component is expected to be caused mainly by
40K-decay, however another contribution must be present. Since the water salin-
ity remained approximately constant to3.85 PSU4 throughout the tests, and the
Potassium contribution to the salinity is stable at1.11%, the large modulation5

registered in the tests cannot be explained by a varying level of40K counts. More-
over simulations (see section4.1.1) set for the40K contribution an upper limit
consistent with the lower rate observed, which is≈ 27 kHz for a 10′′ PMT with
the threshold set at 0.3 p.e. . The excess observed in the continuous component is
therefore probably caused by a slightly variable bioluminescence component, due
for example to large numbers of bacteria glowing. The modulation of the con-
tinuous component is, in fact, not correlated6 with periods of high burst activity,
and this suggests that the two effects may be caused by two distinct biological
populations [30].

By setting the threshold at 2 p.e. one suppresses the noise by about a factor
100, reducing the continuous component to≈ 300 Hz. Coincidences of two pho-
tons on a single module account for roughly50 Hz only. Most of the contribution
comes instead from the tail of the 1 p.e. distribution. This assumption is con-
firmed by the coherent modulation with the same relative amplitude of the 2 p.e.
with respect to the 0.3 p.e. signals [30].

Although the singles rates exhibit a large modulation caused by biolumines-
cence, the coincidence rate between nearby PMTs are constant at25.4 Hz over
a 12-hour period: this indicates that coincidences are only produced by the (con-
stant)40K background.

There is a clear indication of correlation7 of signals from two nearby modules
in periods of high activity. This correlation is strongly dependent on the PMT
separation.

A pronounced dependence of bioluminescence activity on current speed is also

41 Pratical Salinity Unit= 1 g of salt perKg of water.
5The base-line background is found to double over a time scale of a few hours at the ANTARES

site. The Corsica site presented a lower activity.
6The correlation between the two components appears only when the intense burst activity

artificially increases the continuum level. [33]
7The correlation coefficient is defined as <fA(t)·fB(t)>−<fA(t)><fB(t)>√

<fA(t)2>−<fA(t)>2
√

<fB(t)2>−<fB(t)>2
, where

fA(t) andfB(t) are the background rates respectively for the OM A and B. It ranges from−1 to
1 and it is 0 for totally uncorrelated signals.
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found. It exhibits slight variations both from site to site and within the same site
in different seasons.

In the present MonteCarlo version, the continuous background component is
simulated (as 1 p.e.-events) together withČerenkov light from physical events,
while no simulation of the bioluminescence bursts is used8.

4.1.1 Radioactive decays

Radioactive decays affect the entire detector100% of the time, so that all trig-
gered events will contain a significant fraction of this hard to remove background.
The presence of this background somehow worsens not only the trigger rate (and
the effective area), but also the whole analysis, including the angular and energy
resolution.

40K decay is the main source of radioactive background. Its contribution is
easily simulated since the physics involved is well known.40K decays with a
half-time of1.277 · 109 yr [67] in two dominant modes, both usually resulting in
Čerenkov radiation between300 and600 nm.

• In the case40K −→40Ca+e−+νe (BR =89.3%) the electron, emitted with a
maximum kinetic energy of1.311 MeV (mean total energy of1.12 MeV ),
is 90% of the time above the threshold forČerenkov light emission in water.
The electrons travel an average length of2.3 mm emitting on average 43
photons. Due to multiple scattering of electrons, photons may lose much
of the information concerning the initial electron direction. No secondary
particles are produced aboveČerenkov threshold.

Figure 4.2:β− decay spectrum, com-
pared to a standardβ spectrum with-
out Coulomb and spin corrections. The
spectrum is shifted towards higher elec-
tron energies, and the probability of be-
ing above theČerenkov threshold for
light emission in water is therefore in-
creased. Figure taken from [31].

8Though an old simulation existed within the Trigger Simulation Software. It generated40K
and bioluminescence hits within the ARS data generation simulation. [24]
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• In the case40K
EC−→ 40Ar∗ (+νe) −→40Ar +γ, which has a10.7% proba-

bility, the emittedγ (1.461 MeV ) gives (on average) 1.6 Compton electrons
which can in turn radiatěCerenkov light.
Electrons produced have a mean energy of1.2 MeV, and 1 EC generates on
average about 85̌Cerenkov photons.

These calculations show thatČerenkov photons are more efficiently produced
starting from the1.461 MeV photon: the contribution of the EC decay mode
to the observed signal is18%, higher than the BR for this channel.

Only few other isotopes can produce significant signals in a waterČerenkov
detector. Apart from40K, 238U is worth noting: it has a long decay chain with
manyβ-decays above thěCerenkov threshold. The overall rate of theβ-decays
in the 238U chain is about a factor 50 lower than the40K rate, but some of such
decays produce many moreČerenkov photons than a40K event. Therefore their
contribution to coincidence rates could be detectable. Apart from radioactivity
due to long lived species, some cosmogenic isotopes are continuously produced
by cosmic ray interactions. However, the endpoints of the corresponding electron
energy spectra are below̌Cerenkov threshold and cannot contribute to a detectable
signal.

With the assumption that at the ANTARES site the salinity is38.5 PSU and
the attenuation length is41 ± 2 m, Monte Carlo simulations [31, 32] predict a
contribution from radioactive decay of26± 5 kHz for the10′′ PMT.

The GEANT3.21-based simulations that lead to these results take into account
all the relevant processes involvinge−. The only limitations to the precision of the
result lie in the accuracy with which the OM and PMT are modeled and the amount
of CPU resources available. These are critical, because a significant contribution
to the observed rate comes even from radial distances of20 m from an OM. The
r−2 suppression factor due to the isotropy of the decay process is roughly com-
pensated by the increased volume (and hence the increased potassium amount) in
the water shell of interest. Only the particle range (theγ’s from the EC travel on
average68 cm) and the attenuation length (≈ 50 m) limit the water volume which
contributes to the signal. Therefore an analytical extrapolation towards radii even
larger than20 m is necessary to obtain precise results.

4.1.2 Bioluminescence

Bioluminescence, phosphorescence and fluorescence are different forms of lumi-
nescence. The last two phenomena are characterized by the absorption of pho-
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tons, followed by their re-emission at red-shifted wavelengths; the duration of the
emission is longer for phosphorescence than for fluorescence. On the contrary, bi-
oluminescence is not stimulated by light: at its origin there is a chemical reaction
which takes place in a living organism9.

A

C

B

D

Figure 4.3: Courtesy of [37]. A: Schematic diagram of the chemical reaction which forms
the basis of bioluminescence.B: A colony of radiolariansTuscaridium cygneum(diameter
≈ 1.2 cm). C: Bioluminescence in a population of the dinoflagellatePyrocystis fusiformis
(unicellular alga with a length1 mm). A black-and-white image was recorded with a low-
light camera connected to a microscope, while full natural colour was added afterwards.
D: Most luminous bacteria produces blue or blue-green light, but the culture plate of a
strain ofVibrio on the left exhibits a yellowish color: this is not the case for the normal
wild type (on the right). The image has not been colourized, but may not be spectrally
perfect due to the settings of the camera.

There are a multitude of ways that bioluminescence serves to augment visual
communication and optical concealment in the pelagic enviroment and these can
generally be grouped into three major categories: hunting, reproduction, deterrent
to predation.

9Chemiluminescence is a general term for production of light when the excitation energy orig-
inates from a chemical reaction. Bioluminescence is a kind of chemiluminescence, where the
light-producing chemical reaction occurs inside an organism.
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In dim light, it can aid in the search for prey, either by enhancing the visibility
of a lure or by illuminating prey with a luminescent flashlight. Species specific
bioluminescent displays can also be used to attract a mate. Bioluminescence also
serve for camouflage, to distract or blind a predator or even to call for help.

The emission mechanism has been studied on several organisms, especially
those belonging to the marine fauna, among whom bioluminescence is most fre-
quently present. There exists a large number of chemical mechanisms involving a
big variety of enzymes (depending on the different organisms) and sometimes also
a co-factor (which is calcium, most of the times), but the general mechanism is
substantially the same. Aluciferasemolecule catalyzes the oxydation of the pig-
mentluciferin, and this reaction produces a photon plus the inactiveoxyluciferin
molecule (see figure4.3-A). Adenosine TriPhosphate(ATP) is involved both in
the oxidation itself and the inverse reaction from oxyluciferin to the fundamental

Figure 4.4: Wavelengths in the sea: incident sunlight (left) and retinal absorption spectra
(right) as functions of depht. The water depths where photosynthesis may occur (up
120 ÷ 130 m maximum) are calledeuphotic. At larger dephts the light is still sufficient
to allow vision, but not for the photosynthesis process: this is thedysphoticregion, which
reaches dephts of500 ÷ 800 m. Greater dephts, where there is a perpetual darkness, is
calledaphoticzone.
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state of the substrate. Whatever the luciferase and luciferin molecules are, in any
case the efficiency of the bioluminescence mechanisms is always100%.

Marine bioluminescence is produced by an incredible range of organisms,
from bacteria and mono-cellular protists to squid, fish and jellyfish:70% of all
species and90% of all organisms living in the deep sea10 are bioluminescent.
Examples of the smallest ones are shown in figure4.3. In the large majority
of multicellular species, luminescence is controlled through the nervous system.
In unicellular organisms like dinoflagellates or radiolarians, instead, biolumines-
cence is caused by an internal pressure gradient (1 dyn · cm−2) which follows a
deformation of the cellular membrane.

At depths around1 km, due to spectral filtering by the upper water column, the
residual sunlight is restricted to a narrow band of radiation around470 which is the
window of greatest optical transparency of seawater. In figure4.4we may see that
absorption spectra of fish living at these depths undergo a shift in frequency paral-
lel to the change in frequency of residual sunlight yield. It is not surprising, there-
fore, that the second source of light in the sea, the bioluminescence produced by
the fauna itself, has an emission maxima at the same wavelengths as the remaining
sunlight.

Figure 4.5: Bioluminescence emis-
sion spectra measured from some
common planktonic organisms.
Dotted vertical line at475 nm. [42]

Beyond1 km sunlight totally disappears, but
bioluminescence light is still present at the
same wavelenghts which correspond to the
minimum in light absorption by seawater.

Bioluminescent organisms in the deep sea
usually emit between430 nm and 480 nm,
though few species have fluorescent proteins
that absorb an initially blue emission and emit
it shifted towards the green or even the red.
Some examples of emission spectra are shown
in figure4.5.

At shallow depths, the intensity of lumines-
cence by photosynthetic organisms can be in-
fluenced by the intensity of sunlight the pre-
vious day. In some instances, in the case
of marine invertebrates with light receptors,
light emission can be induced by photic ex-
citation: thisempatheticluminescence has a

10Below500 m.
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yet undemonstrated potential to enhance the luminescence generated by external
sources, even by another luminescing organism [37].

Bacteria emit light continuously, but most organisms emit flashes of durations
ranging from about0.1 s (like dinoflagellates) to tens of seconds (like some jel-
lyfishes). Even the total number of photons emitted in a burst may vary from108

for dinoflagellates to1012 for jellyfishes [40].
Though the existence of bioluminescent organisms at great dephts is well es-

tablished, no precise information is available. A direct study of the fauna is indeed
difficult at these prohibitive depths; furthermore the environmental conditions are
hardly reproducible in a laboratory. And even if something is known about biolu-
minescence in the deep ocean, there is presently almost no data on Mediterranean
fauna at depths beyond1 km11.
Thanks to the collaboration with a skilled and equipped sea science institute ex-
ternal to the ANTARES experiment, the University of Aberdeen (Scotland), some

Figure 4.6: Bioluminescence intensity vs depth [41]. Measurements taken at Porcupine
Seabight (West of Ireland) in March 2002 with the same apparatus which is now used at
the ANTARES site by the Aberdeen group.

11Private communication by Anne Sophie Cussatlegras, Centre d’Océanologie de Marseille,
and Amandine Heger, University of Aberdeen.
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campaigns (in January and May 2004) at the ANTARES site have already been
performed. Unfortunately an analysis of the most recent data is still not available.
Anyway it is well known that the importance of the phenomenon is reduced with
increasing depth, following a profile similar to the one in figure4.6.

The decrease of the signal correlations upon the PMT separation, evidenced
since earlier measurements [30], favours the idea that light emission is local, close
to the optical modules. This also corroborates the hypothesis that the biolumines-
cent fauna of interest is mainly composed of unicellular plankton, which flashes
because of a pressure gradient.

Though hard to model and predict, bioluminescence will only affect some
parts of the detector at given moments in a very specific and recognizable manner:
biological activity is known to produce light in an incoherent way. This means that
photons are detected on a 1 p.e. basis and they arrive uncorrelated on time scales
of a few nanoseconds.

The occurrence of bioluminescence can then be easily detected and its effect
filtered out by “switching off” (at a software level) those parts of the detector
which have entered a “bioluminescence state”12. The resulting effect will be to
occasionally create “holes” in the detector, leaving the rest largely unaffected.

4.1.3 Sea currentN background

The current speed and direction have been monitored for several days in differ-
ent periods of the year. The current intensity globally varied from0 to 19 cm/s,
but the range and average value may differ considerably from test to test. As an
example, results of current measurements obtained in March 1999 are shown in
figure4.7: a clear preferential direction of the current, from East to West (corre-
sponding to the Ligure current) was observed. A general trend of increasing burst
rate with increasing current speed always appears in the data. As an example,
results from measurements in 1997-1998 are shown in figure4.9. This corrobo-
rates the hypothesis that the current reaching the line creates turbulence perturbing
bioluminescent organisms. A similar correlation was also seen between current
speed and the continuous component of the background, during the same peri-
ods in which a correlation between burst activity and base-line rate was noticed.
An interesting effect that has been picked out in the current behaviour are inertial
oscillation, due to the action of the Coriolis force on moving fluids. It is a well

12In ANTARES, when a given OM exhibits a counting rate higher than500 kHz, a “biolumi-
nescence state” is entered.
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Figure 4.7: Polar plot of the water current as a function of time. The length of each seg-
ment indicates the current intensity incm/s on both axes. The orientation of the segment
indicates where the current comes from (in the horizontal plane): North is to the right,
East is down. The abscissa of the origin (y = 0 axis) of each segment indicates the time
at which the measurement was started. The different colours draw a distinction between
successive 8-days periods of data taking, for the sake of clarity. Data from measurements
performed on the ANTARES site [33].

Figure 4.8: Current measurements in test 1.13: direction and speed. [35]
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Figure 4.9: Correlation between bioluminescence activity and current speed for tests 1.6
(open squares), 1.7 (filled squares) and 1.8 (open circles). A fit with a second degree
polynomial is superimposed on top of the data from each individual test. [30]

known effect in oceanography: assuming that only Coriolis force and gravity act
on the water, and that the vertical13 motion of water is negligible, one may predict
an oscillation in current direction and speed14 with a frequency2Ω sin λ, where
Ω−1 = 23.9344696 h is the sidereal day andλ is the latitude. The resulting period
of oscillation at the ANTARES latitude15 is 17.6 h, in satisfactory agreement with
measurements shown by the plot in figure4.8where 7 oscillations can be counted
in approximatively 5 days.

13Parallel to gravity.
14In case that an additional not-inertial contribution to the sea current does exist.
1542o50′.
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4.2 Data obtained in 2003

The most recent background measurements are those from the Prototype Sector
Line (see section3.5.2). It acquired data from March 31 to July 10, 2003 and,
in spite of several problems met during its operating period, the PSL provides the
most abundant and complete information on the background at the ANTARES site
when compared with previous tests. During the last weeks of operation, moreover,
the standard test line was deployed again in order to obtain some comparative
measurements. This last test will be referred to as1.17 from now on.

In the PSL data analysis, the quantities previously used in the study of the
background behaviour are now replaced by thebaselineandburstfraction, which
have definitions slightly different from, respectively, the “continuous component”
and the “bioluminescence activity”.
Thebaselineis defined as the median of consecutive samples of background rate
values, each sample being evaluated as the average over 20 consecutive frames16

to reduce the quantization effect due to the precount. The calculation of the me-
dian is performed over periods of15 minutes, i.e. on a sample of about7 · 104

frames.
Test 1.12, which shows very high rates for the continuous component as well,
underlines the limits of the definition of bioluminescence activity used in previ-
ous measurements: if the base-line is near200 kHz, using this old definition a
larger portion of each peak that emerges over the continuous component would
be counted as biological activity, thus incorrectly increasing the fraction of time
taken by bursts. Moreover, since the continuous component and the burst activity
values are correlated, the introduction of a new variable was needed to separate
more efficiently the different background contributions.
For this reason we define now asburst fractionthe fraction of time within the
considered period, in which the average rate exceeds by at least20% the baseline
value. This quantity is strictly connected with the highly variable contribution of
bioluminescence spikes, in contrast with the baseline which mainly reflects the
behaviour of the40K and of the bioluminescence continuous component.
The LCMs will here be numbered from 1 to 5, with increasing numbers corre-

sponding to increasing depth. Only one ARS per OM is able to generate CRM
events, and they are labeled 0, 2 and 4 respectively for OM 1, 2 and 3.

In figure 4.10the time evolution over the entire period of baseline and burst

16We recall here, as already mentioned in section3.2.1, that a frame contains data collected in
each13.1072 ms time span and the precount is the unit of measure chosen for counting the events.
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Figure 4.10: Time evolutions of Baseline (top) and Burstfraction (bottom) for LCM 1,
ARS 0 from the Prototype Sector Line.

fraction is shown for a single optical module; no remarkable differences have been
noticed in the behaviour of different OMs at the same time. Surprising behaviours
are registered at the beginning of April and in the second week of May: the base-
line rate is extremely high with respect to the general trend of50 ÷ 70 kHz,
often higher than250 kHz. Moreover, while in May this could be explained with
the huge increase of bioluminescence activity, in April the burst fraction is un-
expectedly low. This high baserate is again another indication that a continuous
bioluminescent component has to be considered together with the30 kHz contri-
bution from40K.

The high background rate, whatever its origin, is an unexpected problem for
the ANTARES experiment because it will lead to a dead time higher than foreseen
at the detector design stage. A deeper understanding of the background seasonal
variations is, therefore, useful.
The study of correlations between burst fraction and water current speed and di-
rection for the entire operating period has been made impossible by the MIL fail-
ure. However, some indirect information on the current speed has been deduced
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from measurements of the string inclination. When the zenith angle of the string
was appreciable, the orientation of the inclination could be measured with reason-
able errors17.

During high activity periods, the identification of a definite direction of light
emission from the relative light intensities registered by the different OMs of a
given storey has also been possible. The computed N-S and E-W light asym-
metries are shown in figure4.12. Some periods of intense light emission from
a definite direction can be identified. From a comparison of single LCM results
in figures4.11and4.12, it appears that the largest asymmetries occur when the
largest tilt angles are recorded. Unfortunately, the errors on tilt direction are too
large for data within the period of interest, hence no direct check of collimation
of light and current directions can be made. However, a comparison of the light
direction asymmetries computed in figure4.12 with previous measurements of
water current (see for example figure4.7) shows that the light direction is parallel
to the average current direction at the ANTARES site. These results support the
idea that bioluminescence takes place around the string because of the turbulence
produced by sea currents.

The analysis presented in detail in the following sections concerns the PSL
data and is focused on the last two weeks of data taking. Since June 26, in fact,
the trigger rate has been measured not only using the CRM counter, but also in a
new way which turned out to be not-redundant: the FPGA-software was modified
in order to keep also directly the number of L0 triggers in a frame18, without a
precount structure. The differences in data manipulation in the ARS chip and in
the FPGA have also produced other advantages, as will be further explained in the
next section. The data sample ideally includes runs1647 ÷ 1682, 4332 ÷ 4344
and9214 ÷ 9232 (from June 26 to July 9), however several corrupted or empty
files belong to this sample. Besides, some other runs are useless because the
data acquisition lasted too little (less than15 minutes, which is the minimal data
sample used to evaluate baseline and burstfraction). The whole data sample then
corresponds to about 200 hours altogether: 78515′-samples for OMs in LCM 5,
slightly less for the other OMs which were sometimes switched off.

As already mentioned, the MIL had serious problems which hampered the
monitoring of the environmental parameters (water optical properties, salinity,
temperature, current speed and direction) during the PSL operating period. The
re-deployment of the old test line at the end of June partially remedied the failure,

17The error on the direction of tilt is about40o for a tilt of 0.3o.
18Stored in the variablenbItemsOrg . See section3.2.1.
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Figure 4.11:Left: zenith inclination of the PSL string as a function of time. Rigth: polar
plot of the absolute inclination direction. Right is North, Top is West, the distance of the
point from the origin corresponds to the zenith inclination angle (in degrees). Different
colours correspond to different storeys, as shown by the LCM labels in the figure.

Figure 4.12: North-South (top) and East-West (bottom) rate asymmetries as functions of
time.
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supplying information on the current for almost two weeks and two15′-samples
of background rate to be compared with the PSL results.

Figure 4.13: Results from test 1.17 and comparison with PSL data in the same period.
The only two set of values obtained from test 1.17 are the pink points on June 25. Current
measurement vs time are shown as an inset in the baseline plot. [35]

Even though, unfortunately, the PSL was not taking data when test 1.17 did,
the baseline and burstfraction values obtained are not incompatible with the results
provided by the PSL in the previous and following hours (see the two points in
pink in figure4.13).

Far more worthy and interesting have been the results on the correlation be-
tween background and current: comparing the current speed and the burst fraction
time evolutions, a strong correlation is evident. As shown in figure4.13, the mea-
sured rates follow the periodic behaviour of the current due to the Coriolis effect
(see section4.1.3) and the same oscillation is visible in the burst fraction data.

4.3 CRM and L0

A CRM event has been treated in the PSL as a SPE event, hence the format was
the same (6 bytes) though one byte was set to zero. The events were stored in an
intermediate 16-bytes buffer which was then transferred to the CPU memory only
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when full (see figure3.11). At the beginning of a new time slice everything was
cleared, so the events in a buffer which was not completely full (and often also the
previous event, if it was truncated in the last filled buffer) were lost. As a result,
depending on the precount setting, some preferred values for the rate appear in
data.

It is important to remember that the problem does not affect the standard DAQ
of the ANTARES experiment. When the clock works, in fact, the buffer is contin-
uously read at eack clock cycle. Moreover, without the clock failure there would
not have been the necessity of using self-generating CRM events instead of the
clock-triggered SPE data.

As an example, table4.1 shows the results of setting the precount topc =50,
which was the preferred value in the last two weeks of acquisition. The problem is

true rate: min (kHz) 3.8 7.6 11.4 15.2 19.1 22.9 ... 1144.4 1148.2
true rate: max (kHz) 7.6 11.4 15.2 19.1 22.9 26.7 ... 1148.2 1152.0
CRM 1 2 3 4 5 6 ... 300 301
bytes 6 12 18 24 30 36 ... 1800 1806
buffers sent 0 0 1 1 1 2 ... 112 112
nbItems 0 0 2 2 2 5 ... 298 298
rate loss (kHz) 3.8 7.6 3.8 7.6 11.4 3.8 ... 7.6 11.4
measured rate (kHz) 0.0 0.0 7.6 7.6 7.6 19.1 ... 1136.8 1136.8

Table 4.1: True rate and rate loss, taking into account the buffering problem of CRM
events. Precount set to 50.

more acute for high precount values and is significant also at high rates, though the
fraction of data lost is comparably small. The quantization resulting from precount
and buffering affects the baseline calculation, because all the tiny fluctuations are
removed and preferential values appear. If the computed baseline is lower than the
true one, a larger number of the points above the chosen cut19 will be considered
as bursts, thus even in a stable situation one obtains a large number of “bursts”.
The fact that computations of baseline are performed by cumulating several time
slices does not change the previous conclusion if the burst fraction is computed on
the basis of individual time slices. The obvious solution of reducing the precount
value is not applicable because of the high dead time which affects the CRM:
the time needed to “read” an event has been estimated to be about5 µs, hence a
significant fraction of counts would be lost if the precount were set to very small

1920% or 5σ above the baseline: see below.
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values. A saturation rate around1 · (5 µs)−1 = 200 kHz is expected when the
precount is set to 1, and analogously for a precount equal to 10 (saturation at
≈ 2 MHz) or 50 (saturation at≈ 10 MHz). These are not incompatible with the
experimental evidence discussed below.

Figure 4.14: CRM vs L0 rates for LCM 5 ARS 0. Data with different CRM-precount
values are shown in different colours: purple is 50, black is 10.

The awareness of these problems led to the decision of introducing another
counter to perform cross checks. The number of L0-triggers has also been counted
directly by the FPGA20, stored as a 2-Byte word, and referred to as the vari-
able nbItemsOrg . While the high dead time in CRM events is the cause of

20No intermediate buffering is present, and the dead time is negligible.
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nbItems saturation far before the 2-Byte size becomes a problem, this is not the
case for the raw L0-trigger counts, which is about a factorpc =precount greater
than CRM counts21 and could then easily exceed the maximum value216 − 1 =
65535. This results in a saturation rate of≈ 5 MHz for the L0 counter, as shown
in figure4.14.

This same plot confirms the CRM saturation problem mentioned above and
shows also an unexpected (and not yet understood) feature of CRM events. Be-
sides the expected deviation from linearity22 due to the dead time affecting CRM
events, some preferential rates can be identified, corresponding to values ofnbItems
around29, 210 and so on. In the scatter plot, for CRM data with precount equal to

Figure 4.15: Baseline (top) and BurstFraction (bottom) vs Time. Both CRM and L0 data
from LCM 5 ARS 0 are used.

50 only the flat zone due tonbItems around29 is visible (≈ 1950 kHz) since
the following steps are hidden by the L0 saturation. Data with the precount equal

21It should be ideally a CRM event with precount set to 1 and without the buffering problem.
22(CRM·pc) vs L0 should be characterized by a coefficient around unity for high rates.
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to 10 show also the second step, though both23 are less visible since the entire
curve is “flattened” by the dead time problem.

Figure 4.16: Top left: distribution of differences (in%) between baseline values obtained
using L0 and CRM. Bottom left: distribution of differences (in%) betwen burstfraction
values obtained using L0 and CRM.Right: correlation between percentage difference
in burstfraction and percentage difference in baseline. Precount set to 50 or 10 trigger
counts.

Figures4.15and4.16highlight the results on baseline (BL) and burstfraction
(BF) values obtained using L0 rather than CRM events. The values obtained using
the CRM are lower than the ones obtained using L0 by up to10 kHz in absolute
value and by up to20% in percentage. Moreover, as the scatter plot of figure4.16
shows, for small (≈ 3) BL differences in percent, positive BF percentage differ-
ences are found, while for larger BL differences the corresponding difference in
BF becomes negative and eventually large in absolute value.

In summary, the analysis shows that the L0 data are preferable for the study of
background. They are absolutely necessary when a thorough characterization of
single bioluminescence peaks is needed. From now on, hence, the L0 data sample
will be the only one used.

In figure 4.17 is shown the time dependence of the baseline for all OMs for
which L0 data are available. It can be noted, as it was already evident in the CRM
data, that no noticeable difference appears in the time dependence of the trigger
rates recorded by the single OMs, but for an overall relative scale factor between

23At about390 kHz and780 kHz.
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them. From now on, therefore, the data will be analyzed without distinction be-
tween different OMs.

Figure 4.17: L0-Baseline for all the OMs.

4.4 Burst analysis

Although no direct information on the characteristics of bioluminescence at the
ANTARES site is available in the literature, some information may be obtained
by extrapolating from what is known about the fauna at different depths or dif-
ferent sites. It is likely, for example, that the dinoflagellates, very common biolu-
minescent species in the sea, are abundant also around the detector; hence, most
bursts should show those characteristics which are peculiar to such species: a time
duration of about200 ms and a total yield around108 photons.

A set of routines has been developed to locate bursts in the raw data, to define
their characteristics and to fit them to definite mathematical expressions.

To search for bursts, the software scans sequentially the raw data looking for
a rate larger than athresholddefined as the baseline plus 5σ, whereσ is the Pois-
sonian baseline fluctuation24. The corresponding frame marks the beginning of a
burst. The end is taken as the last frame in the sequence where the rate is still
larger than the above threshold. The variables used in the present analysis to char-
acterize a burst are shown in figure4.18.

24That isNbitems or NbitemsOrg > 5
√

N + N , whereN is the median number of counts
in a frame-time:N =baseline(kHz) · 13.1072 ms
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The maximum resolution one may achieve in defining the time duration of
a burst is equal to the frame-time duration. It is not possible to analyze bursts
shorter than this. Anyway we know that a bioluminescent flash lasts for at least
tens ofms. We are, therefore, sure that no inner structure could appear on a
shorter time-scale. Burst Duration, Time to Maximum and Time after Maximum

Figure 4.18: Schematic summary of definitions of quantities characterizing a burst.

cannot extend to times longer than≈ 6 s, since, for technical reasons, a maximum
value had to be chosen for the number of frames constituting a burst. As a result,
the average values of the distributions of these quantities are smaller than the true
ones, although not by large amounts: the fraction of events above this cutoff is
negligible with respect to the total.

The burst height could be defined in another (maybe more appropriate) way,
i.e. relatively to the baseline rather than to the threshold value. The difference
between these two values is just an offset depending only on the baseline rate,
hence results using the two definitions are comparable to some extent. On the
opposite, a definition referred to the baseline is not equally usable for the burst
duration: the overlap between consecutive bursts makes the beginning and end
of a burst not clearly defined at the baseline level. In order to be coherent and
to avoid artificial results when looking at correlations among variables, therefore,
the entire analysis presented will use the threshold as a reference, in computing
the burst height as well as all the remaining variables characterizing a burst.
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4.4.1 Raw burst analysis

Most of the information is obtained from the raw distributions. As already antic-
ipated, the present analysis has been carried out putting together the information
available from all the optical modules in the PSL that were not affected by prob-
lems additional to the clock failure (11 OMs at all). The only cut applied to the
data in this section is that of a low burst fraction (less than 0.22), which improves
the efficiency of the algorithm, reducing the probability of overlap between con-
secutive bursts. The choice of this value is based on the analysis of correlations
between burst fraction and number of bursts, as will be explained below.

Statistics shown on the plots are the ones automatically computed by ROOT
by using the binned histograms, without taking into account overflows and under-
flows. Statistics computed directly from data will be always shown in the captions.

Figure4.19shows the Burst Duration and the Burst Height distributions. From
these histograms we see that fast (less than200 ms) and not very intense (less than
100 kHz) bursts constitute the major part of the background. The peak which
appears around5 MHz in the burst height distribution is the obvious consequence
of the L0-saturation at4999.92 kHz.

Figure 4.19:Left: Burst Duration. Mean value is147 ms, RMS is572 ms. Right: Burst
Height. Mean value is75 kHz, RMS is413 kHz.

An attempt to fit the distribution of Burst Duration with simple analytic func-
tions has been made, but with no encouraging results. Some improvement is ob-
tained using the superposition of at least three exponentials. However the variety
of bioluminescent species is probably too large to allow identification of the indi-
vidual contributions in the global histogram: fitting the distribution with the sum
of tens of different functions would not provide much insight.

Figure 4.20 shows the distribution of the Burst Scale Factor, i.e. the ratio
between Height and Duration. The peaks in the light-blue histogram in the figure
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are due to both the L0-saturation and time discretization: the excess of events
occurrs, in fact, in correspondence of4999.92 kHz

(13.1072 ms)· n
, i.e. consists of those bursts of

any (discretized) length but of height equal to the maximum allowed. The ratio
between burst height and burst duration being not constant leads to the conclusion
that the spread in values for the distributions in figure4.19 is mainly due to the
presence of different burst shapes rather than to a variety of distances between a
source with definite characteristics and the PMT.

Figure 4.20: Burst Scale Factor. Mean value is0.8 kHz/ms, RMS is9 kHz/ms. Further
cut for the dotted red histogram: Height< 4875 kHz

As already observed, the effect of defining burst quantities referring to a threshold
(called threshold effectfrom now on) is a decrease of Burst Height, Duration,
Time to Maximum and after Maximum with respect to the “real” values obtainable
when use is made of the baseline offset as a reference. These variations affect in a
quantitevely different way each variable, leading to a distortion of the distribution
of the above variables. The distortion, at a fixed threshold level, is dependent
upon the height of the burst above the baseline. A simulation which assumes a
fixed burst shape25 and varies the distance between the source and the OM26 was
able to roughly reproduce the shape of the distribution of figure4.20. However the
simulation also shows that the threshold effect is inadequate to explain the long

25See analitic function in4.1.
26Hence varies the number of photons reaching the PMT, i.e. the burst height over the the

baseline.
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tail in the distribution: once the parameters of the function have been fixed, the
minimum and maximum apparent Scale Factors are univocally determined in the
simulation and they differ by a few tens ofkHz/ms at most.

An old simulation of the background, introduced at the ARS digitization level
in the Software Trigger Simulation, represented a bioluminescence burst as a lin-
ear rise followed by a flat top at saturation and an exponential decay. The typical
rise/fall times of the flash were supposed to be long27 compared to the frame du-
ration, justifying an approximately constant rate during each frame. Hence the
background was generated accordingly.
In figure4.21are shown the distributions for the Time to Maximum and the Time
after Maximum. These highlight that the approximations used in the simulation
just mentioned are not justified: the time constants of bursts are on average very
short and the median value of the distributions are even shorter. A possible new
description of bioluminescence bursts in a precise trigger simulation should take
this information into account.

Figure 4.21:Left: Time to Maximum. Mean value is46 ms, RMS is177 ms. Right:
Time after Maximum. Mean value is101 ms, RMS is475 ms.

The inter-burst distance (IBD) is defined as the time delay between the end
of a burst and the beginning of the following one. Its distribution is displayed in
figure4.22-left.
If we compare the distribution of Burst Duration (figure4.19-left) with that of
IBD (figure 4.22-left) we notice that the former has a considerably smaller mean
value. This reflects the fact that the fraction of events at very small values of Burst
Duration is much larger than for IBD, or else the tail of this second distribution is
longer. In other words, larger distances between bursts are more likely than long
bursts. From a biological point of view this could naively be explained considering

27By an order of magnitude.
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that bioluminescent emission cannot last for long periods, but on the other hand,
no such limitation is present on the interval between consecutive emissions.

A different way of defining the distance between consecutive bursts is given
by the time delay between the peak28 of two consecutive bursts (figure4.22-right).
The ”peak to peak” (P2P) distance reflects however the combined effect of delay
between bursts and burst length. The excess in the first bin noticed in the previous
distribution is here spread out over several bins because of the different possible
lengths of bursts, for a fixed distance between consecutive bursts.

Figure 4.22:Left: Distance between consecutive Bursts (IBD). Mean value is918 ms,
RMS is 12432 ms. Right: Peak to Peak distance. Mean value is1069 ms, RMS is
12452 ms. Observe the different range of the logarithmic scale, due to the lack of events
in the first bins.

We have next analysed correlations of all the variables characterizing a burst
with baseline or burst fraction (both used as x-axis variables). Profile histograms
are used to visualize the average trend.

Results which do not bring significant information, like the correlations with
BL29, or which are redundant, like the correlations with Time after Maximum30,
are not shown.

An analysis of correlations between number of bursts and BF, together with
that between IBD and BF, suggests31 evidence for a failure of the algorithm in
separating overlapped consecutive bursts. As figure4.23-left shows, the number
of bursts increases only up to values of BF around0.22; at larger BF values the

28Thepeakis where the burst reaches its maximum rate for the first time.
29Which show no correlations.
30Which are equally deducible from the correlations with Duration and Time to Maximum.
31It could not be superfluous to underline that the deductions in the following are based on the

hypothesis that a higher burst fraction means a higher number of bursts, a different time duration
of them. This idea is anyway well consistent with all data results.
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effect of burst overlap causes a flattening and then a decrease in the distribution.
This is consistent with what can be seen in the right part af the same figure: in-
creasing the BF, the IBD first decreases, as it should, but then it flattens out at BF
0.20÷ 0.25.

Figure 4.23:Left: Profile histogram of Number of bursts vs BF.Right: Profile histogram
of Inter-bursts Distance vs BF.

In figure4.24correlation plots of Burst Duration and Height vs BF are shown.
We see that Burst Duration increases on average as a function of BF, in an

almost linear way up to BF values of≈ 0.3, but a sudden change in the rate of
increase occurs for larger BF values. This may again be explained as a result of
burst overlap.

A similar conclusion may be drawn from an inspection of the dependence of
Burst Height (and of Time to Maximum or after Maximum, not shown) upon BF,
shown on the right in the same figure.

The observation of this effect is what has led to the decision of applying a cut
at0.22 on BF in order to select only really isolated bursts.

The resulting scatter plots (figure4.25) of average32 Burst Height and of aver-
age Burst Time to Maximum vs Burst Duration exhibit a clear trend: the time to

32 Nothing could be seen directly from the scatter plots: because of the asymmetric shape of
all the distributions, the plots present high densities of points at small values of all the variables
and tails along the axes (large values for two variables at the same time are unlikely). Therefore,
correlations between burst quantites presented below are not evaluated using individual bursts but
burst variables averaged over a fixed time interval. The natural choice has been the same 15’
interval in which BL and BF are defined.
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Figure 4.24:Left: Profile histogram of Burst Duration vs BF.Right: Profile histogram of
Burst Heigth vs BF.

reach the maximum and the maximum rate reached increase proportionally to the
burst duration. Hence one could imagine that, among all the possible shapes, one
type of burst occurs more often and that the parameters which change when mov-
ing along the correlation line may be either the already mentionedthreshold effect
or the different light yield from different species, or a combination of both33.

4.4.2 Analysis on fitted bursts

The results of the previous analysis led us to improve our understanding of bursts
(for biological interest as well as physics purposes) trying to define burst shapes
and characteristics.

Although several functions (e.g. gaussian, exponential rise and decay, landau)
have been tested, the faster and best performing34 fitting procedure makes use of
a function already widely diffuse in biology and within the ANTARES experi-
ment itself [24, 39, 40]: a continuous function consisting of two parts, a linear

With the purpose of making the average a sensible quantity, a cut on bursts has been applied
excluding those averages performed on samples having a limited (≤ 5) number of bursts.

33And maybe some residual effect of burst overlap may still be present.
34The choice of the function finally used has been made by comparing the number of burst

rejected by the procedure before 20 bursts are successfully fitted with a renormalizedχ2 smaller
than 500.
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Figure 4.25:Left: Average Height vs average Duration scatter plot.Right: Average Time
to Maximum vs average Duration scatter plot.

rise followed by an exponential decay. Equation4.1 is the analytical expression
implemented in the program. Examples of both a single burst and a double burst
fit are shown in figure4.26.

y = A · θ(x− x0)
{

θ(xp − x)(x− x0) + θ(x− xp)(xp − x0) · e−
x−xp

τ

}
(4.1)

The time of the actual beginning of the burst, denoted byx0, has been introduced
to correct a possible misinterpretation by the algorithm: it can only be positive and
its maximum value is half frame-time lower than the Time to Maximum computed
in the raw data. Other constraints on the parameters are imposed according to their
physical meaning. The range of the actual time to reach the peak (xp) is set in such
a way as to havexp + x0 ≈ (Time to Maximum±13.1072

2
ms). The slope of the

linear rise, corresponding to the parameterA, ranges from0 to 5 MHz
1 ms

. The time
constantτ of the decay exponential is allowed to vary from0 to the entire burst
length. The range of the parameters is broader than necessary in order to loosen
the bias introduced with the choice of a definite burst shape.

Bursts with a strongly attenuated photon yield cannot provide meaningful in-
formation on bioluminescence characteristics. Due to the fact that the bursts stick
out of the baseline, the same burst with different attenuation factors would rise
above the threshold with different fractions of its entire area: its characteristics
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Figure 4.26: Example of single (on the left) and double (on the right) fit. Run 1650 (June
27). The first and last point in the graph show the threshold value (i.e. the maximum rate
which could be found in that frame) and are not used as points for the fit.

would hence incorrectly appear different in different instances35. For this reason
bursts having a low height have been discarded without ever trying to fit them.

The weakest burst visible comes from dinoflagellates:108 photons in≈ 200 ms,
with a symmetric wavelength spectrum peaked around480 nm. Since back-
ground correlations are found to be weak for separations between OMs larger than
10 m [30], attenuation is supposed to be unimportant at distances of a few meters
from the Benthos sphere. An organism 4 meters away will illuminate a cone of
0.002π sr, hence assuming an isotropic emission, only0.05% of the photons will
reach the photocathode. Adding the convolution of the PMT quantum efficiency
with the emission spectrum and taking the L0-threshold (0.3 p.e.36) into account,
the total number of counts for each burst will be≈ 4.1 · 104. The corresponding
lower limit37 on the burst height is≈ 350 kHz,. Therefore, a preliminary cut of
bursts with a height lower than400 kHz seems to be reasonable in order to select
only events close to the OM.

After fitting, only those bursts having a normalizedχ2 below500 were kept.
The possibility of performing adouble fit, i.e. to use the superposition of two

fitting functions with different parameter values (see figure4.26-right), on what
the raw algorithm had recognized as a single burst had also been implemented,

35See the other comments about the threshold effect on page95.
36This threshold leads to a loss of the left tail of the 1 p.e. peak and makes no distinction

between single- and multi-photon events. The latter are quite abundant because the minimum
width of the L0 signal is few tens of nanoseconds, an order of magnitude longer than the average
delay between photon arrival times.

37The estimate is computed assuming a scalen triangle shape for the burst.
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with the hope to increase the statistics by “rescuing” part of bursts made unusable
because of overlaps.

However, the double-fit results did not appear satisfactory at a visual inspec-
tion, hence the final analysis uses the results of single fits only.

The cut on burstfraction, applied to the raw data, is not necessary in the case
of fitted data: the overlap problem is solved, to a large extent, by rejecting bursts
with χ2/n.d.f. > 100.

The number of fitted events available is not large enough to allow an estimate
of the efficiency of the fit procedure when bursts start overlapping. However,
when the correlation between the average number of bursts and the burst fraction
(not shown) is plotted for fitted data, the behaviour seen is almost the same as
in figure 4.23: for high BF values, the number of bursts starts decreasing, since
bursts distorted by overlaps are rejected by the fit procedure. A confirmation of
the latter observation comes from the scatter plot ofχ2/n.d.f. for single fit vs BF
(not shown), from which we find that the averageχ2 doubles at large burst fraction
values.

For the parametersA andxp, a comparison with the quantities, extracted from
the raw data, which have an analogous meaning is possible: Height/(Time to Max-
imum) can be compared withA and Time to Maximum withxp. In each of the
figures4.27and4.28, both raw and fitted data are shown: the same cuts applied
before to the raw data are now applied to both the raw data (dark coloured his-
tograms) and the fit data (clear histograms) distributions. As already mentioned,
a lower cut on burst height was applied to the raw data before being passed to
the fitting procedure. Hence this same cut has been applied to the raw data in the
distributions38 of figures4.27and4.28. The distributions of the fitted variables
when only a cut onχ2 is applied are also shown in the figures, as light coloured
histograms.

The compatibility of the distribution shapes is satisfactory at least forA ≥ 20
in figure4.27. In figure4.28the raw data distribution has a much longer tail, as
expected from burst overlap. Both results give robustness to the hypothesis used
to choose the fit algorithm: the assumed burst shape is close enough to the real
one.

This give us some confidence in theτ parameter distribution, shown in figure
4.29. Three different populations of events are distinguishable, even after applying
a tighter cut onχ2 (though the tail above600 ms is slightly reduced ifχ2/n.o.f. <

38The strange peaks at the beginning of the grey histogram in figure4.27, occurring around
400 kHz
n·13.1072 , are a consequence of this cut.
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Figure 4.27: The histogram in light-purple gives the distribution of the constantA ob-
tained in the fits when a cutχ2/n.d.f. < 100 is applied. The clear histogram (white
thick line) is the same distribution when a cut on BF and burst height is applied. The grey
histogram shows the distribution, obtained from the raw data, of the ratio between Burst
Height and Time to Maximum, where a lower (400 kHz) and an upper (4875 kHz, as in
figure4.20)) cut on burst height have been applied together with the cut on BF.

50).

An interesting interpretation may be that burst characteristics for different
species have been identified. It is however suspicious that such a definite structure
is not equally well identified in the distributions of the other parameters. In figure
4.30 correlation plots are hence built usingτ on the x-axis, in order to reach a
better understanding of the shape seen in figure4.29. The plot on the left hasxp

on the y-axis, while the one on the right hasA.

We notice on both distributions the presence of two different populations. In
the scatter plot on the left we see a rich population at smallxp andτ values, well
separated from a second one at values ofτ ' 300, extending to slightly largerxp

values than the first one. A similar separation is noticed in the scatter plot shown
on the right.

In figure4.31, two correlation plots between burst quantities obtained by the
fitting algorithm are shown. Three groups of events, each corresponding to a
definite range for theτ parameter, are distinguished in the figure using different
colours.
In the scatter plot on the left, the correlation betweenxp and Duration is shown,
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Figure 4.28: The histogram in light-green shows the distribution of thexp variable ob-
tained in the fits when a cutχ2/n.d.f. < 100 is applied. The clear histogram (white
thick line) is the same distribution when a cut on BF and burst height is applied. The blue
histogram shows the distribution for the variable Time to Peak from the raw data when a
lower (400 kHz) cut on burst height has been applied together with the cut on BF (notice
the difference in statistics in comparison with the grey histogram in figure4.27).

Figure 4.29:τ distribution. Only the standard cut onχ2/n.o.f. < 100 is here applyied:
compare with light-coloured histograms in figures4.27and4.28.

while the one on the right shows the correlation between Height and Burst Inte-
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Figure 4.30:Left: Scatter plot ofxp vs τ . Right: Scatter plot ofA vs τ . For both graphs
the range on both axes has been zoomed on the zone of interest.

gral39.
The shift of points towards the right with increasingτ can be explained if one
recalls the boundaries imposed onτ during the fit procedure: large values of the
decay constant are allowed only for long bursts. The spread in duration, which
increases with the one inτ , confirms this consideration. We believe that a large
fraction of the blue points are related to poor fits due to burst overlap rather than
to a physically different mechanism.

A check of consistency is provided by the integral of the fitted function4.1
within the burst duration range, which represents the total number of L0 triggers
in a bioluminescence event.

The average value approximately corresponds to the lower estimate computed
at the beginning of this section,≈ 5 · 104 counts, supporting the self-consistency
of the analysis. The burst height is here computed as the productA ·xp. It is again
easy to understand the behaviour with increasingτ of the scatter plot in figure
4.31-right: for a definite burst height, largerτ values correspond to longer bursts
and hence the integration leads to a higher total L0 rate.

39The integral of the fit function: see below.
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Figure 4.31:Left: Time-to-Peak vs Duration scatter plot.Right: Computed Burst Height
vs Burst Integral scatter plot. Note the logarithmic scale on x-axis. On both plots, points
in red refer toτ ≤ 140 ms, points in green refer to140 ms < τ ≤ 500 ms, points in blue
refer to500 ms < τ ≤ 1000 ms

4.4.3 Comparison with a simulation.

The optical background has been simulated [39] in order to analyze its effect on
the trigger rate of the 12-string detector. The same simulation has been applied to
the PSL configuration in order to perform a comparison with real data.

The background was modeled as a fixed contribution of60 kHz40 from 40K
and a large variety of contributions from luminescent animals, flashing after colli-
sions in the turbulence layer around the OMs, LCMs and EOC. Figure4.32shows
the distribution of collision events.

Animals of different sizes, distributed according to a power law( r
r0

)η, have
been taken into account. The parameters to be specified within reasonable ranges
are hence the total density of organisms in water41, their minimum and maximum
sizes42, the power law index43 η, the characteristics for different animals (number

40It is known that the real40K contribution is less than half of this value (see section4.1.1): the
excess counts may be thought of as an additional contribution of continuous bioluminescence.

411, 3 or 10 m−3.
429.9÷ 10 mm, 10µm÷ 10 mm or 10÷ 11 µm.
43Fixed to 3.
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Figure 4.32: Space distribution of simulated collision events (represented by small dots)
along the PSL string. The percentage of collisions with the OM, LCM and EOC are also
given. The drawing on the right represents a top view of a single storey. [39]

of photons per burstNγ(r), xp(r), τ(r)) and the water speed44. The lower limit
on burst intensity is the one set by what we know from biology:Nγ ∼ 108. The
wide baseline variations when the burst fraction is low are simulated introducing
an additional bioluminescent componentN bio

γ ∝ (1 + αvw), with α = 104.
The data output is the counting rate of single OMs in the standard frame-time.

Results of the simulation for the ANTARES detector are shown in table4.2.
The reasonableness of the simulation has been checked by applying the same

algorithm used in the analysis of real data.
The available simulations provide a maximum of105 frames per OM, corre-

sponding to slightly more than a 15’-period. Therefore, only one value for base-
line and burstfraction per OM can be computed within a single run.

Figures4.33, 4.34 and4.35 show the distributions of burst quantities, com-
puted as in the case of real data.

No cuts on burstfraction have been applied since the number of events sat-

441, 5 or 10 cm/s.
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vw (m/s)
0.01 0.05 0.10

1 0.08 0.84 1.4
n (m−3) 10 0.38 10[1.1] 392 [121]

100 17 [2.2] 50110[617] **

Table 4.2: Trigger rates (kHz) for the ANTARES detector depending on values of cur-
rent speed and animal density assumed in the simulation. Numbers in brackets show
simulation results when ignoring OMs with too high counting rates. Notice that available
simulations for the entire detector have sometimes been produced using parameter values
different from the ones used in the simulations of the PSL.

isfying the selection criteria is extremely small: almost all simulation runs are
characterized by a burstfraction equal to 0.5.

Looking at individual runs, the only relevant dependence of the results on
parameter values is on the total density of animals and water speed. Though the

Figure 4.33: Burst Height distribution. The shape of the distribution is compared with the
one resulting from the analysis of real data (shown in blue).

discretization of these parameter values may not help to get smooth histogram
shapes, the double-peaked structure of the individual contributions shows that the
simulation is not fully trustworthy.

The lack of very short bursts can be due to the choice of too short a range
of distances between the bioluminescence events and the OMs. Bioluminescence
emission probably does not occur only within the20 ÷ 30 mm turbulence layer
around the obstacle, though these events are the main contribution.
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Figure 4.34: Burst Duration distribution.Left: The shape of the distribution is compared
with the one resulting from the analysis of real data (shown in red).Right: Superimposed
histograms show the contributions from two samples with different characteristics. Notice
the multi-peaked structure in individual contributions.

Figure 4.35: Time to Maximum distribution.Left: The shape of the distribution is com-
pared with the one resulting from the analysis of real data (shown in purple).Right:
Superimposed histograms show the contributions from two samples with different char-
acteristics, as well as the total. Notice the multi-peaked structure in the individual contri-
butions.

Another possible explanation is a wrong choice of the weight function for
populations of different sizes (light yield and time characteristics). If this were
true, it could also account for the double peaked structure of the histograms, which
hence would come from too simplified a weight function and too small a range of
animal sizes.

A discussion of the results of this very preliminary analysis is still under way
with the author of the simulation, to define possible adjustments and to evaluate
consequences on triggering.
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Chapter 5

An attempt to improve the
performance of a large underwater
Čerenkov detector through the use
of Hybrid PhotoDiodes (HPD)

5.1 Characteristics

The HPD is a photodetector consisting of a photocathode, deposited on the inner
side of the entrance window, and a solid state sensor -as anode- encapsulated in
a vacuum envelope. It is similar to a standard PMT for the photocathode, but it
differs from the former for the lack of the dynodes: the emitted photoelectrons
are accelerated by a potential difference of the order of10÷ 20 kV directly onto
the silicon sensor which is usually kept at ground potential. The electric field
can be shaped by means of electrodes in order to provide suitable electro-optical
properties, e.g. a linear demagnification between the photocathode and the silicon
diode sensor. The kinetic energy of the photoelectrons absorbed by the silicon
pad gives rise to the creation of electron-hole pairs in the silicon sensor, suitably
depleted, resulting in a detectable current.

HPDs combine the high sensitivity of photomultiplier tubes with the excellent
space and energy resolution of solid state detectors. Further features are the high
intrinsic speed and the excellent linearity in gain as a function of HV.

As it is clearly visible from a comparison of an HPD and a PMT in figure5.1,
the HPD pulse height spectrum is characterized by a small value of the relative

111
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charge amplitude fluctuationσ1

Q1
, lower at least by a factor of 4 compared with

the one of a conventional PMT [50]. This excellent peak separation can lead to

Figure 5.1: Example of calibration spectra for an HPD (left) and a PMT (right). Visible
photoelectron peaks are marked by a blue label.

interesting implications when exploited in light detection for neutrino telescopes:
it would improve background rejection and signal amplitude measurement, with
welcome consequences on speed and quality of event reconstruction.

εQ gain ∆G/G photon spatial
[%] G [%] counting resolution

HPD 25 max.? 103 1÷ 4 yes up to 2048 pixels
PMT 25 max.? 108 40÷ 70 limited up to≈100 pixels∗

APD 70÷ 80† 102 200 poor no
? Spectral sensitivity depends on photocathode type:εQ ≈ 25% at400 nm for bialkali.
∗ This limited imaging capability is obtained with multi-anode PMTs, at the price of re-

duced Q.E. and gain uniformity over the photocathode surface.
† Higher q.e. in red/infrared region, decreasing towards the UV.

Table 5.1: Comparison of the characteristics of a standard Hybrid PhotoDiode with
a PhotoMultiplier Tube and an Avalanche PhotoDiode.

A drawback of the HPD is its small gain, which implies the need of an external
low-noise amplifier.
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Windows and photocathodes

Depending on the specific application, HPD’s can be produced with various pho-
tocathode and window types. The key parameters are the energy threshold of the
photocathode, its spectral sensitivityS(λ) or quantum efficiencyεQ(λ) and the
cut-off wavelength of the window. Widely used photocathodes are of the bialkali
(K2CsSb) or multialkali (SbNaKCs) type. For special applications also VUV sen-
sitive CsTe or negative electron affinity cathodes (GaAs, GaAsP, InGaAsP) are
available.
The effective sensitivity of the HPD is limited by the transmission of the entrance
window, with lower wavelength cutoffs ranging from300 nm for lime glass down
to 160 nm for fused silica quartz and even105 nm for LiF single crystal windows.

Silicon sensor and gain mechanism

The accelerated photoelectrons bombard a backward biased silicon sensor and
impinge to a depth of a fewµm. The number of created electron-hole pairs per
photoelectron, i.e. the gain of the device, is given byG = (∆V − E0)/We−h.
HereWe−h = 3.61 eV is the average energy needed for the creation of a single
electron-hole pair in silicon,E0 is the energy (≈ 1 − 2 KeV ) which is lost in
non-active material layers over the Silicon detector (aluminium contact layer,n+

layer) and∆V is the potential difference applied between the photocathode and
the silicon sensor. For∆V = 20 kV a gain of about 5000 is achieved.
The small penetration depth of the electrons results in sub-ns rise and fall times
for the output signal.

The charge amplification process is purely dissipative and non-multiplicative,
i.e. in contrast to a PMT, where large gain fluctuations are due to the Poisson-
distributed number of electrons resulting at every dynode. The HPD gain variation
is given by the quadratic sum of aσ0 contribution due to the pedestal noise and
σn =

√
GFn =

√
nσG, whereF ≈ 0.1 denotes the Fano factor for silicon,

n = 1, 2, 3.. the number of photoelectrons:(σtot
n )2 = σ2

0 + nσ2
G [43]. In practice

σn variations are much smaller than the noiseσ0 of the readout electronics. Hence,
it is the pedestal width which will finally determine the energy resolution of the
HPD.

When electrons with relatively low energies (20 keV ) impinge on the silicon
sensor, there is a20% probability that the electron will be back-scattered into the
vacuum, hence depositing only a fraction of its energy in the silicon; this gives rise
to a continuous background on the low energy side of each peak. This effect limits
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the photon counting performance of the detector when irradiated with a relatively
large average number of photons.

Imaging

Segmenting the silicon sensor in diode strips, pixels or pads, which may be in-
dividually read out, results in a photodetector with high spatial resolution. The
spatial resolution of the HPD is, however, determined not only by the granularity
of the sensor but also by the electro-optical properties of the HPD. Distorsion of
the electric field as well as the distribution of the emission angle and energy of
the photoelectrons at the photocathode lead to a reduced space resolution, charac-
terized by thepoint spread function. Carefully designed optics are able to partly
correct for the aberrations and achieve point spread functions below50 µm at
20 kV . The number depends on the initial kinetic energyEk of the photoelectron,
the high voltage∆V and the lengthLHPD of the electron drift path, approxima-

tively through the following relation:∝
√

LHPD
Ek

∆V
.

Above a certain number of channels (a few hundreds) it becomes impractical to
readout the detector through individual vacuum feedthroughs. In this case the
readout electronics has to be integrated in the vacuum envelope. The signals,
either digital or analog, are then read out in a multiplexed scheme through a rel-
atively small number of feedthroughs. This tecnique requires components which
are conform with the tube processing (vacuum bake-out) and long term operation
in vacuum (minimum outgassing1 and low power consumption).

General considerations on HPD fabrication

HPD’s have to be operated under excellent vacuum conditions. Typical values
reported in the literature lie in the range10−7 ÷ 10−8 Pa. Collisions of the fast
electrons with atoms of the residual gas create ions which are accelerated back
onto the photocathode. Feedback induced noise and a continuous degradation of
the cathode efficiency will be the consequence. In order to reach these vacuum
conditions the deposition apparatus including the envelope and the silicon detector
have to undergo a bake out cycle at temperatures up to300 oC [45].

HPD’s can be produced in two basically different types of processes:

1Reached with the help ofgettersput inside the envelope.
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Internal processes The silicon detector is mounted inside the vacuum tube be-
fore the photocathode is deposited. The evacuated glass tube is closed, with the
exception of small lateral pipes through which small evaporation sources can be
inserted. These openings are afterwards sealed off by melting the glass. The
front-end electronics will be obviously bound to the silicon pad only after the
evaporation process, when temperature is again far below300 oC. This technique
is the same widely used for photo-multiplier tubes.

External processes There are two main variants of external processes.
1) The photocathode is first deposited on a separated window. The window is then
used to seal the vacuum tube which contains already the silicon detector.
2) The vacuum tube has a removable bottom plate. The photocathode is deposited
onto the top window through the bottom hole. The tube is afterwards sealed off
by means of the base plate which carries the silicon detector and the front-end
electronics.

5.2 Development status

Hybrid Photodiodes, although developed more than 30 years ago, have only re-
cently received attention by the high energy physics community. At the moment,
only few companies2 commercialize these detectors.

Current and future applications in high energy physics lie in the fields of scin-
tillator readout, particularly fořCherenkov light detection. Hybrid Photodiodes
can be classified with respect to their electro-optical design, which basically falls
into three categories:

Proximity focusing This design leads to compact and, thanks to the small
gap between photocathode and silicon sensor, highly B-field tolerant detectors.
Since there is no demagnification, the photosensitive area of the detector is limited
by the size of the silicon sensor.

Cross focusing A cross focusing design is chosen when high resolution
imaging is required, because the electrostatic lens effect largely compensates for
the spread of the photoelectron velocity and emission angle at the photocathode.

2DEP (Delft Electronic Products), Hamamatsu and INTEVAC Corporation, to name the most
important.
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Cross focused tubes allow for strong demagnification; they however imply a rel-
atively large distance between cathode and solid state sensor, which results in a
pronounced magnetic field sensitivity.

Fountain focusing It represents an alternative to the cross focused HPD if a
reduced spatial resolution is acceptable. This optics does not correct for the emis-
sion angle distribution but results in a simple and compact tube design combined
with a linear demagnification over the full acceptance. The sensitivity to magnetic
fields is similar to the cross focusing design.

5.3 Proposal for a 10” hemispheric HPD

The specific requirements that a new photodetector must satisfy for being use-
ful in a neutrino telescope, have been formulated on the basis of the ANTARES
experiment requirements [25, 26].

• First of all, it should present all the advantages of the Hamamatsu PMT
R7081-20 [27] already chosen for the ANTARES experiment or, when this
is not possible, it must at least respect the minimum requirements stated by
the collaboration [25]:

– 10-inches hemispheric photocatode, which allows a large field of view:
an effective area of at least400 cm2 and good collection efficiency over
60o off the PMT axis.

– high quantum efficiency in the wavelength range of interest: the choice
of the same photocathode and window materials should reproduce the
PMT Q.E. and its spectral response, with the exception of small dif-
ferences due to the window thickness or the evaporation process.

– peak to valley ratio, computed from the charge spectrum, greater than
2. See [26] for the exact definition used.

– fast response: electron transit time below80 ns, signal rise time below
5 ns and FWHM below12 ns.

– short Transit Time Spread: for the PMT used in ANTARES the TTS
is below3.4 ns at the nominal gain of108.

– good signal linearity: the saturation limit should be for a signal of
60÷ 100 photoelectrons.
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For an HPD the linearity is always satisfied, because the signal ampli-
tude is proportional to the number of e-h pairs produced in the silicon,
which in turn is linear in the HV supply. The dynamic range is how-
ever limited by the signal shaper in the front-end electronics.

• We also ask for some additional features, peculiar to the HPDs:

– good imaging: linear demagnification and good spatial resolution,
with the hope of being able in the future to take advantage of the spatial
information for triggering and during the event reconstruction process.

– strong demagnification power, in order to keep limited the silicon pad
dimensions while using a rather large photosensitive surface.

• In the detector design attention must be paid to the following constraints:

– the single photoelectron amplitude must be at least a factor of ten
higher than the noise level of the electronic circuit.

– the detector should be concretely feasible at a reasonable cost: one
must deal with problems concerning the evaporation process, the en-
velope resistance to the high vacuum level, the possible discharge due
to high voltages applied between close electrodes.

– the whole object design must fit the Benthos sphere dimensions3 and
weight limits4: taking into account the fact that part of the OM has to
be occupied by additional apparatus, the total HPD height is limited to
35 cm and the photocathode radius of curvature is limited to19 cm.

– the detector should have a minimum life of ten years. This is maybe
the hardest condition to satisfy: if we start now the development of a
new device to be used within the next seven years, the time for tests
will probably not be sufficient.

The simulation of the electron optics has been carried out within this thesis
work using the commercial software SimIon 7.0. The program allows to draw
three-dimensional electrodes and to study the fly of ions of adjustable charge,
mass and initial energy through them.

3Its inner diameter is40.2 cm.
4The weight of the present PMT is about1 Kg.
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Though the HPD production through an external process has the essential ad-
vantage of avoiding the risk of contaminating the silicon detector during the pho-
tocathode evaporation, its choice requires the availability of a specific deposition
apparatus. The entire process needs high vacuum around the tube, the silicon sen-
sor and the other components which will be sealed together after the evaporation.
Such a device, moreover, allows to work on a single HPD a time, making the
production time too long for the number of tubes needed by akm3 telescope. By
choosing the standard evaporation process used for commercial PMTs, one may
also pay less attention to the geometrical constraints imposed by the available de-
position apparatus. However, in this case, the high temperature suffered by the
silicon pad and its possible contamination by Cesium during production will have
to be taken into account.

The final design is shown in figure5.2. The photocathode is slightly elliptical
(a = 115 mm, b = 125 mm), with the minor axis parallel to the axis of symmetry
of the tube. The maximum distance between the photocathode and the aluminium
layer which covers the silicon pad is230 mm.

The signal to noise ratio requirement contrains the PMT amplification to be
at least5 · 107. Due to the different structure of an HPD this high gain is not
necessary, as well as impossible to achieve. The output signal of a silicon sensor is
very small, but a subsequent amplification stage would make it processable by the
standard electronics. The main noise source which should be taken into account
for the HPD is the amplifier itself, which usually contributes to the pedestal charge
with some hundreds of electrons (see below for an estimate performed on the basis
of the chosen electronics). An HPD gain of5000 is then the minimum allowed to
get a good signal to noise separation.

The photocatode is therefore set to−20 kV , the anode (the aluminium layer
above the silicon pad) to0 V . The ring electrodes, left to right in figure5.2, are
set to14.5 kV and11 kV .

The electrons emitted by the photocathode have been generated within the
proper energy range5 0 ÷ 1.88 eV and angular distribution for the direction of
emission6 (the Lambert distribution, see [46]). The gain will be2·104 eV −2000 eV

3.6 eV
≈

5000.

5Computed by considering the work potential of the Bialkali photo-cathode,2.25 eV , and the
wavelength sensitivity range300÷600 nm of a Bialkali photocathode deposited on a borosilicate-
glass window.

6However, some preliminary tests have shown that, thanks to the high potential difference
applied to the electrodes, the initial direction of the low energy photo-electrons can be neglected
for the study of the TTS.
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Figure 5.2: Design of the HPD proposed. Two-dimensional section of the device as de-
signed for the electron optics simulation. Trajectories of all 446 ions simulated are shown:
different colours (red, green and blue) draw a distinction between nearby groups of 5 ions
for sake of clarity. Equipotential surfaces in steps of0.5 kV are shown in orange.

Figure 5.3: Schematic and tube struc-
ture of the 7-pixel DEP HPD.

In order to take into account the project
feasibility, an industrial silicon pad has been
chosen. It is a 7-pad silicon sensor,25 mm
in diameter, (see figure5.3) already under
development by the DEP Company for a
proximity focusing HPD. The electron op-
tics has been optimized for focusing and
imaging in such a25 mm-large silicon pad.
The depletion depth is300 µm for a typical
bias voltage of80 V , the capacitance is30 pF for each external pixel and20 pF



120 CHAPTER 5. HYBRID PHOTODIODE

for the central one.
Simulation results are shown in figure5.4. In the TTS distribution, each ion

is considered with a weight equal to2πr, wherer = R sin α is the distance of
the point of photoelectron emission and the simmetry axis of the HPD7. The use
of weights allow to use a manageable two-dimensional ion generation for a three
dimensional analysis.

Figure 5.4: Result of the electron optics simulation (see figure5.2-left). Left: Transit Time
distribution. Right: Correlation between photocathode and silicon pad. The ordinate is
they-coordinate of the arrival points at the silicon pad; the abscissa is the angle between
the HPD symmetry axis (y = 0) and a line drawn between the point of photoelectron
emission and the photocathode center of curvature.

The TTS distribution appears rather flat, with a full width of about3 ns and
a σ width of 1.18 ns. Better results could be achieved by increasing the HVs ap-
plied to the photocathode (and the electrodes), but too large potential differences
between close electrodes should be avoided.

Thanks to the cylindrical symmetry of the detector, also the correlation be-
tween photocathode and silicon pad can be studied as a two dimensional problem,
through the projection on thexy-plane. A linear correlation which perfectly fits
the8 mm width of the smallest pixel in the pad could be obtained at the cost of
reducing the angular acceptance to±80o or by adding at the photocathode edge
a bleederelectrode8. Limiting at ±78o the photocathode layer and taking into

7α is the angle between the HPD symmetry axis and a line drawn from the photocathode center
of curvature and the point of photoelectron emission, the same used in the imaging plot;R is the
major axis of the ellipse which constitutes the photocathode (the one ortogonal to the symmetry
axis).

8An electrode accurately designed to locally change the field lines
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account the shadow effect due to dead zones between silicon pixels, the effective
area of the HPD turns out to be about470 cm2, still within the ANTARES exper-
imental requirements. The excluded ions are also the fastest ones, hence also the
TTS distribution can be sharpened.

These simulation results have been considered satisfactory to demostrate the
feasibility of an electron optics satisfying the requirements. I started hence to deal
with other aspects of the feasibility.

The amplification stage introduce a delay in the detector output which was
absent for the PMT. However the reduced transit time of the HPD with respect to
the PMT (6 ns instead of78 ns) compensates for it. Another point is instead more
critical in dealing with the electronics: the shaping time of the standard electronics
is hardly below50 ns. One of the best possible choices is for example the com-
bination of the trigger chip TA32cg and the preamplifier and shaper chip VA32C
from Ideas ASA Company9, which reaches a peaking time of75 ns. Hence the
requirement of a fast response for the detector is not yet satisfied: a dedicated
electronics should (and could10) be developed. However, it is clear even now that
developing electronics with the required large dynamic range and low noise im-
poses a multichannel readout. The configuration proposed above, for example,
which is one of the most suitable at present, is characterized by a40 + 12/pF e−

RMS noise11 and a dynamic range of9 · 104 e− per channel, equal to 18 p.e. only
(when using the proposed HPD with the low gain of 5000).

The pulse height spectrum of an HPD is highly dependent upon the silicon
pad. However, since no simple estimate can be obtained from the characteristics
of the sensor given in the data sheet, the pulse height spectrum characteristics are
taken from a real HPD already built by the TOM12 group. Taking from measure-
ments theσ of the gaussian pedestal and the fraction of backscattered events, a
simulation which reproduces the data can be implemented.

A simplified gaussian model [43] for the photoelectron peaks is used. Once
we set the average number of p.e. we know from Poisson statistics the probability
of each p.e. peak. For each event, the charge deposited by every p.e. in the silicon
pad is randomly generated from the gaussian s.p.e. distribution and added to a

9www.ideas.no
10[47, 48] and private communication from Riccardo De Salvo.
11For the chosen silicon pad, we have30 pF capacitance per pixel, i.e. a noise of400 e− per

channel.
12A small project from INFN-Pisa, which has studied the possibility to upgrade the CLUE tele-

scope performance replacing the focal planes sensors with 10” HPDs, manifactured with Rb2Te
photocathodes on quartz windows.



122 CHAPTER 5. HYBRID PHOTODIODE

noise charge generated from the pedestal distribution. The additional contribu-
tion toσn/Q1, the width of thenth p.e. peak,

√
GFn/G =

√
0.1 · n/5.5 · 103 =

4·10−3 ·n, is neglected. The electronic noise is white noise, hence the pedestal dis-
tribution is a gaussian. Backscattering can be approximately treated as a constant
probability on the left side of a gaussian (see figure5.8), and the ratio between
the area of this constant left tail and the total area is set by experimental measure-
ments. The comparison of a real spectrum and its simulation in figure5.5 shows
the robustness of the approximation.

Figure 5.5:Left: an example of the Pulse Heigth Spectrum of one channel of the 10”
HPD developed by TOM [50]. The superimposed fit uses a model for the spectrum which
is slightly better than the raw simulation used in this work.Right: A simulation of the
Pulse Height Spectrum, using the simple model described in the text andσpeak, gain and
backscattering fraction from real measurements.

The 7-pad silicon detector proposed has an average pixel capacitance of28 pF ,
significantly higher than the1 pF capacitance of the single pixels for the TOM
HPD. Hence it is also reasonable to assume, together with the decrease ofQp.e. −
Q0, an increase of the pedestal width.

A preliminary analysis, by using the commercial software ANSYS, has been
performed by Fabrizio Raffaelli13 to evaluate the resistance to stress of the de-
signed envelope. The result when an external pressure of1 atm is applied is
shown amplified in figure5.6: the maximum deformation is9 µm. The stress
reaches6 N/mm2 in the critical joint between the photocathode and the rest of
the envelope. The maximum stress which could be beared by borosilicate glass is
7 N/mm2, hence these preliminary results are satisfying.

To think at the HPD as a real possibility for a neutrino telescope, another prob-
lem that must be solved is related to the HV power supply. The dimensions of the

13INFN, Pisa.
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Figure 5.6: Envelope compression when an external uniform pressure of1 atm is applied.
The original envelope shape is shown in black, the deformation is amplified and shown as
a coloured shape. Colours show the result of stress analysis performed by using the cri-
terion of the maximum shear stress. Points of maximum and minimum stress are labelled
MX and MN. Kindely provided by Fabrizio Raffaelli, INFN Pisa.

standard14 box housing a HV generator from24 V to 20 kV are approximatively
180 × 80 × 40 mm. Though it is a much bigger space than the one now used
in the Benthos sphere for the PMT base, it is not impossible to find a solution to
fit the 26 cm-long HPD and the18 cm-long power box within a sphere of43 cm
diameter. Probably custom HV power supplies or slightly bigger pressure spheres
could solve the problem, or even the HV could be generated outside the Benthos
sphere. This last solution is maybe the most dangerous, due to possible water
leaks along cables which lay in the water, however it would also avoid the heating
of the sourrounding electronics due to the output power of≈ 20 W .

14See www.iseg-hv.com or www.etps.co.uk, for example.
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5.4 Analysis of the consequences of using an HPD in
a large scale neutrino telescope.

The time needed to develope such a device is rather long, and it is impossible to
think at the HPD as an actual possibility for the ANTARES0.1 km2. The effective
advantages of using a Hybrid photodetector instead of a standard phototube could
be then exploited for the envisagedkm3-scale neutrino detector.

The HPD usefulness has been tested implementing its behaviour in the Monte
Carlo of such a detector and analysing how the reconstruction efficiency changes,
in particular at low muon energies.

The starting point was the study already performed by Dimitrii Zaborov within
the ANTARES and NEMO collaborations [56, 57] to adapt the ANTARES Mon-
teCarlo tools to akm3 detector and study the detection efficiency for several pos-
sible geometrical configurations. At high energies (tens ofTeV ) the amount of
Čerenkov light is extremely high, hence the strings may be quite far from each
other. Cylindrical symmetry with respect to the vertical axis may help to reduce
azimuthal asymmetries in the reconstruction efficiency.

5.4.1 Detector configuration

Figure 5.7: Detector layout. Distances are expressed in meters.

A very simple configuration has been considered in the following work. One
hundred strings are deployed following a spiral having a maximum radius of about
460 m (see figure5.7), with an average distance between strings of about100 m.
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Each string consists of 20 storeys with a step of30 m between them. The storey
configuration is the ANTARES one, with three optical modules looking at45o be-
low the horizontal. One tiltmeter is assumed on each storey, and one hydrophone
on each sector. No sea current was introduced in the simulation. However the
position resolution was assumed to be0.5 m in the horizontal (x andy) directions
and0.1 m in z, while the resolution in tilt and header were respectively0.1o and
0.02o.

Each optical module contains one 10” light-detector, which can either be a
PMT or an HPD. The light detection simulation is implemented in the packet
GEASIM [53], and is used within the programs KM3 [54] and MODK40 [55, 53].

The Hamamatsu R7081-20 PMT (see page27) is the default simulation in the
ANTARES software, and its parameters are automatically used. Only two char-
acteristics have been modified to simulate the HPD: the Pulse Height spectrum
(simulated by the routine RANGAIN) and the Transit Time Spread distribution
(simulated by the routine RANTTS). In figure5.8 the distributions used for the
PMT and HPD are compared.
Figure5.8-left shows the output of the routine RANGAIN, which takes as input

Figure 5.8: Raw output of simulation implemented in the GEASIM packet for the PMT
(in blue) and the HPD (in red).Left: Pulse Height distributions.Right: Transit Time
Spread distributions.

the number of photoelectrons produced on the photocathode for each event and
randomizes it as the dynode chain would do. In the figure two p.e. peaks are
shown, generated with the same statistics: since within the RANGAIN routine
no information on the relative weight of each photoelectron peak is present (this
information is generated at a previous stage, during the conversion at the pho-
tocathode), the figure is intended just for a direct comparison between the two
photodetector types and should not be thought of as the simulation of real spectra.
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Figure 5.8-right shows the output of the routine RANTTS, which takes as
input the FWHM of the Transit Time distribution and generates as output an ad-
ditional (either positive or negative) delay with respect to the average transit time.
Again, both distributions are generated with the same statistics. For the HPD TTS
simulation I did not use the raw (optimistic) result obtained with SimIon: the dis-
tribution has been spread a little bit more, taking into account that an additional
TTS could appear by using front-end electronics slower than the PMT one. More-
over the HPD TTS distribution has been shifted in order to reproduce the same
average transit time as in the PMT case.

Effective area, quantum efficiency, dark current noise, shape, height and time
duration of the anode signal may be left unmodified because they depend on the
photocathode only (like the first two characteristics) or because I assumed that
they may be properly adjusted with the right choice for the front-end electronics
(all the output signal characteristics fall into this category).

5.4.2 Simulation parameters

A general description of the ANTARES software can be found in appendixB.
The files describing detector configurations have been processed using the pro-
gram GENDET to obtain the detector geometry file, then the program GENTRA
(package GENNEU) has been used to generate the files describing the muon flux
as follows:

- The muon flux is distributed asE−1 within an energy range100 GeV ÷
500 TeV.

- Muons are distributed uniformly in solid angle. We are interested only in
detector efficiency, hence it is also interesting to estimate the fraction of
downgoing misreconstructed events.

- Starting points of the tracks are on the surface of a cylindric volume. The
can radius is860 m, its height is2400 m.

Only 40000 muon tracks have been simulated, because of limitations in simu-
lation time and disk space. The track data have been used as an input for the main
simulation program KM3. KM3 simulates emission and propagation ofČerenkov
light in the water within the generation can defined by GENTRA. The same in-
put file has been used for both PMT and HPD simulations, thus exactly the same



CHAPTER 5. HYBRID PHOTODIODE 127

tracks have been propagated into water using KM3. Spectral and angular charac-
teristics of optical modules (light detector and glass sphere) have been considered
as identical in both PMT and HPD cases, except for the modifications already
described in the previous section.

The MODK40 program simulates light noise and signal digitization taking
into account integration and dead time. No simulation of the pedestal noise is
present in the standard software. The ambient noise rate which has been simulated
is 70 kHz, again because of limitations in simulation time and disk space. After
the signal digitization the information of hit origin (noise or signal) is lost, hence
a separate simulation assuming no noise has been also necessary to understand the
effect of background in event reconstruction.
Since the MODK40 runs after the light detection simulation (and requires itself the
light detection simulation for the optical background), the p.e. noise distributions
which have been used for the two light devices are not exactly the same. However
the difference is not significant: it is only related to statistical fluctuations between
two simulation runs.

The next step is muon track reconstruction by the program RECO. Only the
Aart Strategyalgorithm has been used. An attempt to apply theClassic 3D Strat-
egyresults in a smaller number of reconstructed tracks, and no further investiga-
tion on possible reasons has been done. The causality filter (used to select hits for
track prefit) improved by Zaborov [56] has been used during this work.
One may set a minimum amplitude of digitized hits to be used for track recon-
struction. Two different values (0.5 and1.5 p.e.) of this threshold, which will be
simply called “cut” from now on, have been used during this work. The minimum
number of hits (anywhere in the detector) required for the prefit was set to 5.

5.4.3 Simulation results

The difference in results between the PMT and the HPD case is primarily due
to the different pulse height spectra, though also the reduced TTS contributes. It
is therefore of primary importance to quantify the differences in the digitized hit
distributions, in order to better understand results on reconstruction efficiency and
angular resolution.

Digitization results

In figure5.9the raw distribution of digitized hits (for low and high muon energies
separately) is shown. As expected, in the “clean” pulse height spectra without40K
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Figure 5.9: Comparison of amplitude spectra (expressed as number of photoelectrons)
obtained for PMT (left column) and HPD (right column). No background noise is sim-
ulated in the two upper plots, while in the lower plots an additional70 kHz single p.e.
contribution describes the background.

noise (upper plots), three photoelectron peaks after the first one are clearly visible
in the HPD case, while the PMT spectra allows only a weak identification of the
first two p.e. peaks. Moreover, a smaller number of signal hits are located below
0.5 p.e. amplitude in the HPD case, hence reconstruction which uses the0.5 p.e.
cut will have a higher efficiency than in a telescope using the PMTs.

When40K noise is “switched on” (lower plots), in both cases the first and the
second p.e. peak height increase by more than one order of magnitude,while from
the third p.e. peak on the distribution is almost unaffected.

The0.5 p.e. cut is used to reject electronics noise. Thanks to the sharp HPD
pulse height spectrum a better separation between electronics noise and signal
is reached: less noise triggers the detector and a lower number of real hits are
lost as a result of the cut; thus the angular resolution in reconstruction should be
enhanced, even more than what can be predicted using the present MC. One must
remember that no simulation of the pedestal is implemented in the MC, thus no
check of the purity of the sample left after applying the cut has been possible.
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A better evaluation may be obtained by looking at the integral spectra in figure
5.10. When no noise is present, a cut at0.5 p.e. leaves95% of the signal in the
PMT case and99% of the signal when using the HPD. The same cut when noise
is taken into account shows that a largest fraction of digitized hits is rejected by
using the HPD. Since we already concluded that this is not a signal loss, the result
implies a better noise rejection.

Figure 5.10: Comparison between PMT (left column) and HPD (right column) results:
integral amplitude spectra. No background noise is simulated in the two upper plots,
while in the lower plots the background is simulated as an additional70 kHz single p.e.
contribution.

By looking at the plots with70 kHz noise added, we also find that a sudden
drop in efficiency occurs at an amplitude of about 2 p.e. in both PMT and HPD
cases. The drop is much less pronounced in the integral spectrum without noise,
confirming that the effect is due to40K contamination which only affects the first
two photoelectron peaks. From these considerations it has been chosen to apply
also a cut at1.5 p.e. for event reconstruction in order to perform a comparison.
The effect of the1.5 p.e. cut has also been studied in the simulation with no noise.
The efficiencies for signal when using such a cut are40% and35% respectively
for the PMT and the HPD case.
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Reconstruction results

A total of about 4000 events are reconstructed by both the PMT and HPD tele-
scopes when the p.e. cut is set to 0.5. The number of reconstructed tracks de-
creases to about 2500 for a p.e. cut at 1.5.

Though the numbers are not striking, the HPD results in a slightly better per-
formance of the simulated neutrino telescope.

For a more accurate analysis, first of all we compare the reconstruction effi-
ciency and angular resolution for the PMT and the HPD case when no noise is
present.

Figure5.11shows the results obtained when a low cut of0.5 p.e. is applied to
the digitized hits.

The effective areas for reconstructed events are perfectly comparable. At
500 TeV the effective areas are similar:1.09 km2 in both PMT and HPD simu-
lation for all reconstructed events,0.65 km2 for the PMT-telescope and0.74 km2

for the HPD-telescope after quality cuts. At low energies a comparison of the
“quality” of reconstructed events favours even more the HPD case .

The angular resolution is better in the HPD-telescope for the entire energy
range, by almost a factor 2 both when using all reconstructed events and when
only events selected by a quality cut are used. It must be remarked that statistics
available for the computation of the low energy point in the angular resolution plot
is a few hundred events.

Limiting the attention to the upward tracks only (for which the detector geom-
etry is optimized), the HPD telescope angular resolution after quality cuts results
in 0.06o, two times better than the PMT telescope resolution.

In figure5.12the results of recostruction are shown for the case of a1.5 p.e.
cut applied to digitized hits.

The effective area below50 TeV is dramatically reduced by the higher p.e.
cut. This is well understandable since “slower” muons generate lessČerenkov
light, and hence 2 p.e. hits are unlikely. As already said, the1.5 p.e. cut is
disadvantageous in the HPD case since it (correctly) recognizes65% of events as
s.p.e. hits, while in the PMT case only60% of events are below the same cut.

However at high energies the effective areas for reconstructed events are the
same (a maximum of0.98 km2 for the PMT-telescope and0.97 km2 for the HPD-
telescope) and, when limiting to events which passed the quality cuts results are
even slightly better for the HPD (0.73 km2) than for the PMT (0.65 km2). The
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“quality” of reconstructed tracks is enhanced in the HPD case (almost all the re-
constructed tracks passed the quality criterion) for the entire energy range, and
the effect is particularly advantageous at low energies, where only a very small
number of events is reconstructed by both telescopes.

The results for low energies would require a higher statistics than the one
available: few tens of events are not enough to draw conclusions at energies below
few TeV . However, as already observed for the0.5 p.e. cut, the angular resolu-
tion in event reconstruction aboveTeV energies is always better in the HPD case
(0.09o ÷ 0.11o, even better after quality cuts) than in the PMT case (0.16o ÷ 0.3o,
never lower than0.13o even after quality cuts).

Limiting the attention to the upward tracks only results are exactly the same
as in the previous case of 0.5 pe cut.
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Figure 5.11: Comparison between PMT (left column) and HPD (right column) recon-
struction results: effective area and angular resolution as functions of energy, distribu-
tions of angular errors in event reconstruction for upward tracks. No background noise
simulated. Threshold set to0.5 pe.
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Figure 5.12: Comparison between PMT (left column) and HPD (right column) recon-
struction results: effective area and angular resolution as functions of energy, distribu-
tions of angular errors in event reconstruction for upward tracks. No background noise
simulated. Threshold set to1.5 pe.
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In figures5.13and5.14the results of the complete simulation including the
70 kHz 40K noise are shown.

In both the PMT and HPD telescopes with0.5 p.e. cut (figure5.13), the pres-
ence of noise hits reduces the effective area after a quality selection to0.45 km2

and0.52 km2 respectively (while the effective area for all the reconstructed events
is 1.15 km2 for PMT and1.25 km2 for HPD, very close to the values of figure
5.11).

Noise also degrades the angular resolution of reconstructed events, but leaves
almost unaffected the resolution for events which pass the quality selection (a
minimum resolution of0.07o and0.11o respectively for the HPD and PMT case).
However, also before the quality cuts the HPD telescope results (0.14o above
TeV ) are better than the PMT ones (0.25o).

The median angular resolutions for upward going tracks after quality cuts are
0.12o and0.07o respectively for the PMT and the HPD case.

When the1.5 p.e. cut is applied in reconstruction (figure5.14), almost all the
40K noise is rejected in the HPD telescope: the effective areas before and after the
quality selection are very close to their value in the simulation without noise, even
at low energies. The PMT telescope, instead, loses accuracy in reconstruction at
low energies, resulting in a further worsening of performances respect to the HPD
telescope.

As already observed for the simulation without noise, the small15 statistics be-
low TeV energies does not allow to compare angular resolutions in this energy
range. At higher energies, however, the resolution is rather good for both recon-
structed and selected events. The HPD shows, as before, its better performance
(by almost a factor 2) when compared with the PMT.

The angular resolution for upgoing tracks is highly better in the HPD case:
though less events are reconstructed a larger fraction of them satisfies the qual-
ity cuts. The median angular resolutions for reconstructed upgoing tracks are
0.18o (PMT) and0.07o (HPD), for selected tracks they are0.12o (PMT) and0.06o

(HPD).
The conclusions that may be drawn from these very preliminary results are

that an improvement is obtained using the HPD, in terms of angular resolution
and reconstruction efficiency at low energies. The gain at low energies is unclear,
because of the limited statistics obtained in this simulation.

15This time, no statistic at all is available for the PMT telescope! This explain the median value
of 180o for the point at400 GeV .
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Figure 5.13: Comparison between PMT (left column) and HPD (right column) recon-
struction results: effective area and angular resolution as functions of energy, distribu-
tions of angular errors in event reconstruction for upward tracks. Background is present.
Threshold set to0.5 pe.
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Figure 5.14: Comparison between PMT (left column) and HPD (right column) recon-
struction results: effective area and angular resolution as functions of energy, distributions
of angular errors in event reconstruction for upward tracks. The background is simulated.
Threshold set to1.5 pe.
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5.5 A possible further improvement: the use of the
spatial information by segmenting the silicon pad

The Genova group working in NEMO/ANTARES is developing and testing a light
collector for multianode devices to be used in conjunction with a multianode light
detector. The idea is basically an implementation of an array of Winston cones
which couples the inner surface of the pressure resistant sphere with the front
window of the photodetector (see figure5.15). This collector slightly increases the
light collection efficiency for directions near the normal to the axis (mainly due
to the presence of the mirror at the bottom of the system, which is not oriented
along a diameter of the same sphere as all the other mirrors), whereas there is
a very good correspondence between incoming light direction and illuminated
photocathode region. This device could then improve the recostruction of the
position of the track with respect to the optical module. A complete simulation
of the performance of such devices implemented in akm3 detector is expected
within the end of the year.

Figure 5.15: Different views of a coloured dome through the light collection. [69]

If, as coupled multianode device, the HPD is chosen, the advantage of a good
pulse height spectrum is added to that following the use of the spatial information.
The number of pixels (and hence the spatial resolution) is limited by the require-
ment of external electronics (too many feedthroughs cannot be used) and by the
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point spread function of the device (in figure5.4 one can see that the spread on
the silicon sensor for each starting position is of a fewmm). However the light
collector itself and the recostruction program do not need too s refined spatial
resolution: four (as the hybrid PMT of Genova) or seven (as the proposed HPD)
pixels are enough.

If the positive advantages of the use of angular information in event recon-
struction were demostrated, a detailed study of the HPD point spread function
and of the possible cross talk between silicon pixels will be needed, in order to
verify the concrete possibility of adopting such device.



Chapter 6

Summary and conclusions

In this work, after a discussion of the main astrophysical sources of high energy
neutrinos and of experiments now underway for their detection, I have given a
detailed description of the Antares experiment, in the framework of which this
study has been carried out.

I have analysed in detail the most important noise sources affecting the exper-
iment: 40K radioactive decays and bioluminescence.

Using data collected in the spring of 2003 by a prototype detector, I have
analysed the time behaviour of bioluminescence and its correlation with ambient
variables, like sea currents. I have developed algorithms aiming at extracting from
the data isolated bursts of light emission from biological sources, and studied their
frequency of occurrence and shape.

The average duration of bursts, even during periods of high biological activity,
is found to be substantially shorter than half a second.

The height of bursts may exceed (as expected from biology)5 MHz, but small
bursts of few tens ofkHz above the baseline rate are104 times more frequent.

I find that the shape of bursts can be well reproduced by a fast linear rise,
followed by an exponential decay. From an analysis of the distribution of the
decay time constant and its correlation with other burst variables an indication
emerges that at least two distinct regions in the space of parameters are involved
in the process.

This has been interpreted as due to the prevalence of two main emission mech-
anisms belonging to different biological population. A comparison with data from
biology may lead to the identification of the species. Since bioluminescence is
highly season-dependent, and each species may probably have a different life cy-
cle, this information may help in planning and optimizing the operation of the
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detector.
A first attempt has been made, using the same algorithms, to analyse Monte-

Carlo generated bursts, provided by a member of the ANTARES collaboration.
The very preliminary results I have obtained are still unsatisfactory. There is hope
that, introducing in the MonteCarlo code the information I have obtained from
real data, a more satisfactory simulation may be obtained.

In view of an envisaged future extension of the detector to one of a much
bigger size, I have studied the possibility of replacing the conventional PMTs,
now being used, with hybrid photodetectors (HPDs). I have designed one such
HPD, checked its electro-optical and mechanical characteristics and computed,
using an existing montecarlo program, the acceptance and background rejection
power of a large detector using HPDs. The behaviour of such a detector has then
been compared with one that uses conventional PMTs. The, still very preliminary,
results obtained look promising.
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Appendix A

List of acronyms

ADC Analog to Digital Converter
ADCP Acoustic Doppler Current Profiler
AGN Active Galactic Nucleum
ARS Analog Ring Sampler
ASIC Application Specific Integrated Circuit
ATP Adenosine TriPhosphate
BF Burst Fraction
BL BaseLine
BR Branching Ratio
BSS Bottom String Socket
CRM Counting Rate Monitor
CTD Conductivity Temperature Depth
DAQ Data Acquisition
DC Direct Current (also dc)
EM Electromagnetic
EMC Electro-Mechanical Cable
EO Electro-Optical
EOC Electro-Optical Cable
FPGA Field Programmable Gate Array
FWHM Full Width Half Maximum
GPS Global Positioning System
GRB Gamma Ray Burst
GUT Grand Unified Theory
GPEP General Purpose Experimental Platform
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GZK Greisen Zatzepin Kuzimin
HPD Hybrid PhotoDyode (or Hybrid PhotoDetector)
HV High Voltage
IBD InterBurst Distance
IL Instrumentation Line
JB Junction Box
LCM Local Control Module
LED Light Emitting Device
MIL Mini Instrumentation Line
MLCM Master Local Control Module
OB Optical Beacon
OM Optical Module
OMF Optical Module Frame
pe photoelectron (also p.e.)
P2P Peak to Peak distance
PMT PhotoMultiplier Tube
PSD Pulse Shape Discriminator
PSF Point Spread Function
PSL Prototype Sector Line
QE Quantum Efficiency
RMS Root Mean Square (also rms)
RoR Read out Request
ROV Remote Operated Vehicle
RTS Reset Time Stamp
SC Slow Control
SCM String Control Module
SPE Single Photo Electron (also s.p.e.)
SPM String Power Module
TCP/IP Transmission Control Protocol/Internet Protocol
TOT Time Over Threshold
TS Time Stamp
TT Time Transit
TTS Time Transit Spread
TVC Time to Voltage Converter
UV Ultra-Violet
W&B Waxman-Bahcall
WF Waveform
WIMP Weak Interactive Massive Particle



Appendix B

Monte Carlo simulation tools

The ANTARES software, still in evolution, is organized in several packages which
can be used in different combinations to build the simulation chain. The chain of
programs can be separated into three steps:

• The physics generator.The instrumented detector volume is surrounded by
a cylindricalcan, which defines the limit of simple particle propagation ver-
sus propagation plušCerenkov light generation. The can extends typically 3
attenuation lengths beyond the instrumented volume. The relevant numbers
are illustrated in figureB.1.
Neutrino energy generation is done according toE−γ which allows later
reweighting with different flux models.
The generation can be be done with:

genhenIt generates neutrino events in the surroundings of the detec-
tor and supports all three flavours and both interaction channels (neu-
tral current NC and charged current CC). If the neutrino vertex is in-
side the can volume, all final state particles of the interaction (after
hadronization and decay of short-lived particles) are stored for further
processing with thěCerenkov light simulation. If the interaction oc-
curs outside the can, only the muon is propagated to the can surface
and its kinematic variables at the intersection with the can surface are
stored.

hemas-propmu It generates muon bundles from cosmic ray interac-
tions in the atmosphere. A full simulation of the atmospheric shower
is performed, followed by the propagation of the remaining muons to
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the detector position. The muons are stored at the can surface for fur-
ther processing. At this level an energy cut of20 GeV is applied: it
is the minimum energy which can ensure that they will produce a de-
tectable signal in the detector, since the range of less energetic particles
is shorter than the distance from the can surface to the instrumented
volume.

gentra It is a generator for single tracks on the can surface or within
its volume. The particle nature can be chosen between all the standard
GEANT types.

In case of neutrino generation, the event weight contains also a factor which
takes into account the opacity of the earth as function of neutrino energy and
zenith angle.

Figure B.1: Instrumented volume and “can” volume used forČerenkov light simulation.

• TheČerenkov light emission and propagation(plus, if necessary, the40K
background hits), simulated through:

geasimGEANT based simulation, useful for all particle but muons.
Light production of the electromagnetic showers is parametrized from
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the known angular distribution of̌Cerenkov light emitted by an elec-
tromagnetic shower, which is independent from the initial shower en-
ergy over a wide range of energies. This allows a significant amount
of CPU time to be sapred.
All long-lived particles which are stored as output of the physic gener-
ators are tracked through the water in the can volume. At each track-
ing step theČerenkov cone which is produced by charged particles is
calculated. For all OM which are in the cone, the hit probability is
determined and converted into a photoelectron number using Poisson
statistics.

km3 High energy muon simulation including the effect of light diffu-
sion. “Scattering tables” are created by sending1 m long muon track
pieces to GEANT. Differently from the above description, here indi-
vidual Čerenkov photons are generated and tracked in the water. A
diffusion and absorption model has been implemented which allows
to track each photon through various scattering processes until it gets
absorbed or leaves the volume. Each time a photon penetrates one
of several concentric spheres around the muon track origin, its posi-
tion, direction and time are stored in the scattering tables. Muons from
physics generator events are then tracked in the usual can volume, and
after each tracking step the hit probabilities for all OMs are evaluated
using the scattering tables: noČerenkov photon tracking is necessary
at this step.

The composition and density of the water is adjusted to the values at the
experimental site. A wave length window of300 ÷ 600 nm is considered
and the wavelength dependent absorption length, quantum efficiency and
transmission coefficients of the glass sphere and the gel are used to evaluate
the hit probability. The relative orientation of the PMT with respect to the
Cherenkov front and its angular acceptance is also taken into account. The
arrival time is calculated based on the group velocity of the photon front and
includes smearing factors from the transit time spread of the PMT as well
as from the wavelength dispersion.

• The response of the photomultiplier tubes and its digitization. The only
program which perform this step ismodk40. The ARS behaviour is ap-
proximated by setting few parameters like integration time, dead time and
saturation.
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As the name itself suggests, the routine also modifies the40K contribution
to the raw hits. A constant noise level is assumed, and local variations due
to bioluminescence bursts are ignored in the present implementation.

Apart from these steps there are secondary inputs from calibrations and exter-
nal measurements: all lines are freely floating in the sea currents and their move-
ment must be permanently monitored. On the basis of the sea current speed the
deformation of the detector lines are calculated, then data from the acoustic sys-
tem and the orientation measurements are simulated including a realistic smearing
for each value. Another calibration simulation is performed for the LED and laser
beacons to perform an absolute time calibration for the PMTs.
No other specific simulation programs exist for other calibrations: for the main
simulation of physics events one assumes usually that the detector has been cali-
brated and only the precision of the calibration is used as additional factor.

After these steps, the programreco simulates the trigger logic and performs
the track reconstruction. It is based on an old FORTRAN routine called PO-
SEIDONIA, and several reconstruction strategies may be chosen within it. The
Classic 1D Strategyreconstructs events using a single string; it is useful for events
which produce short tracks, like hadronic showers from NC interactions or elec-
tromagnetic showers fromνe events. TheClassic 3D Strategyreconstructs events
which trigger more than one string. TheAart Strategyis an improvement of the
standard 3D (fit and prefit) strategy which uses a maximum likelihood method
that includes the likelihood of hits from background light. TheCarmona Strategy,
based on a different prefit algorithm, make use of the geometrical relationships
that exist between the hits and the track due to the constantČerenkov angle. It
can be used for reconstructing events when the arrival direction is known (as for
externally triggered events, like for example neutrinos from Supernovae or GRB)
or in the more general case in which all the 5 parameters of the track have to be
determined.

All the output data files can be transformed from ASCII files to the ROOT
system format for further processing with the package antROOT.
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