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EXECUTIVE SUMMARY

KM3NeT is a deepea multidisciplinary observatory in the Mediterranean Sea that will provide
innovative science opportunities spanning Astroparticle Physics and Earth and Sea Science. This is
possible through th synergy created by the use of a common infrastructure allowing for long term
continuous operation of a neutrino telescope and marine instrumentation. The present KM3NeT
Design Study concludes with this Technical Design Report which develops the idéasvard in

the Conceptual Design Report published in April 208

Neutrino astronomy opens a unique new window for the observation of the Universe. At the present
time, the most sensitive neutrino tescope in the world is the IceCube detector at the South Pole
which in its final configuration will instrument a cubic kilometre of polar ice. Building on the
experience gained with the ANTARES neutrino telescope and other projects in the Mediterranean
Sea the construction of the KM3NeT infrastructure is projected with a sensitivity exceeding that of
IceCube by a substantial factor. KM3NeT will be an essential node in the global network of multi
messenger instruments in astronomy.

The principal goal of KNNeT is the observation of cosmic polie sources of neutrinos, in
particular in a region of the sky complementary to the field of view of IceCube. This science objective
has been the driving consideration in the optimization of the detector design. rébalting
sensitivity is compared to that of lceCube in the figure below, showing that KM3NeT extends
substantially the visible region of the sky and even improves the discovery potential in the same field
of view. This gain is due to the far larger instiented volume possible with the project budget,
together with the significantly better angular resolution achievable in water compared to ice.

The hostile environment of the deep sea together with the envisaged operation over at least 10

years, impose seve constraints on the telescope design. The design presented conforms to all these
NBIljdANSBSYSYyia gAOGKAY | 0dzRISG 2F wpn ae | yR adzNL
substantially. A strategy to pursue technical alternatives for critical @aspec particular the

mechanical structure of the detection units, has besdopted All solutions have a similar cost for

equal performance but remain to be fully evaluated for viability. The feasibility of construction has

been addressed together with gimonmental aspects and decommissioning issues.

Unprecedented prospects for retime data collection from the deep sea are provided with the
observatory instruments. Science fields such as climatology, geosciences, marine biology and
oceanography will priit enormously from these data. Representatives from these communities are
involved in thedesign stagéo ensure compatibility with their needs.

Different potential sites have been identified and investigated in detail. The site decision will be
taken inthe framework of the ongoing KM3NeT Preparatory Phase project.

Final technical and site decisions will be made at the end of 2011 and a technical proposal will be
presented in early 2012. Final prototyping and construction could begin in 2013. Data vaHling
already start during the construction period of about five years with first scienceatdieipatedin

2014.
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A: Sensitivity of the full KM3NeT detector to neutrino point sources with aft &pectrum for one year of observation
as a function of the source declination. The red lines indicate thex sensitivity (90% Cliull line) and thediscovery
flux(p ; 50% probability dashed line). Both are estimated with the binned analysis methodheTblack lineis the
IceCubeflux sensitivity for one year, estimated with the unbinned methof2] (full line). IceCub& discovery flux § ;
50% probability is also indicated (shaded band, spanniagactor 2.5 to 3.5 above th8ux sensitivity). The red ticks at
the bottom of the horizontal axis show the positions of Galactic gamma ray sou@&sthe position of the Galactic
Centre is indicatd by a blue star.
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1 INTRODUCTION

This document describes the technical design of a future degpresearch infrastructure in the
Mediterranean Sea hosting a muttilbickilometre neutrino telescope anscientificnodes for long
term, continuous measurements earth and marine scientific research.

The science case for the neutrino telescope is overwhelming: Neutrinos are unique messengers from
the most violent, highestnergy processes in our Galaxy and far beydrgir measurement will

allow fornew insights into the mechanisms and processes that govern theheymal Universe and

will complement higkenergy gamma ray astronomy and cosmic ray studies. The-medisenger
picture emerging from these modalities olbservation is one of the most exciting future prospects of
astronomy and astrophysics.

Neutrino astronomy is experimentally highly demanding, in particular since it requires vast volumes

of target material, most easily implemented in naturally abund&@nsparent media, such as water

or ice. It therefore took more than 20 years for the field to mature from fiysheration pilot

projects to larged OF £ S Yy SdziNAYy 2 20aSNBFG2NAS&aP [/ dZNNBy(fes
IceCube, is under construgh at the South Pole and will encompass one cubic kilometre of glacial ice

in its final configuration. KM3NeT will be significantly larger, exceeding IceCube in its sensitivity and
complementing its field of view. In particular, KM3NeT will have the Gal@entre and a large part

of the Galactic plane in its field of view most of the time. It thus offers a prime observation
opportunity for various types of Galactic candidate sources of neutrinos.

The construction of a deepea neutrino telescope is teciwally highly challenginghe components

must withstand the enormous pressure and chemically aggressive sea water whilst being reliable
enough to minimize complex maintenance operatioitie deployment operations must be safe,
robust and precise. The dgsi described here builds on the extensive experience gained in the
Mediterranean pilot projects ANTARES, NEMO and NESTOR, as well as-ssadaspshow from

other fields of science and industry. A major step forward was the ultimate proof of feadibility
deepsea neutrino telescope provided by the successful installation and operation of the ANTARES
experiment.

In the past four years, an-ttepth design studyfor KM3NeT has been performed, where existing
technologies and design solutions have beavealoped further and new approachevaluated
tested and verified. Optimising the design for cost effectiveness, feasibility of construction and
reliability of operation narrowed down the design options to a scenario with a limited number of
alternative ®lutions. Final decisions will require further studies including prototyping efforts and
field tests.

The deepsea infrastructure of the neutrino telescope also offers unique possibilities for a wide
spectrum of other research activities, such as in emritental sciences, geology and geophysics,
marine biology and oceanography. Furthermore, it could be used to provide information for future
hazard warning systems. The KM3NeT installation will be an important node in a global network of
deepsea observatods, operated by the projects ESONET, ENEGB@ESn Europe, Neptune Canada,
DONET Japan and the US OOI.

Y Funded through EU FP6, contract number 011937.
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In recognition of its unique, multidisciplinary scientific potential and its advanced technical status,
KM3NeT was selected as one of 35 European pricesearch infrastructures by the ESH#nel in

2006; this status was confirmed in the 2008 review process. As a consequence, KM3NeT is receiving
further EU support in a Preparatory Phase project (20BB with the objectives of addressing the

legal, tinding and strategic issues and pursuing technical preparatory work. This project will provide
the organisational framework for the remaining path toward a dedicated proposal, along a timeline
that foresees final decisions on the site and the remainiropécal options by 2011.

This document presents the technical design of the KM3NeT research infrastructure to the scientific
community, to stakeholders and decision makers, and to potential future partners in a-winkéd

context. The ESFRI roadmap featlian overall budget estimate of 220t0 28 ® ¢ KS RSaA 3y
has shown that the major physics objectives can be met within this budgetary constraint. The
technical design is modular and so allows for staged implementation with continuously increasing
science capabilities.

1.1 Science Casez Neutrino Astronomy

Multi-messenger astronomy extends our knowledge of the Universe, beyond that which can be
gained from astronomy using electromagnetic radiation. Detailed reviews of neutrino astronomy
have been preseetd in numerous article$4,5,6,7]. The KM3NeT conceptual design rep{i}
presentsthe science casia some detail.

Neutrinos are electrically neutral and thus travel in straight lines from their origin to Earth. They
interact weakly and thus can escape dense regions where they are generated. €hieg\atably
produced in any environment containing protons or nuclei at the typical energies observed in cosmic
rays. Neutrinos are ideal for observing the highesergy phenomena in the Universe and, in
particular, pinpointing the hitherto unknown sows of cosmic rays.

The KM3NeT telescope will detect neutrinos by measuring the Cherenkov light emitted by charged
secondary particles produced ireutrino interactions with the sea water or the rock beneaBince
neutrinos interact so weakly, a hugelume of water must be observed to collect a sufficient
number of such eventsThe direction of the incoming neutrino can be reconstructeih the
telescopeand its energy estimated. Accumulations of neutrino events pointing to particular celestial
directions will establish the coordinates and characteristics of cosmic accelerators or other
astrophysical neutrino sources.

In order to reliably distinguish the neutrino events from cosnaig induced particles from the upper
hemisphere, neutrino telescopes loolowinwards, using the Earth as a shield against any such
background. The KM3NeT field of view therefore complements that of IceCube and covers the
Southern sky, in particular the Galactic centre and a large part of the Galactic plane.

At energies of sevetaundred TeV the Earth starts to become opaque to neutrinos. Since at such
energies the atmospheric muon background is small, cosmic neutrinos from directions above the
horizon can be identified.

Various astrophysical sources are expected to produce-éngingy neutrinos that may be detected
with KM3NeT. The information that can be gained by detecting just a handful of events emanating
from a cosmic source cannot be underestimated. The existend¢hesk neutrino sources will be

2 European Strategy Forum on Research Infrastructures.
% Grant agreemenhumber 212525.
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proved and more importanthknowledge of their behaviour, which cannot be acquired by other
means, will be gained.

Potential neutrino sources are:

9 Galactic objects such as shiglbe supernova remnants, pulsar wind nebulae, miguasars
or unidentified TeV gamma ray sources. The energy spectra from these objects are expected
to be steeply falling and can extend up to 100 TeV.

1 Extragalacticpoint sources, such as Active Galactic Nuclei (AGNs) or Gamma Ray Bursts
(GRBSs). These objects have electromagnetic emissions that can have significant variations in
time. In these cases, time correlations of neutrino events with flare or burst observations
may sgnificantly reduce the background. The energy spectra are expected to be taater
those of the galactic sources. This will also help to identify the signals.

1 Since neutrinos can escape dense environments from where no photons can emerge it is
possible hat unexpected neutrino sources will be discovered.

1 A highenergy diffuse flux is expected from distant, individually indistinguishable sources and
neutrinos produced in collisions of cosmic rays with interstellar matter or radiation fields.

1 There are stwng indications for the existence of Dark Matter even though little is known of
its nature. A possibility is that it consists of weakly interacting massive particles (WIMPs). In
this case, neutrinos may be produced through WIMP annihilations in regidasgef WIMP
density, such as in gravitational centres like the Earth, Sun or Galaati@. The energy of
the emerging neutrinos is low but can extend up to a maximum of the WIMP mass, typically
assumed to be less than a few TeV.

The design presented ithis document has been optimised in sensitivity to point sources with an

energy spectrum, behaving as?.ESimulation studies show, however, that the optimization is

different for each potential neutrino source. The corresponding neutrino energy spestpzire

different compromises between proximity of light sensors (to collect sufficient light from a single

event) and size of instrumented volume (to observe a target mass as large as possible). The design
Fff26a F2NI I Tt SEAOGLNAYKZA GK AT O /S (KSBS G52 NJRd 1.2
findings and to refined simulation results.

1.2 Science Case Marine science

In generalresearch in the deep seia currentlylimited by power and communication constraints.
Most dbservationsare made byautonomous measuring systems, deployed for up to a year and
requiring recovery in order to retrieve the data. Data storage and battery capacity have limited data
sampling rates in such systems to sampling periods of 10 minutes or more and there areblaevita
breaks in data collection.

A cabled deep sea observatory will remove these constraints by providing a continuous and steady
power supply enabling real time data acquisition. This aliiw for the use of intelligent systems

that canreact dynamicallyo events and adapt sampling rates to changing conditions, or activate the
monitoring of additional parameters and thus obtain a more realistic view of the deep sea
environment.

The KM3NeT infrastructure enables the collection of data at sampling ragtly Varger than the

ones presently available and for an overall duration of at least ten years. Furthermore, beyond the
detailed data collected by the instrumentation of the separate earth and sea sciences reldeant

data will also be collected by isgors that are part of the neutrino telescope array itself. This latter
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data stream, albeit not of as detailed nature as the former, will for the first time allow the real time
monitoring of a large volume of water with samples taken at locations sepatsteatistances of the
order of afew kilometres As a result it will be possible for the first time to investigate phenomena
such as internal waves and short tiraeale oscillations in the water column.

This will extend our knowledge of some of the phylspracesses of the ocean and their effects on

the distribution of suspended geological, chemical and biological materials. A novel approach will be
touseRI GF FNRBY (GKS GSfSao2L5Qa 2LIGAO0FKE aSyazNa |y
oceanographd instruments.

Real time tracking of biacoustic emissions or vertical migrations of organisms will also be possible.

For example it will be feasible to connect elements of the new Ocean Tracking N¢8jvtrat will

be capable of tracking fishes and marine mammals equipped with implanted transmitters.

The system will also provide continuous observations to investigate the behaviour of transitory
hazardous events such as earthquakes and slope failures tapthave catastrophic consequences
(e.g. tsunamis)It will have the potential to contribute elements for the regional tsunami early
warning system under ICG/NEAM with better performance than data buoys currently being
deployed.

The EarthSea science compent of KM3NeT will be multidisciplinary, with stations monitoring the
rocks, sediments, bottom water, biology and events in the water colulhwill form the basis of the
Mediterranean section of the EU plan for letegm monitoring of the ocean marginngironment

around Europe. It is part of the Gloldlbnitoring for Environment and Security (GMES) system and

will complement oceanographic networks such as GOOS (Global Ocean Observing System),
EuroGOOS, and DEOS (Dynamics of Earth and Ocean SysteheymBuretclose cooperation will be
pursued with EMSO (European Multidisciplinary Seafloor Observatory).

Interest in marine observations has been highlighted in a recent workeham integrated system

of Mediterranean marine observatoriesponsored by theMediterranean Science Commission
(CIESM)9,1Q]. It was stated that the Mediterranean is in effect a miniature ocean and is therefore
an ideal model to study oceanic processmsd landoceanatmospheric interaction. Geological
records show that its ecosystem amplifies climatologic variations and this makes it an ideal test bed
for climate studies.

Sustainable development will depend more and more on an intelligent managemehé oharine
environment in order to protect marine ecosystems and minimize the impact of climate change
whilst maintaining the economic benefit to the region. As a result the formulation of policies must be
based on informed decisions which in turn willpgad on real time data and numerical modelling.
Multi-purpose observatories represent the way forward and combining their observations with
economical, environmental and social parameters will provide the required integrated management
approach[11].

1.3 Global Context

The process of building neutrino telescopes has gone through a long and sometimes painful learning
curve over the last three decades. Initial pioneering work for BR@&IAND project (deep sea, ae

Hawaii) was followed by successful installations in Lake Baikal (fresh water, Siberia) and the ice of the
South Pole (AMANDA). These projects demonstrated the feasibility of neutrino telescopes, but their
results also indicated that kivsized detectorsare needed to exploit the full scientific potential.
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Consequently, the IceCube experimertb instrument one kmiof icec is now under construction at
the South Pole.

In order to cover the full sky and to observe the Galactic plane, a second instrufahieast a
similar size is needed in the Northern hemisphere. The Mediterranean projects, in particular the
successful operation of the ANTARES experiment, have meanwhile demonstrated thatedeep
neutrino detection is technically feasible and scieadifiy advantageous. The time has now come to
build on the experience gained and to follow the recommendations of the HEp&kRI from 2002

and construct a mukkm®-sized detector, KM3NeT, in the Mediterranean Sea.

Substantial progress towards a reliabdesteffective and higkperformance technical design of the
KM3NeT telescope has been made over the last years in the framework of thend#dl Design

Study. This and its unique scientific potential have led to the inclusion of KM3NeT into the pgbrity |

of ESFRI and to strong supporting recommendations in the European Roadmaps of Astroparticle
Physics and of Astronomy. Since 2008, a Preparatory Phase project funded by the EU through FP7
allows KM3NeT to address the legal, governance, financial aatbgir issues to be solved before
construction can go ahead.

KM3NeT and IceCube will be major instruments for neutrino astronomy in the coming decade and
already the operation of both detectors in the context ofsédobal Neutrino Observatoig already

being discussed. For such plans to materialise, a sufficient overlap in operatioristinegquired
implyinga timely start othe KM3NeT construction.

Neutrino astronomy is tightly related to other activities in astroparticle physics through common
scientifc quests and observations of astrophysical objects and processes of mutual interest. One
example is neutrino emission in conjunction with higtergy photon production or with cosmiay
acceleration processes (requiring mutiessenger observations, i@ conjunction with TeV gamma

ray or cosmic ray observatories). Another example is the case of neutrinos produced in the
annihilation of Dark Matter particles (making a connection to accelefdé®ed particle physics,
direct cryogenic Dark Matter searchieand also to grountiased and satellitbhorne gamma ray
observatories). Progress in astroparticle physics will require a global network of major installations,
one of which will be KM3NeT.

Various projects are currently pursued at a global scale thabeihodes in this network amongst

them the Cherenkov Telescope Array (CTA, gamma rays), the Pierre Auger Observatory (cosmic rays),
gravitational wave observatories and deapderground experiments for Dark Matter detection.
Europe has the lead for sena of these research infrastructures, including KM3NeT and CTA. Due to
the global context in which they are embedded, it can be expected that these projects will attract
partners from outside Europe once they are on the road to construction. In the ¢&&@d3NeT, such
partnerships are actively sought.

Similarly, the KM3NeT Research Infrastructure will also provide opportunities for-sgeep
measurements for earth and sea sciences. Also in this context, the project is embedded in a series of
global researies and monitoring networks. Particular emphasis will be placed on the synergy with the
EMSO research infrastructure.

4 HighEnergy Neutrino Astronomy Panel of tRarticle and Nuclear Astrophysics and Gravitation International Committee
(PaNAGICwhich is part of the International Union of Pure and Applied Physics (IUPAP).
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2 Infrastructure Description

The deep sea infrastructure described in this document consists of a neutrino telescope and a
network of nodes for marine and earth science investigations. The neutrino telescope occupies an
area of several square kilometres of the seabed and the maridesarnth science nodes are located

far enough to avoid interference with the neutrino telescope but close enough to make use of a
common deep sea cable network.

2.1 Neutrino Telescope

The telescope is designed for the detection of higlergy neutrinosof cosnic origin, having

energiesof a few hundred GeV and above,. Neutrinos are indirectly observed by detecting the
reaction productsof their interactions with matterA y I YR I NP dzy R G R SincRS G SO0 2
these interactions proceed via the weak intetiano they are rare and therefore to enhance their

detectiona huge target should be used.

Detection principles

A cost effective way to obtain a huge target mass is to use a large volume wéteeas the
detection medium,the target being the material ofhe detector itself and the sea and rock
surrounding it. In the neutrino interactions with the matter in and around the detector particles are
produced many of which are charged and travel faster than light in water. Such particles can be
detected throughthe Cherenkov light they produce.

An underwater neutrino detector is best suited for detecting charged current interactions of muon
neutrinos that produce higlenergy muons. In contrast to most particles the muon loses very little
energy as it travels tlmugh matter. This means that it travels large distances and can be produced far
away from the detector and still be detected. This enlarges the target volume for interactions in
which these muons are produced. For these interactions the effective intera¢éirget volume
becomes equal to the cross sectional area of the detector multiplied by the range of the muon. The
range of the muon increases with energy and as a consequence the effective interaction volume
grows with energy and becomes significantigé than the instrumented volume of the detector.

For interactions where no muons are produced the particles produced only travel short distances and
thus can only be detected if they occur inside or at least very near the instrumented volume of the
detector. For this reason most of the detected neutrinos are muentrinos.

A L oA X 4 A x

5SG4SOGSR Yd2ya OFNNE | fFNBS FNIOUA2Yy 2F (KS ySd
almost identical to that of the neutrino. The telescope is designed to deterriiie direction of the
muon and by extension the direction of the original neutrino.

The telescope can generically be described as a three dimensional matrix of sensors that are sensitive
to the emitted Cherenkov light in the visiblange Because the &nuation length of light in the

deep sea is of the order of 8D m, at wavelengths around 470 nm, the sensor matrix can be sparse
and spread out over a large volume.

The measured arrival time of the Cherenkov light at each of the sensors, combineitheuitknown
spatial position, are used to reconstruct the trajectory of the particle producing the Cherenkov light.
In addition the amount of detected light can provide information on the energy of the patrticle.
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Detector elements

The light sensors are phaultiplier tubes contained in glass spheres that are designed to resist the
hydrostatic pressure of the deep sea environment. We refer to these instrumented sphevptcad
modules

These optical modules are kept suspended in the sea by verticatiseac which are anchored to
the seafloor by a deadeight and kept close to vertical by added buoyancy at their top. We refer to
these structures together with their optical modulesdaetection units

The power required for the photomultipliers and elemtics located underwater is fed via a single
cable from shore to @rimary junction boxFrom there it is distributed via a seafloor cable network
that branches vissecondaryjunction boxedo the detection units. Inside the detection units the

power is dstributed further to the optical modules viawertical backbone cahle

The data from the photomultipliers (time and amplitude) is digitised and transported to shore via a
fibre optic network that is incorporated in the aforementioned cable network.

A calibration systemis implemented to determine the positions of the optical modules and to
provide timing synchronisation of the photomultiplier signals.

A shore station receives the data and is used to controlojperation of the detector. It also houses
computing facilities to filter and store the data from the telescopefore transfering them to
remote nodes for analysis. The connection to the local power galdahoused here.

Design Choices

Two extreme cases serve to illustrate a basic dedgice for the detector. In one case a sparse
arrangement of optical modules leads ultimately to an inefficient design since the light collection
efficiency decreases as the distance between optical modules increases. In the other extreme, a very
dense arragement leads ta cost ineffective detector of small volume, since the same number of
optical modules could be used to instrument a much larger device.

A key parameter in the design of such a detector is therefore the sensitive (photocathode) area of
the photomultipliers per unit volume. The way in whithe photocathode areas distributed in a
cost effective manneover the volume of the detector, has been a major issue of the design study.

Two distinct approaches have been followed. One appradiizes detection units placed at large
distances. The optical modules are distributed in clustetsréyg along the vertical extent of the
detection unit. To maximize the number of independent measurements the optical modules at each
storey are separatd by several metres horizontally. The alternative approach attempts to minimize
the cost of each unit allowing for a larger number of units to be placed at smaller distances. In this
approach the clustering on the storey is achieved with small photontieltgowithin a single optical
module.

The design alternatives will be described in Chapter 3. The designs that follow the first approach,
have a horizontal distance between detection units of 150 to 180 m and vertical distance between
storeys of 40 m, leddg to an instrumented volume of one cubic kilometre for every 50 detection
units. Preliminary cost estimates indicate that a detector with 250 such units could be constructed
for the envisaged budget.

For the design following the second approach theatise between units is 130 m and the vertical
separation between storeys is 30 m. This yields an instrumented volume of one cubic kilometre for

-18-



every 100 units. The cost estimates indicate that for this design a detector containing about 600 units
could beconstructed.

Detectors of such a size will require a certain amount of modularisation. For instance the power
required and the data rate produced by such a telescope will require more than one cable running to
the shore. Each such cable will require itsxgwimary junction box and seafloor cable network.

A detector building block, seigure2-1 that can comfortably be constructed using a single cable
network is at most half the size described above. The designs presented anéhubeddetector
performancesimulations feature a building block of half the ultimate size. The final performance is
scaled accordingly.

2.2 Marine and Earth Sciences

The primary objective of the earth and sea science contribution to the KM3NeT programme is to
establish a network of detection nodes. This network wwillorporate a number of secondary
junction boxes strategically positioned around the footprint of the neutrino telescope and connected
to a primary junction box. Each secondary junction box will have a suite of sensors connected to it
and will deliver cotinuous realtime data to shore, providing constant lotighe monitoring

Figure2-1lY ! NIiAadQa AYLINBaairzy 2F GKS ySdzZiNay2 (StSaodz2Lis

The number of secondary junction boxes installed will depend on the site, the neutrino telescope
footprint and the instrumentation resources required by the science community.

The arth and sea science community will use the same shore infrastructure and etgitical cable
for data transfer and power distribution as the neutrino telescope. The specification of the secondary
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junction box will need to be customised in order to acooodate the specific power and data
transfer requirements of the sea and earth science sensors.

The instrumentation will consist of sensors such as video cameras, acoustic devices, conductivity
temperaturedepth probes, Doppler current profilers and chentiemalysers. In addition seismic
activity will be monitored. A customised interface will be required in the secondary junction boxes to
manage the operation of and data acquisition from these devices.

2.3 Site Description

Three projects were undertaken in thdediterranean Sea as forerunners of KM3NeT. These were

the French based ANTARES, the Italian based NEMO and the Greek based NESTOR projects. As a
result the sites chosen in the pilot projects have had extensive programmes of measurements into
their envirormental conditions. The measurements done at these sites were taken over periods that

vary in length from a few days to several years of continuous or periodic data. These will be
summarized in Chaptdéd. The sites have shown to be valid candidate sites for hosting the KM3NeT
infrastructure. Their locations are shown Higure2-2 and the geographical characteristics of the

three sites are summarized below.

Toulon Site (ANTARES)

¢CKS ¢2dzZ 2y aAiS Aa t20FrGSR Ay GKS [ATJdzNALY {SI
Seynesur-Mer, the landfall of the ANTARES desa cable, is 40 kilometres. The depth of the
seafloor at the site is 2475 m. The coast around Toulon éaeral major harbours. For ANTARES the
deployments took place from the FOSELEV marine yard at La-Seyer. The area is served by

the airports of Nice, Toulon and Marseille. By road the town of La Sayrder is reached via the

AS50 motorway.

Capo Passero Site (NEMO)

The Capo Passero site is located in the West lonian Seanmtcd®16n1¢c Q 9 @ ¢KS RAAGIH:
coast at Portopalo di Capo Passero on the south west tip of Sicily is 100 kilometres. The depth of the
seafloor at the site is 3500 m. Theearest major port is Catania, from where the NEMO sea
operations departed. Other ports are those of Siracusa, Augusta and Pozzallo. Poatepafters a

harbour. The shore site is served by the Catania airport which is about 110 km from Capo Pgssero. B

road Catania is reached by the E45 motorway and from there Capo Passero is reached via the
A18/E45 and SP19 roads. To reach Sicily from mainland Europe a ferry crossing to Palermo, Messina

or Catania is required.

Pylos Site (NESTOR)

The sea around Pylds the East lonian Sea offers a variety of possible deployment sites at various
depths.

I LX FGSEdz G F RSLIGK 2bF wnvEpThp Otankedto thehéatest Brigifalll G o ¢
on the southern tip of the island of Sapientza is 26 km, witlralfall of 32 km at the port of

Methoni.

PEGSNY I GAGS aradSa ySk b v #E a3ka Fravdshofe at@ lddépt B 300Q1 Y 0
YT G bociomTaoy@n 1Y FNRBY GKS O2Fad i hvERGKE K 27T |
from the cast at a depth of 3750 m.
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The nearest major port is that of Kalamata. Smaller ports are available at Methoni and Pylos itself.
The site is served by the airport of Kalamata at a distance of 45 km. By road Kalamata is reached from
Athens by the E65 motorwagnd from Patras by the E55. From there Pylos is reached via local roads.

B'W 4'W 2'W 0°E 2'E 4'E 6'E 8'E 10°E 12°E 14'E 16°E 18°E 20°E 22°E 24'E 26°E 28'E 30'E 32°E 34'E 36°E 3IB'E 40'E 42

|

T T

-3800 m -2600 m -1300 m 1300 m 2600 m 3900 m

Figure 2-2: Bathymetry of the Mediterranean sea with the site locations marked@riangle marks the Toulon site, the
square the Cap Passero site and the circle contains the four possible sites near Pylos
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3 Technical Design of Neutrino Telescope

In this chapter the technical implementation of the generic structure of a neutrino telescope
discussed in chapter 2 is presented. Tgaitrino telescope will consist of a threkmensional array

of photo-sensors (photomultipliers) supported by vertical structures anchored on the seafloor and
connected to a seabed cable network for power distribution and data transmission.

To obtain thedrge photocathode area required for the planned sensitivity in a-effsttive way, it

is optimal to arrange photomultipliers in local clusterbis objective can be achieved by using either
local groups of optical modules containing one or two largetpmultipliers each or groupings of
smaller photomultipliers within a single muRMT optical module. These designs are currently being
pursued, with a common solution for the froend electronics that can be housed inside an optical
module.

Optimisationbased on cost, physics sensitivity and reliability has led to the consideration of modular
mechanical structures that facilitate production, transport and deployment proceduFes.
deployment it is planned to transport detection units in a compact paekafich is easy to handle

and which will allow the detection unit to unfurl once it is placed on the seafloor. Such deployment
techniques have not been used extensively in the past and need to be subjected to further field
trials. If the unfurling technigar should prove to be unviable the deployment of the extended
structures from the sea surface, similar to the method used in ANTARES, will have to be considered.

Simulations indicate that horizontal distances of a few meters in local optical module gnougase

the reconstruction quality and thus the sensitivity. Therefore, a specific design being proposed and
shown inFigure 3-1(a) incorporates extended mechanicatrigctures in the form of éneter long
horizontal bars to support optical modules. One detection unit consists of 20 such horizontal bars
(storeys), with a vertical separation of 40 m between storeys.

These novel mechanical structures require extensiviel fiests that are beyond the scope of the
design study phase. Other solutions, pursued in parallel, are dikimgnechanical structures with
storeys consisting of a single me®MT optical module (se€igure 3-1(b)) or with storeys with
optical modules arranged in a triangular formatidtigure3-1(c)).

The connection to shore for transferring electrical power, control, and data is achieved through an
electro-optical submarine cable network using commercially available components where
appropriate. Sea bottom connections between the detection units and the cable network are carried
out through the use of deepea remotely operated vehicles (ROVS).

The overall power consumption of the telescope is approximdt2ly kWand the expected dat rate

will be roughly25 GBytes/sThis large data stream to shore is carried on a ptwrpoint fibre optic
network which transfers all the optical module data to the shore. A backup solution to the data
transmission scheme within a detection unit iBlae-optic daisychain concept.

A shore station will house the power supplies, the lasers that will drive the fibre optic network, and
will also host the data acquisition system that will implement data filtering, recording and
distribution.

It is plannedthat the studies of various components will conclude during 2011, to allow for a timely
process of decision taking.
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Figure3-1: The three design options for the detection unit mechanical structur&ge vertical separation of storeys is not t
scale. The bar (a) has a horizontal extension of 6 m and incorporates 6 optical modules and an electronics containe
string (b) has a storey comprised of a single miRtAT optical module. The triangle (t)as 6 optical modules arranged i
pairs, placed at a distance of 1.1 m from the centre.
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3.10ptical Modules and Electronics Containers

Three types of optical modules will be presented in this section: spherical optical module with a
large photomultiplier, capsule optical module with two large photomultipliers and mBRIT
spherical optical module, with 31 small photomultipliers.

3.1.1 Common features
The proposed optical module designs have several common features described below.

Optical Module Glass Vessel

The optical module glass vessel houses the photomultiplier and associated equipment, protecting
them against the hydrostatic pressure and sea water. Commercially available transparent vessels
considered are borosilicate glass spheres with diameters of 13l@ridches. They are delivered as

two half spheres with a precisely ground interface that allows for a watertight joint between the two.
There are two major producers of this kind of spheres, Nautilus GmbH, Germany and Teledyne
Benthos, USA. Both companieave indicated that delivery at the rate of several thousand spheres
per year is feasible.

Glass properties

Refractive index 1.47
Transmission Bbdhp: omn YYZ
Density at 20C 2.23 gcm?*
Thermal conductivity 1.2 W nK!
Characteristics adpheres

13 inch 17 inch
Depth rating (m) 10000 6700
Overall diameter (mm) 330 432
Wall thickness (mm) 11 14
Mass (kg) 7.89 17.2
Buoyancy (empty) (N) 114 260
Diameter shrinkage per 1000m depth (mm) | 0.30 0.41

Table3.1 Properties of the glass vessels used for the optical modules.

As each penetration through the glass increases the leak risk, the number as well as the diameter of
such penetrations is minimized; in particular there will be evacuation valve. Around any
penetration the surface of the sphere has to be flattened in order to locate the uniguiegO

The handling of the glass spheres must avoid mechanical stress which can, over the lifetime of the
sphere, induce cracks leiag to leaks. InTable3.1 the properties of the optical module vessels are
summarised.

The water and air tightness at the level of the junction between the two Baiseensured by the
aforementioned precision grinding and in addition by putty and tape on the outside of the joint. The
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two halves are kept together by establishingatial vacuum insidéhe sphere. A passive pressure
sensor inside the vessel allows feak diagnostics.

Experience of using these spheres with ANTARES shows that they are reliable, as of the roughly 1000
spheres deployed less than 2.5% leaked. Studies are underway to further reduce this rate.

Electronics cooling

A passive cooling systemilwbe used, when necessary, to keep the temperature of the electronic
components low. This is importaats each 8 to 10 degrees rise temperature typically decreases
the lifetime of electronic components by a factor of two.

The main cooling mechanismagkis heat conduction, via an aluminium or copper structure, to the
surrounding seawater at £&. The face of the metal structure is shaped such as to have a large
surface in close contact (through a gel) with the inner surface of the glass containgraiflaad the

gel must accommodate the shrinking of the glass vessel under pressure. Preliminary tests indicate
that such a system can maintain temperatures beloRCG3fbr an overall power dissipation inside the
glass vessel of up to 20 W.

High Voltage Base

The high voltage is generated from 3.3 V DC by a low power Coeatitin multiplier. The
photomultiplier requires the most current at the last dynode, before the anode. This dynode is
attached to the lowest stage of the CW chain, which can supplyititeest current. The design of the
supply has been optimized for low power consumption. A power dissipation of less than 4.5 mW has
been achieved. Each photomultiplier will have its own base tuned to its own high voltage.

Experience from the ANTARES experit has shown that the gain of photomultipliers driftsth

time. This effect could be attributed to ageing effects related to the integrated charge. In order to
avoid such effects the high voltage bases are equipped with a preamplifier, allowing for
photomultiplier operation at lower gain. This preamplifier consumes about 25 mW.

Optical Coupling

The photomultiplier will be glued in the sphere using a fwemponent transparent silicon rubber
similar to the Silgel 612 from Wacker Chemie AG used in the ARS Aptical modules. The main
requirements concern the refractive index (1.40) which has to be close to those of the glass envelope
(1.47) and the window of the photomultiplier (1.8154). The attenuation length greaterthan 40

cm for wavelengths abov@50 nm. In addition, this rubber is sufficiently elastic to absorb shocks and
vibrations induced by transportation and deployment and to accommodate the shrinkage of the glass
vessel under pressure.

3.1.2 Spherical OM with Large PMT
Large PMTs have been used all existing neutrino telescopes, because they meet the main
requirements:

1 Large photocathode area
i Large angular coverage
1 Good timing response.
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Precursor experiments like DUMAND, BAIKAL and NESTOR used 15 inch PMTs housed in 17 inch glass
spheres. The AKINDA experiment used 8 inch PMTs housed in 13 inch spheres, and the IceCube
experiment houses 10 inch PMTs in 13 inch glass spheres.

Both the ANTARES and NEMO collaborations made the choice of 10 inch PMTs housed in 17 inch
glass spheres. These solutidmsve proved to work. The natural conservative choice based on past
experience is therefore to use optical modules of a similar design.

Considering present commercial availability and developments towards higher quantum efficiencies,
a compact design ineporating an 8 inch photomultiplier in a 13 inch glass sphere has been selected
(SeeFigure3-2).

&

%

1

v

Figure3-2: 8 inchPMT in a 13 inch sphere

Optical Module Components
The product breakdown of the large PMT optical module is giva@alie3.2.

The PMT will be an 8 inch tube withKk S NB OSyidf & RS@St2LISR a{ dzLJSNJ
improved peak quantum efficiency of about 30%, e.g. the Hamamatsu R591Rigsee3-3) or the

9354 tubefrom ET Enterprises. The PMT gain will be below “liriérder to limit ageing effects. The
resulting singlgohotoelectron signal of 8 mV on 38will be amplified on the high voltage base.

22025
+190 MIN.

INPUT WINDOW

PHOTOCATHODE

22045

290 MAX.

#52.5 MAX.,

20-PIN BASE ﬂ |IUU]
JEDEC No. B20-102 '

Figure3-3: Dimensions of the 8 inch PMT in mm. Take
from http://www.hamamatsu.com.
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Product breakdown for large PMT optical module

Component Description Quantity

Glass sphere Glass container to withstand the hydrostatic pressure. Madg

. . . . 1
two identical sealedhalves. Diameter 13 inch.

Photomultiplier | A photoelectric sensor with high quantum efficiency. Size 8 in
tube

High voltage basq Electronic circuit that provides high voltage to photomultipl
and amplifies the photomultiplier signal.

Outerconnector | A penetrator through the glass with a cable and dry mateg

1
connector at the far end.
Optical gel The optical and mechanical interface between the PMT and
glass sphere.
Pressure sensor | A pressure gauge mounted inside for test purposes. 1
Magnetic A mumetal cage, able to screen most of the Earth’s fi 1
shielding mounted around the PMT.

Table3.2: Product breakdown for large PMT optical module

The Earth’s magnetic field is knowndegrade the performance of large PMTs. First measurements
with the 8 inch Hamamatsu without any screening resulted in an efficiency reduction up to 15%,
depending on the orientation of the PMT in the ambient field. A magnetic shield made of thin mu
metal wires will therefore encapsulate the PMT. The shadowing effect due to this cage is at the level
of 3%.

A single 12 mm diameter hole is needed for a 4 contacts penetrator linking the OM to an electronics
container at a distance of up to 4 m. Two conductorsvide 3.3 V DC power and carry a control
signal for the high voltage settings (e.g. RS232 protocol). The other conductors carry the amplified
analogue PMT signals.

Electronics Container

In order to reduce the number of connections within a storey, a t8 iglass sphere located in the
central part of the storey, will contain all the required electronics and calibration de{seeJ able
3.3).

The compass tilinetre, gotical nanobeacons and acoustic sensors will be implemented on a circular
printed circuit board located at 45° of latitude on the glass sph8sexeral parallel disks can be used,
which will ease the routing on the printed circuit board fine FPGA, fore=en as the readout
controller.

The spherical cap is in copper and covers latitudes fromo480’. It is in contact with an aluminium

disk collecting the power dissipated by the electronic board and the power system. The contact
between the cap and thglass is made by a thermal conductive compound. The cavity between

copper and aluminium is used to accommodate the power system, in order to shield its electro

magnetic emission.
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The connections of the breakout unit and the electronic container as waleasnes between this
container and the OMs are performed at integration time, before the deployment.

Product breakdown for the electronic container
Component Description Quantity
Glass sphere Glass container to withstand the hydrostatic pressuvtade of 1
two identical sealed halves. Diameter 13 inch.
Power Board providing internal DC low voltage usingconverters
conversion 1
board
Frontend Board containing 3 ASIC chips measuring time over threshol 5
electronics board| severalthresholds
Readout Board containing FPGA readout controller 1
controller board
OM connector Electrical only, dry mateable connector or penetrator splitting 2
3 OMs (e.g. SEACON MEBLb-FS SPLIT)
Backbone Dry mateable bulkhead connect(game as MultPMT design) 1
connector
Instrument Board to control instrumentation and set voltages for h 1
controller board | voltage base.
Instruments A 3axis compass, tiineter/accelerometer optical beacon 1 set
Cooling system | Copper cooling to transfdreat from electronics to outer surfacq 1
Pressure sensor | Passive pressure sensor for testing purposes 1

Table3.3: Product breakdown for the electronic container

3.1.3 Capsule OM with two large PMTs

An ongoing development aims at integrating two 8 inch PMTs and their associated electronics into a
single glass container. The objective is to reduce cost and improve reliability by reducing the number
of penetrations.
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Figure 3-4: A 3D view of the capsule. The higloltage bases are shown in green. The space
electronics is indicated in yellow.

The glass container (capsule) is made of two identical parts connected at their bases. Each half
capsule hashe shape of a cylinder of 11 inch diameter capped by a hemisphere. The layout of the
capsule OM is shown iRigure3-4® ¢ KS ta¢ada I+ NB 2NASyieSpRcttbthe 'y | y:
cylinder axis.

Each halkcapsule contains the 8 inch photomultiplier in a magnetic shield and glued to the glass by
optical gel. It also houses two electronics boards, one for the local power converter and the other for
data acquisition andransmission. One of the two hatapsules will have the hole to receive a
penetrator for the external connections.

Finite element analysshows that with a wall thickness of 16 mm no stresses exceed those observed
in a normal 17 inch sphere.

The electrmics in the capsule will be cooled by heat conduction through an aluminium or copper
structure glued to a large area of the glass cylinder by a thermally conductive paste.

3.1.4 Multi -PMT OM
The multiPMT optical module consists of 31 photomultipliers of Jidiameter housed in a 17 inch
sphere. This approach gives several advantages vanicsummarized as follows:

f The total photocathode surface is 1260 Trsignificantly exceeding that of three 8 inch
photomultipliers.

f These photomultipliers are inseng#iS (2 GKS 9 NI KQanotyreqding SGAO T
YdmYSGlFtf AKAStRAYy3IO®

1 The segmentation of the detection area in the OM will aid in distinguishing gihgt®n
from multrLIK 2 G2y KA G&A P 2 A (K -phckoS hity o Beiumambigioudlya G 6 2
recognizedf the two photons hit separate tubes, which occurs in 85% of cases for photons
arriving from the same direction.

1 The loss of a single photomultiplier will degrade the performance of the OM minimally.
Failure rates of small photomultipliers have been dgataed to be of the order of T0per
year.

f  The photomultipliers run at a gain of @@nd their individual photocathode area ssnall,
therefore the integrated anode charge is small.

The product breakdown of the MWBMT optical module is given Trable3.4.
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Product breakdown for the MuliPMT optical module

Component

Description

Quantity

Glass sphere

Transparent glass sphere built to withstand the ambi
hydrostatic pressure and contain the photomultiplier tubg
frontend and readout electronics. Made of two identical halv
Diameter 17 inch.

Photomultiplier
tube

The photomultiplier is a photorsensor with single photo
sensitivity. It views the ambient water through the glass of
Pressure sphere. Type 3 inch.

31

High voltage bast

Electronic circuit attached to each photomultiplier that provid
the necessary high voltage. It also providesatia amplification
of the photomultiplier signal.

31

Signal collectior] A printed circuit board that collects signals from t2
board photomultipliers for transfer to the sphere logic board.

Storey logicd| A printed circuit board that containthe local frontend circuitry
board for the signal preparation and the electronic and photo

components for the data transfer to shore. Also control syst
for instrumentation and high voltages.

Converter board

A printed circuit board that houses all BGltage generatior
circuitry.

Heat conductor

A mushroom shaped aluminium structure that transfers the h
generated by the storey electronics via the glass sphere to
seawater.

Outer connector

A dry mateable bulkhead connector that penetrates thasg
sphere and allows for two power conductors and one fibre to
connected to the high pressure oil filled storey cable.

Cooling system | Copper cooling to transfer heat from electronics to outer surfa 1
Pressure sensor | Passive pressure sensor festing purposes 1
Instruments A 3axis compass, tilineter/accelerometer optical beacon 1 set

Table3.4: Product breakdown for the MultPMT optical module

Photomultiplier choice

The photomultiplierchosen for the multPMT optical module has a tube diameter of 76 mm and a
length of less than 122 mm. The photocathode has a concave shape in order to achieve appropriate
timing resolution. The photomultiplier has a-$fage dynode structure with a minim gain of 168

The front face of the photomultiplier tube is convex with a radius matching the inner radius of the

glass sphere. IRigure3-5the dimensions of the lpotomultiplier tube are shown.
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Figure3-5: Dimensions of the PMT (in mm).

Testing has been performedn the Photonis XP53X2B tube. After the discontinuation of PMT
production at Photonis, negotiations have started with both Hamamatsu and ET Enterprises in order
to find a replacement tube. Hamamatswww has available an appropriate model, R6233M®&ble

3.5 presensthe specifications for the PMT.

Cathode
Radiant blue sensitivity at 404 nm >130 mA W
QE at 404 nm (CsK) > 32%
Inhomogenity of cathode response < 10%
Supply voltage <1400V
Gain 5x1¢

External electrostatic coating to the cathode

Anode characteristics

Dark count

<3kHzat 15 °C
> 0.3 pe threshold

Transit time spread

F H Yya o°

0

Peak to valley ratio >3
Environment

Storage 0¢60 °C

Operation 10¢ 25 °C

Table3.5: Required characteristics for the 3 inch PMT

Similar negotiations are ongoing with ET Enterprises. They will also investigate the possible
advantages of &£esiumRubidiumphotocathode that has a quantum efficiency superior to the
conventional CesiurRotasium bialkalphotocathode in the 45600 nm range.

Both companies have indicated that a production rate gDB0 photomultipliers per year is feasible.
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Expansion Cone

The photomultiplier will be surrounded bynaexpansion cone. This cone provides a means of
reflecting photons that would normally miss the photocathode, therefore effectively increasing its
size. Recent measurements performed with a 5mm Perspex ring wish @luminized bevelled edge
indicate an increase of the effective photocathode radius by about 5 mmJigeee3-6. Ray tracing
studies (sedrigure3-7) have shown that further improvement up to a 25% increase inoberall
sensitivity is possible.

120 [T rrrrrTTT prrrrTTTT rrTrTTTTT rrrrrTTY Raaaazaas [T rrrrrTTTT e 1 70
100 }&OOOM : 60 R
2 i ] \ —o—normal
> 3 50 -
c B0 3 —=—winston
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5 r 30 -
o 40 5
2 [
= ] 20
O :
20 - 10
0 L Lt [ [P | FRTRITINTY FYVTTRTITE FEVEVTVET] FEVENTUITY FVTRNTL ( PPTVTY 0
40 -30 -20 -10 41 -0.9-08-0.7-0.6 -05-04-0.3-0.2-01 0
R (mm)

Figure3-6: Collection efficiency with respect to centre witt Figure 3-7: Effective photocathode area as a function o
(green) and without (black) reflective ring the cosine of the angle between incidence an
photomultiplier axis

Layout of photomultipliers

Figure3-8 shows the geometri layout of the photomultipliers in the optical modul&able 3.6
gives the directions in which the photomultipliers point. The centre of the front face of the
photomultiplier is placed 4mm from the inner surface of the glass sphere.

The photomultipliers a supported by a foam structure. Optical gel fills the cavity between the foam
support and the glass, in order to assure optical contact. The foam support and the gel are
sufficiently flexible to allow for the deformation of the glass sphere under thedsydtic pressure.

Layout of Electronics Boards

The geometrical layout of the electronics components and cooling system is shéiguiae3-9. The
optical module contains one board per hemisphere collecting the photomultiplier signals and
transferring them to the storey logic board. The control of the high voltage @sarsvia these
collection boards. They are connected to the stem of the aluminium cooling figiare3-8). The
orientation of the boards is vertical for ease of connectiord an avoid blocking of the heat
convection important for the cooling of the high voltage bases.
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Figure3-8: The multi PMT Optical Module

theta | phi

50 30 |90 |150 | 210 | 270 | 330

65 0 60 | 120 | 180 | 240 | 300
115 |30 |90 |150 |210 | 270 | 330
130 |0 60 | 120 | 180 | 240 | 300
147 |30 |90 | 150 | 210 | 270 | 330
180 | O

Table 3.6: Orientation of the photomultipliers within
the optical module. The positive-axis points upward.

The storeylogic board is circular in shape and houses all frontend electronics and the edgtital
interface to the fibre optic readout. There is a possibility to extend the storey logic board with
trapezium shaped auxiliary boards, for example for calibratmmpmonents. Space has been reserved
on the storey logic board for the communication components and fibre storage. It is mounted in
close proximity to the cap of the cooling mushroom.

Figure3-9: Layout ofthe electronic boards.
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The voltage entering from the backbone cable i3/18nd further conversion to the required voltages

is performed on the converter board. Through the use of a resonant converter design with
synchronous rectifying a high power consien efficiency of >90% is achieved. This helps to keep the
dissipation in the conversion circuitry low.

Layout of Calibration Devices
The multiPMT optical module contains three calibration devices. These are:

1 The nanobeacon incorporated on an extensimrard. A multimode fibre runs from the LED
to the glass and is oriented so as to illuminate the optical module vertically above;

1 The compassitmeter incorporated on the storey logic board;

1 The acoustic piezo sensor glued to the inner surface of the glalsere and its electronics
incorporated on an extension board.

PMT HV 45x10W | 3.3V
PMT detection | 2.5x10W |3.3.V
PMT signal rate | 1.6 x 10 W

PMT total power | 0.030 W 3.3V
31 PMTs 0.93 W 3.3V
OM IC boards 0.40 W 3.3V
OM spherdogic 3.2W 09,15,33,5V
OM conversion 15W 10 V4,
Acoustic sensor | 0.2 W 5V
LED beacon 0.2W 5,24V
Compass 0.05 W 3.3V
Total 6.48 W

Table3.7 Expected power dissipation and voltage levels.

Cooling System
Table3.7 contains the expected power dissipation of the various components in the optical module.
Figure3-10 cooling indicates the positions inside the sphere where heat is generated.

The present estimate is a total power dissipation of 6.5 W inside the sphere. The cooling has
therefore been designed to deal withheeat load of 10 W.

The cooling system consisting of a mushresimped aluminium heat conductor transports the heat
from the interior of the sphere via the glass to the surrounding seawater. The type of aluminium
chosen for its high heat transfer coeféai of 200220 W/m/K is AIMgSiO7(EN ABU05 or 6060).

The aluminium conductor makes contact and is held to the glass sphere with gel. The planes of
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aluminium have a secalled Manhattan profile, following the contours of the components on the
printed circut boards to achieve the maximum heat transfer. The heat produced by the high voltage
bases is transferred to the cooler by convection through the space in the centre. The dissipation of
the base is kept as low as possible, as the convection is less reffisid is hampered by the
presence of many cables in the convection space. Tests have shown that with this cooling system the
maximum temperature difference with respect to the sea water i¥Cl4t a dissipation of 10 W.

OM Entry and Exit Cabling

Power will be provided by two copper conductors, and all data transmission and slow control
communication requires a single optical fibre. The storey cable between the -bréak the
backbone cable and the optical module consists of a 13 mm (0.5 intygtipgdene oiffilled hose

with a length between 50 and 100 cm. At the glass sphere there will be-mabgable bulkhead
connector with a titanium shell. An appropriate connector has been designed by SEAGON® a
modificationof one of their miniseries connectors. It requires a 13 mm diameter hole through the
glass sphere.

Figure3-10: Cooling system. a) Boards dissipating energy. A: conversion board, B: storey electronics, C: Octopus,
base.b) Heat transfer mechanisms. Convection between PMT base and cooler, all other transfer by conductir
Temperature calculations and measurements show moderate values.

3.2 Data Readout and Transmission

This section discusses concepts in acquisition, prowgsdistribution and storage of dafeom the

YaobS¢ RSSLIM&ASE AYFNIAGNHzOGdZNBE® ¢KS YIFAY LzN1J2 &
analogue outputs of the PMTs into formatted data for offline analysis. The deep sea infrastructure

will also conain a large number of instruments for various scientific research activities. The
operation of these instruments will be incorporated in the general readout system of the
infrastructure.

The preferred solution for the readout system is one where allt{gégl) data are sent to shorép
beLINP OSdaSR Ay NBFIfnGdAYSo
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For the envisaged photoathode area the total data rate amounts to abdu® Tb/s, assuming 64
bits per recorded photon. This data rate to shore can be accommodated on a number of optical
fibres using dense wavelength division multiplexibyvVDM)techniques.

The total data rate exceeds that of any data storage capacity by several orders of magnitude. Hence,

the raw data have to be filtered. The rare neutrino (muon) signal can be discriminatedtiie

NI} yYR2Y oF O13INRdzyR dziAftAaAiAyd GKS GAYSmLIRaAGAZ2yYy O
YEAY OKIFtfftSy3aS Aa GKS NBIfndAYS FAECGSNAy3a 27
background. The data filtering has a significant impacthe performance of the neutrino telescope.

To first approximation, a detectable muon signal is defined by a minimal number ofpbsigon

correlated PMT hits (a hit is defined as a signal above a certain threshold, typicale.D.3his is

referreR G2 +ta | GONAIISNEP ¢KS GNARIISNI FEI2NARGKY
number of events that produce a minimum number of detected Cherenkov photons anywhere in the
detector. The trigger should be optimised in terms of purity anttieificy.

G¢ENAIIASNEE NB FaaSYofSR FNRY 3INRdzLJa 2F OKNRy2f
time resolution of individual PMT hits is required to dethe order of 2ns (rms) while the positions

of the PMTs are required to be known to a pigdon of around 40cniThe timing is usually done by

means of a designated clock system. The required timing accuracy should be achieved throughout a
very large volume. Since the detector is subject to varying sea currents, the positions of the PMTs
must ke monitored continuously. This will be done via an acoustic triangulation system (section
Positioning.

The overall readout system includes the submarine infrastructure, a shore station and various
computing centres around Europe, together with external systems such as the gamma ray
coordination network (GCN). The architecture of the submarine infrastrugsuneainly constrained

by the seabed, the distance to the shore station and the depth of the site.

The optical power budget depends on the length of the main cable and the number of branches. A
AK2NI I 3S 2F 2LWGAOIT LI oSN Gidgptiaadmpdidry, LISy al GSR o0&
The shore station houses the main power supply, the data processing facility and a control room. The
total data rate from the submarine infrastructure should be reduced by a factor 10,000 to less than
10Mb/s,tobe abletotransfdd G KS RIFGF G2 GKS @I NA2dza O2 YLddzi Ay 3
' LISNXYIFYySyd YSRAdzY®d ¢ KSNBGHA NIEhE vatiouskEdrap&an complig A R (i K
centres is required. This internet link allows for remote operation of the infrasiract

3.2.1 Data encoding, frontend electronics

SCOTTS@ampler of Comparators Outputs with Time Taggiaghe dedicated application specific
integrated circuit (ASIC), designed for processing the electrical signal from PMTs. It has been
designed to address thase of classical and muPIMT optical modules.

Requirements
The general requirements for the front end electronics are (taken from Table 4.1 of the Conceptual
Design Report):

1 Time resolution (for a single photon, including transition time spread of thd RNd
electronics) < &1s (RMS).

T / KINBS Re&y!l YdeOwitNd afideSvinBow af 28s.

1 Twohit time separation < 28s.
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Experience gained from the Antares experiment lead to the following additional
constraints:

Common data processing for singledamultiple photon hits.

Average input photons flux capability of 250 kHz without dead time.

Power consumption 800mW.

In addition, the ASIC should accommodate both optical module concepts under study for the final
detector. The readout of the ASIC isndowith a systerron-chip which allows for a second level of
data processing;such as digital packets compressijoand provides the interface to the data
transmission electronics.

Electronic Front End principle

The front end electronics is based on the usfethe time over threshold (TOT) as madignal
processinfl2,13]. The electrical signal from any PMT is compared with several threshegled
3-11). The answers of the comparisons atered in memory with a fixed timenterval between
samples. The use of the amplitude information from thresholds and the time from sampled data
allowfor reconstruction of the original signal.

0f 0 o] O] O] 1] 1] 1] 1] 1| 1| 1f 1] 1) 1| 1| 0] O] O

0| 0| of ol of o] 1] 1| 1] 1| 1| 1| 0] O] o o 0] 0] O
0| 0] 0] o[ of of 0] 1| 1| 1[ O] O] O] O] of Of 0| 0] O]

¢ : Digital data in the internal memory

Figure3-11: Example of signal reconstruction from crossing threshold points.

Architecture
The ASIC incorporates three main functionalitiegre3-12):

1

The analogue processing is comprised of fast comparators and programmable digital to
analogue converters (DAC) with 10 bit resolution.

The digital samplig memory is composed of a dellcked loop (DLL) to guarantee the
accuracy of the sampling time, and two banks of memory.

A first in first out (FIFO) digital memory is used tera@edomize the signal flux and to
store data in a buffer for subsequent read by the systerron-chip.

Several other blocks are included to optimize the functionality of the ASIC such as a 16 bit
counter to guarantee the synchronization with the data acquisition system, an internal

a1 SN &dzLJLINB & aé | yR draminihgobregidters G NBf RNRA GSNJ T
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’Signalfrom PMT Data to SOC‘
SCOTT

Comparators DLL
+ E> + E> FIFO
DAC 2 digital memaories
C Slow Control )

Figure3-12: SCOTT data processing architecture.

Adapting to the two optical module concepts

The ASIC can process the analogue signal for a set of PMirs the required accuracy
independent & their size. In the case of a set ofrf@h PMTs, each channel of the ASIC is connected
to a single PMT as illustrated Figure3-13, whereas in the ase of a set of 8 inch PMTs, several
channels are connected to the same PMT output in order to improve the charge reconstruction
accuracyFRigure3-14).

- >

[Mem 1] [Mem 2]
FIFO

+
SZ

Figure 3-13: Schematic diagram of the SCO°
connected to several 3 inches PMTSs.

it A4

Figure 3-14: Schematic diagram of the SCO"
connected to a single 8 inches PMT.

The actual position of the ASIC within the system is dependent on the final optical module solution:
in the case of the mulPMT optical module, the ASIC should be placed as close as possible to the
PMT outputs i.e. in the glass sphere containing the PNf®s the optical modules with large PMTSs,

the ASIC is in a separate container connected to the optical modules with a cable a fewlorggres

It should be noted that for a mulPMT optical module, photon counting can also be achieved by
simply countinghe number of (simultaneous) hits on different PMTs. For small numbers of photons,
this yields a 100% purity of the counting. For large numbers of photons, the length of the TOT signal
can be used. This typically yields a logarithmic accuracy of the dautis scenario, an early signal
discrimination on a small ASIC chip on the base of each PMT could produce a TOT digital signal which
is then time stamped on a SCAIKE ASIC or directly within an FPGA.

SCOTT readout

The data in the SCOTT ASIC is ready specific firmware before it is sent to shore. Although the
output FIFO of the ASIC allows for someraledomization, long data bursts of the order of several
hundreds of millisecondstypically due to bioluminescengenust be stored in local memoryefore
being sent to shore.
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3.2.2 Data transport

The detection unit consistef a number of storeys vertically distributed over a heightseferal
hundreds of meters. The precise structure of the detection unit is explained in detail in sB&ion
Due to the distance from the shore, the data transmission relies on fibre optics.

The basic idea for detection unit data transmission is to have independent storeys which are
connected to shore through a poitb-point link. To minimize the number of fibres per detection

unit, the DWDM technique will be widely used throughout the optical netwditkis technology

enables more channels to be transmitted on the same medassiging each channel its own

g @St SYyaiKed ¢Kdzax SFOK adG2NBeé O2NNBaLRyRa (2
are multiplexed using passive optical devices. The use of passive devices increases the system
reliability and decreases cost and pavs®nsumption.

The storey electronics can be viewed as a hub which gathers all the information produced at this
level of the detection unit and transmits them to shore through the assigned DWDM channel; in the
opposite direction, the information receivedoin shore (mainly slow control commands) are used to
manage the storey functions.

Since event reconstruction is based on the PMT hit time, a common timing reference must be
available to front end boards, to allow for detector wide synchronization. The d¢iffset between

each acquisition channel and the fixed reference must be known in order to compare hit times. In
order to facilitate the clock distribution a synchronous protocol will be used: the clock is embedded
in the slow control data by an eshore tansmitter in a unigue bit stream. The receiver, at the
storey, is able to recover the clock and to extract the data. In this way, all the receivers will be
synchronisedy design to the osrshore time reference, which is derived from a GPS station.

The daa flux is deeply asymmetric: very high from the apparatus to the shore and negligible in the
opposite directionPMT acquisition is thmain contribution to the storey data rate , which accounts
for a flux of the order of 20Mb/s. In fact, the hydrophone needed by acoustic positioning, account
for about 10Mb/s and theremainingof instrumentation produces a few hundred of kb/s.

To manage the many peripheral interfaces on one side and the high speed data transmission on the
other, the most suitableelectronic device is an FPGA. The abundance of I/O channels and the
availability of many 1/O standards allows for easy interfacing with the various devices. The presence
of on-board transceivers reduces cost, power and board integration time. The embgutdedssors
available orchip can be equipped with retime operating systems in order to facilitate system
development.

The most challenging aspect of the data transmission is the high speed interface: the preferred
solution consists of exploiting the FRGnternal transceivers. The speed can be changed, even
dynamically, from few hundreds of Mb/s up to tens of Gb/s. The electrical to optical conversion is
implemented by a Reflective Electro Absorption Modulator (REAM). The key features of this
component ae the flexibility of the transmission speed, which can be selected from DC Gb/H)

and the absence of an active transmitter which increases the overall reliability. Since the REAM is a
sort of a mirror which can be turned on and off by an electricatlatating signal, it reflects the
incoming wavelength: hence, just one wavelength per storey is needed for both directions. In
contrast, common DWDM laser transmission requires one colour per direction.

The storey electronics receives a bit stream whictries both clock and data. The clock is used to
maintain the synchronization of the storey electronics, while the data contain slow control
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information. The recovered clock is fed to the front end electronics which can stamp the PMT hit
with the common reérence. The high speed transmission is timed using this clock as well: the
frequency for the required serializer can be synthesized by means of a PLL. The flexibility in speed
selection provided by both the FPGA transceivers and the REAM aids systeneatpiimiThe
maximum speed of the system is chosen as low as possible, compatibleéheitiequired data
bandwidth, in order to reduce power consumption, increase optical power budget, decrease cost and
ease printed circuit board (PCB) design.

The data inhe detection unit backbone are transported via a single cable which contains one optical
fibre for each storey. The number of fibres can be reduced by a factor of 2 when the(itglexer

is located approximately half way along the length of the detectunit. The power conductors
resideinside the same cable. At each storey level a break out extracts the required fibre and power
wires. The multiplexing and daultiplexing of optical signals is made inside the master module of
the detection unit. Furthemultiplexing of signals from different detection units is performed in the
secondary junction boxes, as explained in seclign

Data Transmission System

The realout system is based on pot-point data transfer between the undersea optical modules
and the onshore data acquisition system using current telecom DWDM technology. This approach
gives several advantages which can be summarized as follows:

1 It provides a dedicated datformat-transparent widebandwidth (10Gb/s) communications
channel between each optical module (or each set of optical modules) and the shore.

I The pointto-point high bandwidth channels support reahe readout with high timing
resolution (<1 ns).

1 The reliability of the opteelectronic conversion is high, since all of the communications lasers are
located on the shore. The optical modules only contain very high reliability photo diodes and
electro-absorption modulators. The failure mf these transducers is the order of 1 FIT (1
failure in 18 hours).

1 The design employs current telecoms technology, supports a staged deployment, and allows
future upgrades as new technology becomes available.

1 The system supports the store and fomgareadout approach as described above. The same
system also supports a retiine readout approach. With a data rate of Bl/s per channel, it is
possible to sample continuously 33 independent signal channels with a timing accuracy of 0.87 ns
(=3y a k KThis fitsbwell within the quoted specifications. The time stamping of these signals
can then be performed on shore. This minimises the number edladfe electronic components
and improves reliability and reduces power consumption. This flexibility sllemgineering
tradeoffs to be made between the transmission bandwidth used and the amount of processing
hardware and software required in the eshore modules.

Dimensioning

The optical readout solution is based on a type of telecommunications DWON (dese
wavelength division multiplexedassive optical network) employing a combination of space,
wavelength and timelivision multiplexing. This type of network is very similar to those considered
today for longreach (10km) telecommunications access netike. The readout system has been
dimensioned to support up to 6400 storeys arranged with 20 storeys on each detection unit. The
best DWDMPON solution for this size network employs 80 wavelength channels on 80 fibres (space
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dimension), each wavelength cgimg the timemultiplexed data from the PMTs in each node. The
number of wavelengths was chosen to be 80 because this is a standard multiplex for DWDM systems
and it allows the signals from 4 detection units to be combined onto one return fibre. The 20
wawelengths for each detection unit are [geultiplexed in a central place approximately half way
along its length, thus requiring 11 optical fibres in the vertical cable (dirdxitional up; 9 bi
directional down; and 2 unidirectional to and from shom)total of 80 readout fibres fit within a 96

fibore submarine cable with ample spare capacity. Four additional fibres are required for the
downstream distribution of the DWDM optical carriers (seeds) and the clock and data signals
employed for synchronisatn and communications with the optical modules. The remaining fibres
are for the use of the earth and sea sciences.
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Figure3-15: Schematic view of the opt@lectronic readout architecture.

Readout System Description

In Figure3-15, a simplified schematic of the DWBRDN based readout architecture is shown. Light
from a centralised array of 80 individuaavelength optical sources (seed light sources), located on
the shore, is combined into a dense wavelength division multiplex with a channel spacingbiz50
(0.4nm). The DWDM channel wavelengths are chosen to be consistent with international standards
The DWDM is copied to two booster amplifiers and transmitted over a main and standby path to the
undersea station. On arrival at the undersea station the main, or the standby, copy of the DWDM is
amplified and copied to each of the 80 groups of 4 detattinits. (Details of various amplification
options are given later.) Each detection unit of 20 storeys contains one master module located
approximately half way along its length. The master module contains-eéh&inel DWDM AWG
(arrayed waveguide gratingjjter in order to route one wavelength channel to each of the storeys.

The connections between the storeys and the master module are all single fibre. This minimises the
weight and the crossectional area of the vertical cable, thus reducing drag. The maximum length of
single fibre between the master module and storeys ssl¢han 500n. Over this distance, the
impairments caused by coherent Rayleigh backscatter noise are negligibtBj<(The maximum
distance for single fibre Hlirectional operation between the reflection modulator and the DWDM
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filter is 2km.) The ma®r module also houses other passive optical components for use in clock and
data distribution.

Figure3-15shows how one or a group of wavelengtlade selected from the shoigation DWDM

array by switch S1 for use in loop timing or calibration measurements. The selected wavelength(s)
are modulated (e.g., gated on / off for puleeho measurements) and transmitted over selected
return fibres via swich S2. The resulting echo signals are detected and the propagation delay
between the storeys and the shore can be calculated.

The signals from the frontend electronics are used to reflection modulate the seed light by means of
REAMSs. The reflection moldited signals are then smeultiplexed into a 2&hannel DWDM by the
AWG in the master module.

The 20channel DWDMs on the return fibres from four detection units are combined wittband
coarse wavelength division multiplexer to create ancB@nnel DVIDM before being amplified for
transmission back to shore. On shore, thed@nnel DWDM is amplified and -deultiplexed by an
80-channel AWG and fed to a pheteceiver array. One 10 Gb/s pheteceiver is associated with
each storey.

Timing Calibration

Timing calibration is a critical requirement for a réiahe readout system. The propagation delay
from each storey to the shore will be different due to their unique distances from the shore and due
G2 GKS TFTAONBQa oI @St Sy Al katich Wl @pfof @ lovd Mdadrh,) RSt | &
dispersion shifted fibre such as Cornikigscad& LEAF. This type of submarine fibre has been
specially de signed for use in lehgul transmission of DWDM signals. Thpsthm/km dispersion

leads to timing skew over Dkm due to wavelength of about4 ns for an 8echannel multiplex with

50 GHz channel spacing. This timing skew is deterministic at a fixed temperature. Based on published
figures, the bulk delay variation with temperature over 100 is just under 1@s per degree
Centigrade. This affects all wavelengths equally. The timing skew variation due to temperature for
LEAF is not specified by the supplier, however, it is expected to be similar to standard fibre which
implies a channel to channel variation of dethan 1Qps per degree Celsius over 1@ for the
50GHz spacing. These results show the telative timings for all optical modules should remain
almost constant for the temperature changes expected in this application and that we could track
the absdute delay of all optical modules by monitoring the round trip delay of just one or two of
them.

¢CKS FAONB LINRLI AFGA2Y RStlFe& A& YSIFaAdz2NBR FTNRY (K
random binary sequence) technigue. Since all optical and timkiptexing delays are deterministic

(and may be tracked) the whole system could work synchronously which avoids the need for a
master clock at the undersea station. Nevertheless, for added robustness, the proposed scheme will
employ asynchronous readou®ne or more wavelengths in the DWDM may be used for-toomg
purposes and for communications with the undersea statibigure 3-16 summarises the delay
calibration arrangement. (Note that the detection unit is drawn horizontally.)
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Figure3-16: Schematic view of the delay calibration.

The optical path between points X and Y is eitinatched in terms of delay, or pmmeasured before
installation, so that the return delay from each optical module can be accurately determined. The
propagation delay for each of the optical modules associated with each return fibre is measured
during thecommissioning phase, and at later dates if deemed necessary. These measurements are
performed on each optical module in turn or on all 80 optical modules at the same time. The latter
option could speed up the calibration procedure since most measurementddwonly need to
record relative delay. The gated amplifier between the two circulators is only active during the loop
calibration procedure in order to avoid amplification of Rayleigh backscatter during normal data
transmission back to shore.

Theroundd NA LJ LINBLJ I+ GA2y RStFe& 0SGsSSy LRNIa ! I YR
during operation. This allows the forward propagation delay to be calculated. Thus, as the forward

and return fibres are in the same cable, temperature effects can b&edhsimply by monitoring the

round trip delay.

Timing Calibration Procedure

Ly 2NRSNJ (2 LISNF2NY +y 2LWGAO0FE WLMzA &S SOK2Q RSt |
will be necessary to disconnect the seed light to the optical modules besasuned. This is to
prevent interference between the readout and pulse echo signals. There are a number of ways of
doing this. The approach shownhigure3-15, is to turn off selected downstream booster amplifiers

in the undersea station. This will allow different sections of the telescope to be disconnected, in turn,
from the seed light, for calibration. The number of storeys affected will depertti@mamplifier and

power splitter structure (in the range 10% to 25% of channels). The time required to perform a pulse
echo calibration will depend on the procedure adopted and on how many optical modules are
measured in parallel. The round trip propagatidelay over 108&m of fibre is 1ms, so if the results of
1000 measurements are averaged, then the minimum calibration time would be 1 second, assuming
all optical modules are measured at the same time. The maximum calibration time, if each storey is
calitrated in turn, would be 1 hour 40 minutes. In practice, a modest parallel approach will be
employed.

The frequency of timing calibration procedures will depend on environmental factors such as deep
water temperature and pressure cycles which may be seasdime timing calibration procedure and
frequency will be evaluated by tests in a representative deep water environment.
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Clock and Data Distribution

Figure 3-17 shows the additional passive components required inside each storey to support
downstream clock and data distribution. It uses a passive power divider which allows the clock and
data signalgo share the same or similar wavelengths to the continuous wave seed. This approach
relies on the ability of the optical receiver to discriminate between the seed and clock and data
channels. The optical insertion loss has been specified to bed®.25

622Mbps | /\ 10G
TIA Driver

Photodiode | | | | REAM

IL ~0.25dB

5% tap each-way

To Master Module

(a) Using power tap

Figure3-17: Optical module fibre interface.

The downstream clock and data signals operate at the-8®thndard linerate of 622Mb/s. This
signal is routed by the power tap, to the detector photodiode athin turn is connected to a trans
impedance amplifier (TIA). The signal is broadcast to all storeys. The data capacity d¥lla/$22
system is then approximately 5@dannels afl Mb/s, or 6400 channels a8 kb/s.

The passive power tap approach to distrting clock and data, shown Figure3-17, was originally
devised for a duahput AWG filter in the master module, however, such filters are tahdard
components off the shelf (see later section on DWDM filter technology). The power tap approach
requires the photereceiver to discriminate between the clock and data signal and the readout seed
and timing calibrations signals. The readout seedadigm more easily dealt with as this is-un
modulated, but in practice, it is unlikely that the receiver can be active during the timing calibration
procedure.

Optical Amplification

Submarine quality 986m pumps are now available with power greater tr&00 mW and failure
rates of less than 2BIT. A system with 16 pumps at @09V corresponds to 9.@/ of available
power. The total required signal amplification power per bank of 20 fibres /1 Bhis will require
approximately half of the available pumjper. So, it is possible to run each pump at half power, to
improve reliability still further.
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The complete dowsstream booster amplifier array would require 64 pumps in total. The overall
amplifier availability remains high if any single pump fails. toted electrical power required would
be less than 108V, assuming good heainking to sea temperature.

DWDM Filter Technology

A key requirement is that the readout should use standard components off the shelf (COTS)
wherever possible. This has a siguifit impact on the practicable choice of filter technology for the
DWDMs. Standard telecommunications filters are available for optical chapaeingof typically
50GHz, 10@GHz or 20@Hz and are usually limited to about-88annels, although an 8éhannel

unit has recently appeared on the market.

The narrower channel spacing filters180 GHz) tend to use active temperature control (heaters) to
lock them to the ITU grid, whilst the larger channel spacing filters are usually availabtlecimel
padkages. In principle, the 3BHz 20 channel filters could be supplied in customisé¢deamal
packages, however, the near constant operating temperature of the master module means that
temperature control may not be necessary. Based on the above assesangt@ain optical signal to
noise ratio (OSNR) analysis, the DWDM filters employed in the master modules are based on 20
channel Gaussian AWGs. Custothermal units are being investigated.

Parameter value notes

P AWG o/p -10.5 Equivalent tacontinuouswavesignal

Fibre losses -0.5

Connector losses -1.0

OM Tap -13.5 5% tap + 0.5 dB

Pr clock/data -25.5 dBm

Pr Cw -25.5 dBm

Total P -25.5 dBm

Ip 5.6 mAused to estimate MAX3658 added input referred noise
ER 3.0 linear-defined as P(1)/P(0)

Penalty 2.0 linear -defined as (ER+1)/(ER

Penalty dB 3.0 dB

Added noise 2.0 dB estimate based on graph of input referred noise MAX3658
penalty

Total penalty 5.0 dB

Net Rx sensitivity -28.0 dBm based on MAX365&88dBm)

Margin 2.5 dB

Table3.8: Optical power budget for the passive power divider approach to clock and data distribution.
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Figure3-18 10Gb/s systems measurements over &8n of standard fibre: Left, Dynamic Insertion Loss; Centre, Reve
bias; Right, Extinction Ratio.

REAM Selection

The measured system parameters of the REAM, optimised for operation atnb®58re shown in

Figure3-18. The key parameters are the wavelength dependence of the REAM R&y I YA O Ay a S
loss, oroff extinction ratio, and bias voltage. The curve on the leftFigure 3-18 shows the

measured dynamic insertion loss as a functiomatelength. It decreases from a maximum of @&

at the short wavelength end of the spectrum to about BB at the longest wavelength. The

optimum REAM bias voltage and data drive amplitude increases with wavelength, whilst-tfé on

extinction ratio fdls with increasing wavelength (See alSgure3-18).

An 80Gchannel 50GHz DWDM requires a slightly larger wavelength range (@88t 1565nm). This
extended wavtength range means that higher bias and drive voltages would be required in order to
compensate for the standard devices lower extinction ratio at longer wavelengths.

The dynamic insertion loss has the greatest impact on system performance in the BROBDM
architecture and should therefore be kept as low as possible. In order to reduce the dynamic
insertion loss and the bias voltage range two versions of the REAM are employed: one optimised for
short and the other optimised for long wavelengths. In addittonimproving the optical system
performance, colour banding will also simplify the REAM driver arrangements. At lower modulation
bandwidths (up to IGb/s) REAM colour banding may not be necessary. Optical Signal to Noise Ratio

The OSNR calculations for ttreadout architectures shown irigure3-15have been made. The noise
figure for the optical amplifiers has been set to a conservative valued&f &d all of the loss values

are assumed to be worst case values, so confidence in the real system attaining the calculated
performance is very high. The output OSNR is found to be just owiB.2An OSNR of B provides

a theoretical bit error rate performnce of 10. There is thus ample margin for the low level of
transmission impairments (2dB) expected in this system. Raman fibre amplification is precluded at
distances greater than 20km. The OSNR calculations for the-gcigeranging system yieldnsiar

results Optical Power Budget

The optical power budget calculations are summaris€etaible3.8.

A commercial tranémpedance receiver, the Maxim MAX3658, is used as it has been designed for
poor extinction ratio signals that introduce a power penalty. In this case the power pengls/dB,
giving a worstase operating margin of 2dB.

Backup system for data transmission
¢CKS | NOKAGSOGdzZNE 2F GKS ol O1dzld RSGSOGA2Y dzy Al 0
optical path, as shown iRigure3-19. Control information arrives from shore to the detection unit on
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a fibre going directly to the highest node of the chain. The serial stream is transmitted with a
synchronous prmcol that embeds clock, slow control and data. Each node extracts the clock from
the stream and regenerates it locally in order to minimize the timing jitter. Each node of the chain
handles the datdoad of all the connected nodes. It receives the strefaom the previous node
extracts its own data and transmit all data including its own to the next one.

Since each node communicates only with adjacent nodes, the backbone can be implemented with
aAAy3atS GNIOdGa 2F FA0NB RNang&vérs, sviriah Kre lawer cbsOifemsl y R
than DWDM lasers. The distance between storeys im4d signals are regenerated at each storey,
therefore the optical power budget is not an issue, allowing for the use of cheap and standard
connectors and cables.

A potential drawback is that, if a single node fails in the chain, the data transmission is interrupted
causing the loss of the whole detection unit. In order to overcome this spajlg-failure an optical
switch is used to bypass the faulty node. Thechanism is such that even in the case of failure of all
but one node, this node is still able to communicate with the secondary junction box. The switches
are activated through a slow control system that transmits via the power line. The possibility of
bypassing many consecutive faulty nodes with spasisive optical devices is important in terms of
reliability.
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Figure3-19: Schematic view of the optical daisy chain architecture.

In order to furtherincrease the backbone reliability and the overall data bandwidth, the detection
unit is served by two separated backbones, one for even and the other for odd storeys. The data rate
of each single backbone is Z3b/s. With the total rate of &b/s the readut requirements of the
detection unit are met. This architecture has as many data streams as backbones and each backbone
can be assigned a colour for data transfer to shore.
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3.2.3 Network functionalities
The design of the eshore DAQ system proposed here idépendent of the actual implementation
of the deepsea readout system.

The design is guided by the following requirements:

1 accommodate the bandwidths of any of the optical module designs
9 flexibility for implementation of any event selection algorithm
1 salability with the use of off the shelf components

Data Acquisition (aggregation)

The data from each storey is routed on shore to its individual receiving port. Multiple receiving ports
form the input to a concentrator, a unit that aggregates the dataaafubset of the telescope in a
single contiguousnemory. This concentrator has several output ports. In addition to aggregation, a
concentrator unit is able to perform data integrity checks and decodes and formats the data. As the
data in the concentratocorresponds to a small part of the detector a filtering process can run at this
stage providing a first level of data reduction. The number of storeys a concentrator unit can handle
is determined foremost by the number of receiving ports, which in tunmagched to the size and
speed of the internal memory, the processing power and the number and speed of its output ports.
The concentration ratio, i.e. the ratio of the number of input to output ports, also depends on these
factors, but will likely be inhe order of 20 such that the data of all optical modules of an entire
Detection Unit can be handled in one concentrator.

Data Routing (Coalescence)

The data are routed from the concentrators via the buffer system to the processing farm and from
there to the data base and archiving systems. The routing takes place through a dedicated switch
fabric. Data links from each concentrator are routed into the buffer system, available to any
processing unit within the computing cluster. The total number of outputgon the concentrator

units matchesthe total number of inputs to the buffer system. In case of mapping all optical modules
per detection unit to a single concentrator, the number of links to the buffer systemdsdef 'Q

0 , whereQis the numler of output ports of a concentrator andl  is the number of detection

units.

The buffer system acts as an intermediate stage prior to routing any data to the processing farm. The
buffer system decouples the input data flow to the concentrators from aetwork congestion and
latencies in the switch fabric. A processing unit can request data from the buffer system trough a
separate dedicated switch fabric.

Data Processing (Event Building)

The data is gathered as a snapshot or timeslice. Each of thpsecisssed in an individual processor
within a large computer cluster. A snapshot covers a time span dfo0@ns. A central control
process allocates a time slice to a given processing unit. This unit in turn requests data from the
buffer system and agggates the data from the whole telescope for this time slice in its own
memory. Thereby, a single processing unit acts on a snapshot of the whole telescope and is able to
build events based on triggering and selection algorithms for the whole telescopealdtwethm

used to process a time slice can be modified by receipt of an external alert from other earth
spacebased observatories.
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Data Storage
The onshore DAQ system has three types of storage.

i Transient storage that is inherent when buffering the data at various stages. This is
performed during filtering, prior to routing the data and during processing.

1 Temporary storage that is used locally to store in the shore station while it awaits transfe
to final permanent storage facility.

1 Permanent storage for data and data base storage.

(a) Transient Storage

Transient storage, associated with memory (RAM), occurs in the buffer system and in each of the
processing units. The storage capacity envisagedtife buffer system will be large enough to
accommodate the data from the whole telescope in several hundred time slices. Similarly the
memory of each processing unit will be large enough to store the data for a few time slices. The
storage system can asbe dynamically configured to handle special operations such as calibration
without stalling the data acquisition.

(b) Temporary Storage (Archival on site)

Storage on non volatile media, or the first archival of data happens at the shore station with
subsequent transport of the data from the shore station to the permanent data storage facilities.
Archiving of event data and the data base is part of the critical data path and the temporary storage
system onsite is able to keep days worth of data beforartsfer to permanent storage is necessary.

(c) Permanent Storage (Final archiving)

The output from each processing unit is the raw data of a time slice that passed event selection
criteria together with a set of event description data, called raé#ta. Theevent metadata for time

slices which did not pass any selection may also be kept. For a fraction of these time slices the whole
raw data may be archived to study biases and inefficiencies in the processing. The data base is also
stored at the permanent ata storage facilities. The database will be updated for each configuration
change and after production of new calibration data.

We envisage the use of Grid concepts, as used by experiments at CERN, with a form of
decentralisation for sharing computing s@urces in different tiers with Europegide (worldwide)
distribution. All data from the shore station have to be copied to other remote facilities. A guiding
principle is to ensure two copies of all data to be secure against accidental loss. A remityevidkil
provide permanent storage with access to primary processed versions of the data and the capability
for reprocessing.

Control and Monitoring

Data taking will be managed by a single unit called the run control server unit. Monitoring the
progress ofdata taking and processing, the state of the telescope (slow controls) and the state of
each individual DAQ unit will be provided by a dedicated monitoring unit. Whereas only one run
control instance will be in charge during data taking, the monitor wilitbe able to serve multiple
concurrent instances for collaborators to follow the telescopes operations.

-49-



3.2.4 DAQ Model

The DAQ model covers the distributed operation sequencing logic of Bd S & da@ hd§uisiion.

It is typically represented as a fiaitstate machine, each state corresponding to a ikebtwn,
detector-wide situation in which the allocation of all resources (memory buffers, processes, network
connections, etc.) is exactly determined; in this picture, the state transitions are assowiiltethe

set of operations that allocate or release these resources.

reset

start

Running

pause

Figure3-20: DAQ model hierarchical state machine.

The global system can be seen as a collection of hierarchically organibsgistems that are
dynamically instantiated (or destroyed) during state transitions. Consequently, subsystems will
behave only according to a subset of the global DAQ state machine, which calls for a hierarchical
representation of the DAQ Model.

Typically the operating sequence of the detector will include a configuration selection sequence,
followed by the actual configuration of the distributed hardware and software modules, followed by
the run start. This and the hierarchical organization of the subsys yields a state machine shown

in Figure3-20.

The state machine transitions will be triggered by the specified events (switch, load, etc.) issued by
0KS daNdzy O2yiNRfé¢ LINRPOSaaod ! ff 02y (i NRHave tdNP OS & & |
implement this state machine and respond to the events issued by the central run control.

CKA&d OSKIFI@A2dzNJ gAft 0S AYLIESYSYGSR GKNRBAZAK I AR
will ensure state synchronization between the controllers aiif detector modules and will be

developed using a distributed, mulinguage CORBike middleware such as ZeroC Ice with a
hierarchical state machine specification framework such as CHSM.

In order to archive data efficiently, the run control programmél start a new data taking run
regularly (typically every-2 hours).

The configuration and control of the telescope will be managed via a user interface that allows the
user to specify hardware nodes, devices and registers using a static configuraiemiral server
allows for interfacing in several programming languages. Each component in the system can be
controlled and configured using a graphical user interfaces (GUIs) that can be developed using high
level programming languages. The configunatdata are storeda prioriin and retrieved from the
central database.
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3.2.5 DAQ software and firmware

The DAQ firmware includes all reprogrammable electronics implemented on FPGAs throughout the
detector. The DAQ software includes all programs running on stdndarkstations (onshore) and
embedded platforms (offshore), including microcontrollers. The DAQ firmware and software cover
functions relating to detector and instrumentation control, configuration and readout, data
transmission and routing, data filtegnand storage, configuration managemeiiiable 3.9 shows
where firmware and software implementations are indispensable, possible (depending on
technological choice)ranot needed.

Implementation choice

A number of architectural and technological choices will have important consequences for the
implementation in software and firmwar&his choicedependson whether the readout and control

and configuration intelligences implementedentirely in firmware orwith some additionakoftware

over a systeron-chip platform. A systeron-chip solution allows for a flexible offshore subsystem
and eases the development process especially for the integration of modules developdtebgnt
laboratories.

Offshore Onshore
Implemented functions

Firmware | Software | Firmware | Software
Control/configuration of frond end chips s ° X ,
Primary readout of fronend chips s x x x
Control/configuration of PMT and instrumentatio| © ° X ,
Primary readout of instrumentation o o X X
Data transmission (over network) o o o o
Data routing ° ° 0 0
Data filtering X . X .
Data storage X s X ,
, =indispensablé =possible x=not needed

Table3.9: Firmware and software implementations of main DAQ functions.

Firmware or software data routing

The detector is partitioned into subsets representing logical units of data flow to be processed
onshore by a corresponding data routing processor (e.g. onectiat unit processed by one routing
processor on shore). Each of these routing processors will hamdlt&gigabits per second data flow

to be routed through standard Ethernet switching to the filtering farm units. This-pégformance
processingcan beimplemented either in firmware of software. The software solution has the
advantage of higher flexibility and easier development but its feasibility depends on the possibilities
of multi-gigabits per second Ethernet 1/O on standard workstations, eithengusipecialized
components of the shelf boards or multiple Gigabit Ethernet boards. A firmware implementation has
the advantage of higher performance and can probably allow for more compact lower consumption
electronics.

-51-



3.2.6 Persistency and database
Three type of data will have to be stored on persistent media:

1 PMT acquisition data
1 Control and configuration data
1 Instrumentation acquisition data

Storing them in the form of flat files or through the use of a database server depends on the amount
of data and thetype of processing required. The persistency model must also take into account the
detector production process, including production test bench data and integration processes taking
place over multiple sites in parallel.

PMT acquisition data

This kind oflata constitutes the main bulk of all the data produced by the experiment. It is organized

AY GNYzya¢szr SIOK Ndzy 60SAy3 aaz20AlGSR gA0GK GKS N
Past experience has shown that such large amounts of data arddthmdth better performance

2O0SN) aFtlGé¢ FAESax Llraarofe daAy3d aLISOAIItAT SR K
ROOT I/O. For this kind of data, only the corresponding metadata should be stdhedexperiment

database, using potentialomplex relations between the different elements of data description.

Control and configuration data

Configuration data is typically stored on a relational database because of the complexidtaer
relationships. This kind of data describes the hardwats and the values of all the parameters

with which this setup has been configured before producing its acquisition data. The hardware setup
can be the actual detector or any test bench or other hardware subsystem being integrated on a
production site. Th control and configuration data must be time tagged and associated with the
corresponding acquisition data in a non modifiable way. At the same time, it has to be structured in a
way that makes it intelligible to those who operate the detector and thobe analyse data. It has

to be accessible in parallel from multiple production and science analysis sites. These requirements
leadto the persistency model described kigure3-21. A consequence of this model is that all access
totheRI GFo6F&dS 3I32S&4 GKNRBAAK | aO02y FAIdzNF GA2y & SNIBISN.
Metadata management

Configuration history

Run conditions management

Multiple programming languages access

Caching

Database access performance

Software activities during the design study have produced the CConfig framework which implements
all these characteristics. Configurations are defined as sets of tree structures, automatically mapped
over Oracle or MySQUOatabase tables and automatically support configuration history. The
configuration server APl is accessible in C++, Java, Python, C#, Ruby, PHP andQbjective

= =4 =4 4 -4 4

Instrumentation acquisition data

The main example of this kind of data is acoustic positiodi@izi. These data can represent an
important amount of data and are therefore stored in flat files for raw data and database storage for
metadata. The data from low data volume instruments are stored directly in the database. In this
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case, it is preferabl® go through the proxy server. They can even be stored as CConfig structures, in
gKAOK Ol asS GkSe Oly 6S KFEyRfSR RANBOGfe o6& GKS

Configuration
Server

Site C
Ctrl & Config

Site A
Analysis

Acquisition
Data

Figure3-21: Persistency model

Site B
Analysis

3.3 Detection u nit structure

As discussed in sectidhl there are three options for the detection unit structure. All common
considerations are presented first, followed by the dfies of the three options. The hydrodynamic
behaviour of the detection units (including those of their anchors and degights) are presented.

3.3.1 Common Issues
Many of the items in the subsystems are common to all design options.

Vertical Backbone

The linkmedium for bidirectional data transfer and power distribution is termed the Backbone. As
discussed in SectioB.2, optical transfer of digital data will be usedtideen the storeys and the
shore station. The preferred solution is a peiatpoint connection with a backup option based on a
daisy chain connection scheme.

In the pointto-point data transmission scheme each storey is connected via a bidirectional-mono
mode fibre to a DWDM multiplexer in a master unit, placed at the ninth stareur(ting from the
anchoy of the detection unit. The DWDM unit splits the 20 wavelengths of laser light, generated on
shore and arriving via the input fibre, sending a unique elenvgth to each storey. There the light is
modulated by the digitized and serialized storey data and reflected back to the master module. Here
the data from all storeys are combined onto a single output fibre. By placing the master module on
the ninth stoey, the lower half of the cable contains nine bidirectional fidmggether withthe input

and output fibres, making a total of eleven. The upper half contains eleven bidirectional fibres. One
bidirectional fibre is branched out of the cable at each storey

The cable also carries power, at 400 V, via copper conductors. The use of two conductors, each with
a cross sectional area of 1 minieads to a voltage reduction at the top of the detection unit of
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around 3% assuming a power consumption of 15W per gtok¢ each storey the power conductors
are branched out. Only the input and output fibre and the power conductors are connected to the
deepsea network.

The key issue in the design of the backbone cable is the method for breaking out the fibre at each
storey. This can be done by connecting sections of conventional -slegpcable, with fibres
protected in stainless steel tubes, to pressure resistant containers. Inside the containers one fibre is
connected to a bulkhead dmnateable connector whereas the thughgoing fibres are fusion
spliced to the fibres of the following cable section.

The cable can have an outer strength member if the particular detection unit design calls for this.
This method was used successfully in the ANTARES experiment, wheredtieadl and optical
backbone was combined with mechanical functions in a single-gtteey cable, deployed in more
than 300 segments.

An alternative developed in cooperation with SEACON® is the use of a preskureed of filled

cable, in which thdibres and copper conductors operate under the ambient hydrostatic pressure.
This system has two distinct advantages: the cable is made in one piece so that no fusion splicing is
necessary and connector and breakout housings do not need to withstand thredtgtic pressure.

This can lead to a significant cost reduction and simplification of the breakout design.

In the case of the daisghain solution, two input fibres run to the top of the detection unit. One fibre
enters and exits the even numbered stoseyhe other the odd numbered storeys. At each storey the
data is added to the data stream. The monochromatic signals are received and regenerated at each
storey. In this scheme four fibres run along the length of the detection unit. At each storey tes fib

are branched out and in. At each storey power conductors are also branched out. These cables can
be produced in sections with dipateable connectors at each storey allowing for the breakout and
power branching.

Pressure Balanced Oil Filled Backbone

Tests have been performed on a prototype -filled cable system. In order to keep the length
manageable, 100 m of hose with three breakouts were produced. The hose was filled with Dow
Corning DC200 oil which at 40 MPa has a density of 950%drhe hose antained four copper
conductors (type 18 AWG with a cross sectional area of 0.82) mma forty Corning Vascade® Leaf®
fibres with a CPC8 coating. Stainless steel containers were used for the breakout units. To each of
these an ofifilled breakout cable wh two fibres and two copper conductors was connected,
terminated by a SEACON® Muun series connector. The backbone prototype cable hadaag0
fibre-optic connector at either end. By interconnecting the fibres a total fibre length of almost 4 km
was poduced. This system was pressiiested at 60 MPa. No measureable deterioration of the
attenuation in the fibres was observed. The copper conductors sustained a voltage 400 V with no
measureable leakage.

After conclusion of the tests the design of a protlan cable has begun. A specialized company (Baas
BV) has produced a first feasibility study. The main conclusions of this study were:

1 A hose with inner diameter as small as 4 mm is possible for carrying 11-mad fibres;
I The most suitable fibre is th®OW® carbopolyamidimid coated fibre for strength,
hydrogen repulsion and size;
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9 The best hose material is Kynar®, as it is a plastic with superior resistance to seawater and
has no plasticisers that can dissolve in the oil;
1 The hose parts can be fustmform a single system.
Siemens has recently developed a transforrogr (Midel 7131) that has excellent ecological
characteristics and has a density very close to that of seawater (100T k40 MPa).

The present design consists of a 4 mm innanditer and 6 mm outer diameter Kynar hose,
containing 11 fibres. Spherical breakout units are fused to the hose and a SEACON@N mini
bulkhead connector (1 fibre, 2 conductors) is fused to each breakoutkigitre3-22). Two sections

of 500 m are being prototyped.

A short inter connecting cable with at one end the mating SEACON&anigbnnector and at the
other end a penetrator for use on a glass optical module or electronics container is being developed.
Plans are to equip the penetrator with a DC/DC converercbnverting the 400 V delivered via the
backbone to 10 V. It will allow for galvanic separation of the optical modules or electronics
containers, which will limithe damage, due to galvanic corrosion, in case of flooding of the modules.

The pressure Wibe equalised with a pressure compensator (Tecnadyne PC8X) located at the bottom
of the detection unit, near the anchor. This will be fused to a container similar to the breakout unit
that also has a fused connector connection to the interlink cable.dEnsity of the oil is lower than

that of seawater, which means that the full system including the connectors are at an overpressure
of about 0.3 MPa at the top of the backbone.

Figure3-22: Schematic obreakout

The master module is a pressure resistant vessel containing circulators and a DWDM multiplexer as
these components cannot sustain the hydrostatic pressure. This vessel will most likely be a glass
sphere with holes for penetrators: one for the pgr part of the backbone and one for the lower

part.

If the prototyping is successful this backbone will be employed in the Bar and String detection unit
designs. The cable design can readily be adapted for use in the daisy chain readout scheme. In case
the prototyping shows that the cable design is unviable the traditional approach without strength
member will be employed. As the triangle design relies on the strength properties of the backbone
this design uses the more traditional cable design with anrnporated strength member.
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Flotation Buoys

Even in the designs where most of the required buoyancy is provided by the OMs, a top buoy having
a small intrinsic drag is added to help compensate buoyancy losses should any of the OMs become
flooded. This alsoeduces the haorizontal drift of the top of the detection unit in strong sea currents.

An offset less than the horizontal spacing between detection units for a sea current velocity of 30
cm/s is considered safsdeSection3.3.5. The top buoy will be composed of an ensemble of empty
glass spheres, or of syntactic foam elements of varying shapes, qualified to the pressure at
installationdepth. The choice and segmiation of the top buoy will depend on the deployment and
unfurling process adopted for the chosen design.

SeaFloor Interlink cable

This EO cable connects the detection unit b&sea primary or secondary junction box. All the
designs propose, during degyment, to accommodate this cable wound on a reel fixed to the
detection unit anchor. The free end of the cable terminates in amateable connector of a hybrid
(electro-optical) type or in a pair of wahateable connectors, one electrical and the otlogtical.
The unwinding of the reel and the connection to the junction box will be handled by a ROV.

The other end of the interlink cable is connected to the detection unit, through a penetrator, or if
preferred, via a dymateable connector.

Deployment

The deployment of the detection units will need surface boats equipped with dynamic positioning
capabilities and equipment including cranes, winches and cables. The number of detection units to
be deployed in a relatively short time span requires this afien to be optimised in terms of cost,

risk and duration. The use of compact detection units allows for transportation of many units on
board a single deployment vessel.

The detection units are deployed as a compact package. This concept method hasagdsaint
terms of risk reduction for ship personnel and material during the deployment. It also improves
tolerance to rough sea conditions.

The unfurling of the compact units is either autonomous, triggered acoustically any time after the
deployment, or adve using traction provided by a winch.

An advantage of delayed unfurling is that it allows for connection of the detection units to the
junction box and testing, while they are still compacted. In the event of malfunction recovery for
repair is possible.

3.3.2 The Bar detection unit
The general description of this design has already been given in section 2. This section gives
complementary details on this design option.

The mechanical structure of the detection unit is a segid system composed of a sequenae
horizontal elements (storeys) interlinked by a system of tensioning ropes arranged to force each
storey to a position perpendicular to its vertical neighbours. The detection unit is anchored on the
seabed. A buoy located on top of the structure provittes pull to keep the structure vertical and
ensure its rigidity.
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The storeys support the optical modules and the pressure vessels for the local storey electronics as

well as the ancillary instrumentation needed (hydrophones for the acoustic positionstgnsy
environmental probes, etc.).

Figure3-23: The packed detection unit

An essential aspect of the design is the deployment concept. The detection units described below are
transported and deployed asompact packagesas shown inFigure 3-23. The package is
dimensioned to fit in the space of a standard transport container to allow final integration at
distributed stes and easy transpaation to the sea deployment base. Each compact package is

lowered to the seabed and then unfurled its final height. The product breakdown of the Bar
detection unit is given ifable3.10.
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Product breakdown for the bar detection unit.

Component Description Quantity
Anchor Carbon steel structure to provide weight to keep detection U 1

on seafloor
Detection unit base | Releasable metadtructure forming connection between anch 1

and mechanical ropes.

Storey

Mechanical structure with optical modules and electron
container

20

Mechanical ropes

58ySSYlFIun NRBLISAZ n YY RALFYSH
detection unit. Supportingand orienting the storey. Length 9(
m.

Backbone cable

Oil filled vertical cable providing power and fibre op
connectivity from detection unit base to the storeys. A
mateable connector one fibre and two conductors at each sto

Backbonemaster | Pressure resistant vessel containing DWDM unit and op 1
module circulator circuitry.
Floatation systen| System of buoys at top of detection unit to keep it upright. 1

Interlink cable

Cable with two fibres and two copper conductors, dry mateg
detection unit and with wet mateable connector at other er
Length as required by layout.

Product breakdown of storey

Component Description Quantity
Optical module | Described in Chapte3.1.2 6
Electronics Described in Chapte}.1.2 1
container

Storey structure | Aluminium structure 6 m x 0.4 m to support optical modules 1

electronics container.

Table3.10:Product breakdown oBar detection unit
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Figure3-24: The detection unit anchor

Anchor

A disposable anchor at the bottom of the structure provides the weight needed to anchor the
detection unit on the seabed. This anchoarsanodeprotected carbon steel trellis with length equal

to that of the storeysKigure3-24).

During the integration, transport and deployment stages this structise provides the support for
the compact package of storeys.

The dimensions and characteristics of the detection unit anchor are giviabie3.11.

Base Unit

The deection unit base Figure3-25) is a trellis structure built in series 5000 corrosiesistant
aluminium and attached to the anchor by means of an acoustic releggers. It provides the link
between the anchor and the vertical sequence of storeys.

The lower ends of the tensioning ropes linking the first detection unit storey are connected to this
structure.

Anchor Base Unit

Length (m) 6 | Length (m) 5.8
Width (m) 2.55 | Width (m) 0.46
Height (m) 0.5 | Height (m) 0.5
Mass (kg) 3000| Mass (kg) 65
Net buoyancy in water (N) -25600| Net buoyancy in water (N) -450
Storey Buoy

Length (m) 6 | Length (m) 5
Width (m) 0.46 | Width (m) 1.6
Height (m) 0.43] Height (m) 04
Mass ofmechanical structure (kg) 55

Mass including OM and electroni 115 | Mass (kg) 1500
container (kg)

Net buoyancy in water (N) 300 Net buoyancy in water (N| 10000

Table3.11: Bar detection unitcharacteristics
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Figure3-25: The detection unit base structure

Storeys
The storeys (shown iRigure3-26) are 6 m long mechanical bar structures in series 5000 Aluminium
which support the OMs and the ancillary equipment.

The exact position and orientation of OMs on the storey will be definddwiolg the results of
simulations. The present hypothesis foresees three pairs of OMs, each housed in a 13 inch glass
sphere. Two pairs are located at the ends of the bar, with one OM looking outwards and one looking
downwards, while a third pair is locatein centre of the storey, with the two OMs looking out
perpendicular to the bar at 45° downward from the vertical.

Figure3-26: The storey for theBardetection unit

Dimensions and characteristics of tlietection unit storey are given ifable3.11. A sketch is
presented inFigure3-26.

The link between adjacent storeys is provided by means of a system of 4 mm Dyneema® ropes. These
are fixed in pairs at each storey corner so that the set of two storeys and four ropes can assume a
tetrahedral shapeas shown ifrigure3-27.
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Figure3-27: A few of storeys with interconnecting ropes for thgar detection unit (vertical scale is reduced)

The configuration of theopes forces the two storeys into a perpendicular orientation with respect to
one another and gives structure rigidity against torsion.

Flotation Buoy

The flotation system is composed of a set of cylindrical syntactic foam floaters interconnected with
aluminium plates in a rigid package.

Figure3-28: The flotation system for theBar detection unit

The flotation system is connected to the upper storey of the detection unit by ropes of the same type
as tho® used for the intesstorey interconnection.

Dimensions and characteristics of the flotation system are giv@ialie3.11

0" A06 AAOECi ¢ $APITUIATO

For deployment thaletection unit is a compact package with the shape of a parallelepiped and size
of 6 x 2.5 x 2.5 m. This package has to be deployed and positioned at depths beyond 2500 m. The
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final working configuration will be reached, after deployment and connectiothefstructure, by
remotely actuating an acoustic release system. The unfurling of the structure will be driven by the
pull of the top buoy.

The operation sequence is the following:

 Lifting of the structure on the ship deck. This operation is performed Bsi G KS a KA LIQ&
equipment.

T LYYSNEAZ2Y 2F (GKS adNHzZOGdzNE Ay (GKS 41 GSNO® ¢ K)J
equipment.

1 Lowering of the structure close to the seabed. This operation requires a winch hosting a
cable length sufficient for theite depth.

91 Positioning of the structure on the seabed. The required accuracy (order of few metres)
require the availability of an acoustic Long Base Line (LBL).

1 Release of the structure. This operation will be performed by remotely actuating an
acousticrelease system placed at the end of the deployment cable.

3.3.3 The String detection unit
The general description of this design has already been given in section 2 and in S&cfionhis
section gives complementary details on this design.

AAAAAA
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Multi-PMT type spaced vertically 30 apart (see Figure3-29). The structure is designed to have
minimal hydrodynamic drag. The mechanical and eleoptical structures are separated, the former
being provided by two ropes and the latter bys@parate backbone cable. The detection unit is held
on the seafloor with a deadweight connected to the ropes. The detection unit is held vertical mainly
by the buoyancy of the OMs and in addition by extra buoyancy of the top buoy. Each OM is a self
contaired unit whose failure does not influence the working of the remainimgs OMs are
connected to the vertical ropes at regular intervals via individual connection rings. The alptital
backbone cable is an dilled equipressure cable that containsfiare per OM together with two
electrical conductors for the power distribution throughout the detection unit. The backbone has a
branch out of an optical fibre and two electrical conductors at each OM.

The connection from the base of the detection urutthe seafloor network passes via an eleetro

optic interlink cable terminating in a hybrid (EO) weate connector for connection to the seafloor

network. This interlink is an extension of the backbone cable containing two optical fibres and two
electricd power conductors. The interface between the two unidirectional fibres to and from the
ASEFTFE22N) ySio2N] FyYyR (GKS OARANBOGAZ2YIE FAONBa
pressure vessel that contains the circulator and DWDM multiplexer (se202)

The product breakdown for the detection unit is giverTable3.12.

-62-



Product breakdown for the string detection unit.

Component Description Quantity
Anchor Concrete deadweight to keep detection unit on seafloor. 0.5n?
Storey Mechanical structure with optical module 20

Mechanical roped 5 8 Y SS Y I n  NHiiSetes rurming¥he full length of th
detection unit. Supporting and orienting the storey. Length 1 2
m.

Backbone cable | Oil filled vertical cable providing power and fibre op
connectivity from detection unit base to the storeys. A
mateable comector for one fibre and two conductors at ea
storey.

Backbone maste| Pressure resistant vessel containing DWDM unit and op
module circulator circuitry.

Floatation systen| System of buoys at top of detection unit to keep it upright. 1

Interlink cable Cable with two fibres and two copper conductors, dry mateg
detection unit and with hybrid wemateable connector at othe| 1
end. Length as required by layout.

Product breakdown of storey

Component Description Quantity

Optical module | Described in Chapted.1.4 1

Storey structure | Titanium ring surrounding optical module with two cleats
rope connection.

Table3.12: Product breakdown for theStringdetection unit.

Anchor

The anchor in the string detection unit is a daadight to which the vertical mechanical ropes are
connected. It will be constructed of concreetween 0.5 and 1 fhwill be required. The weight in
air of 1 i of concrete is 2400 kg and therefore the negative buoyancy in water is 13240 N.

Mechanical Structure

The mechanical structure consists of two 4 mm Dyneema® ropes running the full length of the
structure. The rpes will be delivered with length markings. The markings are made while the ropes

are tensioned at the full tension expected during operation in the sea. At regular intervals thin

Dyneema® strings are inserted through the ropes for attaching the eleptical backbone cable.

Storey

For the string detection unit the storey is a single MBIMT optical module as described in section
3.1.4 The single sphere is connected to the ropes of the mechanical structure using alcaded
titanium ring. The ring has two sets of four titanium cleats. The ropes are run around the ateht
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finally capped with a titanium cap. On one side of the ring there is also a provision for connecting the
backbone cabldgrigure3-30 shows the ring structure.
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Figure3-30: The spring loaded titanium connectiorng

Deployment
Thele have been several requirements formulated for the deployment of the detection unit:
9 It should fit in a standard transport container, to facilitate transport to the deployment

port.
9 At least eight detection units should be deployieda single sea operation of three days
otherwise these become prohibitively expensive both in time and money
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1 These requirements have resulted in a number of restrictions on the deployment
techniques:

1 Deployment must proceed at least as a single unit {@ach deployment)

I The detection unit must be in a compact transportable state when deployed (inner
dimensions of a 20 ftontainer 5.88 x 2.35 x 2.35

9 It must unfurl once on the seafloor

1 Deployment frames must be reusable.

Deployment Structure

The depbyment structure consists of a spherical aluminium structure @gere3-31) with cable

trays running round its circumference. The diameter is 2.'he three sets of cable trays run from

pole to pole and are offset by 60Between the cable trays of each set, holes in the sphere provide
the space for suspending the optical modules in the structure. The structure is loaded during
assembly of the detion unit. First the five glass buoys are loaded on guiding rails through the hole
at the North Pole. The first optical module is placed in the first hole next to the north pole and kept
in place by a lever blocked by the ropes. The spherical structwaated around a winding axis
LISNLISYRAOdzf F NJ 12 GKS FTANRG OFrotS GNIreéd ¢KS 5@yS
trays. After five rotations the next optical module will be aligned with the next hole on the
circumference and secured in ithi§ is continued until all holes in this first tray set are filled. (The
holes at the poles are skipped). Tégherical structures rotated around the nortfsouth axis by 60

to be able to fill the next cable tray set. The winding axis is changed aaglyrdiinis cable tray is

then filled followed by the last. Durintye loadingof the last cable tray the hole at the South Pole is
also filled. The final sphere is placed at the North Pole after which the remaining 100 m of ropes are
wound round thespheri@l structure The ropes are connected to the anchor. The sphere has three
tubes (not shown) running through it so that during deployment cables can run through them from a
spreader structure at the top to the anchor. In this way the deployment forces altent by the
deployment cable rather than thepherspherical structure

Figure3-31: Spherical deployment structure, design and in reality.

The spreader is secured to the anchor by an acoustic release mechanism. When released the
spreader is winched to the surface and teucturerisesdue toits buoyancy. It rotates as it rises to
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