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SUMMARY.

Summary

Context

Lately underwater neutrino telescopes have becameimportant since it is a new and
unique method to observe the Universe. The newram@ uncharged particles and
interact weakly with matter. They can escape framrses which have produced them
and arrive to the Earth unperturbed by magnetildiend without interaction with
other particles. This means that neutrinos cangbuis astrophysical information that
other messengers cannot and, then they can opesteatipl new window on the
Universe.

On the other hand, their low interaction cross isactimposes to build very large
detectors with dimensions of ~1 RnTherefore, it is necessary the instrumentation of
large volumes of water (or ice) with several ogtisensors in order to detect
characteristic signatures of high energy neutrinteractions. One way to detect
neutrino interactions can be afforded through tleeéection of the Cherenkov light
emitted by the muon generated after a neutrinaantmn. This particle travels across
the detector at a speed greater than the speeghbfrl water, so generating a faint blue
luminescence called Cherenkov radiation, which lsardetected through an array of
optical sensors (photomultipliers). The arrival dgn of the light collected by
photomultipliers can be used to reconstruct themrteck, and consequently that of the
neutrino, which has produced it. The accuracy efréconstruction of the muon track
depends on the precision in the measurement olighearrival time and on precise
knowledge of the positions of the optical detectéisr this reason, in an underwater
telescope an acoustic positioning system (APS) tblmonitoring the position of the
optical sensors with an accuracy of ~10 cm is rsargs(about the length of the
photomultipliers diameter). The studies in thissteehave been developed within the
framework of acoustic position calibration in twarBpean collaborations for the
design, building and operation of an underwatetnreutelescope in the Mediterranean
Sea: ANTARES (in operation phase) and KM3NeT (ieparatory phase for the

construction).

Summary



SUMMARY.

In this thesis the work and the results for designideveloping, testing and
characterizing a prototype of acoustic transceteebe used in the APS of the future

KM3NeT neutrino telescope are presented.

Objectives
The goals of this thesis can be summarized indhewing aspects:
- Design of the acoustic transceiver for the APS BI3NeT.
- Development of the acoustic transceiver prototype.
- Characterization of the transceiver in the labosaémd in the sea.
- Adapting the prototype for its integration in ANTAS and NEMO sites for the

in situ test.

Elements of the methodol ogy to emphasize

We would like to remark that the work of the thekas been developed within the
international consortium KM3NeT, funded with Eurapeand National funds.

Due to the context and the nature of the activili@se it has been necessary training in
different fields: neutrino telescopes and astroglad, but also in other field such as
underwater acoustics or transducers. Moreovererdifit skills and abilities in different
application fields have been developed: instruntemtadesign and characterization of
the acoustic system in water, data analysis, etcticBlarly, in order to design the
transceiver, the acoustic transducer has been rhasmrding to the performance for
the proposed application and afterwards specifectednics has been designed.
Different configurations of the measurements hagenbset up to test and prove the
prototype, the different measurements have beenyzath and the results and
conclusions have been obtained. Finally, the taskards the integration in underwater

neutrino telescopes have been done.

Results

Different studies for the development and testih@ @rototype of transceiver for the
proposed APS of KM3NeT have been done. The prototgmsists of a transducer type
Free Flooded Ring FFRSX30 with 20-40 kHz frequerasyge and an electronic board
named SEB (Sound Emission Board), especially dedidor it. The SEB is able to

manage the emission and reception of different adggnas well as allowing the

communication and configuration of the system. liirst step, the characterization of
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SUMMARY.

the hydrophones has been done in order to studgehsitivity and its dependence at
high pressure (up to 440 bars). In a second dtepyhole system (FFRSX30 plus SEB)
has been tested and characterized in differenticonsl (tank, water pool and harbour
of Gandia) in order to integrate it in the ANTARESEMO and KM3NeT neutrino
detectors. The proposed transducers have goodotbasics for their application for
the KM3NeT APS and they can also be used as rasegibet in this case a good
parameterisation of the sensitivity as a functidérthe frequency and angle for each
transducer will be needed.

The transducers have a very low intrinsic nois@20-dB re \//Hz (~<Sea State 1) and
they are quite stable at different pressures,ithaith depth. For simplicity and due to
limitations to the integration in both detectotsyas decided to test the transceiver only
as emitter. The receiver functionality will be #&tsuccessively in other tests. The
changes performed in the transceiver in order tegmate it in the different detectors
show that the system is versatile and adaptablleetalifferent conditions. The system,
with low power consumption, is able to have a traittsng power above 170 dB re
luPa@1m that combined with signal processing teclesi@iow to deal with the large
distances involved in a neutrino telescope.

In conclusion, the system has been integrated sutitess in ANTARES and NEMO
neutrinos telescopes and, after being proved in giwill be implemented in the final
configuration of the KM3NeT detector. Finally, weowd like to remark that the
acoustic system proposed is compatible with théemiht options for the receiver
hydrophones proposed for KM3NeT and it is versasitein addition to the positioning
functionality, it can be used for neutrino acouddietection studies or for acoustic
monitoring studies in deep-sea. Moreover, the tainer (with slight modifications)
may be used in other acoustic positioning systenesrotter-receiver systems, alone or
combined with other marine systems, where the iwatbn of the sensors is an issue.
In that sense, the experience gained from thisarekecan be of great use for other

possible applications.
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SUMMARY.

Resumen

Contexto.

En los ultimos afios los telescopios submarinos adgrinos han cobrado una mayor
importancia ya que consisten en un nuevo y Unigiriumento para observar el
Universo. Los neutrinos son particulas sin cargateractian muy débilmente con la
materia que les rodean, pueden escaparse facildernéefuente que los ha producidos
y llegar a La Tierra sin ser desviada por los campagnético y sin interactuar con otras
particulas. Esto implica que los neutrinos puedaertinformaciones astrofisicas que
otros mensajeros no pueden aportar y abrir unanpiateventana hacia el Universo.
Por otro lado, su baja interaccion con la materipane la necesidad de construir un
detector de grandes dimensiones del orden de*utifizando volumen de agua o hielo
y con muchos sensores opticos para detectar éstadoion de neutrino de alta energia.
Un método para detectar neutrinos es a traveés lde @herenkov emitida por el muon
generado después de una interaccion de neutriteo pBicula, al atravesar el detector
con una velocidad superior a la luz en el mediogge una débil luz azulada llamada
radiacion de Cherenkov que es detectada por una dedsensores O6pticos
(fotomultiplicadores). El tiempo de llegada deua & los fotomultiplicadores puede ser
utilizado para reconstruir la traza del muon y emagntemente del neutrino que lo ha
producido. La precision en la reconstruccion detréza del muon depende de la
precision en la medida del tiempo de llegada dezly en la precision en de la posicién
de los sensores oOpticos en el detector. Por esém,r@n telescopios submarinos es
necesario un sistema de posicionamiento acustid®@SYAcapaz de monitorizar el
movimiento de los sensores Opticos con una precide ~10 cm (practicamente la
longitud del diametro del fotomultiplicador). Lostedios realizados estdn enmarcados
dentro de las actividades de calibracibn de pasicioento acustico en dos
colaboraciones europeas para el disefio, construcgi®peracion de telescopios
submarinos de neutrinos en el Mediterraneo: ANTARES fase de operacion) y

KM3NeT (en fase de preparaciéon para la construgcion

Sintesis.

En esta tesis se presentan los trabajos y ressltfpai@ el disefio, desarrollo, test y
caracterizacion de un prototipo de transceptortexipara ser utilizado en el APS del
futuro telescopio de neutrinos KM3NeT.
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Objetivos.
Los objetivos de este trabajo pueden resumirsessidguientes aspectos:
- Disefio del transceptor acustico para el APS de KM3N
- Desarrollo del prototipo de transceptor acustico.
- Caracterizacion del transceptor en el laboratoen gl mar.
- Adaptacién del prototipo para su integracion en ARES y NEMO sites para

su validacion in situ.

Elementos de la metodologia a destacar.

Cabe destacar aqui que el trabajo se ha desacodladel marco del consorcio
internacional KM3NeT, financiado con fondos euragpgmacionales. Por su contexto y
el caracter de las actividades realizadas ha sedesaria la formaciéon en distintos
campos: telescopios de neutrinos y astroparticpks, también en otras areas como la
acustica submarina y los transductores. Ademas,haedesarrollado diversas
capacidades y destrezas en diversos ambitos: drumentacion, en disefio y
caracterizacion de sistemas acusticos en aguaatisis de datos, etc.

Mas concretamente, para el disefio del transceptba £legido el transductor acustico
con mejores prestaciones para la aplicacion propuese ha disefiado la electrénica.
También se ha realizado diferentes configuracidleesedidas para testear y validar el
prototipo, se han analizado las diferentes medydas ha obtenido los resultados y
conclusiones. Finalmente, se ha realizado las ésbpara su integraciéon en telescopios

de neutrinos submarinos.

Resultados logrados.

Se ha realizado el estudio, desarrollo y test dpratotipo de transceptor para el APS
de KM3NeT propuesto. El prototipo es constituida po transductor de tipo Free
Flooded Ring FFRSX30 con rango de trabajo desdadf0hasta 40 kHz y una tarjeta
electrénica llamada SEB (Sound Emission Board) zagpa controlar la emision y
recepcion de diferentes sefales. En primer lugarha caracterizado los transductores
con el fin de estudiar su sensibilidad y su depectidea elevada presion (hasta 440 bar).
En segundo lugar se ha testeado y caracterizagisteina entero (FFRSX30 mas SEB)

en diferentes condiciones ambientales (tanquejnpisg puerto de Gandia) con el
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objetivo de integrarlo en los detectores de neosriANTARES, NEMO y KM3NeT.
Cabe destacar que los transductores propuest@nmesuenas caracteristicas para su
aplicaciéon en el APS del detector KM3NeT e inclus® podrian utilizar como
receptores, aunque se tendrian que considerarependencias en sensibilidad para
diferentes frecuencias y angulos. Tienen un ruiddnseco muy bajo ~ -120 dB re
V?/Hz (~< Sea State 1) y son bastantes estables al varlargtesion, es decir, con la
profundidad. Por simplicidad y debido a las limite@s por su integracion en los
detectores, se ha decidido de utilizar el sistead@a somo emisor y la funcionalidad
como receptor sera testeada sucesivamente en agrdiguraciones. Los cambios
aportados por la integracion en los diferentesaotietes destacan que el sistema es muy
versétil y capaz de adaptarse a las diferentesaonds. El sistema tiene baja potencia
de consumo y es capaz de obtener una potenciastaision mayor que 170 dB re
1luPa @ 1 m que combinado con técnicas de procesadernaé permitiria llegar a las
largas distancias implicadas en los telescopiasedé&inos.

En conclusion, el sistema se ha integrado posigvaeen los telescopios de neutrinos
ANTARES y NEMO vy, tras su validacion in situ, semdplementado en la
configuracion final del detector KM3NeT. Ademasfemarca que el sistema propuesto
es compatible con las diferentes opciones parafoidos propuestos para KM3NeT y
es versatil, con lo que puede ser utilizado tamieiérel estudio de la deteccion de
neutrinos o estudios de monitorizacion acusticalemar. Asimismo, el sistema (con
algunas modificaciones) puede ser utilizado ewsosistemas de posicionamiento
acustico o sistemas de emisidn-recepcion, autébnantsnbinado con otros sistemas
marinos, y en donde la localizacion de los senseseslave. En este sentido, la
experiencia ganada a través de esta investigaciédepser de gran valia para otras

posibles aplicaciones.

Agradecimientos.
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Programa Marco Europeo, Contract no. DS 011937 yanGrno. 212525,

respectivamente.






SUMMARY.

Resum

Context.

En els Ultims anys els telescopis submarins derineuhan cobrat una major
importancia ja que consisteixen en un nou i Unétrinment per observar I'Univers. Els
neutrins son particules sense carrega i interachwdgihdebilment amb la matéria que els
envolten, poden escapar facilment de la font gei@&lproduit i arribar a La Terra sense
ser desviats pels camps magnetics i sense intaraamb altres particules. Aixo implica
gue els neutrins poden portar informacions asipfés que altres missatgers no poden
aportar i obrir una potencial nova finestra caflUaivers. D'altra banda, la seva baixa
interacci0 amb la materia imposa la necessitat @estouir un detector de grans
dimensions, de l'ordre d'1 km3, mitjancant un gralum d'aigua o gel i amb molts
sensors optics per detectar aquesta interacciGedtird'alta energia. Un metode per
detectar neutrins és a través de la llum Cherepkoesa pel mué generat després d'una
interacci0 de neutri. Aquesta particula, en trevess detector amb una velocitat
superior a la llum en el medi, genera una feblelllavosa anomenada radiacié de
Cherenkov que és detectada per una xarxa de sedystics (fotomultiplicadors). El
temps d'arribada de la llum als fotomultiplicadpos ser utilitzat per reconstruir la traga
del muo i consequentment del neutri que I'ha ptodaiprecisié en la reconstruccio de
la traca del mud depen de la precisio en la medelriemps d'arribada de la llum i en la
precisié de la posicié dels sensors oOptics en ékctler. Per aixo, en telescopis
submarins és necessari un Sistema de Posicionakeidtic (APS) capac¢ de
monitoritzar el moviment dels sensors optics amka yrecisi6 de ~ 10 cm
(practicament el diametre del fotomultiplicador)s Estudis realitzats estan emmarcats
dins de les activitats de calibratge de posiciomdanaelstic en dues col-laboracions
europees per al disseny, construcci6 i operaciteldscopis submarins de neutrins a la
Mediterrania: ANTARES (en fase d'operacid) i KM3N@h fase de preparacio per a la

construccio).

Sintesi.
En aquesta tesi es presenten els treballs i respka al disseny, desenvolupament, test
I caracteritzacio d'un prototip de transceptor acyger ser utilitzat en I'APS del futur

telescopi de neutrins KM3NeT.
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Objectius.

Els objectius d'aquest treball es poden resumal®reglents punts:

- Disseny del transceptor acustic per a I'APS de3KMT.

- Desenvolupament del prototip de transceptor acust

- Caracteritzacio del transceptor al laboratotimar.

- Adaptacio del prototip per a la seva integracicANTARES i NEMOsitesper a la

seva validacio in situ.

Elements de la metodologia a destacar.

Cal destacar aqui que el treball s'ha desenvokmpal marc del consorci internacional
KM3NeT, financat amb fons europeus i nacionals. ¢eitext i el caracter de les
activitats realitzades ha estat necessaria la ftémen diferents camps: telescopis de
neutrins i astroparticules, pero també en altregsacom l'acustica submarina i els
transductors. A més, s'ha desenvolupat diverseacitafs i destreses en diversos
ambits: en instrumentacio, en disseny i caractarifede sistemes acustics en aigua, en
analisi de dades, etc.

Més concretament, per al disseny del transceptartgat el transductor acustic amb
millors prestacions per a I'aplicacio propostdaslissenyat I'electronica. També s’han
realitzat diferents configuracions de mesures petejar i validar el prototip, s'han
analitzat les diferents mesures i s'han obtingsitresultats i conclusions. Finalment,

s'’han realitzat les tasques per a la seva intégeacielescopis de neutrins submarins.

Resultats assolits.

S'ha realitzat I'estudi, desenvolupament i test dhototip de transceptor per a 'APS de
KM3NeT proposat. El prototip és constituit per wensductor de tipubree Flooded
Ring FFRSX30 amb rang de treball des de 20 kHz finsOakHz i una targeta
electronica anomenada SEBound Emission Boaydcapac de controlar I'emissio i
recepcio de diferents senyals. En primer lloc, sdracteritzat els transductors amb la
finalitat d'estudiar la seva sensibilitat i la selggpendencia a elevada pressio (fins a 440
bar). En segon lloc s'ha testejat i caracteritzatstema sencer (FFRSX30 més SEB) i
s’ha provat el sistema en diferents condicions anthls (tanc, piscina i port de Gandia)
amb l'objectiu d'integrar-lo en els detectors detmres ANTARES, NEMO i KM3NeT.

Cal destacar que els transductors proposats pesséones caracteristiques per a la

10
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seva aplicacié en I'APS del detector KM3NeT i fin®t es podrien utilitzar com a
receptors, encara que s'haurien de consideragves slependéencies en sensibilitat per a
diferents frequiéncies i angle. Tenen un sorolfrisgc molt baix ~ -120 dB re’iHz (~

< Sea Statd) i son bastant estables en variar la pressia,dds amb la profunditat. Per
simplicitat i a causa de les limitacions per lassetegracio en els detectors, s'ha decidit
d'utilitzar el sistema només com a emissor i laifmalitat com a receptor sera testada
successivament en altres configuracions. Els caapistats per a la integracié en els
diferents detectors destaquen que el sistema dsvershtil i capa¢ d'adaptar-se a les
diferents condicions. El sistema té baixa potedeaconsum i €s capac¢ d'obtenir una
poténcia de transmissiéo major que 170 dByueadl@ 1 m que combinat amb técniques
de processament del senyal permetria arribar Balggies distancies implicades en els
telescopis de neutrins.

En conclusio, el sistema s'ha integrat positivamemtels telescopis de neutrins
ANTARES i NEMO i, després de la seva validacio itu,ssera implementat a
configuraci6 final del detector KM3NeT. A més, esnarca que el sistema proposat és
compatible amb les diferents opcions d’hidrofonsppisats per KM3NeT, i €s versatil,
amb la qual cosa podria ser utilitzat també etukkgle la deteccié de neutrins o estudis
de monitoritzacio acustica al mar. Aixi mateixsidtema (amb algunes modificacions)
podria ser utilitzat en altres sistemes de posacr@nt acustic o sistemes d'emissio-
recepcio, autonoms o combinats amb altres sistenass, on la localitzacié dels
sensors és clau. En aquest sentit, I'experien@aygua a través d'aquesta investigacio

pot ser de gran interés per a altres possiblesaajdins.

Agraiments.

Aquest treball ha estat financat pel Ministeri denCia i Innovacié (Govern espanyol),
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INTRODUCTION.

| ntroduction

The seas and oceans comprise more than 70% ofatttie’€€surface, and as a natural
resource of raw materials, fuel and food, they haseer been as important as today.
The deep sea is mostly dark, optically opaque avesb dhot allow for propagation of
electromagnetic waves since salt water exhibitgang conductivity, and is therefore
highly dissipative. Contrarily, the water is acocelly transparent and is a natural
medium for the effective transmission of acoustiaves, carrying information
underwater. In this thesis underwater acousticapigied for the position calibration
systems of deep-sea neutrino telescopes. Recertljrino telescopes have become an
important tool of astroparticle physics, providiaghew and unique method to observe
the Universe. Neutrinos are uncharged particlesiateract weakly with matter. They
can escape from the sources which have produced toed arrive at the Earth
unperturbed by magnetic fields and without intecacctvith other particles. This means
that neutrinos can bring us astrophysical infororatinat other particles cannot and,
opening a potential new window to the Univer$ée studies done in this thesis have
been developed within the framework of the desigd prototyping for the acoustic
position calibration of the future KM3NeT deep-seautrino telescope. The outline of
the thesis is as follows.

In Chapter 1 the history of applications of undeaewxacoustics will be overviewed as
well as the use of underwater transducers, eitheacaustic sources or as underwater
acoustic receivers. Moreover a brief sketch onntiiigary and civilian application will
be described. Particularly, the application of #wustic positioning, nucleus of this
thesis, will be deeply described.

Since the main aim of this work is the acousticifpmsng system in underwater
neutrino telescopes, Chapter 2 focuses on the iggsor of underwater neutrino
telescopes and of the different detector developieat are in operation and in
construction. In particular, we will pay attentitmtheir acoustic positioning systems in
order to describe the basis for the new acoussdipaing system proposed for the new
and bigger KM3NeT underwater detector.

Chapter 3 presents the experiments and tests wiaeh been carried out to design,
develop and characterise the acoustic transceorethé KM3NeT positioning system.

13



INTRODUCTION.

The transducers and electronics used and thedestson them are described in detall,
as well as the tests of the whole system in differenvironments (tank, pool and
harbour) in order to prove the system in differeomditions. The results of these tests
are also discussed.

Finally, the activities for the integration of tlaeoustic transceiver prototype in the
ANTARES and NEMO neutrino detectors are detailedCimapter 4. The expected
behavior of the transducer as well as the expgutessure and signals obtained by the
ANTARES/AMADEUS and NEMO hydrophones are presentedlata analysis of the

latest tests realized with this prototype and #seiits are also described and discussed.

14



CHAPTER 1. Principles and Applications to Underwateoustics

Chapter 1

Principles and Applicationsto Underwater Acoustics

1.1 History of the applicationsto underwater acoustics

The oceans are a vast, complex, mostly dark, dpticgpaque but acoustically
transparent world that has been only thinly sampledoday’s limited technology and
means of science. Underwater acousticians and &calusceanographers use sound as
the premier tool to determine the detailed chareties of physical and biological
bodies and processes at sea. Myriad componentieofotean world are being
discovered, identified, characterized, and imaggdtheir interactions with sound
[MEDO5]. In fact, the possibility of using sound ttetect distant ships, by simply
listening to the noise they radiate into the walt@s apparently been known for a very
long time. Leonardo da Vinci is often mentionedths first to propose this. But
practical applications have been more recent, haditst underwater acoustic devices
used efficiently were the passive detection systeegeloped by the Allies during
World War [, to counter the then new threat of Gamnsubmarines. The idea that
obstacles to navigation and targets in warfare ccdoé detected bwctive acoustic
systems has been studied from the beginning of th8 @éntury, in particular, after the
steamshipritanic struck an iceberg in 1912. Within a month of theadter, a patent
application was filed by L.R. Richardson in the tddi Kingdom (10 May 1912) for
“detecting the presence of large objects under wate means of the echo of
compressional waves (directed in a beam) by a gimje The basic idea was that a
precise knowledge of the speed of sound in watet tlhe travel time of the sound from
source to scattered and back to the source/recgpeemits the calculation of the
distance to the scattering body. This was to beb#wnning of the use of underwater
sound projectors and receivers. They were to bieccd5ONARs” i.e., devices for
Sound Navigation and Ranging [MEDO5]. But, a mdagakthrough came from Paul
Langevin, a French physicist, where during grouadking experiments on the River
Seine and at sea, between 1915 and 1918, he deatedsthat it was possible to

transmit signals, and to actively detect submarirgiging both their angles and
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distances from the receiver. His decisive innovationsisted in using piezoelectric
transducer to replace capacitive transducer. With Langevinigention more efficient
sandwich transducer bore. Although these develomeame too late to be of much
use against submarines in World War |, numerousnieal improvements and
commercial applications followed rapidly [DAVO0Z2].

Between the two world wars, sonar technology impdoeonsiderably. It benefited
from the emergence of first-generation electromind from progress in the newborn
radio industry. At the beginning of World War Ihe technology of active sonar was
advanced enough to be used on a large scale Allibé navies (these were the famed
ASDIC systems of the Royal Navy). In particulag tHSA entered the war in 1941 and
made a huge effort in sonar research and develdpri@s greatly improved the
performance of active sonar systems, as well asutigerstanding of underwater
acoustic propagation, or the theories associated detection and measurement of
signals buried in noise.

After the war had ended in 1945, the “Cold War’vietn the Western and Eastern
blocks resulted in continued efforts in scientiiad technological research would
continue. In the following years, in the West andhe Soviet Union, large programmes
of research and experimentation were started. &tetid of the 1950s, a new impulse
was given by the appearance of nuclear submariapabte of launching strategic
missiles, followed swiftly by the production of atk nuclear submarines. This led to a
complete review of underwater warfare strategiesesuntil then, the sonar was used
locally to monitor ship convoys or shipping cornisloNow, it had to be able to monitor
vast areas of the oceans. In the 1960s, priority thas given to the study of passive
detection techniques, capable of achieving mudlelaranges than active acoustics. A
technological revolution occurred at the end of 860s, with the introduction of
digital signal processing. This led to the incremseapabilities and versatility of sonar
systems. The extreme degree of sophistication eshel this time by passive sonar
was, however, countered by progress in reducingsamonoise radiated by submarines.
So the trend was again reversed in the 1990s, avithturn of active sonar techniques,
extended to lower frequencies (to reach largere@gngrhose studies at the end of the
20" century confirmed the importance of mastering sdeahniques to counter the
treats of attack submarines or of mines.

In parallel with military developments, oceanogna@md industry were able to profit

from the development of underwater acoustikustic sounders quickly replaced the
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traditional lead line to measure the water deptlovoea ship or to detect obstacles. It
became widely used between the two world wars addyt these systems are both
scientific instruments and indispensable navigatamis. These same systems began to
be used to detect fish shoals early in the 1920demwater acoustics has progressively
become one of the main elements of sea fishing smehtific monitoring of the
biomass. The use dafidescan sonars to obtain “acoustic images” from the seabed
became one of the major tools of marine geologgratteir invention in the early
1960s. The efficiency of seabed acoustic mappirggeased dramatically with the
emergence in the 1970s oifultibeam echosounders, allowing multiplication of the
number of simultaneous soundings. Merged with saledmagery at the end of the
1980s, this concept today allows for the collecodbmaps of remarkable quality, which
measure both the topography of the seabed aratatsstic reflectivity (i.e., yielding
insights into its nature). The offshore oil and erndater industries were also concerned
with acoustic mapping developments. They initiatbé development of specific
acoustic techniques for thgositioning of ships or underwater vehicles, or for data
transmission. In the domain of physical oceanography, the pgapan of acoustic
waves has been used since the 1970s to measureldgidal perturbations locally
(acoustic Doppler current profiling) or on a medium scaleodean acoustic
tomography). Techniques of acoustic monitoring have even lsggested to monitor
the evolution of the average temperature of laigan basins on a permanent basis, as
part of global climate studies.

Therefore, the number and type of applications dr@svn and underwater acoustics
today plays in the ocean the same essential ralgeg@lby radar and radio waves in the

atmosphere and in space [LUR 02].

1.2 Underwater Electro-Acoustic Transducers

During the years, underwater electro-acoustic ttaocsrs have been instrumental for
the transmission and reception of underwater amosginals. They convert acoustic
energy into electric energy and vice versa. Undewacoustic sources are called
projectors. The reception transducers are calhgdrophones. Extended transducers are
namedantennas, or arrays. The latter expression is usually reserved farcstires made

up of several elementary transducerstrdnsmitter is made up of a projector and its
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associated electronics. Similarly, a receiver iglenap of a hydrophone array and its
associated low-level electronics (preamplifier &hdrs).

Underwater acoustic transducers use several phymiceesses to generate or receive
sound waves. Presumably, 90%-95% of underwater siicotransducers use the
piezoelectric properties of some crystals, natural or artifigiedramics). An electric
field applied to these materials causes a defoomatelated to electrical excitation.
These mechanical deformations in turn create awoustves (Fig.1.1). The opposite
effects are used in reception: a piezoelectric natstressed by sound waves will

generate an electric potential between its sides.

Acoustic waves

S e Eel
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Mechanical stress

Piezoelectrico ceramics

Figure 1.1: Piezodlectric effect: (left) transmission: applying an electric signal to a piece of
piezoelectric material induces a mechanical deformation, generating an acoustic wave; (right)
reception: the mechanical stress caused by the acoustic wave is transformed by the piezoelectric

material into an electric voltage [LUROZ] .

Natural piezoelectric crystals, such as quartz egr&tte salt, were used in the early
days of underwater acoustics. Such crystals are neplaced by synthetic ceramics.
They are produced by mixing components under héghperature and high pressure
(sintering). The resulting material is then machined to thmethsions required and
coated with metal. The ceramics produced is nottgm@ously polarized; this is created
artificially by applying a very intense electrield to induce aemnant polarisation.
The piezoelectric effect will be linear and revblsiaround this remnant polarisation.
The fundamental equations of piezoelectricity ltokgether the mechanical, electrical
and piezoelectrical values of ceramics. As a singalee, we mention here that the
thicknessa of a ceramic plate, submitted to a voltagdetween its sides (assumed
perpendicular to the direction of polarisation, §&g 1.2), will vary proportionally to
the amplitude of the excitation:

Aa = d33V (1.1)
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whered;; is the piezoelectric constant of the ceramic in the direction of polarisation.
The resulting mechanical displacement are very Isihaé to the typical values df;,
e.g.,dsz3 ~ 40 — 750 - 10712 m/V for PZT (lead and titanium zirconate). Ceramics
used to transmit high powers show a typical valfid;9 ~ 300 - 10712 m/V; thus, a
voltage of 1,000V will yield a thickness variatian = 0.30um. The mechanical effect
can be amplified by stacking several piezoeleatecamic plates, to which electric
excitations will be applied in parallel, hence cuatimg small displacements. On
reception, a ceramic plate of thicknes&nd surfaceS undergoing a compressidn
parallel to its direction of polarisation will geiage a voltage:

F
4 = g33a7 2.

The constany;; equals cal5 — 30 - 1073 V. m/N for PZT (for comparison, a natural
quartz piezoelectric crystal has characteristiceslofd;; ~ 21072 m/V andg;; ~
50 - 1073 Vm/N).

Polarisation

Figure 1.2: Deformation of a piezoelectric ceramic disk submitted to an electrical tension
[LUROZ].

In general, underwater transducer (when transmgjttwork around their resonant

frequency to yield the best output level achievaBl#t it is often possible to look for a

compromise with a bandwidth broad enough to paserakclose frequencies, or a
wide-spectrum modulated signal. The receiving tlaosrs used in sonars generally
work around their resonance regime. Hydrophones #ra used for laboratory

measurement are wideband devices.

Finally, directional transducers are sometimes guretl, as specific directions of
transmission and/or reception can be achieved anttatled. Thedirectivity pattern of

an antenna can be obtained either from the traesdigometry or processing the signal
emitted by the elements of array. This study pexrndatcontrol both the signal-to-noise
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ratio of the measurement (via the directivity indexd the target angle estimation,

essential in many sonar systems [LURO2].

1.2.1 Underwater acoustic sources and hydrophones

1.2.1.1 Tonpilztransducers

Tonpilz technology is the most frequently used in undegwaicoustic transducers.
Piezoelectric ceramic plates are separated byreted (Fig. 1.3) and stacked under
strong static pressure imposed byrestressing rod. This stack is interdependent by the
radiating headmass (balanced by aailmass at the other end). It transmits to the
surrounding water the vibrations induced by a dgvelectric field applied along the
electrodes of the stack of piezoelectric disks. @ihtre system, covered with a polymer
coating, is packaged inside a waterproof housingdfwith air to limit backward
radiation of the headmass. This air filling predsdhe use of Tonpilz transducers at
large depths, since the housing risks being crublgddgh hydrostatic pressures. Filling
it with oil increases the depth achievable, atekgense or lower sensitivity.

The size of the piezoelectric ceramics that areth@ transducer determines the
resonance frequency, the transmission level aneldwtrical impedance. The diameter
and the thickness of the headmass, acting as stararer adapting the active ceramics
to the propagation medium, influence both the resoa frequency and the
transmission level. The use of a sufficiently lighetal (e.g., aluminum or magnesium)
makes it possible to broaden the bandwidth. The i the tailmass is to limit
backward acoustic radiation, and to tune the rasmndrequency. To be effective, it
must be made of a dense enough material (e.gl ostbeonze).

Tonpilz transducers are based on a resonance don€hpy can achieve high
transmission levels with good power efficiency, they only allow for limited band-

widths. Quality factors as low as 2 or 3 can bewigd (this means that that bandwidth
is% oré of the resonant frequency). Because of their fndelsign, Tonpilz transducers

are very successful in the majority of applicati@srequencies typically between 2
kHz and 50 kHz. At frequency around 1 kHz and beltdwveir size and their weight
make them too cumbersome for practical applicatio@®nversely, at higher
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frequencies, their dimensions are so small that Beezome difficult to build, and other

simpler solutions are then preferred [LURO2].

Tailmas Stack of ceramic disks
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Figure 1.3: Transverse section of a typical Tonpilz transducer [LUROZ2] .

1.2.1.2 High-frequency transducer

At high frequencies, where Tonpilz technology canlanger be used, one uses blocks
of piezoelectric ceramics, electrically driven ditg by surface electrodes. Many
different shapes can be built: rods or parallelegg rectangular or round plates, and
rings. They work best at the resonant frequendh®fconstitutive ceramics, determined
by its thickness, equal to the nominal half-wavgtenThis type of transducer is used at
frequencies typically larger than 100 kHz, but lowleequency dimensioning is
achievable down to 50 kHz. These transducers awngly resonant, and their
bandwidth (with a typical quality factor betweerabd 10) is less advantageous than
that of Tonpilz transducers.

If the dimensions of an elementary ceramic bloakreot large enough, several of them
are built into the antenna by fixing on a rigid kiag structure (Fig. 1.4). The most
common shapes are rectangles or rings, dependitfiedype of directivity sought. The
mechanical behaviour of the backing (material amdedsions) is very important, as it
limits backward acoustic radiation, which shouldasesmall as possible.

To ensure good acoustic radiation from the ceranmtts the water, the entire set is

either moulded in an elastomer matrix, or embeddeth acoustically transparent fluid-
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filled housing (most commonly castor oil). This ¢ypf equipressure packaging makes
these transducers particularly well suited to latgpths.

At high frequencies, another possibility is the@mposite ceramic technology.
Piezoelectric sticks are grouped to form a giveojgmtor shape, and embedded in a
polymer matrix ensuring mechanical rigidity. Thisakes it possible to manufacture
transducers of varied shapes with a relatively goedormance, both in efficiency and
in bandwidth [LURO2].

Elementary ceramics
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Figure 1.4: High-frequency linear transducer based on monolithic ceramics [LUROZ].

1.2.1.3 Low-frequency transducer

At very low frequencies (below 1 kHz), acoustic m@utechnology encounters serious
limitations. The transducer must be capable of stéthding at the large amplitudes
emitted; and they are very heavy and big.

Several solutions have been proposed (Fig. 1.9) eae being generally adapted to

solve a particular problem. Among them, one caer cit

— The extension of Tonpilz technology to low frequesc with some
modifications. For example, th#&anus concept equips the Tonpilz transducer
with two opposing projectors (Fig. 1.5a). This typlesolution is particularly
well suited when high transmission levels are nexglii

— Sources based on théelmholtz resonator technology. These are commonly
used by oceanographers for acoustic tomographyriexgets. An open metal
tube is excited at one end by a piezoelectric dri\@g. 1.5b). The entire
structure resonates at a frequency giverLby/4, whereL is the length of the
tube. Initially designed for frequencies betweerD 49z and 250Hz, this

solution is simple, robust, low-cost and insensitiw hydrostatic pressure.
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Unfortunately, it shows poor efficiency, limited ywer and very narrow
frequency bandwidths.

— A Helmholtz resonator can be coupled with a Jamarsstiucer, leading to the
Janus-Helmholtz concept (Fig. 1.5¢). Coupling the resonance of the transdu
with that of the Helmholtz resonator yields a wissndwidth and is efficient at
the same time. This means that the elasticity exthé resonator cavity must be
increased, using either compliant tubes or a cossgke fluid. Initially
designed for military low-frequency active sonaasd usable at great depths,
this concept has been extended to sources uselysicpl oceanography and
marine seismology.

- Flextensional transducers are also an appealing solution for -paker
applications such as military sonars. They corgisin elastic shell, in which
an electro-acoustic driver is inserted. This is fhezoelectric stack, whose
longitudinal vibrations induce deformations in tlaeliating shell. The Class IV
type (Fig.1.5d) is the most commonly used: thelskehn elliptical cylinder,
and the ceramic bar is inserted along its mainataakis. These transducers
have a high efficiency at low frequencies, with garct dimensions. However,
they cannot withstand high pressure, as the stwformation of the shell
decouples it from the piezoelectric driver.

— Hydraulic technology has been used for acoustic thermomstperiments
requiring large, broadband transmissions aroundz60&l hydraulic block,
electrically controlled, moves radiating shellsugh a piston. Well suited to
very low frequencies, this transducer concept meguhnigh electric power and
specific cooling devices; it is therefore ill-adeghtto autonomous sources.

— Electrodynamic sources similar to aerial loudspeakers can be tsé&dnsmit
broadband low-frequency signals. But the levelsilabke are very limited
because of mediocre efficiencies, and it is verf§iadilt to compensate for

hydrostatic pressure below a few metres [LUROZ2].
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Figure 1.5: Examples of low-frequency acoustic transducers: Janus Tonpilz (A); Helmholtz
resonator (B); Janus-Helmholtz (C); Class |V flextensional (D) [LUROZ2].

1.2.1.4 Hydrophones

Hydrophones are receiving transducers, designegrigert the acoustic pressures into
electrical signals. They usually are piezoelealgeices, most often made of PZT (Lead
Zirconate Titanate), featuring good sensitivity dod internal noise leveld.ithium
sulphate is reserved for high-frequency measurement hydmes. Physically large
hydrophones (e.g., submarine flank arrays) are 8oree made in PVDF
(polyvinylidene bifluoride), a versatile material which can be tailored ity large
plates, easily fitted on curved surfaces. Fina#lg, with projectorspiezo-composite
materials are increasingly used: they are made of ceram@mehts embedded in a
polymer matrix.

Contrary to projectors, hydrophones are often cliapafbworking over a wide frequency
band. This is because they do not actually nedaettuned to a particular resonance
frequency. Their sensitivity (ratio of the outpuedaric power to the input acoustic
power) is usually not problematic, as the eledignal can always be amplified. But it
Is imperative that low acoustic signals can be deteamidst the internal noise of the
receiver (combination of the internal noise of ttegamics and the self-noise of the
amplifier). Measurement hydrophones are usually lism@ampared with acoustic
wavelengths, and their frequency resonance istegjdzeyond the upper limit of the flat
part of the frequency response (Fig. 1.6). A resplidirectivity pattern can be obtained

by combining several hydrophones into a large array
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The same transducer is often used for transmisaimh reception in many sonar
systems, e.g., single-beam echo sounders, acaspipler current profilers (ADCPS),

sidescan sonars.
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Figure 1.6: (Left) Frequency response curve and bandwidth 6f_5 ;5 of a transducer. (Right)

Frequency response curve of a hydrophone: the resonance frequency f, isreected beyond the
effective bandwidth B [ LUR0Z] .

1.3 Underwater Acoustics Applications

The use of underwater sounds is a recent techrallodgevelopment and it is now part
of most human activities at sea. Its technologggplied in the oceans, scientifically,
militarily or industrially. The number and type applications has grown considerably,

and in general, they are used underwater to:

a. “detect” and “locate” obstacles and target; thishis primary function of sonar
systems, mostly for military applications such asi-aubmarine warfare and
minehunting, but also used in fisheries;

b. “measure” either the characteristics of the margmvironment (seafloor
topography, living organisms, currents and hydrmalgstructures, etc.) or the
location and velocity of an object moving underwate

c. “transmit” signals, which may be data acquired hyderwater scientific
instrumentation, messages between submarines anfdceuvessels, or

commands to remotely operated systems.

These systems are for the most paative systems, that is, they transmit a characteristic
signal, and this signal will be reflected on a &rgr transmitted directly to a receiver.
But there are alspassive systems, designed to intercept and exploit underwater dsun
coming from the target itselL JR02).
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In the following, the main modern applications afderwater acoustics divided in

military and civil applications will be shown brigf

1.3.1 Military applications

As known, most of the research and industrializagtiort in underwater acoustics was
largely linked to military applications. These syss are therefore mostly aimed at
detecting, locating and identifying two types afget namely submarines and mines.
Military sonars are classified into two main categs, depending on their mode of
operation (Fig.1.7)active sonars andpassive sonars.

Active sonars transmit a signal and receive echoes from a tqrgetally a submerged
submarine). The measured time delay is used tmatithe distance between the sonar
and its target, and receiving the signal on a blatantenna completes the measurement
with a determination of the angle of arrival of thignal. Further analysis of the echo
allows identification of more characteristics oéttarget. A type of active sonar with
very high resolution is theinehunting sonar. It is designed to detect and identify mines
laid (or buried) on the seabed in coastal arBassive sonars are designed to intercept
noises (and possible active sonar signals) radiayea target vessel. In principle they
can be used on submarines as well as on the shigm$) them. Acquiring the target-
radiated noise allows not only for the detectionthef target, but also its localization and
its identification by analyzing the spatial struetwof the acoustic field received on a

sufficiently long antenna and its acoustic signataspectively [LUR 02].

9

"

Figure 1.7: Examples of military applications. (A) active sonar; (B) passive sonar; (C)
minehunting active sonar [LUR0Z2] .
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1.3.2 Civilian applications

Civilian underwater acoustics is a more modestoseof industrial and scientific
activity, but it is highly diverse and growing.Has been, specially, invigorated by the
needs for scientific instrumentation raised by dargcientific programmes of
environment study and monitoring, as well as dgualents in offshore engineering and
industrial fishing. The main categories of systesns: bathymetric sounders, fishery
sounders, sidescan sonars, multibeam sounders, sediment profilers, acoustic
communication systems, acoustic Doppler systems, acoustic tomography networks and
positioning systems (fig.1.8) [LUR 02].

The bathymetric sounders are sonars specialized in the measurement of wigieth.
They transmit a signal downward, vertically, inse@arrow beam. They measure the
time delay of the seabed echo. These soundersoarevery well distributed and are
universally used, from professional navigation ésure yachting. Similar to these
sounders there are thieshery sounders that are designed for the detection and
localization of fish shoals. But they, in contréstthe other ones, support additional
tools to detect and process the echoes coming fherentire water column. For the
acoustic imaging of the seabeitlescan sonars are used. They allow high-accuracy
observations. Placed on a platform towed closé¢obbttom, the sonar transmits, in a
direction very close to the horizontal, a shortsputhat sweeps the bottom. The signal,
reverberated as a function of time, yields an imafythe irregularities, obstacles and
changes in structures. These systems are usedrimenggology, or for the detection of
mines and shipwrecks. To map the seaflowitibeam sounders are used. They are
installed aboard oceanographic or industrial sumessels to map the topography of the
seabed accurately. A fan of elementary beams,riristinvgg athwartship, rapidly sweeps
a large swathe of the seabed and measures it§ éltbe angular aperture is large
enough, the sounder can also provide acoustic ispddge sidescan sonars. Then, to
study the stratified internal structures of thebsebsediment profilers are usedThese
are single-beam sounders, similar to those usédtimymetry. Their frequency is much
lower, enabling penetration of tens and even husd@ metres into the sea floor,
depending on the type of seafloor. In the same dgreasmic systems use explosive or
percussive sources and long receiving antennasy d@tee able to explore the seabed
down to several kilometres of depth, and are widskyd in oil and gas exploration, and

in geophysics. Other systems, likeoustic communication systems (e.g., underwater
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telephone), beyond their primary use as a photke dire also used for the transmission
of digital data (e.g., remote control commands,ges results from measurements).
Their performance is limited by the small bandwsd#lvailable, and by the difficulties
inherent to underwater propagation. Rates of sekdabits per second are, however,
achievable at distance of several kilometres. Tasuee the speed of the sonar relative
to a fixed medium or the speed of water relativa foxed medium instrument using the
frequency shift of echoeacoustic Doppler systems are employed. Insteaacoustic
tomography networks, which use fixed transmitters and receivers, are empldged
measure propagation times or amplitude fluctuatiemsassess the structure of
hydrological perturbations, using speed variatieasmates. Last, and very important
for the study developed in this thesis, therepmsetioning systems. They are used, for
example, for the dynamic anchoring of oil drillingessels or the tracking of
submersibles or towed platforms. The mobile targeiften located by measuring the
time delays for signals coming from several fixegnsmitters placed on the bottom
[LUROZ2]. Different geometries are in fact achievabln the next section the different

types of this system will be described.

=

Figure 1.8: Examples of civil applications: (A) bathymetry or fishery sounder; (B) sidescan
sonar; (C) multibeam sounder; (D) data transmission system; (E) acoustic positioning system;
(F) sediment profiler [LUROZ].

1.4 Acoustic Positioning

The means available for direct intervention in @agingly deeper waters have steadily
progressed during the last 50 years. The scientdimmunity interested in the deep
ocean wanted dedicated instrumentation that coddubed at depths of several
kilometres, and the development of appropriate@gpént tools. At the same time, the
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offshore industry increasingly looked at the podityb of deepwater hydrocarbon
exploitation and shipwreck investigation. All thesgplications, some of which have
important economic implications, led to the devetent of the original underwater
acoustic techniques, for the local positioning ltps and submersibles on the one part,
and for the transmission of data on the other. iBuhis section only the positioning
systems will be delineated.

The positioning systems are divided in three typiesystem corresponding to different
types of measurement. They are tbig-baseline systems, short-baseline systems and
ultra-short-baseline systems. The long-baseline systems (LBLs) use a network of
acoustic beacons (at least three not coplanarglywgpaced over the area to be covered
(Fig. 1.9(a)). Their position must be accuratelyedmined prior to using the system.
The position of the moving object (e.g., submeesin torpedo) that needs to be located
is deduced from the travel times of the signaleirexl from each beacon. Measurement
of the absolute durations requires the use of cldtlat are synchronous with the
moving object and the beacons, or a system of rodation of the beacons
(transponders) by the moving object. After calilmat long-baseline systems can yield
localization accuracies of the order of a metrerdkilmetres. A recent interesting
variant consists in installing the acoustic beadoglsw drifting buoys whose positions
can be tracked by GPS. While tHeort-baseline systems, denoted with the acronym
SBLs, are easier to use than long-baseline systtmas, accuracies are not as good.
They use a single transmitter and a series of ver®iplaced close to each other (Fig.
1.9(b)). The relative position is determined by dirdifferences between the paths
received at different points on the antenna. Cotuadly similar to SBLs are theltra-
short-baseline systems denoted USBLs. They use a single receiver feagguairsmall
array. Measuring the phase differences betweendifierent points on the array
determines the direction of arrival of the acoustaves from the transmitter placed on
the moving object. Depth in the sea can be measusaty a pressure sensor, and
transmitted acoustically; alternatively, it candssessed acoustically if the receiver has
access to absolute travel times. The most modeBLBE&ave positioning accuracies of

around 10 metres in deep water [LUR 02].
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Figure 1.9: Acoustic positioning systems. (a) Long-baseline: the travel times between the three
beacons and the mobile are used to determine its position at the intersection of the three
spheres of radii R=cT; (b) SBL: the differences 7;; of the travel times are used to determine the
position of the bottom of the ship relative to the reference beacon [LURO02] .
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Chapter 2

Acoustic Positioning System in Underwater Neutrino

Telescopes

2.1 Underwater Neutrino Telescopes

Lately underwater neutrino telescopes have becanporitant tools of astroparticle
physics since they allow for a new and unique nmethm observe the Universe.
Neutrinos are stable neutral particles that intecady via the weak forceThey can
escape from sources surrounded with dense mattexda@tion fields and can traverse
cosmological distances without being absorbed attes®d. This implies that neutrinos
can bring us astrophysical information that othezssengers cannot and, open a
potential new window on the Universe [AGE11] Thisgerty contrasts to that of other
particles, such as gammas, protons, cosmic raysthett can be absorbed by the cosmic
dust, by the radiation or deviated by the galaatid intergalactic magnetic fields and
then they cannot bring us information about theiginating place. On the other hand,
the low interaction cross section of the neutrilmaposes a great challenge for their
detection: only a tiny fraction of incident neutican be observed. To compensate for
this it is necessary to build very large detect@se way to detect neutrino interactions
can be afforded through the detection of the Chereright emitted by the muon
generated after a neutrino interaction. This plartiavels across the detector at speed
greater than the speed of light in water, so geimgra faint blue luminescence called
Cherenkov radiation. As said, it is necessary tfsgrumentation of large volumes of
water (or ice) with several optical sensors in otdedetect characteristic signatures of
high energy neutrino interactions. The main elesenit a neutrino telescope are
therefore the sensitive optical detectors, usyatigtomultiplier tubes (PMTs) hosted to
the inner surfaces of pressure-resistant glassreph@med optical modules (OMs),
which collect the light and transforms it into d@lec signals. The arrival times of the
light collected by optical detectors distributedep\a three dimensional array can be
used to reconstruct the muon trajectory, and caresdgty that of the neutrino, which at

sufficiently high energies are collinear (see R2d.). The accuracy of reconstruction of
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the muon track depends on the precision in ming thelight arrival time and oithe
precise knowledge of the positions of the opticaledtors. Good time and positi
calibration of the detector is therefore of utmiogportance to achieve a good angt
resolution. The measurement of the amount of daltetight can beeffectively used to
eliminate background events, to improve the muanktreconstruction quality and

estimate the neutrino ener¢(BIG09].
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Figure 2.1:Principle of detection of high energy neutrir(~TeV) in adeel-sea neutrino
telescope.

In the deep sea tleemi rigidstructures containing the OMs amechorecon the seabed
and maintained vertical by buoy, and then théop part of the structurecan move
under the effectfocurrents Since the accuracy required for thesition of the OMs ti
effectively reconstruct the muon track is ~1C, an Acoustid?ositioning {ystem (APS)
is needed to monitathe CM positions continuously. In particulahd APS is a st-
system of the detector that must provide position of the telescope’s mechani
structures both during the deployment and the ¢ipgrgohases of the telesce
(monitoring of the MWs positions [CDRO08]. The possibility ofreconstructing th
detectorposition in real time, during tl deployment phase, widupportsafe naval and
remotely operatingehicle (ROV) operations; during this phase theuesty needed
of the order of 1 m. This capability will also bentlamental i measuring the telescc,
absolute position and pointing directi allowing for the recostruction of the
astrophysicakource position in tt sky. A deepsea APS is composed of the followi
two main items(1) a so callel.ong BaselingdLBL) of acoustic transceivers, ancho
on the seabed in known positions and (2) aay of acoustiageceivers (hydrophone

rigidly connected to the mechanical struct of the telescopeThe position of the
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hydrophones are evaluated by measuring the differeetween the emission time from
sources of known position (LBL acoustic transcesyeand the arrival time at
hydrophones of unknown position; it is possibleréaonstruct their tridimensional
location using triangulation techniques [SIM12].

Moreover the acoustic data can be used to monteasronoise and to study the acoustic
neutrino detection. It will also allow monitoring the environment around the detector
and Earth and Sea Science studies: biology, geashgsd oceanography. In fact, other
way to detect a high energy neutrino interactiothisugh acoustic detection. The basic
idea is that, when the neutrino interacts in watéarge amount of the neutrino energy
can be deposited in a small volume of water. Tigsaintaneous water heating produces
a bipolar acoustic pulse, following the second toheeivative of the temperature of the
excited medium. The frequency spectrum of the $igna function of the transverse
spread of the shower, with typical maximum ampktud the range of few tens kHz.
The acoustic technique could be extremely fruitie¢ause the sound absorption length
Is, in this frequency range, of the order of kmQR4].

The first generations of neutrino telescopes wdwtAADA at the South Pole [SPI05],
ANTARES in the Mediterranean Sea [BRU10] and Bai&lYNO6] in the
homonymous Siberian Lake. The target volume ofdhestallations is typically of the
order of 0.01km, but over the last decade it has been evidentl@inger detectors are
needed to exploit the scientific potential of newdrastronomy. For this reason, the
international scientific community has aimed at ¢hestruction of kiscale detectors.
A first km®-size detector is IceCube [HUL11], installed at 8muth Pole. A new ki
size detector planned in the Mediterranean SeddskiM3NeT neutrino telescope
[KM3Nw]. It will surpass IceCube in sensitivity laysubstantial factor and complement
it in its field of view. In particular, its fieldfoview will cover the Galactic Center and a
large fraction of the Galactic plane that are haviible to IceCube [KAT11].

In the next sections the ANTARES and NEMO detectoils be described and in
particular their APS, since the proposed innovath®S of KM3Net is based on the
experience achieved with these experiments. Morethee study and development of

the innovative APS of KM3NeT is the main aim ofstiesis.
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2.2 Acoustic Positioning System of the ANTARES detectors

ANTARES (Astronomy with a Neutrino Telescope and ys®€ environmental
RESearch) is currently the biggest underwater meutelescope in the world and is in
operation in the Northern Hemisphere. The main airnthe detector is the search for
high-energy neutrinos of astrophysical origin [AGI1ADR11].

The detector is located in the Mediterranean Skauta40 km from Toulon, off the
French coast, at a mooring depth of about 2475 dnhass a surface area of ~0. %k
consists of 12 lines, anchored to the sea floombyanchor called abbttom string
socket (BSS) at distances of about 60-70 m from eacleroéimd kept vertical by buoys.
The lines are equipped with altogether 885 10-iRtWiTs, model R7081-20 from
Hamamatsu [AGU11]. The PMTs are arranged in 2%tkimensional arrays, each one
comprising three PMTSs, directed at an angle oftd®ards the sea bed and sustained by
titanium frames that also support titanium contenfr the electronic components
named Local Control Module (LCM). All this constiéis the storeys of the detector, see
Figure 2.2. The cables between the storeys sevedsomechanical structure and as an
electro-optical connection. The total length ofreéine is 480 m. The lowest storey of
each line is located 100 m above the sea bed. iBtende between consecutive storeys
is 14.5 m. The PMTs [AGUO5] are coupled with optigal to the inner surfaces of
pressure-resistant glass spheres (optical moddids). A u-metal cage inside the OM
shields the PMT from the Earth’s magnetic field [8@G].

+ 12 Lines "
25 storeys / line

* 3 PMs / storey

* 885 PMs,

e
145m t

Junction_/
o=

Electro-
optical
Cable

Hydrophone Depth : 2475 m

Figure 2.2: Left: schematic diagram of an ANTARESBey carrying three optical modules, an
electronics container (LCM) and a positioning hyplnone fixed off-axis. Right: artistic view of
the 0.1krhof the ANTARES neutrino telescope.
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The lines are linked through submersible cablethéalunction Box(JB) that acts as a
fan-out between the main electro-optical cablentores and the lines.
The detector is complemented by &rstrumentation Line (IL)[AGE11] holding
devices for measurements of environmental parameiemwell as tools used by other
scientific communities, including a seismometeraddition, it includes three acoustic
storeys, which are modified standard storeys rapjathe PMTs by acoustic sensors
with custom-designed electronics for signal proicgssThese three storeys together
with three additional acoustic storeys on Detectione 12 form the AMADEUS
system that is a basic acoustic system to do leng-studies to check the feasibility of
acoustic ultra-high-energyneutrino detection [LAH12]. The R&D studies for the
construction of the neutrino telescope started9®6] with the first lines deployed and
connected in 2006. The telescope was completeday 2008 with the deployment and
connection of the 1B Detection LindANTAw].
The telescope also contains timing and positiobilon systems, which employ
optical beacons and acoustic transducers installegch line. The lines are not rigid
structures, so deep-sea currents (typically arduedh/s) cause a displacement of the
lines by several metres from vertical position antation of the storeys around their
line axis. Therefore, real time positioning of edcte and of all OMs are needed to
ensure optimal track reconstruction with accuraeftds than 10 cm (corresponding to
an uncertainty in the travel time of light in watef 0.5 ns). Moreover, the
reconstruction of the muon trajectory and the daeitesition of its energy also require
the knowledge of the OM orientation with a preaisif a few degrees. In addition, a
precise absolute orientation of the whole detebtts to be achieved in order to find
potential neutrino point-sources in the sky andredate them with sources of other
messenger particles. To achieve this positioningu@cy during data taking, two
independent systems are incorporated in the detemoacoustic positioning system
and tiltmeter-compass sensors in each storey.
The acoustic positioning system consists of foamants (Fig. 2.3):

* An emitter-receiver acoustic module (AM) located the ship during the

deployment operation.
* Five autonomous battery-powered transponders ldaatethe sea floor around
the detector area at distances of about 1100-16[XDR12].

' In the context of neutrino physics typically itees to neutrinos in excess of 10718 eV.
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* Transceivers (RxTx module) anchored on a rod o &&S of the line mounted
about one metre off-axis with respect to the line.

* Receiver hydrophones (Rx modules) located on fiteregs of each line
(storeys 1, 8, 14, 20 and 25, counted from theobotipwards), with storeys 1
and 25 being the bottom and top storey, respegtividie other modules are
distributed in a manner such that a larger dertdityydrophones is obtained in

the top third part of the string, where the maximcumvature of the line shape

is expected.

“—j—:—;}, Receivers (Rx)
‘ Tfasponi.@zrs (Tx) ‘ ‘/‘:_._ /
\ £
,'|. \  / 'f/__.. &
&_\ \ h"ﬁf{ .Transceivers (RxTx)
.'\\I ‘//? //
\\"* A

Figure 2.3: Schematic view of the acoustic positigrsystem of the ANTARES detector.

Moreover, these four elements compose two subsgstérthe APS of the ANTARES
detector [ADR12]: 1) the low frequency long baselipositioning system (LFLBL)
used to connect the local frame of the detecttinéageodetic reference frame, allowing
for the determination of the absolute position aridntation of the detector; 2) the high
frequency long baseline positioning system (HFLBISed to measure the relative
positions of the OMs with high accuracy.
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The LFLBL acoustic positioning system is a commadrset of devices provided by the
IXSEA Company [IXSEw]. It is able to measure thavel time of controlled acoustic
pulse between the AM and the autonomous transpsnded use the 8-16 kHz
frequency range. The AM is operated on ship anidked to a time counting electronic
system. The use of acoustic signals at these freigee allows for long propagation
distances to be measured and for this reasonsitited to determine the position of
ANTARES structures by triangulation from a shiptba sea surface [ADR12].

In the first step, the absolute geodetic positiohshe autonomous transponder were
individually determined with an accuracy of bettiean 1 m before the deployment of
the detector. This result was obtained through re¢Veundred triangulations of the
LFLBL system from a ship positioned by Different@PS (DGPS). The sound-velocity
profile from the sea surface to the sea floor nesmgsfor this calculation has been
derived from the Chen-Millero formula [CHE77] usiegts of temperature and salinity
profiles measured at the ANTARES site.

In the second step, in order to monitor the pasitb the BSS in real time during the
line deployment, the triangulation of the acousitawel time measurements between the
transponders on the BSS, the autonomous refereacspbonders and the AM on the
ship was calculated. The latter is determined wituracy of a few metres, whereas the
accuracy of the final position of the BSS on tha Ised is about 1 m.

With respect to have a good knowledge of the alsaltientation of the detector, it is
necessary to determine with good accuracy the BBénhtation and depth. The
orientation of the BSS is determined using the casspof a submarine vehicle during
an undersea line connection with an accuracy ofiabb

The depth of the sea bed at the position of each BSneasured by a pressure sensor
on the submarine with a precision of about 10 crorddver, the relative positions of
the line anchors are obtained measuring all dissmetween different transceivers of
the BSSs, which form an auto-calibrated positioraystem.

Once the positions of the BSSs are known it is ibessto determine the absolute
orientation of the detector using the triangulatidoetween transceivers and
hydrophones, considering that the line remains siraertical for small speeds of the

sea current (smaller than 2 cm/s).
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In summary, the absolute orientation of the neatt#lescope with respect to the sky,
needed for neutrino astronomy, is obtained usindp lloe absolute positions of the
different line anchors and the BSS to BSS relgtvsitions [ADR12].

The HFLBL acoustic positioning system was develo@edl constructed by the
company GENISEA/ECA [ECAw] for the relative positing of the detector strings.
The method used is to measure the travel time eB0RHz acoustic pulses between
receiving hydrophones placed along the string antiters fixed at the bottom of each
line [KELO7]. Electronic boards manage the setirgf the system, for emission,
detection, filtering and recording. The 3D positmineach hydrophone is then obtained
by triangulation from the travel times between khyelrophone and each fixed emitter
knowing the sound velocity profile. In fact, themee several sound velocity profilers
located throughout the ANTARES detector, which meaghe sound velocity profile
continuously. The positions of all hydrophones &adsducers are then computed from
distances using triangulation principle based oteast-mean square minimization.
Measurements for the line shape reconstructioperfermed every 2 minutes, which is
enough since the motion of the lines is due to slounts.

The other independent system incorporated in tiectl, as mentioned above, is the
Tiltmeter-Compass System (TCS). It consists of amroercial TCM2 board,
manufactured by PNI Sensor Corporation [PNICw, ARR1that measures the
inclination of the storey with respect to the hontal plane in two perpendicular axes
(pitch and roll). It is installed in the electrosimodule of each storey and it is based on
the movement of a fluid in the sensors due to ticénation of the storey. The absolute
orientation of the TCM2 (heading, i. e., rotatioround line axis) also has to be
measured. For this reason three flux tube magsetisors measure the Earth magnetic
field in three perpendicular local directions (xzy of the TCM2 frame [ADR12].

The range of measurement for the tiltmeters is £202 perpendicular axes (roll and
pitch), with an accuracy of 0.2°, while the comgasmeasure 360° of heading at a
resolution of 1°. Data is read out from the TCMZide every 2 minutes and is used in
conjunction with the APS during the line fit [BRG09

2.3NEMO Acoustic Positioning System

The NEMO (NEutrino Mediterranean Observatory) adlieation was set up in 1998

with the aim to carry out the necessary R&D towaadar® neutrino telescope in the
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Mediterranean Sea. In the first step, the collafmmanstalled at the end of 2006, 25
km offshore the port of Catania (Sicily) at 2000depth in the Test Site, the NEMO
Phaseldetector: a technological demonstrator féut@e kn? Cherenkov neutrino
telescope [MIG06, RIC09]. The site was equippedhwdtn electro-optical cable
connected to a shore station inside the Port ohri@t The project comprised the
critical elements of the kirdetector: the Junction Box (JB) and a prototypect®n
unit of reduced size called Mini-Tower with onlyufofloors (rigid bar, Fig. 2.4) and a
total of 16 OMs. Positions of the optical sensorshie Mini-Tower were reconstructed
through an acoustic positioning system with a hig¥el of accuracy. The NEMO
prototype detector i.e., “NEMO Phase-1", has besmccessfully operated from
December 2006 to May 2007 [MARO6, AMOOQ9].

The acoustic positioning system in NEMO Phase-1 eoasposed of a Long Base Line
(LBL) of acoustic beacons and an array of 10 hybomes on the tower. The acoustic
LBL had an emission frequency of 32 kHz and a ratisig power of 180 dBre @ 1
m and comprised three stand-alone battery-powecedstic beacons placed on the
seabed at about 400 m horizontal distance fromtdlaer base and one additional
beacon located on the tower base. The last onecarasected with the NEMO power
and data transmission system. The transmissioreraystas synchronized through a
signal PPS (Pulse Per Second, 1 Hz) provided by, GB®ed Master Clock. Eight
hydrophones (labeled HO and H1) were installechatend-points of each tower-floor,
close to the optical modules (Fig. 2.4(left)). Twvwother hydrophones, defined as
“monitoring statiofy, were installed at the tower base (see Fig.dgh{)). The acoustic
positioning system was based on the measuremetitaed of flight of acoustic signals
between the beacons and the target hydrophonessukéeaents were performed at
regular intervals of -1 second. Time of flight (TOF) was defined as tliéectence
between the time of arrival (TOA) of the acoustgnsl on the hydrophone and the time
of emission on the beacon (TOE) [AMOO08]. Hydroph@usitions are calculated by
converting time of flight into distances (knowirfgetsound velocity profile in the water

column) and applying a triangulation method.
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Figure 2.4: Left: Side and top view of floor endpagt: position of the hydrophone and OMs in
the Mini-Tower is shown. Right: Schematic view afustic Positioning System (APS) and of
the Long-Base-Line (LBL) configuration.

The beacon absolute positions and relative distameere determined, acoustically,
during the detector deployment operations usin@& Rquipped with a 32 kHz pinger,
GPS time synchronized, and a high accuracy pressnsor. The ROV hydrophone
was positioned near at the monitoring station dedistance between the ROV and
external beacon and monitoring station and extdseaton were calculated. The error
in the measurement of the distance between theobsamnd the monitoring station was
evaluated to be about 10 cm. The sound velocitgha site was evaluated using
pressure, temperature and salinity values measuitecthe CTD installed on the first
floor.

In order to calculate the absolute position of eayiirophone, it was also necessary to
define the LBL coordinate system. The origin of to®rdinate system was taken at the
position of the beacon installed on the tower bdsethis systemx andy axis
correspond respectively with absolute Easting andHhihg directions. The knowledge
of the correct orientation of the reference systems important not only for the acoustic
positioning system but also to determine the topasition and orientation, in order to
evaluate the absolute direction of the reconstcuctaon tracks.

Since the beacon had a single frequency of emisgiovas necessary to know which
beacon emits the pulse. For this reason a techmgllesd Time Spectral Spread Codes
(TSSC) was adopted. A TSSC family of codes is basedseudo-random sequence of
acoustic pulses that form an orthogonal base inithe domain. These sequences have
a period of 6 s, i.e. a pattern of 6 pseudo-ranganses (spaced by % s) that is
different from the others. In this way a typicalaben pulse sequence could be
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recognized without ambiguity. Each pulse length Wass and the sequence of pulses
was built in such a way to avoid overlap betweem t@onsecutive pulses. This
technigue has the advantage that all beacons cadeh@cal except for the software
configuration that defines the pulse sequence receivers can be sensitive to only one
acoustic channel. Acoustic pulses detected by tleophones were converted in an
electric signal and identified by the APS Boarditu. The latter was able to recognize
the signals emitted by the beacon through dediczattdiare. The TOA measured in the
reference Master Clock time, was then transmitteastiore, where other dedicated
software decodes hydrophone data to calculate disétign of the hydrophone as a
function of time. In order to estimate the accuratyhe positioning system, distances
between hydrophones HO and H1 on the same flooe wa&lculated. Figure 2.5 shows
the distance HO-H1 calculated for floor 2, usingSA&ata. Each point represents the
average distance calculated over a period of 30the. mean value of the measured
distance is 14.24 0.06 m (dashed green line) in agreement with tstadce HO-H1
measured on-shore, during tower integration thagqgsal to 14.25% 0.01 m (dashed
blue line) [AMOO08].
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Figure 2.5: Distance of the hydrophone HO-H1 06fl@ of the mini-tower of NEMO Phase-1,
calculated with APS data and experimental statidtizror. Each point represents the average
distance over a period of 300 s. For comparisondis¢ance measured on-shore during the

integration phase (d = 14.25 +0.01 m, dashed bioe) is shown.

This APS used in NEMO Phase-1 works accurately ibus not scalable to the
dimension of a krh detector. The use of the autonomous beacons wilingle

frequency is not suitable at the dimension of gdatetector. The calibration of the LBL
is time consuming and is the main cause of errorth@ reconstruction of the
hydrophone position. Moreover the use of APS Badarditu increases the cost, the

dimension and the power consumption on the eleicsartf shore. In addition, it does
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not allow for changes of the analysis data systiar the deployment. For this reason
the Collaboration NEMO has developed a new APS wilt be described in the
following.

As the next step, the collaboration will instalh 2012, the NEMO Phase Ii
demonstrator off-shore Capo Passero (Sourth-Eay)Sat a depth of 3500 m. It is a
prototype of a detection unit of a neutrino telggaonsisting in a semi-rigid vertical
structure called towers. The towers are compose@ bbrizontal 8 m-long frames
(named floors) made of marine grade aluminum tersldby a system of ropes. The
prototype will be about 420 m high and will be am&dd on the sea bed and kept
vertical by buoy on the top. The distance betwéaor$ is 40 m, while that between the
anchor and the lowermost floor is about 100 m. Héwdr has two optical modules at
either end, (resulting in a total of 32 optical e in the tower), one looking
vertically downwards and the other horizontallywartds. Each floor furthermore hosts
instrumentation for positioning and environmentargmeter monitoring.  The
positioning of the detector is provided by a 3Dagrof 18 acoustic sensors installed at
both ends of each floor and at the base of thecttgtémonitoring station). In addition,
four autonomous acoustic beacons will be anchorethe sea bed at distance of about
500 m from the base of the tower and one poweraddrewill be located at the base of
the tower (Fig. 2.6). The beacons, which are marufad by ACSA [ACSAw], emit
known packets of sinusoidal signals of 32 kHz, Blagtion, 180 dB re 1 pPa at 1 m
transmitting power. Moreover, they constitute tresib points to define a Cartesian
reference system of orthogonal axes related tcsthealled long baseline (LBL) that

will permit to calculate the position of each hyphone [SIM11].

TR

Acoustic receiversat both
ends of each floor

0ol “B

Independ}-:nt Beacon

Figure 2.6: Schematic view of the acoustic positigrsystem of the NEMO Phase Il detector.
The positioning of the detector is based on thesorement of the time of flight of acoustic
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signals between beacons of a long baseline acosygtem, anchored on the sea-floor, and
acoustic receivers acting as targets, rigidly cacted to the mechanical structures of the
detector.

The receiver array is composed of: 14 high serisitand broadband (10 Hz-70 kHz)
hydrophones SMID, provided by INFN (Italy); 2 frdeoded rings (FFR) hydrophones
Sensor Techonolgy Ltd SX-30, provided by UPV (Spaincollaboration with CPPM-
CNRS (France)-proposed for possible use in the Kb¥BMNg-baseline- that will be
described in the next chapters and is the mairestlof this thesis; 2 custom piezo-
sensors developed by ECAP (Germany), that willns¢alled in special Opto-Acoustic
Modules.

The acoustic beacons will be installed during tleployment of the detector. Their
absolute positions and relative distances will leéenined, acoustically, during the
detector deployment operations using a ROV (rematpérated vehicle) equipped with
a USBL (ultrashort baseline) positioning systemQ¥2].

The hydrophone positions will be calculated by aata1 TDoA (Time Difference of
Arrival) measurement between beacon signal emisgstert-time) and hydrophone
signal reception (stop-time) with an expected aacybetter than 10 cm [SIM11].
Additionally, there will be in the anchor of thewter the prototype of a transceiver,
acting as emitter, consisting of a free flooded) {RFR) transducer and the associated
electronics, the Sound Emission Board (SEB). Thaggtype will be fully explained in
the next chapters.

Naturally, the NEMO Phase Il tower will be equippesiwell with data acquisition and
transmission electronics, power supply and elegptical cabling and environmental
probes (2 CTDs, Conductivity-Depth-Temperatureuttent meter, 1 light transmission
meter).

Contrarily to previous acoustic positioning systedeveloped, for NEMO Phase |
[AMOOQ09] or ANTARES [ARDO09] detectors, in NEMO Phadkthe sensors’ data
acquisition system is fully integrated with the etgtor data transport system and is
based on the “all data to shore” philosophy. Furttoge the structure design permits
assembly and deployment in a compact configuratod, unfurling on the sea bottom
under the pull provided by the buoy. In Figure th& mechanical scheme of the NEMO
tower and a view of the NEMO Phase-2 site are shdwfierently from the one-
dimensional strings of OMs (e.g., ANTARES [ANTAw]the tower allows for
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disentangling theeconstructiorof the muon azimuthal direction even with data fi
only one single structuf&IM11].

NEMO Phase Il will be a step towards IKM3NeT neutrino telescope in general, ¢
with respect of thacoustic systerin particular. In the next sectipthe KM3NeT cas:

is introduced.

3 :-i f,:} Capo Passero |

he site fors

e S TMATA
Figure 2.7:Mechanical scheme of tINEMO tower: the tower is anchorea the sea beand

consist9f rigid arms connected to each other by ropeslamt vertical by a buoy (leftView
of thesite of thr NEMO Phase-2 neutrino telescope (right).

2.4 KM 3NeT detector and the proposed Acoustic Positioning System

KM3NeT is theacronym for kr® Neutrino Telescope, a project aimg to build a deep-
sea research infrastructure in the Mediterraneam I8®sting a kr-scale neutrino
telescope and dedicated instruments for -term and continuous measurements
Earth and Sea scienceihe project is pursued byConsortiumof institutes from 1(
European countries anduilds upol the experience acquiredith the ANTARES

[ANTAw], NESTOR [NESTw] and NEMO [NEMOw] pilot projectsThe first phase of
the KM3NeT project has be the Design Study, funded by th& &U Framework
Programfor the period February 20—October 2009.

This projecthas given rise to the publication, in April 2008,the Conceptual Desig

Report (CDR) [CDRO08Jand has be¢ concluded with issuing th&echnical Desigr
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Report (TDR) [TDR11], in March 2011. These two doeamnts (CDR and TDR)
describe the scientific objectives, and the coreephind the design, construction, and
operation of the KM3NeT Research Infrastructure #redtechnological solutions for
the construction of a kimeutrino telescope in the Mediterranean Sea.

The next step has been the Preparatory Phase (M@68yFebruary 2012), funded by
the EU 7 Framework Program. The primary objective of the 3T Preparatory
Phase has been to pave the path to political amdhtdic convergence on the legal,
governance, financial engineering and siting aspetthe infrastructure and to prepare
rapid and efficient construction. The current phasef prototyping and construction
called Pre-Production Model (PPM). In Figure 2.8 firojected KM3NeT time lines
towards construction and operation is shown [KAT11]
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Figure 2.8: Time line of the KM3Net project develmgnt towards construction and operation
[KAT11].

According to [TDR11] the neutrino telescope willnstst of a threelimensional array
of optical sensors supported by 320 vertical stmest named detection unit (DU)
anchored on the seafloor and connected to sha@ugh an electro-optical submarine
cable network for transferring electrical poweontol and data transmission. Sea
bottom connections between the detection unitsthaccable network are carried out
through the use of deegea remotely operated vehicles (ROVs). Each DU auitisist

of 20 horizontal bars (storeys) of 6 m length, vétliertical separation of 40 m between
storeys. They will be located at a distance of B8Grom each other. Two DOMs
(digital optical modules) are mounted in each stoEeach DOM will consist of 3B-
inch photomultipliers housedn a 17" glass sphere which also hosts read-alidaia

transmission electronics [KAL11].
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Simulation studies have demonstrated the conveaiehtaving a horizontal distance
of a few meters between DOMs in local storeys kheotto increase the reconstruction
quality of muon tracks and thus the sensitivitytlod telescope. Simulations also show
that arranging photomultipliers in local clustees, done in the DOMs is optimal to
obtain the large photocathode area required toirolitee planned sensitivity in a
costeffective way. Moreover, optimization based ontcgdysics sensitivity and
reliability has led to the consideration of modutaechanical structures that facilitate
production, transport and deployment procedures. deployment it is planned to
transport detection units in a compact package lwisieeasy to handle and which will
allow the detection unit to unfurl once it is pldcoen the seafloor [TDR11]. In Figure
2.9 and 2.10 a scheme of the KM3NeT detector, DOM,structure andtorey with

buoyancy NEMO Deployment method are shown, resgsgti

Digital
Optical
Module
(DOM)

31
PMTs/DOM

12900
DOMs

320 lines

Figure 2.9: Scheme of the KM3NeT detector and tO&ID
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Buoy

DOM
@

Figure 2.10 Scheme of the DU structubased oNEMO Deployment method. The DUs ar
a compact package and will allow the detection tmiinfurl once it is placed on the seafl

The overall power consumption of the telescwill be approximately 125 kW and ti
expected data rate will be roughly 25GBytes/s. Tdrige data stream to shore is car
on a pointo-point fibre optic network (using current telecom DWDM (den
wavelength division multiplexed) technolo which transfersall the optical modul
data to the shoré shore station will house the power supplies,|ésers that will drive
the fibre optic network, and will also host the alacquisition system that w
implement data filtering, recording and distribut Since event reconstruction is ba:
on the PMT hit time, a common timing reference nhestvailable to front end boart
to allow fordetector wide synchronization. In order to facibt#éhe clock distribution
synchronous protocol will be used: the ck informationis embedded in the slo
control data by an eshore transmitter in a unique bit stream. The xexeiat the
storey, is able to recover the cli informationand to extract the data. In this way,
the receivers will be synchronized by ign to the orshore time reference, which
derived from a GPS stati [TDR11]

As already mentione@nothe key element in the detector fsetpositioning systerthat
must supplyinformation for both the installation a operation phases of the dete.
During the deployment of the detector, the positigrsystem must provide the positi

of the telescope’s mechanical structures, in e-referenced coordate system, wit
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accuracy of the order of a few metres. This is irtgpu both for the safe deployment of
the mechanical structures and for the determinatbrthe absolute position and
pointing direction of the telescope. During the rapien phase, the positioning system
must give the positions of the optical modules wihit& necessary accuracy for the muon
tracking. For this requirement the DOMs must be mooad every[B0 s, in a local
reference system, with an accuracy of better th@arc® in order to correct for the
motion of the detection units due to the sea ctsreFhe positioning system consists of
four elements: acoustic transceivers, anchored hen seabed in known positions
constituting the Long Base-Line (LBL)coustic receivers (hydrophones) rigidly
connected to the telescope’s mechanical structiv@ging the DOMs; devices
(compasses-tiltmeters) to measure the orientafi@ach storeycomputers on-shore for
data analysis. The reconstruction of the shapbeDU is extracted by the mechanical
models which predict the behavior of the DU duethie sea current velocity and
considering the mechanical parameters of the D& ifput for this reconstruction is
given by the orientations measured by the comphlisseter system and the positions of
hydrophones given by the APS. This is done by nreaguhe acoustic travel time
between the transceiver signal emission and thepten in the hydrophones of the
DUs. For each receiver, having a set of at leasietlacoustic travel times of different
transceivers, the positions of the hydrophone aterthined by triangulation with
respect to the long base-line system [TDRIhE scheme of the acoustic positioning
system is shown in Figure 2.Ilhe emission frequency range of the transceivells wi
be between 25-45 kHHydrophones will be sampled continuously at a aitabout
200 kHz with at least 16 bits resoluticand the continuous stream of data will be sent

to shore.

Detection
Unit

L
Hydrophone 1
\ fr
¢
——rleW .
) P Lbl

transceivers

Figure 2.11: Schemef the acoustic positioning system. The LBL is@&mgderenced system to
identify the positions of acoustic receivers onlbie The system is based on measurements of
acoustic time of flight between transceivers andrbghones.
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The KM3NeT positioning system design is based an @kperience of the systems
developed for ANTARESand NEMO, but with a better accuracy in the time
synchronization between transceivers and recemedsthe implementation of all data
to shore approach, that is all acquired data vellsbnt to shore for next analysis. It is
fully integrated with the detector electronics. Themponents are commercially
available and have been tested to 3500 m depthebpitot projects [TDR11]. Test on
the transceivers and hydrophones are currentlywmad. The transceiver in use are
the free flooded ring ceramic transducer (FFR)del SX30 from Sensortech Ltd,
Canada connected toSound Emission Boardsed when it acts as a beaconhey
permit to obtain both optimal transmission and ptiom voltage response to build
efficient LBL transceiverslJAR12] and will be described in detail in the next cleapt
Acoustic receivers will be installed on each stooéyhe DU, as mentioned above, and
promising options are the use of the SMID hydro@sorthe FFR transducers acting as
receivers and/or a piezoelectric sensor directlyedglinside the glass sphere of the
DOM. These different options will be investigated the KM3NeT Pre-Production
Model test.

Both the acoustic receivers of the DUs and the ltBinsceivers are synchronous and
phased with respect to the master clock time sigaabmitted from shore. This set-up
allows also for the use of acoustic data for stdiEacoustic neutrino detection and
searches for acoustic and optical coincidencesillitalso allow for monitoring of the
environment around the detector and studies ofhEartd Sea Science: biology,
geophysics and oceanography.

The absolute azimuth measurement of the LBL systemmade by a surface boat
equipped with an acoustic emitter, with a positiomwn from differential GPS,
moving around the detector while periodically itstance to each of the long-base-line
transceivers is measured. The geodetic positionsthege transceivers are then
determined with an accuracy of ~1 m radius by gudation and minimisation method
[TDR11].
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Chapter 3

3.1 Transceiver for the KM3NeT Acoustic Positioning Sgtem

The Acoustic Positioning System (APS) for the fatétM3NeT neutrino telescope, as
described in chapter 2, consists of a series afsttntransceivers distributed on the sea
floor at known positions (constituting the Long Bakine system)and acoustic
receivers rigidly connected to the detection urotding the optical modulesThe
transceivers that are being evaluated for the fimglementation of this facility are
composed of a transducer and an electronic boargd&und Emission Board (SEB)
to manage it. Moreover, these transceivers have imdéegrated in the ANTARES and
NEMO detector to be tested in situ. In the nextisacthese two components of the
system and the performed tests on them will be emtesl. The integration in
ANTARES and NEMO detector will be described in cleag!.

3.1.1 The Acoustic Sensors

The acoustic sensors have been selected to atiehe specifications required for the
KM3NeT positioning which are: withstand high pregsua good receiving sensitivity
and transmitting power capability, nearly omnidirecal, low electronic noise, a high
reliability, and also affordable for the units neddin a cubic kilometer. Among
different options we have selected the Free Flodded (FFR) transducers SX30
model (FFR-SX30) manufactured by Sensor Technoldgy Canada [SENSw]. FFR
transducers have ring geometrical form and theeefomintain the same hydrostatic
pressure inside and outside of the ring. This dtarestic shape reduces the change of
the properties of piezoelectric ceramic under Migtirostatic pressure. For this reasons
they are a good solution to the deep submergeradgon [SHEO7]. FFR-SX30s are
efficient transducers that provide reasonable poleeels over a wide range of
frequencies, and deep ocean capability. They worthé 20-40 kHz frequency range
and have dimensions of a 4.4 cm outer diameterci 2nner diameter and a 2.5 cm
height.
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They can be operated in the deep sea and havensamitting and receiving voltage
response at 30 kHz of 133 dB rgPR/V at 1m and -193 dB re 1\Pa, respectively.
The maximum input power is 300 W with 2% duty cy@hth signals of a few ms).
These transducers are simple radiators and haemaidirectional directivity pattern in
the plan perpendicular to the axis of the ring gkgne), whilst the aperture angle in the
other planes depends on the length of the cylifxieplane), and is 60° for the SX30
model [SENSw]. Table 3.1 summarizes the main chargtics of the FFR-SX30
transducers. The directivity pattern and the cumkethe sensitivity measured by the
manufacturer are shown in Figures 3.1 and 3.2ecse@ly.

Resonance Frequency

30 kHz

Transmit Voltage Response, TVR

133 dB re pPa/V @ 1m

Receive Voltage Response, RVR

-193 dB re V/uPa

Useable Frequency range

20 kHz — 40 kHz

Beam pattern Radial: Omni
Axial: Toroidal (60°)

Efficiency 50%

Input Power 300 W (2% duty cycle)

Operating Depth (Meters) Unlimited

Cable 1N2

Weight in grams (with cable) 112

Dimension

4.4 cm outer diameter,
2 cm inner diameter
2.5 cm height

Table 3.1: Characteristics of the SX30 FFR transils¢SENSw].

Transmitting Directivity Response

20

150

180 +

210

Transmitting Directivity Response
%0

120 60

300

Figure 3.1: Directivity Pattern in the plane perghioular to the axis of the ring (plane XY)
(left) and the aperture angle in the other planpealads on the length of the cylinder (plane XZ)
(right) measured at a depth of 0.6 meters and g&ature of 20°C [SENSw].
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Receiving Voltage Response Transmitting Voltage Response

2

OCV (dB ref 1V/yF:
TVR dB ref 1uPay @ 1m)
8 2 5

28000

Figure 3.2: Receiving Voltage Response (left) arahImitting Voltage Response (right) of the
FFR-SX30 transducer measured at a depth 0.6 matets temperature of 20°C [SENSw].

The cable on the free-flooded rings is a 20 AWG,ciwhis TPE (Thermoplastic
elastomer) insulated. The cable is affixed direttlythe ceramic crystal. The whole
assembly is then directly coated with epoxy reBioth the epoxy resin and the cable
are resistant to the salt water, oils, mild acidd bases. But the cables are not totally
water blocking (fluid penetration into the cableyr@use irreversible damage to the
transducer). For this reason and following KM3Ne&thnology standards, the FFR-
SX30 transducer have been over-moulded with potiiaree material to block water
and to facilitate its fixing and integration on rhaaical structures. The moulding of the
transducer has been made by McArtney-EurOceanid\# [McArw]. Moreover, to
facilitate the connection of the cable for deep-a&@ meter cable type 4021 with one
connector type OM2M with locking sleeves type DLSWFhas been assembled. The
connector body is of neoprene material and theimhgckleeve is of plastic material.
Figure 3.3 shows the pictures of the FFR-SX30 ttaoer with and without over-

molding.

Figure 3.3: View of the Free Flooded Ring transdueith (right) and without (left) over-
moulding.
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3.1.2 The Sound Emission Board

Dedicated electronics, named Sound Emission Bo&fEB) [LLO12], have been
developed in order to enable communication andigordtion of the transceiver, and
furthermore, to control the emission and receptibime solution adopted is specially
adapted to the FFR-SX30 transducers. With respetited emission, it is able to store
the needed energy in order to have enough acopstier and to sethe signals for
positioning and amplify them, so being able to féweeltransducer with high amplitude
of short signals (a few ms) with arbitrary wavefottmat can be detected from acoustic
receivers at 1-1.5 km distance from the emitterrédger, it is also able to switch
between emission and reception modes. The boarwtppe diagram is shown in
Figure 3.4. It consists of three parts: the commation and control which contains the
micro-controller dsPIC (blue part) [MICRw], the ession part constituted by the digital
amplification plus the transducer impedance matgliiad part), and the reception part
(green part). In the reception part a relay colddoby the dsPIC switches the mode and

drives the signal from the transducer to the rangiboard of the positioning system.

TRANSDUCER
MOLEX &
. ACOUBOARD
ifzald MOLEX &

FM25H20 33FJ258MCT10 TRANSCEIVER

=l

7.3x10.5 cr s

Figure 3.4: View and diagram of the Sound Emis&oard.

The SEB has been designed for low-power consumpdiach it is adapted to the
neutrino telescope infrastructure using power sappdf 12 V (control part) and 5 V
(power part) with a consumption of 1 mA and 100 me&pectively, furnished by the

power lines of the neutrino telescope infrastruetdio avoid initial high currents when
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the capacitor starts to charge, there is a cuineitt of 15 mA. Few seconds later the
current stabilizes at 1 mA. As the instantaneousgoavailable through the telescope
12 V DC distribution system is less than that néeeexcite the transducer to cover
long distances, it has been necessary to implen@régnergy storage block. For this
reason, a capacitor of 22 mF @ 16 V from Panaswitita very low equivalent series
resistance has been selected. It is able to clanrdestore the energy needed for the
emission. This solution allows for fast chargingdaorrespondingly short time delays
between successive emissions (the usual mode ddtapeis a high-power emission of
a few ms duration every few seconds). The chargaisfcapacitor is monitored using
the input of the ADC of the micro-controller. Moreer, the output of the micro-
controller is connected through 2x Full MOSFET [@rivand a MOSFET full bridge
constituting the power amplifier. The main charastes for the MOSFETSs are the low
Ron (transistor ON resistance) of 11Omthe fast switching (13 ns rise and 4.7 ns fall)
and low gate charge (QG =7.2 nC). Other importdwatracteristics are the high drain
current (Id = 200 A, 0.1 ms signal) and the maximdmain to source voltage (20 V).
The latter is successively connected to the tramsfowith a frequency and duty cycle
programmed through the micro-controller which giays the main role of impedance
matching for the transducer. The transformer ig &blincrease the voltage of the input
signal to an output signal from ~35\Mo ~400 \, depending on the input values.
Besides, concerning the reception part of the haaadso has the possibility to directly
apply an anti-aliasing filter and return the sigttan ADC of the microcontroller. This
functionality may be very interesting not only metcontext of neutrino telescopes, but
also to have the receiver implemented in differentlerwater applications, such as
affordable sonar systems or echo-sounds.

The micro-controller drives the power amplifier ands two inputs, one for the low
bitrate communication port and one for the trigggmal. Moreover, it contains the
program for the emission of the signals. The signadulation is done with Pulse-
Width Modulation (PWM) technique which permits thmission of arbitrary intense
short signals [BARO1]. The PWM carry frequency bé temission signal is 400 kHz
and has been tested up to 1.25MHz. The basic #asatechnique is to modulate the
signal digitally at a higher frequency using diffet width of pulses and the lower
frequency signal is recovered using a low-passrfilit will be described in the next

section). In addition, it will have an increasetlwe amplitude of the signal using a full
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H-Bridge. The communication of the board with tloatcol PC for its configuration is
established through the standard RS232 protocabumn SP233 adapter in the board.
In order to provide a very good timing synchroni@atthe emission is triggered using a
LVDS signal. The delay between the arrived triggad the emission time depends
slightly on the emitted signals, but the differendeetween the different signals are
small, about 100 ns.

In summary, the board, designed for an easy integranto a neutrino telescope
infrastructures, can be configured from shore aad emit arbitrary intense short
signals, or act as receiver with very good timingcgsion (the measured latency is 7 us
with a stability better than 1 us), as shown inKIM3NeT APS joint tests [SIM12].

3.1.2.1 Microcontroller and Signal generator block

A microcontroller is composed of a single integdatecuit containing a processor core,
memory, and programmable input/output peripherkls: the signal generator the
Microchip “Motor Control” function inside most ohé dsPic microcontroller series has
been chosen. PIC is a family of modified microcolérs and is used in industrial
developers and hobbyists due to their low costvaide availability. The dsPic selected
Is the dsPic33FJ256MC710 at 16 bit [MICRw]. Thiscracontroller has 40 MIPS of
processing power for signal processing specifitriesions, enough FLASH and RAM
memories for our purposes and a 10 bits @1MSps AloGverter. The “Motor
Control” function is basically a digital counterathworks with the main frequency of
the microcontroller (40 MHz). This device has dléthecessary components to work
with full MOSFET bridges (symmetric outputs, deade generators, etc.), and for this
reason matches perfectly for our purposes. Havingsen the full bridge power
amplifier, it must be fed with square signals. Tisisiot a problem if we want to send
square signals like a MLS (Maximum Length Sequesdagal, which is a very useful
signal extensively used in electro-acoustic measents. The main characteristics of
this signal are the flat spectrum and the non-&atioe with any other signal. It can be
used to obtain the impulse response of the engstesr and for time of flight
measurements. Moreover, if we wish to send stansiatdsoidal or arbitrary signals we
can take advantage of the fact that the transdaicérthe transformer are good band

pass filters in our band of interest: we can enstjaare signal in the band and all the
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highest frequencies that are out of the workingdbaitl be removed. Therefore, we can
also use square signals and obtain sinusoidallsigmahe emission, although the best
technigue—should we wish to send arbitrary sigbglgenerating squared signals—is
using PWM (Pulse Width Modulation) with a modulatiequency outside the main
band. To implement PWM we must vary the width @& slguare signal in direct relation
to the voltage of the desired signal (0—100% Pwiskth). The classic way to do this is
to compare the desired signal with a triangulasaw tooth signal in order to obtain a
square signal at the output of the comparator.rAfte amplification, the desired signal
Is integrated (filtered by the transformer andttia@sducer) and the median value of the
square signal is obtained. This median value islds#red signal. In particular, in order
to generate the signal two of the function modethefmotor control are used. The first
is the “free run” mode; in this mode we can obfaipulse with modulation similar to
the classic one that compares the modulation sigithla saw tooth. Using this mode
when the counter arrives to the PxTPERaximum) value it is reset and starts again
from zero. The device has also other comparatoosder to establish the width of the
pulse. The second mode is the “up/down” mode. Tig difference between this and
the previous mode is that when the counter arfgeRBxTPER it starts counting down
instead of resetting. This mode is similar to tfessic PWM modulation that compares
the signal with a triangular wave. With this mode @btain a more symmetric square

signal with fewer harmonics [LLO12].

3.1.2.2 The firmware

Different firmware versions have been developedlider to adapt the SEB to the
communication prerequisites of the different testallations at the ANTARES and
NEMO neutrino telescope sites (in ANTARES: with MBDS? over RS485; in
NEMO: console over RS232). In Figure 3.5 the basicking process is described. The
basic firmware has three main parts. The firshésprocessing of commands that arrive
at the low bitrate communication port: these comusansually are used to configure
the board or define the signal to be emitted. Tde®sd block is in the main part of the
program and is aware of the trigger port in oraestart the emission when a trigger

' PXTPER is the PWM time base period register. k fg maximum value of the counter.
> MODBUS is a communication protocol used in indastenvironments.
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signal arrives. The third block is an interrupt eddat works when the “Motor Control”
counter arrives to the PXTPER register. This cdusnges the registers of the “Motor
Control” device in order to obtain the next cycfdle desired square signal (frequency,
pulse width, etc.) [LLO12].

A new command
arrives from serial
port

What
command is it?

LOAD

T

CONFIG
L]
A new signal is Some board Internal signal Run MOTOR Update period and
loaded through the CONFIG generator (sin, CONTROL duty registers
serial port commands sweep, square....)

Figure 3.5: Diagram of the firmware working process

3.2 Sensitivity tests of the FFR-SX30

With the objective to study the possibility of ugithe FFR transducers as emitters and
receiver in the APS of KM3NeT neutrino telescopeesal studies have been done.
The first tests were done in the laboratory of Gand order to characterize the
transducers in terms of the transmitting and reegivoltage responses (TVR, RVR) as
a function of the frequency and as a function efdhgle (directivity pattern). The tests
have been performed in a fresh-water tank with disten of 87.5 x 113 x 56.5 ¢For
the tests omnidirectional calibrated transducer@deh ITC-1042 [ITCw] (with
transmitting voltage response 148 dB ref. 1pPa/V1i@n) and RESON-TC4014
[RESOw] (with receiving voltage response -186 dB3 dB re 1V[(iPa) have been used
as reference emitter and receiver, respectivelg. HFR-SX30 transducers were used as
emitters and receivers in order to calculate th®IR and RVR, respectively. Figure 3.6
shows the used position for the study of the senrtgitof the FFR-SX30 transducers
which will be named position 1 and 2. In the pasitll the sensitivity is omnidirectional
for the horizontal plane, whereas in the positidh& sensitivity changes as function of
the angle. The FFR-SX30 transducer was placed atcriOfrom the reference
transducers with the aim to study their sensitiagya function of the frequency and as a
function angle (directivity pattern) in the positial and position 2 (Fig.3.7-3.8).
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Besides, different tone bursts signals with 5 Vd 40 Vp of amplitude and 5 cycle
length in the frequency range 18-42 kHz were geadrthrough a NI PCI-5412 board
[NATIw] controlled with a control PC. A LabVIEW pgvam was used for the
emission, reception and recording of the data.r€beived signals were amplified from
a RESON CCA100 (1nF = Input Capacitance,Q2GkInput Resistances dB = output
gain used) and RESON EC6073 preamplifier for th&4X30 and Reson-TC4014
receiver hydrophones respectively. A positioninganonade by ISEL automation and
Pl micos, Germany [ISELw, MICOw], have been usegadsition the hydrophone in
the tank. It is able to move in the three dimensiply and z and has an accuracy of
0.01mm. The signal length was chosen accordingaaimensions of the tank to avoid
the interference of the reflected signals fromwhadls and water surface with the direct

signal.

Position 1 Position 2

— Direction of Direction of
H[ issi O emission or
emission or
reception

reception

Figure 3.6: Scheme of the used position (orientgtfor the measurements of sensitivity for the
‘ FFR-SX30 transducers.

Figure 3.7: Configuration used to calculate RVRh& FFR-SX30 as a function of the
frequency and as a function of the angle (diretstipattern) in position 1 (left) and position 2

(right).
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Figure 3.8: Configuration used to calculate TVRIed FFR-SX30 as a function of the
frequency and as a function of the angle (direttipattern) in the position 1 (left) and position
2 (right).

Furthermore measurements in the anechoic chamb#greo€Campus de Gandia were
done in order to acquire the electronic noise effFR-SX30 hydrophones as receivers.
Figure 3.9 shows the power spectrum density of sbFfe hydrophones. The level of

the noise is below -120 dB réMz (~<Sea Statel, that is of the sea ambient noise in
the state 1).
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Figure 3.9: Power density spectrum of some FFR-S¥@80ophone. The level noise is below -
120 dB re /Hz (~<Sea State 1).

% The Sea State is the general condition of theduetace on a large body of water and depends rd wi
speed and wave height. Sea Sate 0 is the calm sea.
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The equation used to calculate the receiving veltagponse is:

\% \Y%
Sepr(dB) = Speson(dB) + 20 - logy, (VRLR((\),)) — X(dB); [dBre 1V/uPa]

(3.1)
where:
Srrr(dB) is the sensitivity in dB of the FFR-SX30 (unknown)
Sreson(dB) is the sensitivity in dB of the calibrated Resguiophone (known) .
Verr(V) is the amplitude of the signal in V received byRFEX30 hydrophone.
Vreson (V) is the amplitude of the signal in V received bijarated Reson hydrophone.
X(dB) are the different gains selected in the preangplidonnected to the FFR-SX30

receiver hydrophones.

The equation used to calculate  the Transmittirgtage Response of the FFR
hydrophones is the following:
P(Pa @ 1m) - 10° - uPa/Pa
Vin (V) >

Tz (dB) = 20 -log,, < ; [dB re 1uPa/V]

(3.2)
where:
Tz (dB) is the Transmitting Voltage Response in dB oftthasducer (unknown).
Vin(V) is the value of the amplitude of the emitted sidnyathe FFR-SX30 transducer.

P(Pa @ 1m) is the pressure measured at the distance of 1 thebgmitter transducer.

It is calculated by the following equation:

_ Vyeceiver(V) d(m)
P(Pa @ 1m) N Stinear(V/Pa) 1m [Pa]

where V,.c.iver (V) is the value of the amplitude of the received aign V by the
calibrated Reson TC4014 hydrophone when the FFROS&Bisducer emitSy;,cqr(V/
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Pa) is the value of the Received Sensitivity\ifPa of the calibrated Reson-TC4014
hydrophone, which is known, am{m) is the distance between transducers in m.

In order to determine the voltage amplitude ofd¢hetted and received signals recorded
an algorithm in MATLAB software has been implemehté finds all the maximum
values of each signal recorded collecting themistograms and calculates the mean
value (of the histograms) through fitting the détaa Gaussian distribution. This
method has been compared with other possible puoesdsuch as using the Hilbert
function to obtain the envelope of the signal andraging the value in the stable
region. Similar results have been obtained for boththods. Once the voltage
amplitude of the emitted and received signals hbgen obtained, the Receiving
Voltage Response and Transmitting Voltage Respaisthe different FFR-SX30
hydrophones have been calculated (in this casefwielve FFR-SX30 transducers).
The uncertainties on the measurements are abdsit 2 d

Figure 3.10 shows the calculated sensitivity ofepion and emission (Receiving
Voltage Response and Transmitting Voltage Respoffise)the four' FFR-SX30
transducers, with serial numbers 788, 530, 5667add as function of the frequency in
the position 1 (the lines connecting the measur@des are only to guide the eye).
Figures 3.11- 3.15 show the calculated sensitwityeception and emission (Receiving
Voltage Response and Transmitting Voltage Respdiosethe remaininFFR-SX30
transducers with serial number from 01 to 08 astion of the frequency and of the

angle in the position 1 and 2, respectively (thegiare only to guide the eye).

=== FFR-788 FFR-530 emfpes [ FR-788 e=@==FFR-530
FFR-566 == FFR-774 FFR-566 i [FR-774
-178 135

-180 130

-182

-184

-186

1uPa/V@ 1m)

-188 N

105

100

-190

Receiving Voltage Response (dB re 1
V/uPa)

17 19 21 23 25 27 29 31 33 35 37 39 41 43 17 19 21 23 2527 2931 333537394143
Frequency [kHz] Frequency [kHz]

Figure 3.10: Receiving Voltage Response and TratiamiVoltage Response of the FFR-SX30,
serial numbers 788, 530, 566 and 774 calculatetthénposition 1 as a function of the
frequency.

Transmitting Voltage Response (dB re

* Transducers bought in 2008.
® Transducers were bought in 2010.
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Figure 3.11: Receiving Voltage Response and TrdtiasmVoltage Response of the FFR-SX30

serial number from 01 to 04 calculated in the gositl as a function of the frequency.
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Figure 3.12: Receiving Voltage Response and TratiasmVoltage Response of the FFR-SX30
serial number from 05 to 08 calculated in the gositl as a function of the frequency.

FFR-03 el FFR-04 ess@ues FFR-05 e==g===FFR-06 g FFR-01 FFR-03 e==fije==FFR-04 e==@==FFR-05
FFR-07 FFR-08 e FFR-01 e FFR-06 FFR-07 e==ie==FFR-08

-186 135
g o
g 1% g 130
] 2 125
S -194 [OaEndnah 4 S
[-% 4 - % —g
3 ralane 2 8 & 120 =
S %5198 v ®
o~ -1
c > c > 115 -
£° o (B0 $3
S -202 < G
0 w o 110
£ £
2 -206 £ 105 |
o
& 2

-210 "_& 100

17 19 21 23 25 27 29 31 33 35 37 39 41 43 17 19 21 23 25 27 29 31 33 35 37 39 41 43
Frequency [kHz] Frequency [kHz]

Figure 3.13: Receiving Voltage Response and TratiasmVoltage Response of the FFR-SX30
serial number 01 and from 03 to 08 calculated im plosition 2 as a function of the frequency.
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Figure 3.14: Receiving Voltage Response and TratismiVoltage Response of the FFR-SX30
serial number 01, 03 and 04 calculated in the posi2 as a function of the angle.
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Figure 3.15: Receiving Voltage Response and TratismiVoltage Response of the FFR-SX30
serial number from 05 to 08 calculated in the gosi as a function of the angle.

Comparing the different figures, we can realisé tha transducers, with serial numbers
788, 530, 566 and 774, have a higher sensitivityeaeption than the transducers with
serial numbers 01-08. This is in agreement with $easitivity produced on the

manufacturer's web page in 2008, which was -183eBIB re V/uPa. In 2010 the

receiving voltage response produced by the manufctwas changed and it was
-193dB re dB re V/uPa.

The results of the measurements to the transdwaérsserial number from 01 to 08

confirm the values produced by the manufacturer siralv that the differences in the
20-40 kHz frequency range are moderate, and theyedandled for the application as
transceivers for the KM3NeT APS. Moreover, theures 3.14 and 3.15 show the
Receiving Voltage Response and Transmitting Volt&gsponse of the FFR-SX30
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transducers as a function of the angle using aH80tkne burst signal (measured in the
position 2 where 0° corresponds to the directiopogfie to the cables). As expected, a
minimum of sensitivity appears at about 30° du¢gheoshape of the transducer. These
latter variations of sensitivity are about 5 dBnfakt 50%) to each one transducer,
which is a noticeable value, but, again these tiaria in sensitivity can be handled
without major problems for the use as transceigeittie KM3NeT APS application. In
case the FFR-SX30 will be used as receiver hydnoghdor the KM3NeT APS, a good
parameterisation of the sensitivity as a functidérthe frequency and angle for each
transducer will be needed, especially for the pakmse of these hydrophones for
deep-sea acoustic monitoring studies or for theistcmdetection of Ultra-High-Energy
neutrinos. For this application, it would be goodhiave precise measurements of the
sensitivities at larger distances between bothsttacers, and some work is going on
within the research group in that respect.

3.3 Pressure tests

One of the most important requirements for the KM3Nletector is the possibility of
using the selected transducers under high predaAR®10]. For this reason, a
measurement campaign using a large hyperbaricadREMER (Institut Francais de
Recherche pour L’exploitation de la Metesearch facilities at Plouzane (near Brest,
France) was performed in 2009. The aim of thesesorements was to study the
behaviour of four FFR-SX30 transducers under dgfférvalues of pressure, in the
frequency range of interest 21 kHz — 42 kHz, recmydhe emitted and received signals
and then, observing the relative acoustic poweratians. Two hydrophones and a
sound velocimeter used in the ANTARES submarindrimeudetector were also tested
(the study of these devices has not been part®ftibsis). Figure 3.16 shows the fresh-
water hyperbaric tank used to simulate the pressuegge water depth and a table with

its main characteristics.
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CHARACTERISTICS
Box beam 1000 bar ACB
Max pressure 1000 bar
Useful height 2m
Useful diameter 1m
Pressure cycle Yes
Temperature 2°C
Controlled
Connection
- Electric Yes
- hydraulic Yes
Fluid of compressior Fresh water

Figure 3.16: View of the hyperbaric tank at IFREMEgRearch facilities, Plouzane (near Brest
- France) (right) and its main characteristics (iFREW].

The used measurement set-up was chosen to avedeneince effects between the
hydrophones. For this reason a metallic plate wsesl un order to separate the FFR-
SX30 transducers, mounted on the top part of thk, @and the sound velocimeter and
the ANTARES hydrophones mounted on the bottom ghthe tank (Fig. 3.17 (left)).
During the measurements, electric signals couptirablems were found, due to the
physical housing of the cables in the same cabldeho They were solved using
separated cable holders. The inner electrical adiores between the hydrophones (and
the velocimeter) and the tank were achieved wittcsph connectors watertight up to
600 bars [IFREw]. Figure 3.17 shows the assembdagiethe connections used for the
measurements and the special connectors watertight.
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Figure 3.17: Views of the assemblage and the etettconnections used for the measurement
(left and top right) and of the special connectaetertight up to 600 bars (bottom right).

The pressure dependence on the transceivers ircbottitions of rising and decreasing
pressures in the range from 1 to 440 bars was tigeg¢sd. For each pressure value,
different tone bursts signals with 10 Vp of amplguand 10 cycle length in the
frequency range 18-42 kHz were emitted. The laitere generated through a signal
generator and sent to a pair of emitter-receivdRSIX30 transducer. Successively, the
received signals were amplified through a CCA10Qldrer RESON (1n = Input
Capacitance, 10k = Input Resistance, 12 = dB owgaun) and recorded with a NI USB-
5132 board by National Instrument [NATIw] manageithva control PC through USB
port. The signals are recorded as a text file ¢omg a matrix which columns hold the
time and the emitted and received signal wave form.

In order to test the transducers at high pressura fong time, the transducers and the
sound velocimeter were left at the pressure oflg&8 for all the night.

In Figure 3.18 an example of the emitted and reszksignal at 30 kHz and 440 bars of
pressure for the pair of emitter-receiver FFR-SXa@sducer are shown.
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Figure 3.18: Emitted (blue line) and received sibfrad line) to the pair of emitter-receiver
FFR-SX30 530 and FFR-SX30 788 at 440 bar of pressur

In order to calculate the acoustic power variaasra function of the pressure only the
recorded files in the conditions of decreasing suess (440, 300, 200, 50, 1 bar) was
analyzed. A problem was found during the measuré&nienthe conditions of rising
pressures (at the pressure of 1, 50, 200, 3004m@re hydrophones did not work due to
bad connections and the data could not be usdiartalysis.

The variation of the amplitude in the frequencyctpen at different pressure and
frequency was analyzed, considering only the recktirect signal without taking into
account the reflections. In this way, for each @reacy and pressure, the maximum
amplitude of the Power Spectral Density (PSD) udelich's method of MATLAB
was calculated. Figure 3.19 shows an example ofréiselts obtained from these
measurements for the acoustic transmission betweer-FR-SX30 transducers as a
function of the frequency and pressure. The uniceiea of the measurement are about
1.0 dB. Moreover, only the frequencies range 24#9 is shown due to the bad signal

to noise ratio measured for other frequencies.
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Figure 3.19:Pressure dependence of the FFR-SX30 hydrophorefuastion of the frequency.
The uncertainties of the measurements are abouB..0

Furthermore in the IFREMER research facilitie®Plauzanethe electrical resistance and

capacity of the transceivers were measured thraughP4284A LCM meter from

Agilent® with basic accuracy of 0.05% [AGILw]. Figure 3.8Bows the resistance and

capacity values measured for the FFR-SX30 774 drares (similar values are obtained

for the others transducers).

From the measurements we can conclude that thessdticers are quite stable with
depth. The little variations observed are not pepfdtic for the KM3NeT APS

application.
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Figure 3.20: Resistance and Capacity values tdHRR-SX30 774 transceiver at the different
pressure measured in IFREMER research facilitieBlatizane.

® This model was from Hewlett Packard Company before.
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3.4 Tests on the Transceiver

The transceiver has been tested in a fresh-wat&ritathe laboratory, in a pool and in
shallow sea water in order to be integrated innk&umentation line of the ANTARES
neutrino telescope and in the NEMO Phase Il towetHe in situ tests in the deep sea.
For simplicity and due to limitations applying fitre integration in both experiments, it
was decided to test the transceiver only as ant@mithe receiver functionality will be
tested in other in situ KM3NeT tests.

To test the system, the transceiver has been ugledlifferent emission configurations
in combination with the omnidirectional transdu€dSON-TC4014, which was used
as receiver. Different signals have been used (ongts, sine sweeps, maximum length
sequence MLS signalgtc) to study the performance of the transducer ifiedght
situations. In order to study with accuracy thdgenance of the system the positioning
system mounted on the tank has been used to po#igohydrophone in it. It allows the
motion in three dimension x, y and z with an accyraf 0.01 mm. Figures 3.21 and
3.22 show the configuration of the transceiver (edmposition 1 and 2, as explained
above) and the set up used for the measurementse Inext section, the activities and

results of these tests are described.

Figure 3.21: Configuration used to test the sysésna function of the frequency (position 1,
left) and as a function angle (position 2, right).
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Figure 3.22: Set up used to test the system. Tmalsivas generated through the SEB and sent
to the FFR emitter. The received signal was caflédtom the RESON-TC4014 receiver,
amplified with RESON amplifier and recorded throdJhUSB-5132 board managed with a
control PC through USB port.

3.4.1 Sensitivity tests of the system

In the first step, the sensitivity of the mouldeBR-SX30 transducer as a function of
frequency has been measured in order to checkutheidnality after the transducer
moulding. Different tone bursts signals with ~35B4A/pp of amplitude, 250 ps length
in the 18-50 kHz frequency range were generatexugir the SEB directly connected to
the FFR-SX30 transducer. The emitted and receiwgthls were recorded through a NI
USB-5132 [NATIw] managed with a control PC and stbin the latter. The signal

length was chosen according to the dimensionseofahk to avoid the reflections from
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the walls and water surface. Figure 3.23 showseiinéted signals amplitude as a

function of the frequency.
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Figure 3.23: Emitted signals amplitude through 8B as a function of the frequency.

The Transmitting Voltage Response (TVR) as a famcof frequency was calculated
using the formula (3.2) and is shown in Figure 3.Z4e uncertainties on the
measurements are 1.0 dB.
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Figure 3.24: Transmitting Voltage Response as atfan of the frequency for the nude FFR-
SX30 (left) and moulded FFR-SX30 transducer (right)

Comparing the TVR of the FFR-SX30 with and withouer-moulding, a loss of ~1-2
dB is observed for the over-moulded transducer.

In a second step, the Transmitting Acoustic Powkrthe transceiver has been
calculated. Figure 3.25 shows the Transmitting AticuPower of the transceiver as a
function of the frequency (measured in the posifipthat is, in direction perpendicular

to the axis of the transducer). The Transmittingpéstic Power of the transceiver as a
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function of the angle (directivity pattern) usin@@ kHz short tone burst signal is also
shown (measured in the position 2, 0° correspondthé direction opposite to the
cables) [LAR12]. The measurements have been dosemitar conditions to those of

Figure 3.24.
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Figure 3.25: Transmitting Acoustic Power of thartsceiver as a function of frequency and of
angle, respectively.

Figures 3.25 shows that the results for the trattisigiacoustic power in the 20-50 kHz
frequency range is in the 165-173 dB &4 @ 1 m range, in agreement with the
electronics design and the specifications neededugtic transmitting power may be
considered low in comparison with the ones used.ong Base Line positioning
systems, which usually reach values of 180 dBufeal@ 1 m. Despite this, the use of
longer signals in combination with a broadband destpy range and signal processing
techniques will allow us to increase the signahtise ratio, and to therefore allow the
possibility of having an acoustic positioning systef the 1us accuracy (~ 1.5 mm)
order over distances of about 1 km, using less sitopower, that is, minimizing the
acoustic pollution and reducing the power consuomptif the KM3NeT detector. In the
next section the tests to study this possibilityhef system are described.

3.4.2 Functionality tests of the system

In order to study the transceiver over longer dis¢s, the response in a noisy
environment and also the possibilities of the digiracessing techniques, tests were

designed in a pool and in shallow sea water aGi#wedia Harbour (Spain). Particularly,
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we were interested in studying the use of differeaobustic signals for positioning
purposes. We were confident that the use of widgbsignals, Maximum Length
Sequence (MLS) signals and sine sweep signalgadsif pure sinusoidal signals may
result in an improvement of the signal-to-noisaotatind therefore resulting in an
increase in the detection efficiency, as well athaaccuracy of the time of detection.

In the first step, the measurements in a freshwaoel of a 3.60x6.30x1.30 Hin
Catadau near Valencia were performed using thedeaver (FFR-SX30 plus SEB) as
emitter and the Reson as receiver hydrophone.dacand step, the measurements in
Gandia Harbour were carried out using the transcdiWFR-SX30 plus SEB) always as
emitter and a second FFR-SX30 serial number 07 witReson preamplifier, model
CCA100 as receiver hydrophone. The set up usedhgasame as represented in Figure
3.22 for short distance (from 10 cm to 4.50 m)adidition, for long distance (140 m) an
external trigger synchronization system betweenethéter and the receiver was used.
This trigger signal arrives with a delay of 8.253®ms in the acquisition system of the
receiver channel. MLS signals, sine sweep signats @ure sinusoidal signals were
emitted with different amplitude and length. In ph®ol different distances between the
transducer were chosen and located at 57 cm d@pthhe other hand, in the harbour
the study was done at 4.50 m and 140 m and thecearers were located at 1 m depth.
Figure 3.26 shows the configuration used for tlststenade at 10 cm of distance in the

pool, at 4.50 m and 140 m of distance in the harlrespectively.

Figure 3.26: Configuration used for the measurermémthe pool and in the Gandia Harbour.

Figure 3.27-3.30 show the received signals usindL& signal (order: 11, sampling
frequency: 200 kHz), a linear sine sweep signalgiiency range: 20-48 kHz, length: 1
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ms or 4 ms), and a pure sinusoidal signal (frequed@ kHz, length: 0.25 ms, 1 ms or 4
ms) and the correlation between the receiving anitted signals, for the tests in pool
and in harbour respectively. The time when theaigppears is clearly observed. The
SEB emission is produced with a delay of 0.0054 wich has been taken into
consideration. The direct signal arrives at abo@7® ms (for the 10cm of distance) and
0.69 ms (for 1 m of distance) in pool; at about 29 and 85 ms in harbour for the
distance of 4.50 m and 140 m respectively. Thergtkaks are due either to reflections
or to the ambient noise (in the case of the Gahdraour). In particular, in the Figure
3.28 a second peak is well-visible, mainly in thesec of the MLS signal, due to
reflections on the surface expected at 1.01 ms.eMaar, in the same Figure 3.28 is
clearly observed the electromagnetic signals bdfweeceived acoustic signals for the
three kinds of signals visible near 0 secondsHerdross-correlation plots. For the case
of the MLS and sine sweep signals, a clear thik peabserved, and therefore it is easy
to determine the time of detection. The measuresnerdre performed three times
obtaining times of detection shown in Table 3.2 tioe different signals (MLS and

sweep signals) corresponding to distance unceeaifrom 0.1 cm to 4.5 cm.

Time arrival of the direct signal
Signals In pool: In pool: In harbour: In harbour:
D=10 cm D=1m D=4.50 m D=140 m
MLS 0.074+0.001 ms 0.691+0.004 ms 2.981+0.003 ms .08%H.03 ms
Sweep 0.070 £0.002 ms 0.695 +0.003 ms 2.932+0.0398 m 85.08+0.02 ms

Table 3.2: Time arrival of the direct signal fortldifferent signals and distances of the different
tests.

The case of the pure sinusoidal signal is quitéeidiht since a very broad peak is
observed due to the cross-correlation method. Mamedn the harbour at the long

distance the noise was quite high (~Pa), and itedlex were detected resulting in a not
easy identification of the signals. The time of thaximum was quite sensitive to noise
or reflections.

Following the previous approach, an uncertaintyhef order of ~2 ms is obtained, and
therefore this method is not the best one for kimsl of signals. Usually, a band-pass
frequency filter is applied, and the detection timeetermined by reaching a threshold
level [ARDQ9, AGU11a]. Doing this properly requira@svery accurate calibration in

order to determine the inertial delay of the hydwape, and even so, it can give bad
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results in case of high noise, or intense reflestioearby that can be added to the waves

constructively, as it happened during our measuneénmethe harbour. In contrast, the

cross-correlation of broadband signals is lessiwemndo these effects. The inertial

delay, which affects mainly to the start and endhefsignal, is rendered less important

by considering the whole duration of the signale Hffect of the reflections is reduced

by distinguishing between different peaks of thessrcorrelated signal, the first main

peak being the one to consider [LAR12a].

Figure 3.31 and 3.32 show a zoom of the receiviggats and of the cross-correlation

peak for the three signals of Figure 3.30. liésady observed that the cross-correlation

method is better for the MLS signals than for thieo kinds of the signals and in

particular it does not work well for a pure sinuslisignal.
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Figure 3.27: Receiving signal using three differkeinids of signals (left) and correlation
between emitted and received signals (right). Teasurements have been done in pool and the
transducers are located at 10 cm distance.
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Figure 3.29: Receiving signal using three differkeinids of signals (left) and correlation
between emitted and received signals (right). Thasurements have been done in harbour in
Gandia and the transducers are located at 4.50 stadce.
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Figure 3.30: Receiving signal using three differkeinids of signals (left) and correlation
between emitted and received signals (right). Thasarements have been done in harbor in
Gandia and the transducers are located at 140 radce.
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Figure 3.31: Zoom of the Receiving signal usingéhdifferent kinds of signals (left) and zoom
of the correlation between emitted and receivedalig(right). The measurements have been
done in harbor in Gandia and the transducers aated at 140 m distance.
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Figure 3.32: Zoom of the Receiving signal usingéhdifferent kinds of signals (left) and zoom
of the correlation between emitted and receivedaligy(right). The measurements have been
done in harbor in Gandia and the transducers aated at 140 m distance.

79



80



CHAPTER 4. Integration of the acoustic transceivddimderwater Neutrino Telescopes

Chapter 4

Integration of the acoustic transceiver in Underwag¢r Neutrino

Telescopes

In this chapter the different activities and tgstsformed towards the integration of the
acoustic transceivers in neutrino telescopes itrfressires are presented. This will allow
for testing the acoustic transceiver in real coadg and studying their behaviour in
situ. Two different initiatives are presented: thiegration in the instrumentation line of
ANTARES and the integration in the NEMO-Phase Wéo.

4.1Integration in ANTARES Neutrino Telescope

The acoustic transceiver presented in the previchepter, already tested in the
laboratory, the pool and in Gandia Harbour, hamewlly integrated in the active
anchor of the Instrumentation Line 07 (ILO7), reralL11, of the ANTARES detector
on 3 June 2011. The SEB was installed in a titaniuntaioer named Laser Container
holding also other electronic parts and the LasssdBn system (LB) used for timing
calibration purposes. The Laser Container consistscylinder of 542 mm length and
with a diameter of 142 mm made of titanium grad@&ibAl4V). It is composed of three
different pieces: the cylindrical tube, the low ¢apnnector cap) and the upper cap with
the anti-biofouling system (described below). Theerr aluminium mechanics provides
the structure where the different devices of tisedldeacon are integrated. It consists of
two aluminium rings joined together by two alumimiuoeams. One of the rings is
screwed to the lower titanium end-cap. The drawinfgshis piece are shown in Figure
4.1. The anti-biofouling system is made by a ddéfudisk and a quartz cylinder rod
which spreads light out following a cosine disttibn over a half sphere (Figure 4.2).
The laser is needed for the timing calibration afeatrino telescope and a new laser
will be tested in the IL.

The LB and the transducer were fixed on the actawehor through supports of

polyethylene designed and produced at Itisituto de Fisica CorpusculaiValencia
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(Spain). Figures 4.3, 4.4 and 4.5 show drawings of all the piec composing the

supports of the LB and of the acoustic transd
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Figure 4.1: Drawings of the internal mechanicsiué tontaine
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Figure 4.3:Drawings of th supportdor holding the acoustic transduc
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Figure 4.5: drawings of the LB supports.
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The FFR-SX30 serial number 02 transducer was firdgtie base of the line at 2.87 m
from the bottom of the anchor and at 50 cm fromdiamdard emitter transducer of the
ANTARES positioning system with the area oppositeéhte moulding and the cable of
the transducer pointing upwards. The anchor witlthal integrated instrumentation has
a mass of 804 kg weigh. Figures 4.6 and 4.7 shomesuctures of the final integration
of the system in the anchor of the Instrumentatiore of the ANTARES detector.
Finally, the Instrumentation Line was successfdiployed at 2475 m depth off June
2011 at the nominal target position. However, dua faulty connector and cable, the
line could not be connected to shore. Dependintheravailability of the ROV, a new
attempt to connect the Line will be made in theosechalf of 2012. Afterwards, the

transceiver can be tested, as emitter, under ozalittons.

Figure 4.6: Anchor of the IL11 of the ANTARES deteteft) and details of the FFR
transducer with the support in polyethylene (right)

84



CHAPTER 4. Integration of the acoustic transceivddimderwater Neutrino Telescopes

Figure 4.7: View of the LB integrated in the IL1dchor (left), and inner view of the Laser
Container including the SEB integrated inside & titanium vessel (right). The red cap on the
LB is needed to screen the quartz cylinder. lermaoved before the deployment.

4.1.1 SEB for the integration in ANTARES detector

In order to integrate the system in the ANTARESedtdr and to test the system in situ
at 2475 m depth some changes in the SEB were dbweereasons for the changes were
to simplify the system and to deal with the patacdimitations of the ANTARES
instrumentation line infrastructure. For ANTAREBwas decided to test the transceiver
only as emitter, the functionality as receiver vi# tested in other in situ KM3NeT
tests. The changes done in the SEB are the folipvtite reception part was eliminated,
the standard RS232 was adapted to standard R®488w functionality for the
microcontroller to control the laser emission atite instructions to select the kind of
signals to emit matching the procedures of the ARES DAQ system through the
MODBUS communication protocol were implemented. Taeoustic transceiver
operation mode will be tagged as APS (Acoustic tiRweng System) in order to
distinguish this functionality from that of the leasBeacon mode.

A picture and a diagram of the SEB integrated ihlllare shown in figure 4.8. The use
of the RS485 connection and adapter is shown amdntbe noticed that the relay,

related to the reception, was removed.
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RS485 adapter

TRANSDUCER
MOLEX 6

12V / RS485
MOLEX 4

dsPIC ] SN75176
33FJ256MC710 — | TRANSCEIVER

250 ma r.l-. LY

Figure 4.8: View and diagram of the SEB integratethe IL11 of the ANTARES detector.

The MODBUS is a communication protocol used in stdal environment and it is
amongst the most common means of connecting indlustectronic devices. There are
many variants of MODBUS protocols: MODBUS RTU, MODB ASCII, MODBUS
TCP/IP etc. Here only the MODBUS RTU will be expld since it is the
communication protocol used. It is used in ser@hmunication and makes use of a
compact, binary representation of data for protamhmunication. The RTU format
follows the commands/data with a cyclic redundanbgck (CRC) checksum as an
error check mechanism to ensure the reliabilitth&f data. Each device intended to
communicate using MODBUS is given a unique addrédssVilODBUS command
contains the MODBUS address of the device it isrided for. Only the intended device
will react to the command, even though other devitgght receive it. Al MODBUS
commands contain checking information, ensuring gheommand arrives undamaged
[MODBwW]. In our case, the MODBUS commands are sbgtthe run control

application. The commands sent by run control anermsarized in table 4.1.:
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1 070F002000080100 + CRC

COMMAND NOT NEEDED

2 070F0040000801A0 + CRC

COMMAND NOT NEEDED

3 070F00000008012A + CRC ACTIVATE LASER OR APS
OR (Depend on ACTIVELASER)
070F000000080100 +CRC DESACTIVATE LASER OR APS
4 07 06 00 OY OX XX + CRC LASERKIND TO BE USED IN ORDER TO CHOOSE
BETWEEN LB AND APS
Y =2 (LASER)
Y=3 (APS)

Table 4.1: MODBUS commands sent to control the hdthe APS.

The XXX value represents the acoustic signal tot @mthe light attenuation value for
the laser, and the Y represents the choice betwerdevices. The microcontroller
receives them and acts according to the specifietbgol, activating either the Laser
Beacon, fixing in this case the polarization vabii¢he attenuator, or the APS.

In order to simplify the instruction for the choiad the different devices in the
MODBUS communication protocol a program with graplmterface was created.
Figure 4.9 shows the graphics interface to sendf®@®BUS commands.

o L

[
IR Prueba Laser/AS MODBUS

|COMT - Conectar | Diesconectar | _

~ LASER: POLARIZADOR|'Z 2

* APS:
Enviar Preambulo | : Frec: Amp: Len:

fiadies il Eils BRI B
Envisrlasertli | Frec1: Frec 22 Amp: Len:
Enviar LaserQff | A |28 -iJ |44 -iJ |4 -iJ |1 _iJ

: O fubitraria: | [MLST0 «| |[400Khe =

~ LASER EXTRA 4 TRIGGER: 000z _~| porapzapor: [128 2]
Frec: Amp: Len:

~ APS SEND EXTRA 5: |3n ¢J |1s ¢J |10 ¢J
Frec 1: Frec 2: Amp: Len:

 APS SWEEP EXTRA B: |2[| ii |4EI _EJ |4 _ii |1 _ii l
Frec: Amp: Len:

" APS SEND EXTRA 7: |3n iJ |15 _EJ |1n _iJ UN RUN
Frec 1: Frec 2: Amp: Len:

" APS SWEEP EXTRA 8: |2[| iJ |4EI _ij |4 _iJ |1 _iJ UN RUN

" SENAL VARIABLE 40kHz 9: [oooo

Debug
->070600030A873F6E
Mo ACK

Figure 4.9: Graphic interface for the MODBUS commsan
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This interface application permits to select thiedent devices (LB or APS) and to
choose the light attenuation value for the laseth(the POLARIZZADOR command),
and to select the kind of signals to emit (purausondal signals, MLS signals, sweep
signals etc.). In Figure 4.9 the graphics intexfior MODBUS option is shown.

4.1.2 Transmitting Power of the system for the ANTARES déeector

Before the integration of the transceiver in thstrimmentation line of the ANTARES
neutrino telescope, it has been tested in a freglerwtank in the laboratory, in a pool
and in shallow sea water, as explained in chapteéigsire 4.10 shows the Transmitting
Acoustic Power of the transceiver as a functionth&f frequency, measured in the
positions (orientations) 1 and 2, see section @calétails. The Transmitting Acoustic
Power of the transceiver as a function of the afdjiectivity pattern) using a 30 kHz
short tone burst signal is shown in Figure 4.11g%0eed in position 2, 0° corresponds

to the direction opposite to cables) [LAR12].
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Figure 4.10: Transmitting Acoustic Power of thartsceiver as function of frequency measured
in position 1 (left) and position, 2 (right), resizely.
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Figure 4.11: Transmitting Acoustic Power of thartsceiver as function of angle measured in
position 2.
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The transmitting acoustic power in the 20-50 kHytrency range is in the 165-173 dB
re JuPa @ 1 m range for the position (orientation) 1 iantthe 165-178 dB rejlPa @ 1
m for the position (orientation) 2, in agreementivthe electronics design and fulfilling
the specifications needed for this test. Sinceay rbhe considered low in comparison
with the ones used in Long Base Line positioningteays, which usually reach values
of 180 dB re Pa @ 1 m, the received pressure variation as difunef the distances
at 30 kHz and 44 kHz have been calculated for #récal direction (along the IL11).
The equation used is the following:

B="-e™  [uPa), (4.1)
whereP; is the pressure calculated at distand®, is the received pressure at 1 m from
the RESON hydrophone in the measurement with @immt at 0° in position 2 andis
the absorption coefficient calculated by using thegameterisation of Francois et
Garrison [FRA82]:

AP fif? AP fof?
a= ;121;2 + ;221;2 + AsPsf?  [Np/m], (4.2)

Figure 4.12 shows the received pressure variagoa fnction of the distances for 30
kHz and 44 kHz short tone burst signals emitteth Wit transceiver.

==@==30 kHz =lll=44 kHz
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Figure 4.12: Received pressure variation as a flamcof the distances for 30 kHz and 44 kHz
short tone burst signals emitted.
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The results show clearly that the pressure decseah distance until 116 dB re uPa
and 120 dB re pPa at 460 m for 30 kHz and 44 khe tourst signals respectively.
Successively, these data have been used to calctilat received electric signal
amplitude that would be measured the AMADEUS andTARES hydrophones,
knowing that the sensitivity for the AMADEUS hydiogne is -145.5 dB re 1V/uPa at
30 kHz and for the ANTARES hydrophone is -196 dB1kuPa at 44kHz. Figures
4.13 and 4.14 show the received amplitude caladldte the AMADEUS and
ANTARES hydrophones, respectively.
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Figure 4.13: Received amplitude with the AMADEU&bghones at 30 kHz frequency. In the
ILO7 (IL11), the AMADEUS hydrophones are locatedistances of 180 m, 195 m and 305 m.
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Figure 4.14: Received amplitude with the ANTAREBdphone at 44 kHz frequency.
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The results show that at 460 m signals with amgdituof about 34 mV and 0.2 mV for
the AMADEUS and ANTARES hydrophone, respectivelse axpected. Considering
that the last storey in the IL with AMADEUS hydraptes is located at 305 m above
the sea floor, the signal measured will be of ad®utmV amplitude, enough to be
recorded above the ambient noise. Whereas for MIEARES hydrophones the results
show that the signal amplitude is weak and diffitolbe useful for long distances.
Moreover, the received pressure variation and liarec signal amplitude expected for
the AMADEUS hydrophones on the Line 12 for a 30 kshort tone burst signal
emitted with the transceiver have also been caledland shown in figure 4.15. The
orientation of the emitter and receivers has bakert into account (it corresponds to an
angle of ~60° with position 2). Here, again theextpd electric signal is enough to be

recorded above the noise.

¢ 30 kHz @ 30kHz
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115 28
= 114 =
g ¢ . g 26 ®
& 113 i 4 Y} *
& rloor 21 3 Floor 21 ¢
5 Floor 22 g
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11 22 Floor 23
110 20
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Distance Emitter-Receiver [m] Distance Emitter-Receiver [m]

Figure 4.15: Pressure variation (left) and expecgdekctric signal amplitude (right) for the
AMADEUS hydrophones of Linel2 floor 21-23 usingi@ tone burst signals.

Following these results, we can consider that tibegration of the emitter in the IL of
ANTARES is very important in order to test it intisiand validate it for deep sea
conditions. The use of the transceiver in combamatwith the AMADEUS hydrophones
makes the test very complete since it allows stglyhe transceiver emission for
different conditions of distances and orientatigloreover, it is possible to study in situ
different kind of signals (tone bursts at differdnéquencies, but also broadband

frequency signals such as MLS or sine sweeps) andlude about the possibility of
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improving the signal to noise ratio (and therefoeeng able to cover longer distances)

by using broadband frequency signals.

4.2 Integration in NEMO detector

The transceiver prototype system is also alreadylable to be integrated in the base of
the NEMO Phase Il tower. The integration is estedaby July 2012. The system is
composed of a moulded FFR-SX30 transducer, seuahber 566, and a Sound
Emission Board as described in sections 3.1.1 ah@,3espectively. Furthermore, two
other FFR transducers, with serial numbers 7880&navill be integrated as receiver in
different floors of the tower. The latter were cented to a SMID AM-401 preamplifier
[SMIDw] with 20 x 80 mmi of dimension and 38 dB gain and the whole receiver
moulded by SEACON (europe) Ltd [SEACw]. The moutdend the cable are both in
polyurethane. Figure 4.16 shows the FFR-SX30 maufdem by SEACON together
with the SMID preamplifier. Tests performed at INMENS have demonstrated the full
compatibility of the sensors with the SMID AM-40Xepmplifier [VIO12]. These
sensors together with 2 piezo-sensors developedQAP, 14 further high sensitivity
and broadband SMID hydrophones and the transcgik@otype will constitute the
APS prototype to be tested in NEMO-Phase II.

Figure 4.16: A picture of the two hydrophones (FER30 with SMID preamplifier)
moulded by SEACON.

As in the case of the integration in the ANTARESed®r (Figures 4.1 and 4.2), the

transceiver here will be tested only as emitter iancbnnection with the Laser Beacon
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used for timing calibration purposes. Some chamgéise SEB were needed in order to
adapt it to the particularities and specificatiohSNEMO-Phase Il. The changes in the
SEB have been: to eliminate the reception parttamehplement a new functionality for

the microcontroller to control the laser emissi@mpicture and the diagram of the SEB
are shown in Figure 4.17 and an inner view of @t container is shown in figure

4.18.

TRANSDUCER
MOLEX &

IFIC LASER /"\ dsPIC SP233ACT

‘CONTROL \"/ 33FJ256MCT10 \l— TRANSCEIVER
LVDS trigger
MOLEX 8

Figure 4.18: Inner view of the Laser Container. Tager and the integrated SEB can be seen.

The Laser Beacon will be installed in the anchatheftower base by means of supports
of polyethylene designed and produced atltiséituto de Fisica Corpusculavalencia
(Spain). The transceiver will also be installedairbar attached to the anchor of the
tower near the Laser Beacon. Figures 4.19 and ¢h2® the anchor of the NEMO
tower and a drawing of the installation of the lraBeacon and of the transducer.

The tests done on the transceiver alone and tageitiethe receiver hydrophones will

be described in next sections.
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Figure 4.20: Drawings of the installation of thedea Beacon and of the acoustic transducer.

4.2.1 Transmitting Power of the system for NEMO detector

The sensitivity of the system has been calculatedescribed in section 3.4.1. In the
first step, the sensitivity of the moulded FFR-SX3$Fial number 566 transducer as
function of frequency has been measured in ordehézk that it works correctly after

the moulding. Figure 4.21 shows the emitted sigamlplitude as a function of

frequency. The Transmitting Voltage Response (T®&a function of frequency of the

FFR-SX30 with and without moulding calculated usthg formula (3.2) are shown in

Figure 4.22. The uncertainties on the measurenoéitbe TVR are 1.0 dB.
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Figure 4.21: Emitted signal amplitude through tHe&BSas a function of the frequency.
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Figure 4.22: Transmitting Voltage Response as atfan of the frequency for the nude FFR-

SX30 (left) and moulded FFR-SX30 transducer (right)

Comparing the TVR of the FFR-SX30 with and withouwer-moulding, a loss of ~4 dB

is observed for the over-moulded transducer.

In the second step, the Transmitting Acoustic Powklthe transceiver has been
calculated in the positions 1 and 2, which are wh#h orientations explained in chapter
3. Figure 4.23 shows the Transmitting Acoustic Powfethe transceiver as a function
of the frequency (measured in the positions 1 gndt2 Transmitting Acoustic Power
of the transceiver as a function of the angle (diveéy pattern) using a 30 kHz short

tone burst signal is shown in Figure 4.24 (measurdde position 2, 0° corresponds to

the direction opposite to cables). The uncertasrie the measurements are 1.0 dB.
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Comparing the Transmitting Acoustic Power measimegosition 1 and 2 an increase

of about 1-2 dB in the frequency range 30-50 kHahiserved for the position 2.
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Figure 4.23: Transmitting Acoustic Power of thartsceiver as a function of frequency

measured in position 1 (right) and in position &f), respectively.
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Figure 4.24: Transmitting Acoustic Power of thartsceiver as a function of the angle,
measured in position 2.

The results of Figure 4.23 show that the Transngtécoustic Power in the 20-50 kHz
frequency range is in the 156-173 dB 2 @ 1 m range, roughly in agreement with
combined effect of the specified emission powethaf FFR and the electronics. This

complies with the requirements for the system.

Also in this case the received pressure variat®a éunction of the distances for a 30
kHz short tone burst emitted signal have been ttled using the equations (4.1) and
(4.2) (in the direction of the tower, that is thertical, which coincides with the more
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powerful direction of emission according to Figut4). The results are shown in
Figure 4.25.
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Figure 4.25: Received pressure variation as a finmcof distance for a 30 kHz short tone burst
emitted signal.

Based on these calculations, the received amplitumtevould be recorded by a NEMO
hydrophone with its typical sensitivity of -172 a8 1V/uPa has been calculated and is

shown in Figures 4.26.

14
13

12 {
11

10 |\

AR

Amplitude [mV]

OFRLrNWAUIONO

50 80 110 140 170 200 230 260 290 320 350 380 410 440 470
Distance Emitter-Receiver [m]

Figure 4.26: Received amplitude with the NEMO hptiame at 30 kHz frequency.
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The results show that at 460 m the expected sigaslan amplitude of about 1.3 mV
for the NEMO hydrophones. Considering that the &stey in the NEMO Phase Il is
located at 420 m above the sea floor, the expesttgdhl will have amplitude of about
1.6 mV, enough to be recorded above the ambiesenoi

4.2.2 NEMO Phase Il joint acoustic tests

The compatibility and functionality of different ttavare and software for the NEMO
Phase Il test (developed by INFN-Italy, CPPM-Frane€AP-Germany and UPV-
Spain towards an innovative APS within the KM3NednSortium) were performed in
a joint acoustic test in the laboratory in GandmiaMay 2010. In these tests the
compatibility and functionality between the acquisi electronic chains NEMO and
the transceiver (FFR-SX30 plus SEB) were succdgdiested. Details about the joint
acoustic tests can be found in [SIM12].

In order to evaluate and compare the performancester of the two SMID and FFR-
SX30 hydrophones and of the transceiver for thegration in NEMO Phase Il tower,
tests in a fresh water pool of dimensions 4 x 630%n have been performed at IDASC
(Istituto di Acustica e Sensoristica “Orso Mariorino”) [IDASw] in Rome (Figure
4.27).

Figure 4.27: Fresh water pool at IDASC (IstitutoAtiustica e Sensoristica “Orso Mario
Corbino”) with dimension of 4 x 6 x 5.30 m.

98



CHAPTER 4. Integration of the acoustic transceivddimderwater Neutrino Telescopes

The transducers have been placed in the water giodifferent positions and known
distances from the acoustic sources by means bbudibre bars provided by IDASC
and mechanical supports of polyethylene designedpaoduced at the INFNIstituto
Nazionale di Fisica Nuclearef;atania (ltaly). Maintaining a similar notationtteat of
chapter 3, the different configurations of the nuieasients have been named position 1
and 2 as shown in Figure 4.28. The receiver hydyoph were connected to the data
acquisition system of the NEMO detector. The seusgd for the emission, reception

and acquisition of data is shown in Figure 4.29.

Position 2

Position 1

114.4 cm

Figure 4.28: Experimental setup for the acousti@sueements in water pool at IDASC.
Position 1 on left and position 2 on right. Emitt€C 1032 and Receivers FFR-SX30 788 and
05, and SMID H1 and H2.

The emitted signal was generated through a sigeraémtor and sent to the transducer
(ITC 1032) for the emission. The trigger of thensipgenerator was managed from GPS
with a signal named PPS (Pulse Per Second). Tte [@bvide in output two channel
one for the clock and another for the IRIG codead@tear, month, day, etc.).
Furthermore, it was connected to the Fan Time boaatder to distribute the master
clock (that is, the clock at 10MHz of the receiv&PS) and GPS time to electronic
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chain: EFCM (Ethernet Floor Control Module, on-s)oiFCM (Floor Control Module,
off-shore) and ACOU (Acoustic Board ADC, off-shar@he EFCM and FCM, on-

shore and off-shore modules for the electronic robrdf the floor in the detector, are

connected through the optical fiber. The ACOU wasnected at the receiver

hydrophones and contains the electronics to acquidedigitalize the received signal.

In order to perform the measurement under the samditions the temperature of the

water pool and the ambient temperature were madtand checked, in order to verify

that the water conditions during the measuremeasts wtable (~0.05 °C).

SIGNAL GENERATOR
8.25m

PPS

On shore | Off shore

CLOCK EFCM 1
IRIG optical fiber
10 m
et EFCM O
optical fiber
10 m

Figure 4.29: Set up used in the emission, recegimhacquisition of data.

100

ITC1032

FCM 1
S/N

FCM O
S/N 10

FFR

ACOU 1
S/N 11

ACOU O
S/N 20

00

SMID



CHAPTER 4. Integration of the acoustic transceivddimderwater Neutrino Telescopes

In the first step, the ambient noise was acquitgdte two pairs of SMID and FFR-
SX30 hydrophones without emission in order to nmmnihe intrinsic electronic noise
and environmental noise. Figure 4.30 shows the pepectrum density of the acquired
data calculated applying the function “periodograof”the MATLAB software. The
level of noise spectrum is about -120 dB f@H¢ and -100 dB re ¥Hz for the pair of
FFR-SX30 and SMID hydrophones, respectively. Natiae this level of noise was due
to the intrinsic electronic noise but also to thevimnmental noise (acoustic and
electromagnetic).
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Figure 4.30: Ambient noise for the SMID and FFR-@Xgdrophones.

In the second step, the hydrophones (FFR-SX30 anidD)Shave been characterized
using a calibrated emitter ITC 1032 [ITCw] provided IDASC. Different tone burst
signals with different amplitudes and frequenciathvb and 10 cycles length were
generated through a signal generator from AGILEMGILw]. Successively, they
were amplified by a factor 50 through an ampliftérthe FALCO SYSTEM model
WMA-300 [FALCw]. The trigger was provided by the GPS (1 PPS), asrithesl
previously, and the acquisition time was ~5 minutggure 4.31 shows the calibrated
transmitting voltage and current response levelghef ITC 1032 transducer. The
sensitivity of this transducer has been used toutate the receiving voltage response of
the SMID and FFR-SX30 receiver hydrophones for hawhitions, 1 and 2, using the
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equation (3.1). The results are shown in Figur dif3includes the 38 dB gain of the

SMID AM-401 preamplifier. The uncertainties on theasurements are about 1 dB.

The receiving voltage response at 32 kHz is abb68 -dB re V/uPa and -184 dB re
V/uPa for the FFR-SX30 and SMID hydrophones, retbpay.
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Figure 4.31: Transmitting voltage (left) and curtérnght) response level of the ITC 1032
transducer respectively [IDASw].
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Figure 4.32: Receiving Voltage Response of the SMidDFFR-SX30 hydrophones in position

1 (left) and position 2 (right), respectively.

In the third step, joint tests of the transceiveotptype and receiver hydrophones
(SMID and FFR-SX30) have been done. The emitterdplibne ITC 1032 has been
substituted by FFR-SX30 serial number 566 fed leyS&EB. Again the transducers have
been placed at known distances using the samebdrmechanical structure described
previously. Different tone burst signals with diént amplitude in the 20-40 kHz

frequency range and 5 cycles length, and linea siveep signals (frequency range: 20-
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40 kHz and 10-50 kHz, length: 1 ms) were gener#tenligh the SEB and sent to the
transducer FFR-SX30 for synchronized emission withGPS signal. The set up used
for the reception and acquisition data was the sasrshown in Figure 4.29. Figure 4.33
shows the configuration used in this case for teasurements.

115.7 cm

Figure 4.33: Experimental setup for the acoustiasueements in water pool at IDASC.
Emitter FFR-SX30 566, receivers FFR-SX30 788 an&08 SMID H1 and H2.

The Transmitting Power of the transceiver (FFR-SX8®& plus SEB) has been also
calculated using the sensitivity of the receivedrdophones in position 1 calculated
previously (Fig. 4.32 (left)) and is shown in Figut.34. The statistical uncertainties on
the measurements are about 1 dB. The TransmittmgePof the transceiver at 32 kHz
Is about 178 dB re pPa @ 1 m.
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Figure 4.34: Transmitting Power for the transcei{EFR-SX30 566 plus SEB) calculated using
the sensitivities of the receiver hydrophones (F3(80 and SMID) measured previously.
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Finally, in order to determine the distance betwesnitted and received hydrophones,
as described in the section 3.4.2, the correlati@tween different emitted and received
linear sine sweep signals and tone burst signal32akHz (of about 100 recorded
signals) have been calculated. Due to the lacknofsedge of the exact time for the
emission in the data acquisition system, synchediina between the emitted signal
(acquired though the NI USB-5132) and received aigacquired through the data
acquisition system of NEMO detector) is not possitblowever, it is possible to study
the difference of detection times between diffeteydrophones (that is, the difference
between the distances of the different hydrophon&kg difference between the
different distances, measured experimentally im, sietween the FFR-SX30 566
emitter and FFR-SX30 receivers (05 and 788) is 302005 m. In order to not be
limited by the 192 kHz sampling frequency, we hauerpolated the signals up to 9.6
MHz. Notice that this process can produce someetsff®n time due to the filters
applied for the interpolation that should be chelckad calibrated for absolute timing.
Nevertheless, since we are here just interestadrmandifferences, this should not have
any effect on our analysis. The average time diffees obtained between FFR
hydrophones are 19.98 + 0.03 ps, 19.58 = 0.02 dslar®9 + 0.02 us for the 20-40
kHz sine sweep signal, 10-50 kHz sine sweep signdl 32 kHz tone burst signal,
respectively. It is remarkably the low statistickdviation of different measurements,
which is due to the fact that the time differenp@ears just in two bins, anyway it can
be considered as a prove of the stability of th@asuements. The fact that there is a
small difference between the values of the sineepvgggnal could be an indication of a
small systematic uncertainty which depends on tkegquency. Anyway, it seems it
seems not to be very important, as it is smallen th us. Considering the velocity of the
sound in water as 1450 + 50 m/s, the measuredrelifte of distances between FFR
hydrophones is 0.029 + 0.001 m. From these reswdtgan conclude that the method
used is stable and the time accuracy of the whydeesn is better than 1 ps, in good

agreement with previous measurements describesIiml2].
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Conclusions

The main aim of the thesis has been the desigrelaewent and test of the acoustic
transceiver for the APS in underwater neutrinosiedpes, particularly KM3NeT. The
APS in an underwater neutrino telescope has a daljéctive: during the deployment
phase, the APS must provide the position of telessomechanical structures, in a geo-
referenced coordinate system, with an accuracyboutal m; during the telescope
operation phase, the APS data are used to redoegositions of OMs, which can have
some motion due to the sea currents. Their posit@wa monitored during the time with
an accuracy of about 10 cm. Then, the R&D actidiggcribed in this thesis has been
carried out in order to satisfy these requiremabtsut the acoustic transceiver and APS
in the frame of the KM3NeT Consortium.

The studies realized in order to use the FFR-SX&@stucers as emitters and receivers
in the APS of KM3NeT neutrino telescope (Chapter @gmonstrated that sensors can
be handled without major problems for the applarats transceivers for the KM3NeT
APS, although the variations in power transmissemd sensitivity to different
frequencies and angles have to be considered.nfiesic electronic noise of the FFR-
SX30 hydrophones as receivers is low, but, in cdiseilling to use the FFR-SX30 as
receiver hydrophones of the KM3NeT APS, a good rpatarisation of the sensitivity
as a function of the frequency and angle for eeafstiucer will be needed, especially if
willing to use these hydrophones for deep-sea aiconsonitoring studies or for the
acoustic detection of Ultra-High-Energy neutriné®r this application, it would be
good to have precise measurements of the senssit larger distances between both
transducers. In fact, some work is going on in #esse within the research group.
Tests in hyperbaric tank have permitted us to eateclthat these transducers are quite
stable with depth and the little variations obsdrare not problematic for the
application.

In order to integrate the transceiver prototype RFFX30 plus SEB) in the
instrumentation line of the ANTARES neutrino telege and in the NEMO Phase I
tower for the in situ tests in deep-sea, it hamhested in a fresh-water tank in the
laboratory, in a pool and in shallow sea water. $torplicity and due to limitations to
both infrastructures, it was decided to test th@gceiver only as emitter. The receiver

105



CONCLUSIONS.

functionality will be tested in other in situ KM3Ndests. The changes performed in the
transceiver, particularly in the SEB, show the cayao adapt the electronic parts to
the situation and available conditions.

The transceiver prototype, with low power consumptiis able to have a transmitting
power above 170 dB reuPa @ 1 m in agreement with the electronics desnghtiae
specifications needed. It may be considered lowomparison with the ones used in
Long Base Line positioning systems, which usualch values of 180 dB reeRa @ 1
m. Despite this, the use of wideband signals, Maxmbength Sequence (MLS) signals
and sine sweep signals, instead of pure sinussigaals result to be in an improvement
of the signal-to-noise ratio, and therefore resgltin an increase in the detection
efficiency, as well as in the accuracy of the tioh@etection. In this way, tests in fresh-
water pool and in Gandia Harbour have permittedousay that the accuracy is better
than 30 ps and compatible with uncertainties onotfaker of a microsecond measured
previously in the laboratory.

The system tested has been finally integratederatiive anchor of the Instrumentation
Line of ANTARES together with the Laser Beacon uded timing calibration
purposes. The expected pressure level and the texpeslectric signal for the
AMADEUS and some ANTARES hydrophones have beenutatied. The use of the
transceiver prototype in combination with the AMADS& hydrophones makes the test
very complete since it allows studying the trangeeemission for different conditions
of distances and orientation. Moreover, it is palssto study in situ different kinds of
signals and their performance for positioning psgso

The system for the NEMO Phase Il tower base isadireavailable and will be
integrated in May this year. Tests in a water @adDASC in Rome have allowed us to
evaluate and compare the performances of the t@mpione models, SMID and FFR-
SX30 for the integration in NEMO tower. The intimselectronic noise and the
receiving voltage response have been measured.ovEmetests on the prototype
transceiver (FFR-SX30 plus SEB) with the whole datquisition system of the NEMO
detector have been done showing the compatibiit/fanctionality of both system and
a time of accuracy for the detection better thapsl Also in this case the expected
pressure and electric signal on the receiver hywops for an emitted signal of 30 kHz

have been calculated. The results show that timalsigvel is enough to be recorded.
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Finally, we would like to remark that the acoustystem proposed is compatible with
the different options for the receiver hydrophomesposed for KM3NeT and it is
versatile, so in addition to the positioning funatility, it can be used for acoustic
detection of neutrinos studies or for acoustic rfaymg studies in deep-sea. Moreover,
the transceiver (with slight modifications) may bsed in other marine positioning
systems, alone or combined with other marine systemintegrated in different Earth-
Sea Observatories, where the localization of tmsa@s is an issue. In that sense, the
experience gained from this research can be ot gssafor other possible applications.
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Acronyms

ACOU: Acoustic Board ADC

ADCPs: Acoustic Doppler Current Profilers

ADC: Analog-to-Digital Converter

AMADEUS: Antares Modules for Acoustic DEtection Under tha Se
AMANDA: Antartic Muon And Neutrino Detector Array
AM: Acoustic Module

ANTARES: Astronomy with a Neutrino Telescope andysdenvironmental RESearch
ANTARES DAQ: ANTARES Data Acquisition

ASDIC: Allied Submarine Detection Investigation Coiittee
APS: Acoustic Positioning System

AWG: American Wire Gauge

BSS: Bottom string Socket

CDR: Conceptual Design Report

CNRS: Centre national de la recherche scientifique
CPPM:Centre de physique des particuleMigseille

CRC: Cyclic Redundancy Check

CTD: Conductivity — Temperature - Depth

DGPS: Differential GPS

DOM: Digital Optical Module

DU: Detection Unit

DWDM: Dense Wavelength Division Multiplexed

ECAP: Erlangen Centre for Astroparticle Physics

EFCM: Earth Floor Control Module
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FFR: Free Flooded Ring

FCM: Floor Control Module

GPS: Global Positioning System

HFLBL: High Frequency Long Baseline positioning teys
IceCube: Ice Cubic kilometer south pole neutrineesisatory
IDASC: Istituto di Acustica e Sensoristica “Orso fidaCorbino”
IFREMER: Institut Francais de Recherche pour L’exploitataa la Mer
IL: Instrumentation Line

INFN: Istituto Nazionale di Fisica Nucelare

JB: Junction Box

KM3NeT: kn® Neutrino Telescope

LB: Laser Beacon

LBL: Long Base Line

LCM: Local Control Module

LFLBL: Low Frequency Long Baseline positioning syst
LVDS: Low-Voltage Differential Signaling

MLS: Maximum Length Sequence

NEMO: Neutino Mediterranean Observatory

NESTOR: Neutrino Extendend Submarine Telescope @atbanographic Research
OM: Optical Module

PMT: Photomultiplier

PPM: Pre-Production Model

PPS: Pulse Per Second

PVDF: polyvinylidene bifluoride

PWM: Pulse Width Modulation

PZT: Lead Zirconate Titanafpiezoelectric ceramic material)
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R&D: Research and Development

ROV: Remotely Operating Vehicle

RVR: Receiving Voltage Response

Rx: Receiver

RxTx: Transceiver

SEB: Sound Emission Board

SBLs: Short-Baseline systems

SMID: Security Multi-Sensor Integrated Devices
SONAR: SOund NAvigation and Ranging
TCM2: Electronic Tilt-Compass sensor Module
TCS: Tiltmeter-Compass System

TDR: Technical Design Report

TDoA: Time Difference of Arrival

TOA: Time of Arrival
TOE: Time of Emission

TOF: Time of Flight

TPE: Thermoplastic elastomer
TSSC: Time Spectral Spread Codes
TVR: Transmitting Voltage Response
USBLs: Ultra-Short-Baseline systems

UPV: Universitat Politécnica de Valéncia
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