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       Metamorphosis 

Created somewhere in the Universe 

Thousands of galaxies I did traverse 

To fly through earth and into sea 

Where I changed identity 

I struggle on with added girth 

Shedding light on the process of my birth 

Paulus P. Pluska 
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EXECUTIVE SUMMARY 

KM3NeT is a deep-sea multidisciplinary observatory in the Mediterranean Sea that will provide 

innovative science opportunities spanning Astroparticle Physics and Earth and Sea Science. This is 

possible through the 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 ideas put forward in 

the Conceptual Design Report published in April 2008 [1]. 

Neutrino astronomy opens a unique new window for the observation of the Universe. At the present 

time, the most sensitive neutrino telescope 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 KM3NeT is the observation of cosmic point-like 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. The resulting 

sensitivity is compared to that of IceCube 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 instrumented 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 severe constraints on the telescope design. The design presented conforms to all these 

ǊŜǉǳƛǊŜƳŜƴǘǎ ǿƛǘƘƛƴ ŀ ōǳŘƎŜǘ ƻŦ нрл aϵ ŀƴŘ ǎǳǊǇŀǎǎŜǎ ǘƘŜ ƻǊƛƎƛƴŀƭ ƻōƧŜŎǘƛǾŜ ƻŦ ǘƘŜ 5ŜǎƛƎƴ {ǘǳŘȅ 

substantially. A strategy to pursue technical alternatives for critical aspects, in particular the 

mechanical structure of the detection units, has been adopted. 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 environmental aspects and decommissioning issues. 

Unprecedented prospects for real-time data collection from the deep sea are provided with the 

observatory instruments. Science fields such as climatology, geosciences, marine biology and 

oceanography will profit enormously from these data. Representatives from these communities are 

involved in the design stage to ensure compatibility with their needs. 

Different potential sites have been identified and investigated in detail. The site decision will be 

taken in the 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 taking will 

already start during the construction period of about five years with first science data anticipated in 

2014.  
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A: Sensitivity of the full KM3NeT detector to neutrino point sources with an E
-2
 spectrum for one year of observation, 

as a function of the source declination. The red lines indicate the flux sensitivity  (90% CL;full line) and the discovery 
flux(р,̀  50% probability; dashed line). Both are estimated with the binned analysis method. The black line is the 
IceCube flux sensitivity for one year, estimated with the unbinned method [2]  (full line). IceCubeΩǎ discovery flux  (р,̀ 
50% probability) is also indicated (shaded band, spanning a factor 2.5 to 3.5 above the flux  sensitivity). The red ticks at 
the bottom of the horizontal axis show the positions of Galactic gamma ray sources [3]; the position of the Galactic 
Centre is indicated by a blue star. 
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1 INTRODUCTION  

This document describes the technical design of a future deep-sea research infrastructure in the 

Mediterranean Sea hosting a multi-cubic-kilometre neutrino telescope and scientific nodes for long-

term, continuous measurements in earth and marine scientific research. 

The science case for the neutrino telescope is overwhelming: Neutrinos are unique messengers from 

the most violent, highest-energy processes in our Galaxy and far beyond. Their measurement will 

allow for new insights into the mechanisms and processes that govern the non-thermal Universe and 

will complement high-energy gamma ray astronomy and cosmic ray studies. The multi-messenger 

picture emerging from these modalities of observation 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 abundant, transparent media, such as water 

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

projects to large-ǎŎŀƭŜ ƴŜǳǘǊƛƴƻ ƻōǎŜǊǾŀǘƻǊƛŜǎΦ /ǳǊǊŜƴǘƭȅΣ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ƴŜǳǘǊƛƴƻ ǘŜƭŜǎŎƻǇŜΣ 

IceCube, is under construction 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 Galactic Centre 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 deep-sea neutrino telescope is technically highly challenging: the components 

must withstand the enormous pressure and chemically aggressive sea water whilst being reliable 

enough to minimize complex maintenance operations. The deployment operations must be safe, 

robust and precise. The design described here builds on the extensive experience gained in the 

Mediterranean pilot projects ANTARES, NEMO and NESTOR, as well as on deep-sea know-how from 

other fields of science and industry. A major step forward was the ultimate proof of feasibility for a 

deep-sea neutrino telescope provided by the successful installation and operation of the ANTARES 

experiment. 

In the past four years, an in-depth design study1 for KM3NeT has been performed, where existing 

technologies and design solutions have been developed further and new approaches evaluated, 

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 solutions. Final decisions will require further studies including prototyping efforts and 

field tests. 

The deep-sea infrastructure of the neutrino telescope also offers unique possibilities for a wide 

spectrum of other research activities, such as in environmental 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 

deep-sea observatories, operated by the projects ESONET, EMSO, GMES in Europe, Neptune Canada, 

DONET Japan and the US OOI.  

                                                           
1
 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 priority research infrastructures by the ESFRI2 panel 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 (2008-12)3 with the objectives of addressing the 

legal, funding 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 remaining technical 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 world-wide 

context. The ESFRI roadmap featured an overall budget estimate of 220 to 250 aϵΦ ¢ƘŜ ŘŜǎƛƎƴ ǎǘǳŘȅ 

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 Case ɀ 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 presented in numerous articles [4,5,6,7]. The KM3NeT conceptual design report [1] 

presents the science case in 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. They are inevitably 

produced in any environment containing protons or nuclei at the typical energies observed in cosmic 

rays. Neutrinos are ideal for observing the highest-energy phenomena in the Universe and, in 

particular, pinpointing the hitherto unknown sources of cosmic rays. 

The KM3NeT telescope will detect neutrinos by measuring the Cherenkov light emitted by charged 

secondary particles produced in neutrino interactions with the sea water or the rock beneath. Since 

neutrinos interact so weakly, a huge volume of water must be observed to collect a sufficient 

number of such events. The direction of the incoming neutrino can be reconstructed with the 

telescope and 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 cosmic-ray induced particles from the upper 

hemisphere, neutrino telescopes look downwards, 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 several hundred 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 high-energy 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 existence of these neutrino sources will be 

                                                           
2
 European Strategy Forum on Research Infrastructures. 

3
 Grant agreement number 212525. 
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proved and more importantly knowledge of their behaviour, which cannot be acquired by other 

means, will be gained. 

Potential neutrino sources are: 

¶ Galactic objects such as shell-type supernova remnants, pulsar wind nebulae, micro-quasars 

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.  

¶ Extragalactic point sources, such as Active Galactic Nuclei (AGNs) or Gamma Ray Bursts 

(GRBs). 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 significantly reduce the background. The energy spectra are expected to be harder than 

those of the galactic sources. This will also help to identify the signals. 

¶ Since neutrinos can escape dense environments from where no photons can emerge it is 

possible that unexpected neutrino sources will be discovered. 

¶ A high-energy diffuse flux is expected from distant, individually indistinguishable sources and 

neutrinos produced in collisions of cosmic rays with interstellar matter or radiation fields.  

¶ There are strong 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 regions of large WIMP 

density, such as in gravitational centres like the Earth, Sun or Galactic Centre.  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 in this document has been optimised in sensitivity to point sources with an 

energy spectrum, behaving as E-2. Simulation studies show, however, that the optimization is 

different for each potential neutrino source. The corresponding neutrino energy spectra require 

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 

ŀƭƭƻǿǎ ŦƻǊ ŀ ŦƭŜȄƛōƭŜ ŎƘƻƛŎŜ ƻŦ ǘƘŜ ŘŜǘŜŎǘƻǊ άŦƻƻǘǇǊƛƴǘέ ǘƘŀǘ Ŏŀƴ ǘƘǳǎ ōŜ ŀŘŀǇǘŜŘ ōƻǘƘ ǘƻ ƴŜǿ ǎŎƛŜƴǘƛŦƛŎ 

findings and to refined simulation results. 

1.2 Science Case - Marine science  
In general research in the deep sea is currently limited by power and communication constraints. 

Most observations are made by autonomous 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 are inevitable 

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 will allow for the use of intelligent systems 

that can react dynamically to 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 rates vastly larger 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 nodes, relevant 

data will also be collected by sensors 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 separated by distances of the 

order of a few kilometres. As a result it will be possible for the first time to investigate phenomena 

such as internal waves and short time-scale oscillations in the water column.  

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

the distribution of suspended geological, chemical and biological materials. A novel approach will be 

to use Řŀǘŀ ŦǊƻƳ ǘƘŜ ǘŜƭŜǎŎƻǇŜΩǎ ƻǇǘƛŎŀƭ ǎŜƴǎƻǊǎ ŀƴŘ ŎƻǊǊŜƭŀǘŜ ǘƘŜƳ ǿƛǘƘ Řŀǘŀ ŦǊƻƳ ŎƻƴǾŜƴǘƛƻƴŀƭ 

oceanographic instruments. 

Real time tracking of bio-acoustic emissions or vertical migrations of organisms will also be possible. 

For example it will be feasible to connect elements of the new Ocean Tracking Network [8] that 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 that may have 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 Earth-Sea science component of KM3NeT will be multidisciplinary, with stations monitoring the 

rocks, sediments, bottom water, biology and events in the water column.  It will form the basis of the 

Mediterranean section of the EU plan for long-term monitoring of the ocean margin environment 

around Europe. It is part of the Global Monitoring 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 Systems). Furthermore close cooperation will be 

pursued with EMSO (European Multidisciplinary Seafloor Observatory). 

Interest in marine observations has been highlighted in a recent workshop on an integrated system 

of Mediterranean marine observatories sponsored by the Mediterranean Science Commission 

(CIESM) [9,10]. It was stated that the Mediterranean is in effect a miniature ocean and is therefore 

an ideal model to study oceanic processes and land-ocean-atmospheric 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 management of the marine 

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 will depend 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 the DUMAND project (deep sea, near 

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 km3-sized detectors are needed to exploit the full scientific potential. 
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Consequently, the IceCube experiment ς to instrument one km3 of ice ς is now under construction at 

the South Pole.  

In order to cover the full sky and to observe the Galactic plane, a second instrument of at least a 

similar size is needed in the Northern hemisphere. The Mediterranean projects, in particular the 

successful operation of the ANTARES experiment, have meanwhile demonstrated that deep-sea 

neutrino detection is technically feasible and scientifically advantageous. The time has now come to 

build on the experience gained and to follow the recommendations of the HENAP4 panel from 2002 

and construct a multi-km3-sized detector, KM3NeT, in the Mediterranean Sea. 

Substantial progress towards a reliable, cost-effective and high-performance technical design of the 

KM3NeT telescope has been made over the last years in the framework of the EU-funded Design 

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

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 and strategic 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 of a Global Neutrino Observatory is already 

being discussed. For such plans to materialise, a sufficient overlap in operation time is required 

implying a timely start of the KM3NeT construction.  

Neutrino astronomy is tightly related to other activities in astroparticle physics through common 

scientific quests and observations of astrophysical objects and processes of mutual interest.  One 

example is neutrino emission in conjunction with high-energy photon production or with cosmic-ray 

acceleration processes (requiring multi-messenger observations, i.e. in 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 accelerator-based particle physics, 

direct cryogenic Dark Matter searches, and also to ground-based and satellite-borne 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 that will be nodes in this network ς amongst 

them the Cherenkov Telescope Array (CTA, gamma rays), the Pierre Auger Observatory (cosmic rays), 

gravitational wave observatories and deep-underground experiments for Dark Matter detection. 

Europe has the lead for several 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 case of KM3NeT, such 

partnerships are actively sought. 

Similarly, the KM3NeT Research Infrastructure will also provide opportunities for deep-sea 

measurements for earth and sea sciences. Also in this context, the project is embedded in a series of 

global research and monitoring networks. Particular emphasis will be placed on the synergy with the 

EMSO research infrastructure.  

                                                           
4
 High-Energy Neutrino Astronomy Panel of the Particle and Nuclear Astrophysics and Gravitation International Committee 

(PaNAGIC), which 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 marine and earth 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 high-energy neutrinos of cosmic origin, having 

energies of a few hundred GeV and above,. Neutrinos are indirectly observed by detecting the 

reaction products of their interactions with matter (ƛƴ ŀƴŘ ŀǊƻǳƴŘ ǘƘŜ ŘŜǘŜŎǘƻǊΩǎ ǾƻƭǳƳŜ). Since 

these interactions proceed via the weak interaction they are rare and therefore to enhance their 

detection a huge target should be used. 

Detection principles  

A cost effective way to obtain a huge target mass is to use a large volume of seawater as the 

detection medium, the target being the material of the 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 through the Cherenkov light they produce.  

An underwater neutrino detector is best suited for detecting charged current interactions of muon-

neutrinos that produce high-energy muons. In contrast to most particles the muon loses very little 

energy as it travels through 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 interaction target 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 significantly larger 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 muon-neutrinos.  

5ŜǘŜŎǘŜŘ Ƴǳƻƴǎ ŎŀǊǊȅ ŀ ƭŀǊƎŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ƴŜǳǘǊƛƴƻΩǎ ŜƴŜǊƎȅ ŀƴŘ ŀǎ ŀ ǊŜǎǳƭǘ ƘŀǾŜ ŀ ŘƛǊŜŎǘƛƻƴ ǘƘŀǘ ƛǎ 

almost identical to that of the neutrino. The telescope is designed to determine the 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 visible range. Because the attenuation length of light in the 

deep sea is of the order of 50-60 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, combined with their known 

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 particle. 
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Detector elements  

The light sensors are photomultiplier tubes contained in glass spheres that are designed to resist the 

hydrostatic pressure of the deep sea environment. We refer to these instrumented spheres as optical 

modules.  

These optical modules are kept suspended in the sea by vertical structures, which are anchored to 

the seafloor by a dead-weight and kept close to vertical by added buoyancy at their top. We refer to 

these structures together with their optical modules as detection units. 

The power required for the photomultipliers and electronics located underwater is fed via a single 

cable from shore to a primary junction box. From there it is distributed via a seafloor cable network 

that branches via secondary junction boxes to the detection units. Inside the detection units the 

power is distributed further to the optical modules via a vertical backbone cable.    

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 system is 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 control the operation of the detector. It also houses 

computing facilities to filter and store the data from the telescope, before transferring them to 

remote nodes for analysis.  The connection to the local power grid is also housed here. 

Design Choices 

Two extreme cases serve to illustrate a basic design choice 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 arrangement leads to a 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 which the photocathode area is distributed in a 

cost effective manner over the volume of the detector, has been a major issue of the design study.  

Two distinct approaches have been followed. One approach utilizes detection units placed at large 

distances. The optical modules are distributed in clusters (storeys) along the vertical extent of the 

detection unit. To maximize the number of independent measurements the optical modules at each 

storey are separated 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 photomultipliers within 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, leading 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 the distance between units is 130 m and the vertical 

separation between storeys is 30 m. This yields an instrumented volume of one cubic kilometre for 



 

- 19 - 
 

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

could be constructed. 

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 its own primary junction box and seafloor cable network. 

A detector building block, see Figure 2-1 that can comfortably be constructed using a single cable 

network is at most half the size described above. The designs presented and used in the detector 

performance simulations 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 will incorporate 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 continuous real-time data to shore, providing constant long-time monitoring.  

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 earth and sea science community will use the same shore infrastructure and electro-optical cable 

for data transfer and power distribution as the neutrino telescope. The specification of the secondary 

 

 

 

Figure 2-1Υ !ǊǘƛǎǘΩǎ ƛƳǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ƴŜǳǘǊƛƴƻ ǘŜƭŜǎŎƻǇŜΦ 
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junction box will need to be customised in order to accommodate 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-

temperature-depth probes, Doppler current profilers and chemical analysers. 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 the Mediterranean 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 environmental 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 Chapter 0. The sites have shown to be valid candidate sites for hosting the KM3NeT 

infrastructure. Their locations are shown in Figure 2-2 and the geographical characteristics of the 

three sites are summarized below. 

Toulon Site (ANTARES) 

¢ƘŜ ¢ƻǳƭƻƴ ǎƛǘŜ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ [ƛƎǳǊƛŀƴ {Ŝŀ ŀǘ пнϲпуΩ b лсϲмлΩ 9Φ ¢ƘŜ ŘƛǎǘŀƴŎŜ ǘƻ ǘƘŜ Ŏƻŀǎǘ ŀǘ [ŀ 

Seyne-sur-Mer, the landfall of the ANTARES deep-sea cable, is 40 kilometres. The depth of the 

seafloor at the site is 2475 m. The coast around Toulon has several major harbours. For ANTARES the 

deployments took place from the FOSELEV marine yard at La Seyne-sur-Mer. The area is served by 

the airports of Nice, Toulon and Marseille. By road the town of La Seyne-sur-Mer is reached via the 

A50 motorway.  

Capo Passero Site (NEMO) 

The Capo Passero site is located in the West Ionian Sea at 36м̄сΩ N 16̄лсΩ 9Φ  ¢ƘŜ ŘƛǎǘŀƴŎŜ ǘƻ ǘƘŜ 

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. The nearest major port is Catania, from where the NEMO sea 

operations departed. Other ports are those of Siracusa, Augusta and Pozzallo. Portopalo also offers a 

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

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 Pylos in the East Ionian Sea offers a variety of possible deployment sites at various 

depths.  

! ǇƭŀǘŜŀǳ ŀǘ ŀ ŘŜǇǘƘ ƻŦ пррл Ƴ ƛǎ ƭƻŎŀǘŜŘ ŀǘ осϲ ооΩ b нмϲнфΩ E. The distance to the nearest landfall 

on the southern tip of the island of Sapientza is 26 km, with a landfall of 32 km at the port of 

Methoni. 

!ƭǘŜǊƴŀǘƛǾŜ ǎƛǘŜǎ ƴŜŀǊ tȅƭƻǎ ŀǊŜ ƭƻŎŀǘŜŘ ŀǘΥ  осϲ рлΩ b нмϲолΩ E, 13 km from shore at a depth of 3000 

ƳΤ ŀǘ осϲ ооΩ b нмϲлуΩ 9Σ сл ƪƳ ŦǊƻƳ ǘƘŜ Ŏƻŀǎǘ ŀǘ ŀ ŘŜǇǘƘ ƻŦ рнлл ƳΤ ŀƴŘ ŀǘ осϲ оуΩ b нмϲорΩ E, 40 km 

from the coast 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 motorway and from Patras by the E55. From there Pylos is reached via local roads. 

 

 

Figure 2-2: Bathymetry of the Mediterranean sea with the site locations marked; Triangle marks the Toulon site, the 
square the Capo 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. The neutrino telescope will consist of a three-dimensional 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 the large photocathode area required for the planned sensitivity in a cost-effective way, it 

is optimal to arrange photomultipliers in local clusters. This objective can be achieved by using either 

local groups of optical modules containing one or two large photomultipliers each or groupings of 

smaller photomultipliers within a single multi-PMT optical module.  These designs are currently being 

pursued, with a common solution for the front-end electronics that can be housed inside an optical 

module. 

Optimisation based on cost, physics sensitivity and reliability has led to the consideration of modular 

mechanical structures that facilitate production, transport and deployment procedures. For 

deployment it is planned to transport detection units in a compact package which 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 technique 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 groups increase 

the reconstruction quality and thus the sensitivity. Therefore, a specific design being proposed and 

shown in Figure 3-1(a) incorporates extended mechanical structures in the form of 6-meter 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 extensive field tests that are beyond the scope of the 

design study phase. Other solutions, pursued in parallel, are string-like mechanical structures with 

storeys consisting of a single multi-PMT optical module (see Figure 3-1(b)) or with storeys with 

optical modules arranged in a triangular formation (Figure 3-1(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 deep-sea remotely operated vehicles (ROVs). 

The overall power consumption of the telescope is approximately 125 kW and the expected data rate 

will be roughly 25 GBytes/s. This large data stream to shore is carried on a point-to-point 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 is a fibre-optic daisy-chain 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 planned that the studies of various components will conclude during 2011, to allow for a timely 

process of decision taking. 
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Figure 3-1: The three design options for the detection unit mechanical structures. The vertical separation of storeys is not to 
scale. The bar (a) has a horizontal extension of 6 m and incorporates 6 optical modules and an electronics container. The 
string (b) has a storey comprised of a single multi-PMT optical module. The triangle (c) has 6 optical modules arranged in 
pairs, placed at a distance of 1.1 m from the centre. 
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3.1 Optical 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 multi-PMT 

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 13 and 17 inches. 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 companies have indicated that delivery at the rate of several thousand spheres 

per year is feasible. 

Glass  properties 

Refractive index  1.47 

Transmission  Ҕфр҈ όмп ƳƳΣ ˂Ҕорл ƴƳύ 

Density at 20 0C 2.23 g cm-3 

Thermal conductivity 1.2 W m-1K-1 

Characteristics of spheres 

 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   

Table 3.1 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 no evacuation valve. Around any 

penetration the surface of the sphere has to be flattened in order to locate the unique O-ring. 

The handling of the glass spheres must avoid mechanical stress which can, over the lifetime of the 

sphere, induce cracks leading to leaks. In Table 3.1 the properties of the optical module vessels are 

summarised. 

The water and air tightness at the level of the junction between the two halves is ensured 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 establishing a partial vacuum inside the sphere. A passive pressure 

sensor inside the vessel allows for leak 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 system will be used, when necessary, to keep the temperature of the electronic 

components low. This is important as each 8 to 10 degrees rise in temperature typically decreases 

the lifetime of electronic components by a factor of two. 

The main cooling mechanism used is heat conduction, via an aluminium or copper structure, to the 

surrounding seawater at 14oC. 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 container. This part and the 

gel must accommodate the shrinking of the glass vessel under pressure. Preliminary tests indicate 

that such a system can maintain temperatures below 30oC for 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 Cockcroft-Walton 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 supply the highest 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 experiment has shown that the gain of photomultipliers drifts with 

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 two-component transparent silicon rubber 

similar to the Silgel 612 from Wacker Chemie AG used in the ANTARES optical 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 (1.51-1.54). The attenuation length is greater than 40 

cm for wavelengths above 350 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 in all existing neutrino telescopes, because they meet the main 

requirements: 

¶ Large photocathode area 

¶ Large angular coverage 

¶ 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 AMANDA 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 solutions have 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 incorporating an 8 inch photomultiplier in a 13 inch glass sphere has been selected 

(See Figure 3-2). 

 
Figure 3-2: 8 inch PMT in a 13 inch sphere 

 

Optical Module Components  

The product breakdown of the large PMT optical module is given in Table 3.2. 

The PMT will be an 8 inch tube with ǘƘŜ ǊŜŎŜƴǘƭȅ ŘŜǾŜƭƻǇŜŘ ά{ǳǇŜǊ .ƛŀƭƪŀƭƛέ ǇƘƻǘƻŎŀǘƘƻŘŜ ƎƛǾƛƴƎ 

improved peak quantum efficiency of  about 30%, e.g. the Hamamatsu R5912 (see Figure 3-3) or the 

9354 tube from ET Enterprises. The PMT gain will be below 1x107 in order to limit ageing effects. The 

resulting single-photoelectron signal of 8 mV on 50 W will be amplified on the high voltage base. 

 

Figure 3-3: Dimensions of the 8 inch PMT in mm. Taken 
from http://www.hamamatsu.com. 
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The Earth´s magnetic field is known to degrade 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 conductors provide 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 13 inch glass sphere located in the 

central part of the storey, will contain all the required electronics and calibration devices (see Table 

3.3). 

The compass tilt-metre, optical nanobeacons and acoustic sensors will be implemented on a circular 

printed circuit board located at 45° of latitude on the glass sphere. Several parallel disks can be used, 

which will ease the routing on the printed circuit board for the FPGA, foreseen as the readout 

controller. 

The spherical cap is in copper and covers latitudes from 45o to 90o. 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 the glass 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. 

Product breakdown for large PMT optical module 

Component Description Quantity   

Glass sphere Glass container to withstand the hydrostatic pressure. Made of 

two identical sealed halves. Diameter 13 inch. 
1 

Photomultiplier 

tube 

A photo-electric sensor with high quantum efficiency. Size 8 inch. 
1 

High voltage base Electronic circuit that provides high voltage to photomultiplier 

and amplifies the photomultiplier signal.  
1 

Outer connector A penetrator through the glass with a cable and dry mateable 

connector at the far end. 
1 

Optical gel The optical and mechanical interface between the PMT and the 

glass sphere. 
 

Pressure sensor A pressure gauge mounted inside for test purposes.  1 

Magnetic 

shielding 

A mu-metal cage, able to screen most of the Earth´s field, 

mounted around the PMT. 
1 

Table 3.2: Product breakdown for large PMT optical module 
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The connections of the breakout unit and the electronic container as well as the ones between this 

container and the OMs are performed at integration time, before the deployment. 

 

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.  

Product breakdown for the electronic container 

Component Description Quantity   

Glass sphere Glass container to withstand the hydrostatic pressure. Made of 

two identical sealed halves. Diameter 13 inch. 
1 

Power 

conversion  

board 

Board providing internal DC low voltage using DC-DC converters 

1 

Front-end 

electronics board 

Board containing 3 ASIC chips measuring time over threshold for 

several thresholds 
6 

Readout 

controller board 

Board containing FPGA readout controller 
1 

OM connector Electrical only, dry mateable connector or penetrator splitting for 

3 OMs (e.g. SEACON MCBH-5/15-FS SPLIT) 
2 

Backbone 

connector 

Dry mateable bulkhead connector (same as Multi-PMT design) 
1 

Instrument 

controller board 

Board to control instrumentation and set voltages for high 

voltage base. 
1 

Instruments A 3-axis compass, tilt-meter/accelerometer optical beacon 1 set 

Cooling system Copper cooling to transfer heat from electronics to outer surface 1 

Pressure sensor Passive pressure sensor for testing purposes 1 

Table 3.3: Product breakdown for the electronic container 



 

- 29 - 
 

 

Figure 3-4: A 3D view of the capsule. The high-voltage bases are shown in green. The space for 
electronics is indicated in yellow. 

The glass container (capsule) is made of two identical parts connected at their bases. Each half 

capsule has the shape of a cylinder of 11 inch diameter capped by a hemisphere. The layout of the 

capsule OM is shown in Figure 3-4Φ ¢ƘŜ ta¢ǎ ŀǊŜ ƻǊƛŜƴǘŜŘ ŀǘ ŀƴ ŀƴƎƭŜ ƻŦ олх ǿƛǘƘ respect to the 

cylinder axis. 

Each half-capsule 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 and transmission. One of the two half-capsules will have the hole to receive a 

penetrator for the external connections. 

Finite element analysis shows that with a wall thickness of 16 mm no stresses exceed those observed 

in a normal 17 inch sphere.  

The electronics 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 multi-PMT optical module consists of 31 photomultipliers of 3 inch diameter housed in a 17 inch 

sphere. This approach gives several advantages which are summarized as follows:  

¶ The total photocathode surface is 1260 cm2, significantly exceeding that of three 8 inch 

photomultipliers.  

¶ These photomultipliers are insensitiǾŜ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀƴŘ Řƻ not require 

ƳǳπƳŜǘŀƭ ǎƘƛŜƭŘƛƴƎΦ 

¶ The segmentation of the detection area in the OM will aid in distinguishing single-photon 

from multi-ǇƘƻǘƻƴ ƘƛǘǎΦ ²ƛǘƘ ǘƘŜ Ƴǳƭǘƛπta¢ ha ǘǿƻ-photon hits can be unambiguously 

recognized if the two photons hit separate tubes, which occurs in 85% of cases for photons 

arriving from the same direction.  

¶ The loss of a single photomultiplier will degrade the performance of the OM minimally. 

Failure rates of small photomultipliers have been determined to be of the order of 10πп per 

year.  

¶ The photomultipliers run at a gain of 106 and their individual photocathode area is small, 

therefore the integrated anode charge is small. 

 

The product breakdown of the Multi-PMT optical module is given in Table 3.4. 



 

- 30 - 
 

Photomultiplier choice  

The photomultiplier chosen for the multi-PMT 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 10-stage dynode structure with a minimum gain of 106. 

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

glass sphere. In Figure 3-5 the dimensions of the photomultiplier tube are shown. 

Product breakdown for the Multi-PMT optical module 

Component Description Quantity   

Glass sphere Transparent glass sphere built to withstand the ambient 

hydrostatic pressure and contain the photomultiplier tubes, 

frontend and readout electronics. Made of two identical halves. 

Diameter 17 inch. 

1 

Photomultiplier 

tube 

The photomultiplier is a photon sensor with single photon 

sensitivity. It views the ambient water through the glass of the 

Pressure sphere. Type 3 inch. 

31 

High voltage base Electronic circuit attached to each photomultiplier that provides 

the necessary high voltage. It also provides an extra amplification 

of the photomultiplier signal.  

31 

Signal collection 

board 

A printed circuit board that collects signals from the 

photomultipliers for transfer to the sphere logic board.  
2 

Storey logic 

board 

A printed circuit board that contains the local frontend circuitry 

for the signal preparation and the electronic and photonic 

components for the data transfer to shore. Also control system 

for instrumentation and high voltages. 

1 

Converter board A printed circuit board that houses all DC-voltage generation 

circuitry.  
1 

Heat conductor A mushroom shaped aluminium structure that transfers the heat 

generated by the storey electronics via the glass sphere to the 

seawater. 

1 

Outer connector A dry mateable bulkhead connector that penetrates the glass 

sphere and allows for two power conductors and one fibre to be 

connected to the high pressure oil filled storey cable. 

1  

Cooling system Copper cooling to transfer heat from electronics to outer surface 1 

Pressure sensor Passive pressure sensor for testing purposes 1 

Instruments A 3-axis compass, tilt-meter/accelerometer optical beacon 1 set 

Table 3.4:  Product breakdown for the Multi-PMT optical module 
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Figure 3-5: Dimensions of the PMT (in mm). 

 

Testing has been performed on 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. Hamamatsu now has available an appropriate model, R6233MOD. Table 

3.5 presents the specifications for the PMT. 

 

Cathode 

Radiant blue sensitivity at 404 nm >130 mA W-1 

QE at 404 nm (CsK) > 32% 

Inhomogenity of cathode response < 10% 

Supply voltage < 1400 V 

Gain 5x106 

  

External electrostatic coating to the cathode  

Anode characteristics 

Dark count < 3 kHz at 15 °C 
> 0.3 pe threshold 

Transit time spread ғ н ƴǎ όˋύ  

Peak to valley ratio > 3  

Environment 

Storage 0 ς 60 °C 
Operation 10 ς 25 °C 
Table 3.5: Required characteristics for the 3 inch PMT 

 

Similar negotiations are ongoing with ET Enterprises. They will also investigate the possible 

advantages of a Cesium-Rubidium photocathode that has a quantum efficiency superior to the the 

conventional Cesium-Potasium bialkali photocathode in the 450-500 nm range. 

Both companies have indicated that a production rate of 50,000 photomultipliers per year is feasible. 

<
1

0
5
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Expansion Cone 

The photomultiplier will be surrounded by an expansion 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 with a 45o aluminized bevelled edge 

indicate an increase of the effective photocathode radius by about 5 mm,  see Figure 3-6. Ray tracing 

studies (see Figure 3-7) have shown that further improvement up to a 25% increase in the overall 

sensitivity is possible. 

  

Figure 3-6: Collection efficiency with respect to centre with 
(green) and without (black) reflective ring 

Figure 3-7: Effective photocathode area as a function of 
the cosine of the angle between incidence and 
photomultiplier axis 

Layout of photomultipliers  

Figure 3-8 shows the geometrical layout of the photomultipliers in the optical module. Table 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 are 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 the hydrostatic pressure.  

Layout of Electronics Boards  

The geometrical layout of the electronics components and cooling system is shown in Figure 3-9. 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 also occurs via these 

collection boards. They are connected to the stem of the aluminium cooling unit (Figure 3-8). The 

orientation of the boards is vertical for ease of connection and to avoid blocking of the heat 

convection important for the cooling of the high voltage bases. 
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Figure 3-8: 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 0 

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

 

 

The storey logic board is circular in shape and houses all frontend electronics and the electro-optical 

interface to the fibre optic readout. There is a possibility to extend the storey logic board with 

trapezium shaped auxiliary boards, for example for calibration components. 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. 

 

Figure 3-9: Layout of the electronic boards. 
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The voltage entering from the backbone cable is 10iV and 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 conversion efficiency of >90% is achieved. This helps to keep the 

dissipation in the conversion circuitry low. 

Layout of Calibration Devices  

The multi-PMT optical module contains three calibration devices. These are:  

¶ The nanobeacon incorporated on an extension board. A multimode fibre runs from the LED 

to the glass and is oriented so as to illuminate the optical module vertically above;  

¶ The compass-tiltmeter incorporated on the storey logic board; 

¶ The acoustic piezo sensor glued to the inner surface of the glass sphere and its electronics 

incorporated on an extension board. 

 

 

 

 

PMT HV 4.5 x 10-3 W 3.3 V 

PMT detection 2.5 x 10-2 W 3.3. V 

PMT signal rate 1.6 x 10-14 W  

PMT total power 0.030 W 3.3 V 

31 PMTs 0.93 W 3.3 V 

OM IC boards 0.40 W 3.3 V 

OM sphere logic 3.2 W 0.9, 1.5, 3.3, 5 V 

OM conversion 1.5 W 10 Vin 

Acoustic sensor 0.2 W 5 V 

LED beacon 0.2 W 5, 24 V 

Compass 0.05 W 3.3 V 

Total 6.48 W  

Table 3.7 Expected power dissipation and voltage levels. 

Cooling System 

Table 3.7 contains the expected power dissipation of the various components in the optical module. 

Figure 3-10 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 with a heat load of 10 W. 

The cooling system consisting of a mushroom- shaped 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 coefficient of 200-220 W/m/K is AlMgSiO7(EN AW-6005 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 so-called Manhattan profile, following the contours of the components on the 

printed circuit 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 efficient and 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 is 14oC at 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 break-out in the 

backbone cable and the optical module consists of a 13 mm (0.5 inch) polyethylene oil-filled hose 

with a length between 50 and 100 cm. At the glass sphere there will be a dry-mateable bulkhead 

connector with a titanium shell. An appropriate connector has been designed by SEACON® which is a 

modification of one of their mini-series connectors. It requires a 13 mm diameter hole through the 

glass sphere. 

3.2 Data Readout and Transmission  
This section discusses concepts in acquisition, processing, distribution and storage of data from the 

YaоbŜ¢ ŘŜŜǇπǎŜŀ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ Ƴŀƛƴ ǇǳǊǇƻǎŜ ƻŦ ǘƘŜ ǊŜŀŘƻǳǘ ǎȅǎǘŜƳ ƛǎ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ǘƘŜ 

analogue outputs of the PMTs into formatted data for offline analysis. The deep sea infrastructure 

will also contain 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 all (digitised) data are sent to shore, to 

be ǇǊƻŎŜǎǎŜŘ ƛƴ ǊŜŀƭπǘƛƳŜΦ  

 

Figure 3-10: Cooling system. a) Boards dissipating energy. A: conversion board, B: storey electronics, C: Octopus, D: PMT 
base. b) Heat transfer mechanisms. Convection between PMT base and cooler, all other transfer by conducting. c) 
Temperature calculations and measurements show moderate values. 



 

- 36 - 
 

For the envisaged photo-cathode area the total data rate amounts to about 0.2 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 multiplexing (DWDM) 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 discriminated from the 

ǊŀƴŘƻƳ ōŀŎƪƎǊƻǳƴŘ ǳǘƛƭƛǎƛƴƎ ǘƘŜ ǘƛƳŜπǇƻǎƛǘƛƻƴ ŎƻǊǊŜƭŀǘƛƻƴǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ ǘǊŀǾŜǊǎƛƴƎ ǇŀǊǘƛŎƭŜΦ ¢ƘŜ 

Ƴŀƛƴ ŎƘŀƭƭŜƴƎŜ ƛǎ ǘƘŜ ǊŜŀƭπǘƛƳŜ ŦƛƭǘŜǊƛƴƎ ƻŦ ǘƘŜ ƴŜǳǘǊƛƴƻ ǎƛƎƴŀƭ ŦǊƻƳ ǘƘŜ Ŏƻƴǘƛƴǳƻǳǎ ǊŀƴŘƻƳ 

background. The data filtering has a significant impact on the performance of the neutrino telescope. 

To first approximation, a detectable muon signal is defined by a minimal number of time-position 

correlated PMT hits (a hit is defined as a signal above a certain threshold, typically 0.3 p.e.). This is 

referreŘ ǘƻ ŀǎ ŀ άǘǊƛƎƎŜǊέΦ ¢ƘŜ ǘǊƛƎƎŜǊ ŀƭƎƻǊƛǘƘƳ ŜŦŦƛŎƛŜƴŎȅ ƛǎ ǘȅǇƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ 

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 and efficiency.  

ά¢ǊƛƎƎŜǊǎέ ŀǊŜ ŀǎǎŜƳōƭŜŘ ŦǊƻƳ ƎǊƻǳǇǎ ƻŦ ŎƘǊƻƴƻƭƻƎƛŎŀƭƭȅ ŀƴŘ ǎǇŀǘƛŀƭƭȅ ŎƻǊǊŜƭŀǘŜŘ ta¢ ǎƛƎƴŀƭǎΦ ¢ƘŜ 

time resolution of individual PMT hits is required to be of the order of 2ns (rms) while the positions 

of the PMTs are required to be known to a precision of around 40cm. The 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 be 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 infrastructure is mainly 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 

ǎƘƻǊǘŀƎŜ ƻŦ ƻǇǘƛŎŀƭ ǇƻǿŜǊ Ŏŀƴ ōŜ ŎƻƳǇŜƴǎŀǘŜŘ ōȅ ǘŜƭŜŎƻƳπǎǘŀƴŘard optical amplifiers.  

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 

10 Mb/s, to be able to transfeǊ ǘƘŜ Řŀǘŀ ǘƻ ǘƘŜ ǾŀǊƛƻǳǎ ŎƻƳǇǳǘƛƴƎ ŎŜƴǘǊŜǎ ƛƴ ǊŜŀƭπǘƛƳŜ ŀƴŘ ǘƻ ǎǘƻǊŜ ƻƴ 

ŀ ǇŜǊƳŀƴŜƴǘ ƳŜŘƛǳƳΦ ¢ƘŜǊŜŦƻǊŜΣ ŀ ƘƛƎƘπōŀƴŘǿƛŘǘƘ ƭƛƴƪ ƻŦ м Gb/s to the various European computing 

centres is required. This internet link allows for remote operation of the infrastructure. 

3.2.1 Data encoding, frontend electronics  

SCOTT (Sampler of Comparators Outputs with Time Tagging) is the dedicated application specific 

integrated circuit (ASIC), designed for processing the electrical signal from PMTs. It has been 

designed to address the use of classical and multi-PMT optical modules. 

Requirements  

The general requirements for the front end electronics are (taken from Table 4.1 of the Conceptual 

Design Report): 

¶ Time resolution (for a single photon, including transition time spread of the PMT and 

electronics) < 2 ns (RMS). 

¶ /ƘŀǊƎŜ ŘȅƴŀƳƛŎ ǊŀƴƎŜ Ғ млл p.e. within a time window of 25 ns. 

¶ Two-hit time separation < 25 ns. 
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¶ Experience gained from the Antares experiment lead to the following additional 

constraints: 

¶ Common data processing for single and multiple photon hits. 

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

¶ Power consumption < 500 mW. 

In addition, the ASIC should accommodate both optical module concepts under study for the final 

detector. The readout of the ASIC is done with a system-on-chip which allows for a second level of 

data processing ςsuch as digital packets compressionς and provides the interface to the data 

transmission electronics. 

Electronic Front End principle  

The front end electronics is based on the use of the time over threshold (TOT) as main signal 

processing[12,13]. The electrical signal from any PMT is compared with several thresholds (Figure 

3-11). The answers of the comparisons are stored in memory with a fixed time interval between 

samples. The use of the amplitude information from thresholds and the time from sampled data 

allow for reconstruction of the original signal. 

Architecture  

The ASIC incorporates three main functionalities (Figure 3-12): 

¶ The analogue processing is comprised of fast comparators and programmable digital to 

analogue converters (DAC) with 10 bit resolution. 

¶ The digital sampling memory is composed of a delay-locked 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 to de-randomize the signal flux and to 

store data in a buffer for subsequent readout by the system-on-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 

άȊŜǊƻ ǎǳǇǇǊŜǎǎέ ŀƴŘ ŀ ǎƭƻǿ ŎƻƴǘǊƻƭ ŘǊƛǾŜǊ ŦƻǊ ǇǊƻgramming of registers. 

 

 
Figure 3-11: Example of signal reconstruction from crossing threshold points. 
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Figure 3-12: SCOTT data processing architecture. 

Adapting to the two optical module concepts  

The ASIC can process the analogue signal for a set of PMTs ςwith the required accuracyς 

independent of their size. In the case of a set of 3-inch PMTs, each channel of the ASIC is connected 

to a single PMT as illustrated in Figure 3-13, whereas in the case of a set of 8 inch PMTs, several 

channels are connected to the same PMT output in order to improve the charge reconstruction 

accuracy (Figure 3-14). 

 

 
Figure 3-13: Schematic diagram of the SCOTT 
connected to several 3 inches PMTs. 

 
Figure 3-14: Schematic diagram of the SCOTT 
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 multi-PMT optical module, the ASIC should be placed as close as possible to the 

PMT outputs i.e. in the glass sphere containing the PMTs. For the optical modules with large PMTs, 

the ASIC is in a separate container connected to the optical modules with a cable a few metres long. 

It should be noted that for a multi-PMT optical module, photon counting can also be achieved by 

simply counting the 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 count. In this 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 SCOTT-like ASIC or directly within an FPGA. 

SCOTT readout 

The data in the SCOTT ASIC is read out by specific firmware before it is sent to shore. Although the 

output FIFO of the ASIC allows for some de-randomization, long data bursts of the order of several 

hundreds of milliseconds ςtypically due to bioluminescenceς must be stored in local memory before 

being sent to shore.  
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3.2.2 Data transport  

The detection unit consists of a number of storeys vertically distributed over a height of several 

hundreds of meters. The precise structure of the detection unit is explained in detail in section 3.3. 

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 point-to-point link. To minimize the number of fibres per detection 

unit, the DWDM technique will be widely used throughout the optical network. This technology 

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

ǿŀǾŜƭŜƴƎǘƘΦ ¢ƘǳǎΣ ŜŀŎƘ ǎǘƻǊŜȅ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ŀ ǎƛƴƎƭŜ άŎƻƭƻǳǊέ ŀƴŘ ǘƘŜ ŎƻƭƻǳǊǎ ŦǊƻƳ Ƴŀƴȅ ǎǘƻǊŜȅǎ 

are multiplexed using passive optical devices. The use of passive devices increases the system 

reliability and decreases cost and power consumption. 

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 received from 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 time offset 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 on-shore transmitter in a unique 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 

synchronised by design to the on-shore time reference, which is derived from a GPS station.  

The data flux is deeply asymmetric: very high from the apparatus to the shore and negligible in the 

opposite direction. PMT acquisition is the main contribution to the storey data rate , which accounts 

for a flux of the order of 200 Mb/s. In fact, the hydrophones needed by acoustic positioning, account 

for about 10 Mb/s and the remaining of 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 suitable electronic device is an FPGA. The abundance of I/O channels and the 

availability of many I/O standards allows for easy interfacing with the various devices. The presence 

of on-board transceivers reduces cost, power and board integration time. The embedded processors 

available on-chip can be equipped with real-time 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 FPGA internal 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 are the flexibility of the transmission speed, which can be selected from DC to 10 Gb/s, 

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 electrical modulating 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 which carries 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 reference. 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 system optimization. The 

maximum speed of the system is chosen as low as possible, compatible with the required data 

bandwidth, in order to reduce power consumption, increase optical power budget, decrease cost and 

ease printed circuit board (PCB) design. 

The data in the 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 (de-)multiplexer 

is located approximately half way along the length of the detection unit. The power conductors 

reside inside the same cable. At each storey level a break out extracts the required fibre and power 

wires. The multiplexing and de-multiplexing of optical signals is made inside the master module of 

the detection unit. Further multiplexing of signals from different detection units is performed in the 

secondary junction boxes, as explained in section 3.4. 

Data Transmission System  

The readout system is based on point-to-point data transfer between the undersea optical modules 

and the on-shore data acquisition system using current telecom DWDM technology. This approach 

gives several advantages which can be summarized as follows:  

¶ It provides a dedicated data-format-transparent wide-bandwidth (10 Gb/s) communications 

channel between each optical module (or each set of optical modules) and the shore. 

¶ The point-to-point high bandwidth channels support real-time readout with high timing 

resolution (< 1 ns).  

¶ The reliability of the opto-electronic 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 rate of these transducers is of the order of 1 FIT (1 

failure in 109 hours). 

¶ The design employs current telecoms technology, supports a staged deployment, and allows 

future upgrades as new technology becomes available.  

¶ The system supports the store and forward readout approach as described above. The same 

system also supports a real-time readout approach. With a data rate of 10 Gb/s per channel, it is 

possible to sample continuously 33 independent signal channels with a timing accuracy of 0.87 ns 

(=3 ƴǎκҞмнύΦ This fits well within the quoted specifications. The time stamping of these signals 

can then be performed on shore. This minimises the number of off-shore electronic components 

and improves reliability and reduces power consumption. This flexibility allows engineering 

tradeoffs to be made between the transmission bandwidth used and the amount of processing 

hardware and software required in the off-shore modules. 

Dimensioning  

The optical readout solution is based on a type of telecommunications DWDM-PON (dense 

wavelength division multiplexed-passive optical network) employing a combination of space, 

wavelength and time-division multiplexing. This type of network is very similar to those considered 

today for long-reach (100 km) telecommunications access networks. The readout system has been 

dimensioned to support up to 6400 storeys arranged with 20 storeys on each detection unit. The 

best DWDM-PON solution for this size network employs 80 wavelength channels on 80 fibres (space 



 

- 41 - 
 

dimension), each wavelength carrying the time-multiplexed 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 

wavelengths for each detection unit are [de-]multiplexed in a central place approximately half way 

along its length, thus requiring 11 optical fibres in the vertical cable (11 bi-directional up; 9 bi-

directional down; and 2 unidirectional to and from shore). A total of 80 readout fibres fit within a 96 

fibre 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 synchronisation and communications with the optical modules. The remaining fibres 

are for the use of the earth and sea sciences. 

Readout System Description  

In Figure 3-15, a simplified schematic of the DWDM-PON based readout architecture is shown. Light 

from a centralised array of 80 individual wavelength optical sources (seed light sources), located on 

the shore, is combined into a dense wavelength division multiplex with a channel spacing of 50 GHz 

(0.4 nm). 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 detection units. (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 a 20-channel DWDM AWG 

(arrayed waveguide grating) filter 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 cross-sectional area of the vertical cable, thus reducing drag. The maximum length of 

single fibre between the master module and storeys is less than 500 m. Over this distance, the 

impairments caused by coherent Rayleigh backscatter noise are negligible (< 1 dB). (The maximum 

distance for single fibre bi-directional operation between the reflection modulator and the DWDM 

 

Figure 3-15: Schematic view of the opto-electronic readout architecture. 
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filter is 2 km.) The master module also houses other passive optical components for use in clock and 

data distribution.  

 

Figure 3-15 shows how one or a group of wavelengths can be selected from the shore-station 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 pulse-echo measurements) and transmitted over selected 

return fibres via switch 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 

REAMs. The reflection modulated signals are then re-multiplexed into a 20-channel DWDM by the 

AWG in the master module.  

The 20-channel DWDMs on the return fibres from four detection units are combined with a 4-band 

coarse wavelength division multiplexer to create an 80-channel DWDM before being amplified for 

transmission back to shore. On shore, the 80-channel DWDM is amplified and de-multiplexed by an 

80-channel AWG and fed to a photo-receiver array. One 10 Gb/s photo-receiver is associated with 

each storey. 

Timing Calibration  

Timing calibration is a critical requirement for a real-time readout system. The propagation delay 

from each storey to the shore will be different due to their unique distances from the shore and due 

ǘƻ ǘƘŜ ŦƛōǊŜΩǎ ǿŀǾŜƭŜƴƎǘƘ ǎǇŜŎƛŦƛŎ ƎǊƻǳǇ ŘŜƭŀȅΦ ¢Ƙƛǎ ŀǇǇƭƛcation will employ a low, non-zero, 

dispersion shifted fibre such as Corning Vascadeá LEAFá. This type of submarine fibre has been 

specially de signed for use in long-haul transmission of DWDM signals. The 4 ps/nm/km dispersion 

leads to timing skew over 100 km due to wavelength of about 14 ns for an 80-channel 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 km is just under 10 ns per degree 

Centigrade. This affects all wavelengths equally. The timing skew variation due to temperature for 

LEAFá is not specified by the supplier, however, it is expected to be similar to standard fibre which 

implies a channel to channel variation of less than 10 ps per degree Celsius over 100 km for the 

50 GHz spacing. These results show that the relative timings for all optical modules should remain 

almost constant for the temperature changes expected in this application and that we could track 

the absolute delay of all optical modules by monitoring the round trip delay of just one or two of 

them. 

¢ƘŜ ŦƛōǊŜ ǇǊƻǇŀƎŀǘƛƻƴ ŘŜƭŀȅ ƛǎ ƳŜŀǎǳǊŜŘ ŦǊƻƳ ǘƘŜ ǎƘƻǊŜ ǳǎƛƴƎ ŀƴ ƻǇǘƛŎŀƭ ΨǇǳƭǎŜ ŜŎƘƻΩ όƻǊ ǇǎŜǳŘƻ 

random binary sequence) technique. Since all optical and time multiplexing 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 readout. One or more wavelengths in the DWDM may be used for loop-timing 

purposes and for communications with the undersea station. Figure 3-16 summarises the delay 

calibration arrangement. (Note that the detection unit is drawn horizontally.) 
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Figure 3-16: Schematic view of the delay calibration. 

The optical path between points X and Y is either matched in terms of delay, or pre-measured 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 the commissioning 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 measurements would only 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.  

The round ǘǊƛǇ ǇǊƻǇŀƎŀǘƛƻƴ ŘŜƭŀȅ ōŜǘǿŜŜƴ ǇƻǊǘǎ ! ŀƴŘ !Ω ƛǎ ƳŜŀǎǳǊŜŘ ŀƴŘ Ŏƻƴǘƛƴǳƻǳǎƭȅ ƳƻƴƛǘƻǊŜŘ 

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 be tracked simply by monitoring the 

round trip delay. 

Timing Calibration Procedure  

Lƴ ƻǊŘŜǊ ǘƻ ǇŜǊŦƻǊƳ ŀƴ ƻǇǘƛŎŀƭ ΨǇǳƭǎŜ ŜŎƘƻΩ ŘŜƭŀȅ ŎŀƭƛōǊŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ƻƴ ŀƴ ƻǇŜǊŀǘƛƻƴŀƭ ǘŜƭŜǎŎƻǇŜ ƛǘ 

will be necessary to disconnect the seed light to the optical modules being measured. This is to 

prevent interference between the readout and pulse echo signals. There are a number of ways of 

doing this. The approach shown in Figure 3-15, 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 depend on the amplifier 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 propagation delay over 100 km 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 

calibrated 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 seasonal. The timing calibration procedure and 

frequency will be evaluated by tests in a representative deep water environment. 



 

- 44 - 
 

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 signals to 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 be 0.25 dB. 

 

Figure 3-17: Optical module fibre interface. 

 

The downstream clock and data signals operate at the STM-4 standard line-rate of 622 Mb/s. This 

signal is routed by the power tap, to the detector photodiode which in turn is connected to a trans-

impedance amplifier (TIA). The signal is broadcast to all storeys. The data capacity of a 622 Mb/s 

system is then approximately 500 channels at 1 Mb/s, or 6400 channels at 78 kb/s.  

The passive power tap approach to distributing clock and data, shown in Figure 3-17, was originally 

devised for a dual-input AWG filter in the master module, however, such filters are not standard 

components off the shelf (see later section on DWDM filter technology). The power tap approach 

requires the photo-receiver to discriminate between the clock and data signal and the readout seed 

and timing calibrations signals. The readout seed signal is 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 980 nm pumps are now available with power greater than 600 mW and failure 

rates of less than 25 FIT. A system with 16 pumps at 600 mW corresponds to 9.6 W of available 

power. The total required signal amplification power per bank of 20 fibres is 1.6 W. This will require 

approximately half of the available pump power. So, it is possible to run each pump at half power, to 

improve reliability still further.  
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The complete down-stream booster amplifier array would require 64 pumps in total. The overall 

amplifier availability remains high if any single pump fails. The total electrical power required would 

be less than 100 W, assuming good heat-sinking 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 significant impact on the practicable choice of filter technology for the 

DWDMs. Standard telecommunications filters are available for optical channel spacing of typically 

50 GHz, 100 GHz or 200 GHz and are usually limited to about 80-channels, although an 88-channel 

unit has recently appeared on the market.  

The narrower channel spacing filters (< 100 GHz) tend to use active temperature control (heaters) to 

lock them to the ITU grid, whilst the larger channel spacing filters are usually available in a-thermal 

packages. In principle, the 50 GHz 20 channel filters could be supplied in customised a-thermal 

packages, however, the near constant operating temperature of the master module means that 

temperature control may not be necessary. Based on the above assessment and an optical signal to 

noise ratio (OSNR) analysis, the DWDM filters employed in the master modules are based on 20-

channel Gaussian AWGs. Custom a-thermal units are being investigated. 

 

Parameter value notes 

P AWG o/p -10.5 Equivalent to continuous wave signal 

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 mA used 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-1) 

Penalty dB 3.0 dB 

Added noise 

penalty 

2.0 dB estimate based on graph of input referred noise MAX3658 

 

Total penalty 5.0 dB 

Net Rx sensitivity -28.0 dBm based on MAX3658 (-33dBm) 

Margin 2.5  dB 

Table 3.8: Optical power budget for the passive power divider approach to clock and data distribution. 
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Figure 3-18: 10 Gb/s systems measurements over 80 km of standard fibre: Left, Dynamic Insertion Loss; Centre, Reverse  
bias; Right, Extinction Ratio. 

REAM Selection 

The measured system parameters of the REAM, optimised for operation at 1550 nm, are shown in 

Figure 3-18. The key parameters are the wavelength dependence of the REAMΩǎ ŘȅƴŀƳƛŎ ƛƴǎŜǊǘƛƻƴ 

loss, on-off extinction ratio, and bias voltage. The curve on the left in Figure 3-18 shows the 

measured dynamic insertion loss as a function of wavelength. It decreases from a maximum of 7.5 dB 

at the short wavelength end of the spectrum to about 5.5 dB at the longest wavelength. The 

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

extinction ratio falls with increasing wavelength (See also Figure 3-18).  

An 80-channel 50 GHz DWDM requires a slightly larger wavelength range (1530 nm to 1565 nm). This 

extended wavelength 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 DWDM-PON 

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 addition to improving the optical system 

performance, colour banding will also simplify the REAM driver arrangements. At lower modulation 

bandwidths (up to 1 Gb/s) REAM colour banding may not be necessary. Optical Signal to Noise Ratio 

The OSNR calculations for the readout architectures shown in Figure 3-15 have been made. The noise 

figure for the optical amplifiers has been set to a conservative value of 6 dB and 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 over 21 dB. An OSNR of 16 dB provides 

a theoretical bit error rate performance of 10-9. There is thus ample margin for the low level of 

transmission impairments (< 2 dB) expected in this system. Raman fibre amplification is precluded at 

distances greater than 20km. The OSNR calculations for the pulse-echo ranging system yield similar 

results Optical Power Budget 

The optical power budget calculations are summarised in Table 3.8.  

A commercial trans-impedance 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 penalty is < 5 dB, 

giving a worst-case operating margin of 2.4 dB.  

Backup system for data transmission  

¢ƘŜ ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ǘƘŜ ōŀŎƪǳǇ ŘŜǘŜŎǘƛƻƴ ǳƴƛǘ ōŀŎƪōƻƴŜ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ άŘŀƛǎȅ ŎƘŀƛƴέ ǳƴƛŘƛǊŜŎǘƛƻƴŀƭ 

optical path, as shown in Figure 3-19. 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 protocol 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 data-load of all the connected nodes. It receives the stream from 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 

ǎƛƴƎƭŜ ǘǊŀŎǘǎ ƻŦ ŦƛōǊŜ ŘǊƛǾŜƴ ǿƛǘƘ ά.ƭŀŎƪ ŀƴŘ ²ƘƛǘŜέ ό.ϧ²ύ ǘǊansceivers, which are lower cost items 

than DWDM lasers. The distance between storeys is 40 m and 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 single-point-failure an optical 

switch is used to bypass the faulty node. This mechanism 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 semi-passive optical devices is important in terms of 

reliability. 

 

 

Figure 3-19: Schematic view of the optical daisy chain architecture. 

 

 

In order to further increase 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 2.5 Gb/s. With the total rate of 5 Gb/s the readout 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 on-shore DAQ system proposed here is independent of the actual implementation 

of the deep-sea readout system. 

The design is guided by the following requirements: 

¶ accommodate the bandwidths of any of the optical module designs; 

¶ flexibility for implementation of any event selection algorithm;  

¶ scalability 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 data of a subset of the telescope in a 

single contiguous memory. 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 concentrator corresponds 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 turn is matched 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 in the 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 output ports on the concentrator 

units matches the 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 system is of order Ὧ 

 ὔ , where Ὧ is the number of output ports of a concentrator and ὔ  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 any network 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 these is processed in an individual processor 

within a large computer cluster. A snapshot covers a time span of 10-100 ms. A central control 

process allocates a time slice to a given processing unit. This unit in turn requests data from the 

buffer system and aggregates 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 telescope. The algorithm 

used to process a time slice can be modified by receipt of an external alert from other earth- or 

space-based observatories. 
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Data Storage 

The on-shore DAQ system has three types of storage. 

¶ 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.  

¶ Temporary storage that is used locally to store in the shore station while it awaits transfer 

to final permanent storage facility. 

¶ 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 envisaged for the 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 also be 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 on-site is able to keep days worth of data before transfer 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 meta-data. The event meta-data 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 data 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 resources in different tiers with Europe-wide (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 remote facility will 

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 of data 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 unit will be able to serve multiple 

concurrent instances for collaborators to follow the telescopes operations. 
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3.2.4 DAQ Model 

The DAQ model covers the distributed operation sequencing logic of the ǘŜƭŜǎŎƻǇŜΩǎ data acquisition. 

It is typically represented as a finite state machine, each state corresponding to a well-known, 

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 associated with the 

set of operations that allocate or release these resources. 

 

Figure 3-20: DAQ model hierarchical state machine. 

 

The global system can be seen as a collection of hierarchically organized subsystems 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 subsystems yields a state machine shown 

in Figure 3-20. 

The state machine transitions will be triggered by the specified events (switch, load, etc.) issued by 

ǘƘŜ άǊǳƴ ŎƻƴǘǊƻƭέ ǇǊƻŎŜǎǎΦ !ƭƭ ŎƻƴǘǊƻƭ ǇǊƻŎŜǎǎŜǎ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŘŜǘŜŎǘƻǊ ƳƻŘǳƭŜǎ ǿƛƭƭ have to 

implement this state machine and respond to the events issued by the central run control. 

¢Ƙƛǎ ōŜƘŀǾƛƻǳǊ ǿƛƭƭ ōŜ ƛƳǇƭŜƳŜƴǘŜŘ ǘƘǊƻǳƎƘ ŀ άŘƛǎǘǊƛōǳǘŜŘ ǎǘŀǘŜ ƳŀŎƘƛƴŜ ǎƻŦǘǿŀǊŜ ŦǊŀƳŜǿƻǊƪέ ǘƘŀǘ 

will ensure state synchronization between the controllers of all detector modules and will be 

developed using a distributed, multi-language CORBA-like middleware such as ZeroC Ice with a 

hierarchical state machine specification framework such as CHSM.  

In order to archive data efficiently, the run control programme will start a new data taking run 

regularly (typically every 2-5 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 configuration. A central 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 configuration data are stored a priori in 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 standard workstations (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 filtering and storage, configuration management. Table 3.9 shows 

where firmware and software implementations are indispensable, possible (depending on 

technological choice) or not needed. 

Implementation choice  

A number of architectural and technological choices will have important consequences for the 

implementation in software and firmware. This choice depends on whether the readout and control 

and configuration intelligence is implemented entirely in firmware or with some additional software 

over a system-on-chip platform. A system-on-chip solution allows for a flexible offshore subsystem 

and eases the development process especially for the integration of modules developed by different 

laboratories. 

Implemented functions 
Offshore Onshore 

Firmware Software Firmware Software 

Control/configuration of frond end chips  ̧ º ×  ̧

Primary readout of front-end chips  ̧ × × × 

Control/configuration of PMT and instrumentation º º ×  ̧

Primary readout of instrumentation º º × × 

Data transmission (over network) º º º º 

Data routing º º º º 

Data filtering ×  ̧ ×  ̧

Data storage ×  ̧ ×  ̧

=̧indispensable º=possible ×=not needed 

Table 3.9: 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. one detector unit processed by one routing 

processor on shore). Each of these routing processors will handle multi-gigabits per second data flow 

to be routed through standard Ethernet switching to the filtering farm units. This high-performance 

processing can be implemented 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 I/O on standard workstations, either using specialized 

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. 
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3.2.6 Persistency and database  

Three types of data will have to be stored on persistent media: 

¶ PMT acquisition data 

¶ Control and configuration data 

¶ 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 the type 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 of data constitutes the main bulk of all the data produced by the experiment. It is organized 

ƛƴ άǊǳƴǎέΣ ŜŀŎƘ Ǌǳƴ ōŜƛƴƎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ Ǌǳƴ ŎƻƴŘƛǘƛƻƴǎ ƛƴ ǿƘƛŎƘ ǘƘŜ Řŀǘŀ ƘŀǾŜ ōŜŜƴ ŀŎǉǳƛǊŜŘΦ 

Past experience has shown that such large amounts of data are handled with better performance 

ƻǾŜǊ άŦƭŀǘέ ŦƛƭŜǎΣ Ǉƻǎǎƛōƭȅ ǳǎƛƴƎ ǎǇŜŎƛŀƭƛȊŜŘ ƘƛƎƘ ǇŜǊŦƻǊƳŀƴŎŜ ŦƛƭŜ Lκh ǎƻŦǘǿŀǊŜ ŦǊŀƳŜǿƻǊƪǎ ǎǳŎƘ ŀǎ 

ROOT I/O. For this kind of data, only the corresponding metadata should be stored in the experiment 

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

Control and configuration data  

Configuration data is typically stored on a relational database because of the complex inter-data 

relationships. This kind of data describes the hardware setup 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. The 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 those who analyse data. It has 

to be accessible in parallel from multiple production and science analysis sites. These requirements 

lead to the persistency model described in Figure 3-21. A consequence of this model is that all access 

to the ŘŀǘŀōŀǎŜ ƎƻŜǎ ǘƘǊƻǳƎƘ ŀ άŎƻƴŦƛƎǳǊŀǘƛƻƴ ǎŜǊǾŜǊέ ǘŀƪƛƴƎ ŎƘŀǊƎŜ ƻŦΥ 

¶ 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 MySQL database tables and automatically support configuration history. The 

configuration server API is accessible in C++, Java, Python, C#, Ruby, PHP and Objective-C. 

Instrumentation acquisition data  

The main example of this kind of data is acoustic positioning data. 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 preferable to go through the proxy server. They can even be stored as CConfig structures, in 

ǿƘƛŎƘ ŎŀǎŜ ǘƘŜȅ Ŏŀƴ ōŜ ƘŀƴŘƭŜŘ ŘƛǊŜŎǘƭȅ ōȅ ǘƘŜ ά/ƻƴŦƛƎǳǊŀǘƛƻƴ ǎŜǊǾŜǊΦέ 

 

 

Figure 3-21: Persistency model 

3.3 Detection u nit structure  
As discussed in section 2.1 there are three options for the detection unit structure. All common 

considerations are presented first, followed by the specifics of the three options. The hydrodynamic 

behaviour of the detection units (including those of their anchors and dead-weights) are presented. 

3.3.1 Common Issues 

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

Vertical Backbone  

The link medium for bidirectional data transfer and power distribution is termed the Backbone. As 

discussed in Section 3.2, optical transfer of digital data will be used between the storeys and the 

shore station. The preferred solution is a point-to-point connection with a backup option based on a 

daisy chain connection scheme. 

In the point-to-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 storey (counting from the 

anchor) 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 wavelength 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 storey, the lower half of the cable contains nine bidirectional fibres together with the 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 mm2, leads 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 storey. At each storey the power conductors 

are branched out. Only the input and output fibre and the power conductors are connected to the 

deep-sea 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 deep-sea cable, with fibres 

protected in stainless steel tubes, to pressure resistant containers. Inside the containers one fibre is 

connected to a bulkhead dry-mateable connector whereas the through-going 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, where the electrical and optical 

backbone was combined with mechanical functions in a single inter-storey cable, deployed in more 

than 300 segments. 

An alternative developed in cooperation with SEACON® is the use of a pressure-balanced oil- filled 

cable, in which the fibres 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 the hydrostatic pressure. 

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

In the case of the daisy-chain solution, two input fibres run to the top of the detection unit. One fibre 

enters and exits the even numbered storeys, the 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 two fibres 

are branched out and in. At each storey power conductors are also branched out. These cables can 

be produced in sections with dry-mateable connectors at each storey allowing for the breakout and 

power branching. 

Pressure Balanced Oil Filled Backbone  

Tests have been performed on a prototype oil-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 kg m-3. The hose contained four copper 

conductors (type 18 AWG with a cross sectional area of 0.82 mm2) and forty Corning Vascade® Leaf® 

fibres with a CPC8 coating. Stainless steel containers were used for the breakout units. To each of 

these an oil-filled breakout cable with two fibres and two copper conductors was connected, 

terminated by a SEACON® Mini-Con series connector. The backbone prototype cable had a 40-way 

fibre-optic connector at either end. By interconnecting the fibres a total fibre length of almost 4 km 

was produced. This system was pressure-tested 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 production cable has begun. A specialized company (Baas 

BV) has produced a first feasibility study. The main conclusions of this study were: 

¶ A hose with inner diameter as small as 4 mm is possible for carrying 11 mono-mode fibres; 

¶ The most suitable fibre is the DOW® carbon-polyamid-imid coated fibre for strength, 

hydrogen repulsion and size; 
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¶ 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;   

¶ The hose parts can be fused to form a single system. 

Siemens has recently developed a transformer-oil (Midel 7131) that has excellent ecological 

characteristics and has a density very close to that of seawater (1001 kg m-3 at 40 MPa).   

The present design consists of a 4 mm inner diameter and 6 mm outer diameter Kynar hose, 

containing 11 fibres. Spherical breakout units are fused to the hose and a SEACON® mini-con 

bulkhead connector (1 fibre, 2 conductors) is fused to each breakout unit (Figure 3-22). Two sections 

of 500 m are being prototyped.  

A short inter connecting cable with at one end the mating SEACON® mini-con connector 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 converter for converting 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 limit the damage, due to galvanic corrosion, in case of flooding of the modules.  

The pressure will be 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. The 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.  

 

Figure 3-22: Schematic of breakout 

 

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 upper 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 an incorporated 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 also reduces the horizontal 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 safe (see Section 3.3.5). 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 

installation depth. The choice and segmentation of the top buoy will depend on the deployment and 

unfurling process adopted for the chosen design. 

Sea-Floor Interlink cable  

This EO cable connects the detection unit base to a primary or secondary junction box. All the 

designs propose, during deployment, to accommodate this cable wound on a reel fixed to the 

detection unit anchor. The free end of the cable terminates in a wet-mateable connector of a hybrid 

(electro-optical) type or in a pair of wet-mateable connectors, one electrical and the other optical. 

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 dry-mateable 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 operation 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 has advantages in 

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 active 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 semi-rigid system composed of a sequence of 

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 provides the 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 positioning system, 

environmental probes, etc.). 

 

Figure 3-23: The packed detection unit 

 

An essential aspect of the design is the deployment concept. The detection units described below are 

transported and deployed as compact packages, as shown in Figure 3-23. The package is 

dimensioned to fit in the space of a standard transport container to allow final integration at 

distributed sites and easy transportation to the sea deployment base. Each compact package is 

lowered to the seabed and then unfurled to its final height. The product breakdown of the Bar 

detection unit is given in Table 3.10. 
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Product breakdown for the bar detection unit. 

Component Description Quantity   

Anchor Carbon steel structure to provide weight to keep detection unit 

on seafloor 
1 

Detection unit base Releasable metal structure forming connection between anchor 

and mechanical ropes. 
1 

Storey  Mechanical structure with optical modules and electronics 

container 
20 

Mechanical ropes 5ȅƴŜŜƳŀϰ ǊƻǇŜǎΣ п ƳƳ ŘƛŀƳŜǘŜǊΣ ǊǳƴƴƛƴƎ ǘƘŜ Ŧǳƭƭ ƭŜƴƎǘƘ ƻŦ ǘƘŜ 

detection unit. Supporting and orienting the storey. Length 900 

m. 

4 

Backbone cable Oil filled vertical cable providing power and fibre optic 

connectivity from detection unit base to the storeys. A dry 

mateable connector one fibre and two conductors at each storey. 

1 

Backbone master 

module 

Pressure resistant vessel containing DWDM unit and optical 

circulator circuitry. 
1 

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

Interlink cable Cable with two fibres and two copper conductors, dry mated to 

detection unit and with wet mateable connector at other end. 

Length as required by layout. 

1 

Product breakdown of storey 

Component Description Quantity   

Optical module Described in Chapter 3.1.2 6 

Electronics 

container 

Described in Chapter 3.1.2 
1 

Storey structure Aluminium structure 6 m x 0.4 m to support optical modules and 

electronics container.   
1 

Table 3.10:Product breakdown of Bar detection unit 
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Figure 3-24: 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 anchor is an anode-protected carbon steel trellis with length equal 

to that of the storeys (Figure 3-24). 

During the integration, transport and deployment stages this structure also provides the support for 

the compact package of storeys. 

The dimensions and characteristics of the detection unit anchor are given in Table 3.11. 

Base Unit 

The detection unit base (Figure 3-25) is a trellis structure built in series 5000 corrosion-resistant 

aluminium and attached to the anchor by means of an acoustic release system. 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) 0.4 

Mass of mechanical structure (kg) 55 
Mass (kg) 1500 Mass including OM and electronics 

container (kg) 
115 

Net buoyancy in water (N) 300 Net buoyancy in water (N) 10000 
Table 3.11: Bar detection unit characteristics 
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Figure 3-25: The detection unit base structure 

 

Storeys 

The storeys (shown in Figure 3-26) 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 defined following 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 located in centre of the storey, with the two OMs looking out 

perpendicular to the bar at 45° downward from the vertical. 

 

Figure 3-26: The storey for the Bar detection unit 

Dimensions and characteristics of the detection unit storey are given in Table 3.11. A sketch is 

presented in Figure 3-26.  

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 shape, as shown in Figure 3-27.  
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Figure 3-27: A few of storeys with interconnecting ropes for the Bar detection unit (vertical scale is reduced) 

The configuration of the ropes 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.  

 

Figure 3-28: The flotation system for the Bar detection unit 

The flotation system is connected to the upper storey of the detection unit by ropes of the same type 

as those used for the inter-storey interconnection. 

Dimensions and characteristics of the flotation system are given in Table 3.11 

Ȱ"ÁÒȱ ÄÅÓÉÇÎȡ $ÅÐÌÏÙÍÅÎÔ 

For deployment the detection 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 



 

- 62 - 
 

final working configuration will be reached, after deployment and connection of the structure, 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 usiƴƎ ǘƘŜ ǎƘƛǇΩǎ ŘŜŎƪ 

equipment. 

¶ LƳƳŜǊǎƛƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ ǿŀǘŜǊΦ ¢Ƙƛǎ ƻǇŜǊŀǘƛƻƴ ƛǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ ǎƘƛǇΩǎ ŘŜŎƪ 

equipment. 

¶ Lowering of the structure close to the seabed. This operation requires a winch hosting a 

cable length sufficient for the site depth. 

¶ Positioning of the structure on the seabed. The required accuracy (order of few metres) 

require the availability of an acoustic Long Base Line (LBL). 

¶ Release of the structure. This operation will be performed by remotely actuating an 

acoustic release 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 Section 3.3.1. This 

section gives complementary details on this design. 

¢ƘŜ άǎǘǊƛƴƎέ ŘŜǘŜŎǘƛƻƴ ǳƴƛǘ ƛǎ ŀ ƭƛƎƘǘǿŜƛƎƘǘ ǎǘǊǳŎǘǳǊŜ ƻŦ нл ǎǘƻǊŜȅǎ ŜŀŎƘ ŎƻƳǇǊƛǎƛƴƎ ǎƛƴƎƭŜ haǎ ƻŦ ǘƘŜ 

Multi-PMT type spaced vertically 30 m apart (see Figure 3-29). The structure is designed to have 

minimal hydrodynamic drag. The mechanical and electro-optical structures are separated, the former 

being provided by two ropes and the latter by a separate 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-

contained unit whose failure does not influence the working of the remaining ones. OMs are 

connected to the vertical ropes at regular intervals via individual connection rings. The electro-optical 

backbone cable is an oil-filled equipressure cable that contains a fibre 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 unit to the seafloor network passes via an electro-

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

network.  This interlink is an extension of the backbone cable containing two optical fibres and two 

electrical power conductors. The interface between the two unidirectional fibres to and from the 

ǎŜŀŦƭƻƻǊ ƴŜǘǿƻǊƪ ŀƴŘ ǘƘŜ ōƛŘƛǊŜŎǘƛƻƴŀƭ ŦƛōǊŜǎ ǘƻ ŜŀŎƘ ha ƛǎ ǇƭŀŎŜŘ ǿƛǘƘƛƴ ŀ άƳŀǎǘŜǊ ƳƻŘǳƭŜέΣ ŀ 

pressure vessel that contains the circulator and DWDM multiplexer (section 3.2.2) 

The product breakdown for the detection unit is given in Table 3.12. 
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Anchor  

The anchor in the string detection unit is a dead-weight to which the vertical mechanical ropes are 

connected. It will be constructed of concrete. Between 0.5 and 1 m3 will be required. The weight in 

air of 1 m3 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 ropes 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 electro-optical backbone cable.  

Storey 

For the string detection unit the storey is a single Multi-PMT optical module as described in section 

3.1.4. The single sphere is connected to the ropes of the mechanical structure using a spring-loaded 

titanium ring. The ring has two sets of four titanium cleats. The ropes are run around the cleats and 

Product breakdown for the string detection unit. 

Component Description Quantity   

Anchor Concrete deadweight to keep detection unit on seafloor. 0.5 m3 

Storey  Mechanical structure with optical module 20 

Mechanical ropes 5ȅƴŜŜƳŀϰ ǊƻǇŜǎΣ п ƳƳ diameter, running the full length of the 

detection unit. Supporting and orienting the storey. Length 700 

m. 

2 

Backbone cable Oil filled vertical cable providing power and fibre optic 

connectivity from detection unit base to the storeys. A dry 

mateable connector for one fibre and two conductors at each 

storey. 

1 

Backbone master 

module 

Pressure resistant vessel containing DWDM unit and optical 

circulator circuitry. 
1 

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

Interlink cable Cable with two fibres and two copper conductors, dry mated to 

detection unit and with hybrid wet-mateable connector at other 

end. Length as required by layout. 

1 

Product breakdown of storey 

Component Description Quantity   

Optical module Described in Chapter 3.1.4 1 

Storey structure Titanium ring surrounding optical module with two cleats for 

rope connection. 
1 

Table 3.12: Product breakdown for the String detection unit. 
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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 cable. Figure 3-30 shows the ring structure. 

   

Figure 3-29: Schematic layout of the String Detection Unit (from bottom at left to top at right) 

 

 

Figure 3-30: The spring loaded titanium connection ring 

Deployment  

There have been several requirements formulated for the deployment of the detection unit:   

¶ It should fit in a standard transport container, to facilitate transport to the deployment 

port.  

¶ At least eight detection units should be deployed in a single sea operation of three days 

otherwise these become prohibitively expensive both in time and money 
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¶ These requirements have resulted in a number of restrictions on the deployment 

techniques: 

¶ Deployment must proceed at least as a single unit (compact deployment) 

¶ The detection unit must be in a compact transportable state when deployed  (inner 

dimensions of a 20 ft container: 5.88 x 2.35 x 2.35 m3) 

¶ It must unfurl once on the seafloor 

¶ Deployment frames must be reusable. 

Deployment Structure 

The deployment structure consists of a spherical aluminium structure (see Figure 3-31) with cable 

trays running round its circumference. The diameter is 2.1 m. The three sets of cable trays run from 

pole to pole and are offset by 60̄. Between 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 detection 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 structure is rotated around a winding axis 

ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ŦƛǊǎǘ ŎŀōƭŜ ǘǊŀȅΦ ¢ƘŜ 5ȅƴŜŜƳŀϰ ǊƻǇŜǎ ŀƴŘ ǘƘŜ ōŀŎƪōƻƴŜ ŎŀōƭŜ ŀǊŜ ƭŀƛŘ ƛƴ ǘƘŜ 

trays. After five rotations the next optical module will be aligned with the next hole on the 

circumference and secured in it. This is continued until all holes in this first tray set are filled. (The 

holes at the poles are skipped). The spherical structure is rotated around the north-south axis by 60̄ 

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

then filled followed by the last. During the loading of 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 the spherical 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 are taken by the 

deployment cable rather than the spherspherical structure. 

The spreader is secured to the anchor by an acoustic release mechanism. When released the 

spreader is winched to the surface and the structure rises due to its buoyancy. It rotates as it rises to 

  

Figure 3-31: Spherical deployment structure, design and in reality. 














































































































































































































































