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Abstract

Neutrinos are subatomic particles that travel through the Universe with tiny or
no change in their trajectory. This means that, if they are detected traveling
along their way, the position of their origin can be studied. Despite being
the most abundant particle in space so far discovered, as it has no electrical
charge and it only interacts, it has a very low probability of interaction, which
is necessary to prove its presence. Given the possibilities of evidencing the
presence of a neutrino, it is necessary to have huge volumes controlled by
sensors capable of detecting them. In the case of interaction in a fluid such
as water or ice with sufficient energy, a muon (or other charged particles),
which travels faster than the speed of light, may be generated producing
radiation called Cherenkov light. This is the light that underwater neutrino
telescopes aim to detect, so they have installed optical sensors in the form of
a three-dimensional array.

KM3NeT is a neutrino detector belonging to the new generation of underwater
telescopes designed to hold one cubic kilometer. It is currently under
construction in the depths of the Mediterranean Sea. It consists of two detector
nodes: ARCA, which is located 100 km off the coast of Portopalo di Capo
Passero at a depth of 3400 m, and ORCA, 40 km off the coast of Toulon,
submerged at a depth of 2400 m. The Detection Units (DUs) used are composed
of a base that anchors them to the sea floor, 18 Digital Optical Modules
(DOMs) attached along a pair of cables linking the base to a top buoy. Thus,
it has a fixed DU on the seabed, standing in a vertical position (given the
buoyancy of its elements), but susceptible to the sea currents. In order to
be able to reconstruct the trajectory of a detected muon, it is necessary to
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know the position and orientation of each DOM. Therefore, KM3NeT has an
Acoustic Positioning System (APS) and an Attitude and Heading Reference
System (AHRS).

On the one hand, the APS has acoustic receivers installed in each DOM
(piezoceramic sensors) and at the base of each DU (hydrophones). On the other
hand, there are Acoustic Beacons (ABs) at known positions that emit specific
signals, which are used for the Acoustic Data Filter to register their detection at
each receiver. By recording three or more emissions belonging to different ABs,
the position of each piezoceramic sensor can be estimated. On the other hand,
the AHRS indicates the value of yaw, pitch, and roll, suggesting the orientation
of the DOM. With a combination of APS and AHRS (or independently), and
making use of a Mechanical Model, the shape of the DU can be reconstructed.
In this way, the situation of each DOM is known with higher accuracy. As far
as the ABs are concerned, each one has been characterized in the laboratory
thanks to a process that has been standardized, both in terms of measurements
and subsequent analysis. In addition, a possible location for the installation of
ABs is presented, ensuring good reception in all DOMs.

Finally, it is intended to use the APS receivers in KM3NeT for the possible
acoustic detection of neutrinos. There are theories that explain that when
the interaction of an Ultra-High-Energy neutrino is produced, a peculiar
thermoacoustic signal as a Bipolar Pulse (BP), with a narrow angle directivity
is propagated. Thus, a complete calibration of the detector has been designed
to determine whether the APS is ready for the possible capture of this type of
signal. Moreover, an algorithm capable of selecting possible BP candidates is
designed, developed, and tested. So far, 2.9 days of data have been analyzed
using three hydrophones in ORCA and promising results have been obtained
to pursue this line of research, proposing an alert system (trigger) to register
the candidate events.

As indicated in the title, the present thesis addresses two main parts: th first
one about the positioning system and the second one about signal analysis for
acoustic neutrino detection. Both were developed for the KM3NeT neutrino
detector. The document is composed of five chapters, the first one introducing
the context for understanding the work, and two chapters pertaining to each
part (which come with its own Summary, Conclusions, and a final section on
Future Steps).
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Resum

Els neutrins sén unes particules subatomiques que viatgen per I’Univers sense
alterar la seva trajectoria. Aixo significa que, de ser detectats recorrent el
seu cami, es pot estudiar la posicié del seu origen. Malgrat ser la particula
més abundant de ’espai fins ara descoberta, com no posseeix carrega eléctrica
i sols interacciona débilment, presenta molt baixa probabilitat d’interaccio,
necessaria per a evidenciar la seva preséncia. Llavors, per evidenciar la
preséncia d’un neutri, es necessita tenir enormes volums controlats per sensors
capagos de detectar-los. En el cas d’interactuar en un fluid com l'aigua o el gel,
es pot proporcionar un muo (o altres particules carregades) que viatja a major
velocitat que la llum, produint una radiacié6 anomenada llum de Cherenkov.
Es aquesta llum la que els detectors de neutrins submarins pretenen detectar,
per aixo instal-len sensors optics en forma de matriu tridimensional.

KM3NeT és un detector de neutrins que pertany a la nova generacié d’aquest
tipus de telescopis submarins i que esta dissenyat per a albergar un quilometre
cubic. Actualment, es troba en fase de construccié, en les profunditats de la
Mar Mediterrania. Es compon de dos nodes detectors: ARCA que es situa a
100 km de la costa de Portopalo di Capo Passero a 3400 m de profunditat,
i ORCA a 40 km de la costa de Toulon submergit a 2400 m. Les Unitats
de Deteccio (DU) utilitzades es componen d’'una base que les ancora al fons
mari, 18 Moduls Optics Digitals (DOM) subjectes al llarg d’'un parell de cables
que uneixen la base amb una boia. Aixi, es té una DU fixa en el fons de la
mar, algada en posici6 vertical (donada la flotabilitat dels seus elements), pero
susceptible als corrents marins. Aixi que, per a ser capagos de reconstruir la
trajectoria d’un mué detectat, és necessari tenir clara la posicié i orientacid
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de cada DOM. Per aixo, KM3NeT compta amb un Sistema de Posicionament

Actstic (APS) i un Sistema de Referéncia d’Actitud i Rumb (AHRS).

D’una banda, APS té receptors acustics instal-lats en cada DOM (sensors
piezoeléctrics) i en la base de cada DU (hidrofons). A part, instal-la Balises
Actistiques (AB) en posicions conegudes que emeten senyals particulars, que
s’utilitzen perque el Filtre de Dades Acustic registra la seva deteccié en cada
receptor. Amb el registre de tres o més emissions pertanyents a diferents AB,
es pot estimar la posicio de cada sensor piezoeléctric. D’altra banda, el AHRS
indica el valor de I'ullet, cabotejo i balanceig, facilitant l'orientaci6 del DOM.
Amb una combinaci6 de APS i AHRS (o de manera independent), i fent s
d’un Model Mecanic es pot reconstruir la forma de la DU. Aixi es coneix la
situacié de cada DOM amb una major exactitud. Pel que fa als ABs, cadascun
es caracteritza en el laboratori gracies a un procés que s’ha estandarditzat, tant
en realitzaci6 de mesures com en la seva posterior analisi. A més, es presenta
una possible ubicaci6 per a instal-lar-los, assegurant una bona recepcié en tots

els DOM.

Finalment, es pretén aprofitar els receptors del APS en KM3NeT per a la
possible deteccié acustica de neutrins. Existeixen teories que expliquen que
en la interacci6 d’un neutri ultraenergétic es propaga un peculiar senyal
termo-acustica en forma de Pols Bipolar (BP), de directivitat estreta per a les
freqiiéncies que té. Aixi que s’ha dissenyat un calibratge complet del detector
capag de determinar si el APS esta preparat per a la possible captura d’aquesta
mena de senyals. Per aix0, es dissenya, desenvolupa i prova un algoritme capag
de seleccionar possibles candidats de BP. Aquest algoritme usa la técnica de
I’espectrograma per analitzar ’energia, la freqiiéncia i la durada de cada pols.
Ara com ara s’han analitzat 2.9 dies de dades usant tres hidrofons en ORCA
i s’han obtingut resultats prometedors per a seguir aquesta linia de recerca,
proposant un sistema d’alerta per a registrar events d’interés.

Com s’indica en el titol, la present tesi aborda dues parts nuclears: una primera
sobre el sistema de posicionament i una segona sobre l’analisi en el senyal per
a la deteccid acustica de neutrins. Ambdues, desenvolupades per al detector
de neutrins KM3NeT. El document es compon de cinc capitols, un primer
que introdueir el context per a comprendre el treball realitzat, ¢ dos capitols
pertanyents a cada part (els quals venen amb el seu propi Resum, les seves
Conclusions i una seccid final de Passos Futurs).
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Resumen

Los neutrinos son particulas subatémicas que viajan por el Universo sin apenas
alterar su trayectoria. Esto quiere decir que, de ser detectados recorriendo
su camino, se puede saber de donde provienen. Sin embargo, a pesar de
ser la particula més abundante del espacio descubierta hasta ahora, al no
poseer carga eléctrica, presenta una baja probabilidad de interaccién, necesaria
para evidenciar su presencia. Con todo lo anterior, dadas las posibilidades de
evidenciar la presencia de un neutrino, se necesita tener enormes volimenes
controlados por sensores capaces de detectarlos. En el caso de que los neutrinos
interactien en un fluido como el agua o el hielo, se pueden proporcionar
particulas cargadas como el muon, que viajan a mayor velocidad que la luz,
produciendo una radiaciéon llamada luz de Cherenkov. Es esta luz la que los
detectores de neutrinos submarinos pretenden detectar, por ello se instalan
sensores Opticos en forma de matriz tridimensional.

KM3NeT es un detector de neutrinos perteneciente a la nueva generaciéon de
este tipo de telescopios submarinos y disenado para albergar un kilémetro
cubico. Actualmente, se encuentra en fase de construccion en las profundidades
del Mar Mediterraneo. Se compone de dos nodos detectores: ARCA que se sitia
a 100 km de la costa de Portopalo di Capo Passero a 3400 m de profundidad,
y ORCA a 40 km de la costa de Toulon sumergido a 2400 m. Las Unidades de
Deteccion (DU) usadas se componen de una base que las ancla al lecho marino,
18 Modulos Opticos Digitales (DOM) sujetos a lo largo de un par de cables que
unen la base con una boya. Asi, se tiene una DU fija en el fondo del mar, erguida
en posicion vertical (dada la flotabilidad de sus elementos), pero susceptible a
las corrientes marinas. Asi que, para ser capaces de reconstruir la trayectoria de
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un muon detectado, es necesario tener clara la posicién y orientacion de cada
DOM. Por ello, KM3NeT cuenta con un Sistema de Posicionamiento Actustico
(APS) y un Sistema de Referencia de Actitud y Rumbo (AHRS).

Por un lado, el APS tiene receptores actsticos instalados en cada DOM
(sensores piezoeléctricos) y en la base de cada DU (hidrofonos). Ademas, instala
Balizas Actusticas (AB) en posiciones conocidas que emiten senales particulares,
que se usan para que el Filtro de Datos Actstico registre su detecciéon en cada
receptor. Con el registro de tres o mas emisiones pertenecientes a diferentes
AB, se puede estimar la posicion de cada sensor piezoeléctrico. Por otro lado,
el AHRS indica el valor de la guinada, cabeceo y balanceo, facilitando la
orientacion del DOM. Con una combinacion de APS y AHRS (o de forma
independiente), y haciendo uso de un Modelo Mecéanico se puede reconstruir
la forma de la DU. Asi, se conoce la situacién de cada DOM con una mayor
exactitud. Los AB se caracterizan en laboratorio gracias a un proceso que se ha
estandarizado, tanto en realizacién de medidas como en su posterior analisis.
Ademés, se presenta una posible ubicacién para instalarlos, asegurando una
buena recepcion en todos los DOM.

Por dltimo, se pretende aprovechar los receptores del APS en KM3NeT para
la posible deteccién actstica de neutrinos. Existen teorias de que al producirse
la interaccién de un neutrino ultra-energético se propaga una peculiar senal
termo-acistica en forma de Pulso Bipolar (BP), de directividad estrecha para
las frecuencias que abarca. Es por esto que se ha disenado una calibracién
completa del detector capaz de determinar si el APS esta preparado para la
posible captura de este tipo de senales. Por ello, se disena, desarrolla y prueba
un algoritmo capaz de seleccionar posibles candidatos de BP. Este algoritmo
usa la técnica del espectrograma para analizar la energia, la frecuencia y la
duracién de cada pulso. Por ahora se han analizado 2.9 dias de datos usando
tres hidrofonos en ORCA y se han obtenido resultados prometedores para
seguir esta linea de investigacién, proponiéndose un sistema de alerta para
registrar estos eventos de interés.

Como se indica en el titulo, la presente tesis aborda dos partes nucleares: una
primera acerca del sistema de posicionamiento y una sequnda sobre andlisis en
la senal para la deteccion acistica de neutrinos. Ambas desarrolladas para el
detector de neutrinos KM3NeT. El documento se compone de cinco capitulos,
un primero que introduce el contexto para comprender el trabajo realizado, y dos
capitulos pertenecientes a cada parte (los cuales vienen con su propio Resumen,
sus Conclusiones y una seccion final de Pasos Futuros).
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Capitulo 1

Preambulo de la Tesis.
KM3NeT': telescopio de
neutrinos en las profundidades
del Mar Mediterraneo

KM3NeT es un detector de neutrinos submarino disenado para
llegar a ser el mds grande del mundo. Por el momento, se divide
en dos nodos: ARCA a 3400 m de profundidad y ORCA a 2400
m de profundidad. La Unidad de Deteccion usada en KMS3NeT
consiste en una base anclada al lecho marino que sujeta dos
cables en paralelo con 18 Mddulos Opticos Digitales y una boya al
final. Estas bases se reparten por cada nodo para crear un array
en 3D de sensores dpticos que monitorean un gran volumen de
agua. Cuando un neutrino interacciona en el agua y se produce la
denominada luz de Cherenkov, los mddulos dpticos la detectan. Al
conocer la posicion de estos detectores, es posible ubicar el evento
en el espacio. Sin embargo, las corrientes marinas mantienen los
sensores opticos de las Unidades de Deteccion moviéndose, asi que
se precisa de un Sistema de Posicionamiento capaz de monitorizar
su estado a cada momento. Por ello, KM3NeT cuenta con un
Sistema de Posicionamiento Acistico que instala emisores fijos y
receptores por todo el detector. Ademds, hay teorias que demuestran
la posible deteccion acustica de neutrinos en el agua, pudiendo
ampliar el uso de los receptores para estos fines.



Este primer capitulo contextualiza el trabajo realizado durante la tesis. La
Seccion 1.1 detalla el proyecto KM3NeT, donde se explica la detecciéon de
neutrinos (Subseccion 1.1.1), la tecnologia que lo permite y su localizacion
en KM3NeT (Subseccion 1.1.2), y se expone brevemente la historia de este
tipo de detectores (Subseccion 1.1.3). Seguidamente, la Seccion 1.2 introduce
el sistema de posicionamiento usado en KM3NeT, el cual es abordado en la
Parte 1 de la tesis por dos capitulos (Capitulo 2y Capitulo 3). Y, por ultimo, la
Seccion 1.8 describe en qué se basa la posible deteccion actustica de neutrinos,
que se comenta en la Parte 2 de la tesis (Capitulo 4 y Capitulo 5).

La presente tesis ha sido desarrollada durante el despliegue y puesta en marcha
de las primeras unidades de deteccion del telescopio de neutrinos submarinos
Cubic Kilometre Neutrino Telescope (KM3NeT).

1.1 Proyecto KM3NeT

En el Mar Mediterraneo se esta construyendo KM3NeT, el que pretende ser
el telescopio de neutrinos submarino mas grande del mundo [1]. KM3NeT
pertenece a la préxima generaciéon de detectores de neutrinos bajo el agua.
Estos detectores usan sensores Opticos para estudiar la luz de Cherenkov
producida por las particulas generadas tras la interacciéon de un neutrino en
dicho fluido. Para ello, se instalan fotomultiplicadores (PMT) repartidos en un
gran volumen del fondo marino, alejandose de la luz natural y de otras fuentes
de ruido.

1.1.1 La deteccion de un neutrino

Los neutrinos (“pequenios neutrones”) son particulas subatomicas
pertenecientes al grupo de los Leptones, dentro del grupo de los Fermiones,
segin la teoria del modelo estdndar de la fisica. De los seis leptones
descubiertos, tres tienen carga negativa: electréon, muon y tauon, de las cuales
sus familias asociadas de neutrinos corresponden al neutrino electrénico v,
neutrino muoénico v, y neutrino tauénico v, (ordenados de menor a mayor
masa). Sus masas han sido predichas, pero nunca medidas experimentalmente.
Los neutrinos son esenciales para entender la radioactividad, es méas, un agujero
negro, el Sol, la atmosfera, el interior de la Tierra, las centrales nucleares, las
bombas atémicas, entre otros, son fuentes que generan neutrinos, por lo que
es la particula més abundante del Universo descubierta hasta ahora.



neutral
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Figura 1.1: Esquema de astroparticulas viajando a través del espacio y su posible detecciéon
en La Tierra. [Créditos: Juan Antonio Aguilar & Jamie Yang, IceCube/WIPAC].

El neutrino viaja grandes distancias de anos luz sin alterar su trayectoria
(ver Figura 1.1), ya que interacttia muy débilmente con la materia: al no
tener carga eléctrica presentan una muy baja probabilidad de interaccién.
Por ello, estudiar sus flujos revela procesos fisicos de su fuente de origen.
Los neutrinos de energia extremadamente alta son producidos fuera de este
sistema solar, lo que hace de su investigacion un estudio muy preciado. A pesar
de su gran abundancia (el modelo de Bahcall estima un flujo de 5 millones
de neutrinos/cm?s tnicamente de neutrinos solares) no es facil constatar su
presencia, mucho menos clasificarlos o estudiarlos. Para conseguir detectarlos
se necesita una interaccién que evidencie su presencia y esto no es comun
(se estima que Gnicamente un neutrino solar interactua en la Tierra de cada
diez teras que la atraviesan). Dada la rareza de sus interacciones, se deben
albergar grandes voliimenes con sensores capaces de detectarlas. Las primeras
estimaciones sobre el minimo volumen necesario hablan de un kilémetro cibico.
Se predice que los neutrinos con energias alrededor de un PeV interactuaran
cruzando la Tierra a un ritmo de un evento por aino por km?, mientras que los
de 10 GeV solo interactuaran con una tasa de un evento por siglo por km?.*

Una de las interacciones del neutrino cargada con un nucleo, por ejemplo de
agua, proporciona un muon (caso del neutrino muénico). Si el neutrino tiene
suficientemente energia, el muon generado viajarda a una velocidad cercana a
la de la luz, o sea mayor que la de los fotones (ver Figura 1.2), produciendo la
radiacion de Cherenkov. Esta radiacion es una especie de luz azulada que se

*https://masterclass.icecube.wisc.edu/en/learn/detecting-neutrinos [Consulta: 2021-12-12]
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produce cuando en un medio transparente la particula cargada viaja a través
de ¢l més rapidamente de lo que lo harian los fotones de luz (es un efecto
anélogo al de romper la barrera del sonido en el aire).

Cherenkov

radiation

Neutrino Muon
interaction

Figura 1.2: Interacciéon de un neutrino muoénico que produce radiacién Cherenkov.

Es este fenomeno el que intentan capturar los telescopios de neutrinos acuéticos
(o en el hielo), por ello se instalan detectores de luz repartidos en grandes
voltimenes.

1.1.2 FEl detector

Figura 1.3: Disefo artistico desde el interior de KM3NeT. La ilustracion no esté a escala:
la luz del sol no llega a las profundidades donde se despliega KM3NeT. [Créditos: Edward
Berbee, Nikhef].

KM3NeT usa unidades de detecciéon repartidas por el lecho marino para
construir un array 3D de sensores (ver Figura 1.3). La Figura 1.4.a muestra una
Unidad de Deteccion (DU), la cual esta formada por tres elementos principales:
la base, la boya superior y el par de cables en paralelo que las une con 18
esferas de cristal. La base acttia principalmente como ancla evitando el libre
desplazamiento de la linia, la boya la mantiene en posicion vertical y los DOM



contienen, cada uno, 31 PMT cubriendo toda la superficie de la esfera y tres
sensores de calibracion [2].
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Figura 1.4: (a) Esquema de una DU desplegada. (b) DU con esquema de un LOM listo
para instalar [3]. (¢) DU a punto de ser arrojado al mar durante el despliegue. (d) Despliegue
del LOM después de ser activado por el ROV [Credits: Marijn van der Meer, Quest]. (€)
Esquema de una base de DU para ORCA donde se indica el soporte para hidrofono. (f)
Imagen de base de DU con Hidrofono y Baliza Actstica montada (AB).

Unidad de Deteccion

La tecnologia de despliegue para una DU viene aportada por la experiencia
adquirida de experimentos anteriores y las primeras DU instaladas en
KM3NeT. La base esté diseniada para transportar toda la linea con los DOM
enrollada en una esfera flotable, llamada Lanzadora de Modulos Opticos
(LOM), lista para su instalacion (ver Figura 1.4.b). Desde el barco, se arroja
la DU con el LOM sobre el punto deseado (ver Figura 1.4.c). Esta queda
bajo el mar inmovil, esperando que el Vehiculo Operado a Distancia (ROV)
se acerque a comprobar su disposicién y a liberar el LOM. Cuando el LOM
es liberado, sale disparado hacia la superficie mientras va desenrolldndose y
desprendiéndose de los DOM (ver Figura 1.4.d). Posteriormente, el LOM se
recupera para ser usado en futuros despliegues de nuevas unidades. Por su
parte, el ROV enlaza la nueva DU a la infraestructura ya desplegada, quedando



conectada al detector y operativa. La Figura 1.4.e muestra el esquema de una
base ya operativa, en ella se observa como los cables desenrollados quedan en
paralelo. Ademéas, una base de DU sirve como sujeciéon para otros sensores
como Balizas Acusticas (AB) e hidréfonos (ver Figura 1.4.f).

Médulo Optico Digital

Un Moédulo Optico Digital (DOM) de KM3NeT es una esfera de cristal de
radio 21.6 cm (8.5”) con 31 PMT cubriendo su superficie para detectar la
radiacién de Chrenkov. Con dos soportes laterales se sujeta a las linias de
la DU y se minimiza su rotacion (ver Figura 1.5.a). Un DOM también esta
equipado con un sensor piezoceramico en la parte inferior (ver Figura 1.5.b),
un LED llamado “nanobeacon” en la parte superior y una placa electrénica con
brijula e inclinémetro en el interior. Todo los componentes se operan desde una
Placa Logica Central (CLB) que controla cada sensor y dirige los datos (ver
Figura 1.5.c¢). La CLB debe ser capaz de administrar los datos recolectados
con una precision de 1 ns para la sincronizacién del resto de sensores en el
detector [4].

(b)

Figura 1.5: (a) DOM unido a los cables de una DU. (b) Vista inferior de un DOM. (c)
Exposiciéon de todos los componentes que forman un DOM.



Localizacion

KM3NeT tiene dos nodos detectores llamados Astroparticle Research with
Cosmics in the Abyss (ARCA) y Oscillation Research with Cosmics in the
Abyss (ORCA). Ambos usan la misma tecnologia, aunque con fines diferentes:
ARCA ha sido disenada con el fin de estudiar neutrinos césmicos de muy alta
energia, mientras que ORCA estudia las propiedaes de neutrinos creados por
los rayos cosmicos en la atmosfera terresstre. ARCA se sittia a 100 km de la
costa de Portopalo di Capo Passero a 3400 m de profundidad, y ORCA a 40
km de la costa de Toulon sumergido a 2400 m (ver Figura 1.6.a).

ARCA

PR

36°N

34°

(b)

Latitude

32N

R=100 m

Longitude

(a) (c)

Figura 1.6: (a) Localizacion KM3NeT. (b) Nodo detector ARCA. (c) Nodo detector
ORCA.

ARCA pretende instrumentalizar al menos 1 km? repartiendo un total de 220
DU en dos bloques (ver Figura 1.6.b). Las DU de ARCA tienen una altura
aproximada de 700 m, la distancia entre ellas es de unos 90 metros y la distancia
vertical entre DOM es de 36 m. El primer DOM se sitta a 65 m de altura y
la boya se distancia a 5 m del dltimo DOM. Este disefio tiene como fin la
deteccion de neutrinos cosmicos de muy alta energia (en el rango de TeV-PeV)
[5]. La primera DU en ARCA fue instalada en diciembre de 2015 y actualmente
cuenta con 19 DU desplegadas y operativas.



ORCA ocuparia un volumen de 0.018 km? en un espacio apropiado por 120
DU en un tnico bloque (ver Figura 1.6.c). Las DU de ORCA tienen una altura
aproximada de 190 m, la distancia entre ellas es de unos 20 metros, mientras
que la distancia entre DOM de una misma base es de unos 9.5 m. El primer
DOM se sitia a 25 m de altura y la boya se distancia 5 m del altimo DOM.
ORCA esté disenado para la deteccién de neutrinos atmosféricos en el rango
de 3-100 GeV [6]. La primera DU en ORCA fue instalada en febrero de 2019
y hasta ahora cuenta con 11 DU operativas.

Con KM3NeT completado se estima tener una cobertura amplia del cielo,
permitiendo cierta superposiciéon en el plano del centro galactico. El centro
galactico en si es visible principlalmente desde el hemisferio norte [7].

Este tipo de detectores que registran grandes cantidades de datos estan
programados para analizar casi en tiempo real la informacién recolectada
y desechar todo aquello que no supere cierto nivel umbral de interés. En
KM3NeT el Trigger and Data Acquisition System (TriDAS) se usa para
ejecutar algoritmos de activacion y los Data Writers (DWs) para escribir
datos en la Base de Datos (DB), asi las senales sin procesar registradas por
cada sensor se analizan practicamente en tiempo real y no se requiere un
almacenamiento masivo para ellas. Cuando el umbral es superado por varios
sensores a la vez, se activa el TriDAS y se guarda la informacion de este
evento. Cuando se habla de superar el umbral, no Unicamente se refiere a
un sblo parametro, si no que se pueden evaluar diversos (cada uno formara
un “cut” diferente). Asi que es muy importante optimizar cada “cut” y tener
calibrados todos los sensores. Los detectores de KM3NeT estdn conectados a
unas granjas computacionales en la costa para el rapido procesado de estos
datos. La preparacion y recoleccion de datos de ARCA y ORCA se organiza
en periodos llamados RUNs, almacenando en sus respectivos ficheros los datos
de interés convenientemente organizados para facilitar el anélisis posterior.

1.1.83 Otros telescopios submarinos

El mayor inconveniente de los telescopios submarinos de neutrinos es la
dificultad de su instalacion, seguimiento y puesta a punto. No obstante, las
aguas profundas permiten la interacciéon de neutrinos para detectar la radiacion
de Cherenkov de forma protegida de los rayos cosmicos (reduccion considerable
de los eventos). Ademas, el fondo marino tiene mucho espacio libre donde
se pueden construir enormes infraestructuras de este tipo. Por todas estas
razones, actualmente existe gran interés en el proceso de desarrollar y explotar
este tipo de infraestructuras. La comunidad cientifica estd entusiasmada con



estos telescopios, no s6lo para detectar neutrinos, sino también como una
forma de contribuir al desarrollo de las tecnologias secundarias involucradas
y la importancia de ser capaz de estudiar el cosmos. Desde finales del siglo
pasado, se han llevado a cabo diversos experimentos que han demostrado
la viabilidad de este tipo de telescopio en el estudio de neutrinos: Baikal
Deep Underwater Neutrino Telescope (BDUNT) en el lago Baikal [8, 9],
Antarctic Muon And Neutrino Detector Array (AMANDA) en el Polo Sur
[10] o NEutrino Mediterranean Observatory (NEMO) y Neutrino Extended
Submarine Telescope with Oceanographic Research (NESTOR) en el Mar
Mediterraneo [11, 12|. En base a los resultados prometedores de todos
ellos, el préoximo paso fue desarollar la construccién de telescopios més
grandes de este tipo en dichas ubicaciones: Baikal Gigaton Volume Detector
(BAIKAL-GVD) [13], IceCube [14] y Astronomy with a Neutrino Telescope
and Abyss environmental RESearch (ANTARES) [15].

KM3NeT ya pertenece a la nueva generaciéon de este tipo de detectores.
ANTARES ha sido desconectado (12 de Febrero de 2022) después de maés
de 15 afos operando, dado que se habia completado su vida util y ARCA
y ORCA empezaban a superar sus capacidades. BAIKAL-GVD pretende
ampliarse hasta el kilémetro cibico e IceCube ha aprobado su proximo
plan de crecimiento y llegar a cubrir hasta 10 km?®. Ademéas existe un
experimento reciente llamado Pacific Ocean Neutrino Experiment (P-ONE)
para la construcciéon de un nuevo detector en el Océano Pacifico Norte [16]
(ver Figura 1.7).

Figura 1.7: Detectores submarinos de neutrinos en funcionamiento y desarrollo en el mundo.



Todos estos telescopios (KM3NeT, BAIKAL-GVD e IceCube) conforman la
Global Neutrino Network (GNN), la cual tiene como objetivo una colaboracion
més estrecha y una estrategia coherente entre los proyectos de telescopios de
neutrinos.”

1.2 Sistema de Posicionamiento

Como se ha comentado anteriormente, una DU en KM3NeT consiste en un par
de cables sujetos al fondo del mar en posicién vertical por la flotabilidad de
una boya superior y la propia de cada DOM. Asi pues, la DU queda expuesta
al efecto de las corrientes marinas que alteran la forma de la linea y los DOM
permaneceran inclinados respecto a su posicion. Si se desconoce la posicién y
orientacion de los DOM a la hora de detectar una particula, serda imposible
ubicar el evento en el espacio y mucho menos reconstruir su trayectoria para
estimar la localizacién de su origen. Por ello, KM3NeT cuenta con un sistema de
posicionamiento, con el objetivo de controlar la situacién de los DOM en cada
momento. KM3NeT usa un Sistema Acustico de Posicionamiento (APS) para
localizar el sensor piezoeléctrico que hay en cada DOM. Ademéas, cada DOM
cuenta con una brijula y un inclinémetro, formando un Sistema de Referencia
de Actitud y Rumbo (AHRS) el cual indica el valor de la guinada, cabeceo
y balanceo, facilitando la orientacion del DOM. Como se verd en la Parte I
de esta tesis, una combinacién de ambos es lo que se usa para monitorizar la
posiciéon de cada PMT.

1.2.1 Las propiedades del entorno

Antes de instalar KM3NeT se llevaron a cabo muchas medidas que validaron
el entorno para ARCA y ORCA. Son entornos tranquilos donde raramente
se registran picos de corriente superiores a 7 cm/s, aun asi estas corrientes
mantienen las DU en constante movimiento y alejadas de su posicién natural
que corresponderia a la linea (totalmente en vertical).

ARCA estd instalada en la zona donde en su dia estuvo European
Multidisciplinary Seafloor Observatory (EMSO) Western Ionian Sea, un
Moédulo de Interfaz Instrumentada (MII) con diferentes sensores que
monitoreaba (entre otros) el estado de la corriente marina. La Figura 1.8
muestra las velocidades de corriente tomadas por este Perfilador Actustico de
Corrientes Doppler (ADCP). Se observa que el 93 % del tiempo en ARCA, las
corrientes son inferiores a 6 cm/s, siendo el 24 % menores a 3 cm/s.

*https://www.globalneutrinonetwork.org/ [Consulta: 2022-07-13]
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Figura 1.8: Velocidades de la corriente marina en la ubicaciéon de ARCA. Datos extraidos
en el periodo de 2001-2004 y 2007-2009 [17].

Actualmente, ORCA comparte ubicacion con EMSO Ligure Ouest [18]|. La
Figura 1.9 muestra los datos de corriente tomados durante un afio por este
ADCP. Esto demuestra como el 90 % del tiempo en ORCA las corrientes son
inferiores a 7 cm/s, siendo el 19 % menores a 3 cm/s.
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Figura 1.9: Propiedades de la corriente marina en ORCA durante un afio (del 15 de
noviembre de 2020 al 15 de noviembre de 2021) proporcionados por EMSO Ligure Ouest.
(a) Velocidad de la corriente marina. (b) Direccion de la corriente marina respecto al Norte
(0 grados).
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1.2.2 El Sistema de Posicionamiento Acustico (APS)

El APS de KM3NeT consta de tres partes principales: los emisores, los
receptores y el Filtro de Datos Acusticos (ADF). Los emisores son AB que se
instalan en una posicién fija y conocida. Los receptores son los piezoceramicos
instalados en cada DOM (siempre en movimiento) y los hidréfonos en cada
base de DU (fijos). El ADF se encarga de procesar los datos que registra cada
receptor y guarda aquellos pardmetros de interés. El Capitulo 2 describiré el
APS capaz de posicionar el sensor piezoceramico existente en cada DOM.

El ADF es la parte de TriDAS que realiza el analisis de los datos actsticos sin
procesar, por ahora su trabajo principal es determinar y guardar en la DB el
Tiempo de Llegada (ToA) y su amplitud en forma de Factor de Calidad (QF)
de las senales emitidas por cada AB. Ademas, también se usa para programar el
registro entre un intervalo especifico de tiempo y grabar las senales sin procesar
directamente de los receptores. El sistema de generacién de reloj KM3NeT
funciona con un reloj de senal interno de 25 MHz [19], por lo que controla la
marca de tiempo de las sefiales acusticas grabadas. Los receptores graban con
una frecuencia de muestreo f, de 195.3125 kHz (25M Hz/2%=~1)  por lo que
pueden usarse para estudiar senales de frecuencia inferior a unos 100 kHz. En
el Capitulo 5 se analizan las senales directamente grabadas por los hidréfonos
de KM3NeT.

1.2.3 El Sistema de Referencia de Actitud y Rumbo (AHRS)

El AHRS de KM3NeT usa la informacién de la brdjula e inclindémetro
instalados en cada DOM para conocer su guinada, cabeceo y balanceo. Con su
orientacion se puede saber la posicion exacta de cada PMT relativa al centro
del DOM. El Capitulo 3 explicard cémo conocer la orientacion del DOM a
partir de la informacién del AHRS. Ademaés, desarolla una combinaciéon de
APS y AHRS para ajustar el perfil de la linea de la DU usando un Modelo
Mecénico (MM).
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1.3 Deteccion Acustica de Neutrinos

Cuando un neutrino de ultra alta energia interactua en el agua, produce una
cascada de particulas de forma cuasi instantédnea, provocando un pequefio
calentamiento en esa regién del fluido, ocasionando una pequena sefial actstica.
Esta senal creada por el cambio de temperatura del agua instantaneamente,
tiene unas caracteristicas peculiares. En este apartado se comentara dicha senal
y las posibilidades de ser detectada de forma experimental.

Los detectores de neutrinos acuéticos disenados hasta ahora usan tecnologia
Optica para detectar la luz de Cherenkov. Tal y como se observa en la
Figura 1.10, por razones fisicas de la atenuacién de la luz en el agua estan
limitados a la deteccion de neutrinos de hasta 100 PeV. Hay estudios que
estiman la posibilidad de detectar neutrinos de méas alta energia con otro tipo
de tecnologia (acustica, radio...) si se monitorizara un enorme volumen [20].

From keV to several GeV:
Underground detectors

From tens of GeV to about 100 PeV:

Cherenkov detectors in water /ice

Cosmological v;

a burst (1987A) Highest energies:
Huge detector volumes with other methods*

Flux [cm2sisr'iMeV-]

Reactor anti-v

ckground from old supernovae

Atmospheric v

107
102
. Cosmogenid *There are three methods to reach such volumes:
107 v * Acoustic detection
102 * Radio detection
- Posoa * Detection via air showers
10¢ 102 1 10° 108 10° 10 10" 10

Neutrino energy [eV]

Figura 1.10: Flujos medidos y esperados de neutrinos naturales y de reactor. El rango de
energia de keV a varios GeV es del dominio de los detectores subterraneos. La region de entre
decenas de GeV y alrededor de 100 PeV, con flujos mucho méas pequenos, esta cubierta por
detectores de luz de Cherenkov bajo el agua y en el hielo. Las energias mas altas solo son
accesibles con detectores de enorme volimen y distinta tecnologia [20].
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1.3.1 Pulso bipolar

La senal que deja la interaccién de un neutrino en el agua es realmente peculiar
ya que presenta una estrecha directividad teniendo en cuenta las frecuencias
que la componen. Al sobrecalentar el agua en instantes de tiempo tan cortos,
se produce un Pulso Bipolar (BP) termoacustico [21]. Este representa la
compresion (pico positivo) y decompresion (pico negativo) del medio durante la
cascada de particulas que se genera tras la interaccion (ver Figura 1.11.a). La
energia de la cascada se distribuye en una especie de cilindro de unos 10 cm de
didmetro y entre 5 y 10 metros de longitud. Esta cascada va a tener componente
electro-magnética y componente hadroénica, y produciré su expansiéon en forma
de cilindro a su alrededor, lo que propagara el BP perpendicularmente a la
cascada con un patron muy directivo [22, 23].

El hecho de que los detectores hayan de poseer enormes dimensiones es
favorable a la deteccién actustica, ya que las senales ultrasonicas en el agua
tienen menor atenuacién en comparaciéon con la 6ptica. Aunque la dificultad de
capturar una de estas senales no so6lo reside en el amplio componente frecuencial
que dificulta su identificacién o su estrecha directividad, sino también en su
corta duracion (la distancia entre picos del BP se estima de alrededor de los
10 ps), la cual requiere un sistema con una frecuencia de muestreo capaz de
capturar la forma del BP.
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Figura 1.11: Senal acustica resultante de la simulacién de una cascada hadrénica de
particulas de 5-10"" GeV (donde la particula primaria césmica es un protén) [22]. La seial
se recibiria a 1 km de distancia y a una profundidad de 6 m a lo largo del eje de la cascada
(lo que corresponderia a 0° del plano del haz actstico). (a) Senal en el dominio del tiempo.
La distancia entre picos es de 14 us (b) Sefial en el dominio de la frecuencia. La caida de -6
dB se produce entre los 5.2 y 44.8 kHz.

Segin la informacion de la Figura 1.11.b este BP podria ser registrado por los
receptores actusticos del APS en KM3NeT, siendo la motivacion principal de
la Parte II de la tesis.

1.3.2 Calibracion y deteccion

La calibracién de un sistema aciistico en recepcién proporciona informacion
sobre la capacidad de registrar ciertas senales. Si ademés esta se realiza “in
situ”, los datos proporcionados seran mucho mas fiables, ya que tendran en
cuenta el ruido de fondo del ambiente donde esté operando. Las calibraciones
necesitan que un sensor figure como referencia, es decir, uno que haya sido
calibrado previamente (método calibracion directa [24]).

Para estudiar si un sistema acustico como el APS de KM3NeT podria servir
para la deteccion actustica del neutrino, debe ser calibrado in situ. E1 Capitulo 4
presenta un array disenado y desarrollado para dicho cometido, capaz de emitir
senales desde el barco al detector. Ademés, este capitulo expone una calibracién
completa dividida en tres pasos (de menor a mayor dificultad): Emision Lineal,
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para conocer la respuesta en frecuencia. Emision Paramétrica Larga, para
estudiar su directividad. Emision Paramétrica de BP, para saber si es capaz
de capturar el tipo de senal producida por la interaccién de un neutrino en el
agua.

Acerca de la Emision Paramétrica, es necesario comentar que es una técnica
de la actstica no lineal que permite propagar bajas frecuencias de forma
directiva |25, 26]. Se origina al emitir con intensidad dos tonos cercanos de alta
frecuencia. Al propagarse estos tonos por un medio como el agua, aparecen
no linealidades que provocan frecuencias fruto de su combinacién. Una de
ellas es la frecuencia diferencia (baja frecuencia) que adquire las caracteristicas
directivas de las altas frecuencias originarias, es decir que, a pesar de ser una
senal de baja frecuencia se propaga con la directividad de los tonos emitidos.
Es por ello que esta frecuencia diferencia se usa para conseguir sefiales muy
directivas que en el campo de la actstica lineal no serfa posible.

Para aprovechar el APS de KM3NeT y usarlo también para la deteccion
acustica de otras sefiales que no fuese la de los AB (en este caso el BP por la
posible interaccion de un neutrino) se necesitaria reprogramar el ADF para este
cometido y dejar constancia de un posible evento de interés y asi estudiarlo con
més detalle en un post procesado. De esta manera, en el Capitulo 5 se propone
un primer algoritmo de activacién para la deteccion de BP.
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Part 1

KM3NeT Positioning System






Chapter 2

The Acoustic Positioning
System of KM3NeT

The Acoustic Positioning System in KMS3NeT consists
of Acoustic Beacons, Digital Acoustic Receivers (hydrophones
and piezoceramic sensors), and the Acoustic Data Filter that
determines the Time of Arrivals for each recorded emission and
registers them in the Data Base. All this is necessary to monitor
the movement of the Digital Optical Modules. In addition, different
analyses are presented to study the detection and estimation of the
amplitude of a signal, as well as the attenuation and propagation.
These analyses are used to characterize the Acoustic Beacons in
a laboratory (power, directivity, and delay measurements) and to
decide their posterior deployment in the detector. Finally, a basic
process to check the sensitivity of an emitter-receiver system in situ
is also proposed.

Section 2.1 presents each element of the APS in detail and explains how it
works. Section 2.2 presents the complete production and characterization of an
AB in the laboratory. For this purpose, different signal analyses are described,
some of which are used in section 2.3 to study the propagation of a signal and
to design the ideal position of an AB in the detector. In addition, in section 2.4
a basic test to know the sensitivity of the emitter-receiver system once installed
is proposed. And finally, in section 2.5 the trilateration process to position the
piezoceramic sensor in every DOM is presented.
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Due to the currents on the seabed where KM3NeT is built, the lines of the
Detection Units (DUs) are in constant movement. This phenomenon means
that the Digital Optical Modules (DOMs) are not completely vertically aligned,
and it is, therefore, necessary to monitor their position and orientation. This is
of vital importance for the neutrino telescope since, by knowing the location of
its detectors, the trajectory of the detected neutrino can be reconstructed. So,
if the DOM positioning is known using the Acoustic Positioning System (APS)
and the orientation is provided by the Attitude and Heading Reference System
(AHRS), it is possible to know the position in space of each Photomultiplier
Tube (PMT). As Global Positioning System (GPS) signals reach only a few
meters into the water due to their rapid attenuation, the most accurate solution
is to set up an APS.

An APS consists of a network of acoustic sensors spread over a known location
that aims to detect the position of another acoustic sensor (of unknown
position, e.g. in movement). Usually, the trilateration method is used to
find out the unknown position [27, 28]. The known position sensors must be
of the same type (receivers or emitters) and the sensor to be located should
be analogous. This is because the trilateration method is based on the arrival
times of the emitted signal. For trilateration to work, a minimum of three
sensors of known location is required, and as the number of sensors increases,
the more accurate detection will be, so a minimum of four sensors is commonly
used for redundancy [29].

2.1 Acoustic system sensors and operation

The APS in KM3NeT contains piezoceramic sensors as receivers in each of
the DOMs and distributes fixed Acoustic Beacons (ABs) as emitters on the
seabed. It will work as follows: the ABs emit a known signal which is received
by the piezoceramic sensor, and the system records the Time of Arrival (ToA).
When at least three ToAs are registered from different ABs, the position of the
receiver can be triangulated. The APS also includes a hydrophone installed in
each APS base.

The acoustic receivers in KM3NeT are always passively “listening”: they record
the signal in a buffer, the Acoustic Data Filter (ADF) analyses it, and the
parameters of interest are saved. Due to the large amount of memory these
signals occupy, it is not possible to store raw data continuously, so it is
important that the ADF only records the data of greatest interest.
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The acoustic emitters in KM3NeT are programmed to manage their emission,
either autonomously or via a trigger (autonomous AB or triggered AB). In the
case of autonomous emission, the duty cycle is known, but not the Time of
Emission (ToE).

2.1.1 Acoustic Beacons (ABs)

The AB is a broadband range acoustic emitter from 20 kHz to 60 kHz and
the power of emission is managed by the Capacitor Voltage Charge (CVC).
It is able to generate any signal such as sine (tone), sweep, MLS, or even
preload a user-configured signal. Although the APS uses sweeps up to 5 kHz,
given its propagation and easy detection. An AB weighs between 10 and 12
kg, depending on the encapsulation material (aluminium or titanium), and
is about 57 cm long and 10 cm in diameter. It has three main parts: the
Sound Emission Board (SEB), the Free Flooded Ring (FFR) transducer, and
its cylindrical vessel (see Figure 2.1). Their current purpose is to work on the
APS of KM3NeT as Long Baseline (LBL), and they are installed vertically in
fixed positions of the seabed.

Figure 2.1: AB in aluminium 3D scheme.

Figure 2.2 shows the digital signal loaded into the SEB of the AB3 for their
emission.

AB3 emission loaded on SEB
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Figure 2.2: A sweep of 5 ms from 34 to 36 kHz loaded on the SEB for AB3.
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2.1.2 Digital Acoustic Receivers (DARs)

There are two types of Digital Acoustic Receivers (DARs) in KM3NeT,
hydrophones (external) and piezoceramic sensors (internal). On the one hand,
the hydrophones (see Figure 2.3.a) are mounted in the DU bases and remain
fixed, while the piezoceramic sensors (see Figure 2.3.b) are glued to the glass
sphere of each DOM from the inside.

(b)

Figure 2.3: (a) External DAR: Hydrophone DG0330. (b) Internal DAR: Pz27
piezoceramic sensor encapsuled.

External DARs: Hydrophones

The main purpose of the hydrophones in KM3NeT is to position the DU base
and/or the triggered ABs. Also to give variety to the type of sensors for
acoustic monitoring studies at sea. They have a wide (and flat) frequency
response and higher sensitivity than piezoceramic sensors. As they remain
fixed and data processed from a PC farm onshore, they provide an excellent
opportunity for bioacoustics, ship noise monitoring, environmental noise
control, acoustic neutrinos detection, etc. At the moment, they are essential for
the APS, since the only ABs installed are autonomous: if the distance between
them is known and the ToA is recorded on the hydrophone, the ToE can be
known (which is critical for the trilateration of moving acoustic receivers).
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Figure 2.4 shows the AB3 emission recorded by a hydrophone in ORCA.

AB3 emission recorded by the Hydro in DU2
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Figure 2.4: A captured sweep of 5 ms from 34 to 36 kHz emitted by the AB3 and received
by the hydrophone in DU2.

The hydrophone is a DG0330/DG1330 designed and manufactured by
CO.L.MAR company for the KM3NeT project. There are two different
hydrophone versions, without and with an analog high-pass filter signal stage
of 700 Hz, to reject the low frequency ambient sea-noise. It is omnidirectional,
works in the 5-90 kHz range with 24 bits of resolution, and it has two channels
(the first channel has +26 dB gain and the other one has +46 dB gain). Two
channels are to avoid signal saturation in case there is AB installed near it.
The Received Voltage Response (RVR) is around -176 dB (re 1 V/uPa at 1 m)
in the first channel and -156 dB (re 1 V/uPa at 1 m) in the other channel at
5 kHz [30].

Internal DARs: Piezoceramic sensors

The cost of the piezoceramic sensor is low and its size is small, which
is convenient for having one in each DOM. The ceramic material is
a Pz27, manufactured by Ferroperm. It is in an aluminium capsule
with the pre-amplifier board, the Analog-to-Digital Converter (ADC)
AD7764BRUZ-TSSOP28, produced by Analogue Devices and glued to the
glass of the DOM facing downwards. The RVR is -160 + 6 dB (re 1 V/uPa
at 1 m) in the 10-70 kHz range [31]. Continuous waveforms, such as tones,
are well understood, but the response to transients shows complex waveforms.
There are a number of resonance frequencies and the amplitude depends on
the position of the source with respect to the DOM [32].
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Figure 2.5 shows the AB3 emission captured by a piezoceramic sensor in

ORCA.

AB3 emission recorded by the Piezoceramic in DU1-DOM1
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Figure 2.5: A captured sweep of 5 ms from 34 to 36 kHz emitted by the AB3 and received
by the piezoceramic in DU1-DOMI.

2.1.3 The Acoustic Data Filter (ADF)

Regarding ToA registration, the ADF analyzes the recorded signals every 5
seconds (in a buffer). It performs a correlation for each expected signal of the
installed ABs (linear sweeps from 2 to 5 kHz of broadband) and records its
maximum peak amplitude, the Quality Factor (QF), together with its ToA in
the KM3NeT Data Base (DB). Figure 2.6.a displays the spectrogram of the
AB3 emission displayed in Figure 2.2. It can be clearly seen how the sweep
initializes at one frequency and it is increasing during the 5 ms of the signal.
In the spectrograms of the received signal (experimental data), the AB3 sweep
is also distinguishable: in Figure 2.6.b it is recorded by a hydrophone, and
in Figure 2.6.c by a piezoceramic sensor. In both cases, there would be no
confusion when distinguishing them from other emissions (AB1 and AB2),
despite less piezoceramic sensor quality

The ADF identification of the emitted AB signal in the record is also clearly
distinguishable by the higher QF. Figure 2.7 shows the ToA and the QF value
recorded by the piezoceramic sensor on last DOM for a DU of ORCA during
25 minutes. The pulse train of the AB emissions (every 10 minutes) is clearly
distinguishable. Everything below the dotted line (the dotted line represents
the 70% of the maximum valid QF) is invalid data: high QFs are seen between
signals that do not correspond (AB3 in AB2 emissions or AB1 and AB2 in AB3
emissions), although always the highest peak clearly identifies the emitter, and
there are even peaks in the case of hydrophones corresponding to the signal
reflected on the floor (much lower than the direct signal). Currently, it is
being discussed whether to force a dynamic threshold level for each receiver
and reduce the low quality or noise signals considerably.
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Figure 2.6: (a) Spectrogram of the signal displayed in Figure 2.2 (emitted by the AB3).

(b) Spectrogram of the signal displayed in Figure 2.4 (recorded by a hydrophone).

Spectrogram of the signal displayed in Figure 2.5 (recorded by a piezoceramic).

(c)
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ADF data by receiver in DU3-DOM18
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Figure 2.7: ADF data on DU3-DOMI18 of ORCA. The data shows the ToAs registered
on the DB. The dashed line marks the difference between the ToA of an AB emission and

disposable ToA.

On the other hand, Figure 2.8 shows how the ToA of the same AB3 emission
is recorded. It is plotted on a logarithmic scale to show how the same signal
arrives one by one at each DOM. As it will be seen at the end of this chapter,
the work of capturing the ToAs is crucial for positioning each piezoceramic

Sensor.
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Figure 2.8: (a) Registration of an AB3 emission received by all piezoceramic sensors in
ORCA-DU11. (b) ToAs relative to the one registered in the first DOM.
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2.2 AB production and characterization in laboratory

The design and production of the ABs has been done in a collaboration between
the Astroparticle Physics research group of Universitat Politécnica de Valéncia
(UPV) and the Mediterraneo Senales Maritimas, S.L.. (MSM) company. The
electronic board design arises from a PhD thesis [33], but the transducer
moulding, connectors, and mechanics are responsability of the company. Each
newly produced AB is calibrated and characterized in the UPV laboratories
before it goes into operation. In addition, they usually undergo a pressure test
in Hiperbaric, S.A. to check that they can withstand 4000 m.a.s.l.

The SEB generates the wave to emit, controls its power, and it can manage
the recording for received signals [34]. The signal modulation is done using
the Pulse-Width Modulation (PWM) technique which permits the emission of
arbitrary intense short signals. The PWM sampling frequency is 400 kHz [35].
The SEB is connected to a commercial transducer FFR SX30 manufactured
by Sensor Technology Ltd, and moulded by McArtney company.

2.2.1 Ultrasound transducer

The transducer FFR SX30 used for the AB is a cylindrical ring (see
Figure 2.9.a) of 2.54 cm x 4.47 ¢cm x 1.88 cm (height x outer diameter x
inner diameter). Its resonance frequency is 30 kHz, and it has a Transmitted
Voltage Response (TVR) of 133 dB re 1uPa/V at 1m (see Figure 2.10.a) with
omnidirectional directivity in the radial plane and toroidal in the axial plane
(see Figure 2.10.b) [36]. In order to attach the transducer to the AB to use
it at deep-sea, it is moulded and prepared, which consists in changing the
connectors and adding a backing (see Figure 2.9.b).
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(b)

Figure 2.9: (a) Four FFRs SX30 newly acquired, before moulded. (b) The FFRs SX30
after moulded, ready to be mounted on the AB.

The moulding can affect the resonance frequency and the admittance of the
transducer, for this reason, the electrical impedance Z and the admittance Y
are measured before and after moulding (see Figure 2.11). These values will
influence the performance of each source and it is important to ensure that the
coupling between SEB and FFR is not negatively affected.

TVR
[dB re 1puPa/V at 1 m]
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S

20 25 30 35 40 -24-18-12 -6 0dB
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Figure 2.10: The technical specifications provided by the manufacturer. (a) Emission
sensitivity, TVR. (b) Radial plane directivity.
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Figure 2.11: Measurement of the same FFR with the HIOKI IM3570 Impedance Analyzer,
before and after moulding. (a) The real impedance Z,. and the real admittance Y. to
observe the antiresonance and resonance frequencies (respectively). (b) The module of
impedance and the phase angle.

2.2.2 AB characterization

The final step in the production of an AB is its characterization, which consists
of a series of measures to test and evaluate its performance before its use.
The characterization process for a source is higly significant, since it indicates
the quality, the power, and the functionality of the device. In Gandia’s
UPV Campus, the Institut d’Investigacié per a la Gestioé Integrada de Zones
Costaneres (IGIC) has a tank and a pool which have a three-dimensional
measurament system to characterize acoustic sensors, and it is where the
ABs are measured. The characterization includes its power, directivity, and
response delay. For this purpose, a series of measurements will be made, and
these will be analyzed in order to be able to represent the characteristics of
the AB. The measurements, their post-analysis, and the results for a specific
AB are explained in this section.

The operation of an AB is simple: to turn it on you only have to supply it
with 12 V. Then, with an RS232 connection and using a few commands you
can configure and operate it. First, you configure the working emission mode,
autonomous mode (it will wait for a duty cycle), trigger mode (it will wait
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for a trigger signal), or manual mode (it will wait for a command). Then, the
capacitor is charged according to the desired power (CVC). Finally, the type
of signal to be emitted is indicated (or you can charge one) [37].

Ezperimental framework

To characterize acoustic sensors in emission and/or reception we use a PCI
eXtensions for Instrumentation (PXI) terminal (NI PXI-1031). It has an
arbitrary waveform generator with an output Digital-to-Analog Converter
(DAC) channel resolution of 14 bits (NI PXI-5412) and a Data Acquisition
(DAQ) system 8-Bit Digitizer with two channels (NI PXI-5102). This system
permits emitting and recording synchronized with a sample frequency, f,, until
20 MHz, so the idea is to generate a signal with the AB and record it with a
calibrated hydrophone (in our case, a Teledyne RESON Hydrophone TC4034).
Then, a post-analysis of this record allows obtaining the characterization
parameters.

Once the experimental system is set and the AB configured, once triggered,
the transducer is fed with the signal in voltage (V;,,), which will convert it to a
pressure signal (P,,;) and propagate it through the medium, in this case, water.
Once it arrives at the hydrophone, the pressure signal (P;,) is reconverted into
an electrical signal (V,,;). In the end, this is a DAC-ADC active acoustic
system (see Figure 2.12). It should be noted that the V;, to P,,; conversion
will depend on the transmit sensitivity of the emitter transducer, the TVR,
while the P,, to V,,; conversion will depend on the receive sensitivity of the
receiver transducer, the RVR.

Vin Vout
/’ \\ 7 N —~ P"n
! b /7 AN ,’, S SN
Pout ~- -
Ultrasound Hydrophone
transducer

Figure 2.12: Sketch showing voltage and sound pressure values in a common acoustic active
system setup DAC-ADC.
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It is essential to consider the position of the hydrophone, which must be
controlled relatively to that of the source. In our experiments, the hydrophone
will be mounted on a motorized axis and will be moved in the axial plane of
the AB (see Figure 2.13.a). This way, the Emitter-Receiver distance (distER)
and the angle from the source are controlled. Figure 2.13.b shows a picture of
an AB ready to measure in the tank and Figure 2.13.c is another in the pool.

Figure 2.13: (a) Top view of hydrohphone position in AB measurament. (b) AB ready to
measure in the tank of IGIC with hydrophone at 0 degrees. (¢) AB ready to measure in the
pool of IGIC with hydrophone at 0 degrees.

Before measuring any acoustic emitter, the characteristic distances of the
transducer should take into account the near-field distance, L, (distance at
which notable non-linearities appear), and far-field distance, Lg (distance
from which its use is recommended). For reliable measurements, therefore,
one should always try to go beyond far-field. These distances depend on the
frequency to be emitted and the radiating surface of the sensor. Equation 2.2
estimates the far-field distance for a circular piezoceramic flat surface [38|.

a’>  ad*f
L.=—=— 2.1
S (2.1)
where a is the radius of the surface, A is the wavelength, which depends on

emitted frequency f and sound speed propagation c.
LR =T" Lr (22)

In the case of the transducer in an AB, some approximation can be attempted
if the radiating surface is assumed to be flat, with a radius of 4.47/2 cm. In
this case the far-field for 30 kHz and a sound speed of 1500 m/s would be
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3.14 cm. In any case, measurements are always taken as far away from the
emitter as possible, but considering the presence of the first reflections. Thus,
in the tank the distER is 20 cm, while in the pool is 1 m. Notice that the
further away from the source, the lower the Signal-to-Noise Ratio (SNR) of
the captured wave.

Analysis of signals

Once the measurements have been made, each of the recorded signals must be
analyzed in order to study the parameters of interest. In this case, the recorded
wave will consist of background noise and the signal emitted by the AB, which
will appear in a ToA equivalent to the Time of Flight (ToF). Different ways
to estimate the ToA and amplitude of the desired signal automatically will
be outlined below [37]. Obtaining the ToA and amplitude of the received
signals will allow the characterization parameters for the AB to be calculated.
Furthermore, when characterizing a transducer, these parameters usually refer
to a distance of 1 meter. Since the tank is measured at a distance of 20 cm,
an amplitude propagation process will be necessary to estimate the received
amplitude at 1 meter, also explained in this section.

ToA calculation: There are several methods to obtain the ToA of signals, with
greater or lesser precision and always depending on the type of signal sought:

= Threshold method. It is a plain process that is based on detecting the
moment when the presence of the signal appears above a decided level.
This method requires a good SNR and a study of the emitted signal in
order to determine an optimal threshold level (minimum signal level), as
filtering is often necessary to ensure that the signal of interest is recorded
more accurately.

» Power Variation (Pvar) method. It is a process that also requires a good
SNR, and sometimes it needs filtering and has two variants, the “Pvar
cumulative” and the “Pvar saw”.

e Pvar cumulative: This variant calculates the cumulative frequency
of the absolute values of the recorded waveform and is called
PVAT cymulative- 1t shows an increasing trend of the values, which
will change slope as the signal to be detected appears. This can be
raised by a factor to make the change of slope more abrupt and to
find the ToA more easily (see Figure 2.14.a).
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e Pvar saw: subtracts to the pvar.umuiative the average value of
the recorded waveform, giving a saw-type signal (pvarg.,) in
which the contribution of background noise is taken into account,
perhaps avoiding the need for filtering. The ToA of the signal
corresponds to the first change of slope that occurs in the pvar,q,
(see Figure 2.14.D).

= Correlation method. This method studies the similarity between the
emitted signal and the recorded waveform, generating the correlation
signal [39]. The amplitude peaks will start to be higher when the two
signals coincide, providing the ToA at its maximum peak. One difference
with the methods mentioned above is that this method is effective at low
SNR (and without the need for filtering), and gives better results with
sweep signals.
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Figure 2.14: ToA calculation using the Pvar methods. The technique is applied to the
signal in Figure 2.2 with a 30 dB of SNR. The presence of signal and noise are noted. (a)
Pvar cumulative. (b) Pvar saw.
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Amplitude studies: Once the instant at which the signal arrives and the ToA
receiver is known, its amplitude can be estimated. Three different methods are
presented, and all of them giving the same value for an ideal signal (noise-free).
Depending on the experimental case and the background noise, they will be
some differences among them, but it is recommended to take all of them into
account.

= Time. This analysis is the simplest, only the signal of interest is studied,
where the offset is removed by subtracting its mean value, and then the
peak amplitude is averaged.

= Frequency. It consists of transforming the signal of interest in the time
domain to the frequency domain using the Fast Fourier Transform (FFT)
and getting the amplitude value of the emitted frequency. This study is
applicable to sinusoidal signals.

» Correlation. Using the peak value of the correlation signal (point of
highest coincidence) in correlation units, it is possible to estimate the
peak amplitude of the received signal expressed in volts [40].

Figure 2.18 shows two experimental examples where the amplitude is analyzed
with these three methods. This is due to the fact that the ToA of the received
signal has been previously calculated, and the study has been able to focus on
the three intermediate cycles of the total five emitted (maximum stability).

Propagation effect 1t is possible to estimate the amplitude and shape of a
signal propagated through any fluid. There are basically three attenuating
effects that influence this process: spherical divergence (Div.), absorption
(Abs.), and directivity (D.). The spherical divergence depends on the
propagation distance, the absorption on the medium properties against the
propagating wave, and the directivity on the receiver characteristics.

» Attenuated amplitude: Since the pressure (P,) is a constant referenced
to a distance (r,), it is possible to estimate the pressure (P) at another
point in the same space at distance r. As é is the pressure amplitude of
a wave, where A is a real constant [38]:

P(ry=4¢r P,r, e P, r
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where « represents the absorption coeffiecient of the wave in the medium.
The most used model for the estimation of the absorption coefficient is
the one proposed by Frangois and Garrison [41], based on a large number
of experimental results and theoretical studies.

If, in addition, it is desired to take into account the incident pressure on
a receiving transducer (P;,), its directivity factor DI can be considered:

DI(9)

1
P(r,0) =P, r,- — -e @) 1072 (2.4)
\T,/ N—_—— N —
Div. Abs. D.

Attenuation

Propagated signal: It is possible to simulate any signal propagated in the
same medium. Knowing that attenuation does not affect all frequencies
equally, it is necessary to work with the signal to be propagated
(Signaly) in the frequency domain (signal of pressure P, at the reference
distance r,), using an FFT. The idea is to apply the Equation 2.4 to each
spectral content, so that when the iFFT (inverse FFT) reverts the signal
to the time domain, the result will be the same signal but propagated at
distance 7 (Signalyrop. ()). Figure 2.15 shows the scheme to follow.
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Figure 2.15: Diagram for simulating the attenuation of a signal.

Figure 2.16 shows a simulated sweep signal received 1 km from the source
(Signal) and propagated to different distances (Signal,.op. ). In the time
and frequency representation, the drop in amplitude is observed, which is
not the same for all frequencies (high frequencies are attenuated more).
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Figure 2.16: Simulated sweep signal from 20 to 60 kHz during 5 ms received at 1 km of the
source (in grey) and propagated at different distances. (a) Representation in time domain.
(b) Representation in frequency domain.

SPL

Sound Pressure Level (SPL) measurements consist in putting the hydrophone
at 0 degree orientation and at a known distance, and the AB emits tones
(sinusoidal signals) every 2 kHz between 20 and 60 kHz. In addition, this
test will be made for various CVC values. Each recorded waveform is then
analyzed with the methods explained above, to estimate the ToA and to be
able to analyze its amplitude in volts.

The SPL indicates the power emission of a source, because it is indicating the
output in a specific distance. This spec is similar to a TVR, but the difference
is that in a TVR measure it is necessary to control the input signal (V;,) to
the transducer:

S Pout/‘/z’n Pout ‘/7"ef
TVR =2 2 ) =2 —out/ Zin ) — 90 ¢ —out Tref
VR O loglo (Sref> 0 loglo (Pref/‘/ref ) 0 0910 ( ‘/zn Pref

(2.5)
where P,,; is the pressure emitted by the transducer, which is fed with an
amplitude signal of V;,, Volts. Furthermore, sensitivity measurements are
always accompanied by reference voltage (V,.;) and pressure (P,.r) values,
which in underwater acoustics are usually of 1 V and 1 uPa
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The SPL is the parameter characterizable:

P
SPL = 20 logy < ) (2.6)
Pref

Since the SPL is obtained from the pressure incident to the hydrophone (where
P is P,,), it is necessary to convert the amplitude value of the received signal
in Volts to Pascals. For this purpose the value of RVR is needed:

S Vout/-F)in ‘/out PT'ef)
=201 —— | =201 _—
Sref) og1 (%‘ef/R'éf) og10 ( Wef Bn

(2.7)
where P, is the pressure incident on the transducer expressed in Root Mean
Square (RMS).

RVR =20 lOglO <

Figure 2.17 shows the SPL representation for an AB measured on the tank.
In this case, the amplitude estimation has been done with the correlation
method (it should be added that with the Frequency method, similar values
were obtained but with the Time method, somewhat lower due to the filter
effect).
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Figure 2.17: Measured SPL each 2 kHz in tank using the correlation analysis.
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DIR

The directivity measure (DIR) shows the behavior in terms of received
amplitude according to the angle of incidence in the horizontal plane (same
distER). It is commonly presented as a relative measure since it indicates
the drop in amplitude of the signal according to the angle measured from its
maximum value at 0 degrees. So DIR measurements are nothing more than
the same signal received at different angles, to represent its relative amplitude
at each angle.

Figure 2.18 shows the same 30 kHz tone (five cycles) received and analyzed at
two different angles. The ToA in both cases shows that they have been taken
at the same distER. In grey it is the raw waveform, which appears much more
intense at the 0 degrees angle than at the 90 degrees point. According to the
analysis, this is not the case, because the amplitude of the tone at 90 degrees
is higher than at 0 degrees. To demonstrate this visually, the interval of the
three analyzed cycles filtered with a Butterworth low pass filter of order 8 with
the cut-off frequency at 45 kHz is highlighted. This effect has an explanation:
observing the FFT of the recorded signals (see Figure 2.19), it is demonstrated
how the one received at 0 degrees has a lot of high-frequency content, while
the one received at 90 degrees lacks such abrupt peaks. This is due to the fact
that the PWM signal previously mentioned from the AB also propagates, as
it is measured at short distances and at a centered angle, this signal is very
noticeable. However, as it is a high-frequency signal (around 400 kHz), it is
much more attenuated in lateral measurements. At longer distances where the
AB will be used, the PWM contribution is expected to be significantly reduced,
as high frequencies are much more absorbed.
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Figure 2.18: (a) Analyzed signal at 0 degrees. (b) Analyzed signal at 90 degrees.
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Below, Figure 2.20 shows the directivity of an AB measured on the tank for
four different frequencies. In this case, the result of the amplitude analyzed by
correlation is presented, but any other method has similar results.
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Figure 2.20: Measured directivity each 5 degrees in tank using the correlation analysis. (a)
Directivity at 20 kHz. (b) Directivity at 30 kHz. (c) Directivity at 40 kHz. (d) Directivity
at 50 kHz.

Delay

The delay is the time elapsed from the instant the device is commanded to emit
until the signal appears on the medium. This parameter can be noticeable
given the electro-mechanical-acoustic complexity of an AB. Thus, it can be
taken into account to improve the accuracy of the APS in KM3NeT.

To assess the delay of an AB, attenuation measurements shall be made. This
means that the same signal will be measured at different distances from the
same axis at 0 degrees. Then, in the analysis of the recorded signals, the ToA
of each signal is calculated and plotted against the actual distance. A linear fit
can thereafter be made (see Equation 2.8), which will cross the horizontal axis
(ToAs) revealing the delay value (delay = —of fset/csouna). To assess whether
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the result is reliable, it is necessary to look at the value of the slope, which
indicates the speed of propagation.

distER = Cyoung TOA + of fset (2.8)

Below, Figure 2.21 shows the attenuation measures to estimate the AB delay
on the tank for a sweep from 20 to 60 kHz in 250 us. In this case, the result
of the ToA calculation by the correlation method is presented in measures
between 5 to 30 cm every 5 cm.

Correlation cspung: 1528 +11 m/s
delay: 9.54+0.9 us

1 0.9996]

— 30t
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Figure 2.21: Delay measured using the correlation analysis.

During the course of this thesis, almost 40 ABs were measured, which has
allowed us to obtain an experience capable of designing a characterization
standard such as the last presented.

2.3 AB placement studies

Once the calibration and characterization have been successful, the AB is ready
to be used in KM3NeT. As mentioned above, KM3NeT plans to use two types
of ABs, autonomous (installed on a tripod and connected to a battery pack to
emit at a predefined duty cycle) and triggered (installed on the DU bases and
connected to the detector for power, time synchronization, and control).
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2.3.1 Autonomous AB location. ORCAQ06 case

For ORCAO006 (installation of the first 6 ORCA DUs) it was decided to install
three autonomous ABs, but a good site had to be selected. From previous
experience, it was known that at 250 m between DU and AB the signal was
well received, but on this occasion, it was agreed to perform a simulation and
ensure the expected range of pressures to be received by the DARs.

For this simulation, it is assumed that the SPL of an AB is around 180 dB re
1pPa at 1 m for 34 kHz, as can be seen in Figure 2.17. From the SPL, the P,,;
pressure at 1 meter is known, which allows propagating the emitted signal to
each DAR using Equation 2./, which takes into account the directivity of the
AB (Figure 2.20.b), and the effective P, received is estimated. The idea is
to obtain a minimum good SNR level of around 20 dB, which means that the
received signal should be more than 850 mPa [42]. Therefore, some possible
locations were studied, and the positions were decided not only taking into
account the expected received level, but all the surrounding logistics.

On the one hand, Figure 2.22.a represents the pressure received at each DAR
of ORCA006 by a simulated AB, in Pascals and dB. On the other hand,
Figure 2.22.b is a footprint of the detector with 6 DUs (in blue) and the
proposal finally approved for the three autonomous ABs to install (in red). It
shows how all the DUs fall within 250 m coverage of each AB.
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Figure 2.22: (a) Pressure received at each DAR of ORCA006 by a simulated AB, in Pascals
and dB. (b) Footprint of the detector with 6 DUs (in blue) and the proposal finally approved
for the 3 autonomous ABs to install (in red).
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Table 2.1 shows the maximum and minimum pressures received by each
simulated AB. In all cases, the highest piezoceramic receives the lowest
amplitude in the line, while the hydrophone at each base receives the highest
level. This is because at this distance, the predominant factor is the distER
and not the directivity. In any case, the levels are always more than 1.4 Pa
which will ensure a SNR greater than 20 dB.

ORCAO006 SPLTrLin SPerm:L PTnin Pm.(u:
AB; [dB re 1pPa at 1 m|] [dBre 1uPaat1 m] [Pa] [Pa]
AB, 123.26 136.08 1.46 6.37
AB, 123.48 133.61 1.49 4.79
AB; 123.28 136.61 6.77 1.46

Table 2.1: Minimum and maximum amplitudes received by the DARs in ORCA006 by
each simulated AB position. The simulation have into account the DIRs and the distER.

2.3.2 Triggered AB location proposal

As in the previous section, we have also made the first proposal for the plan
to install the triggered ABs. This time for both telescopes, although from
different construction phases (depending on what is already planned). In the
case of ARCA, the proposal is for node 1 from September 2022, and in the
case of ORCA from the completion of sector 1 in June 2023.

At the moment, a ratio of 1 AB for every 8 DUs (12.5%) is envisaged. ARCA
plans to install one AB in each Junction Box (JB), as well as one in the
Calibration Base (CB), and three more in DUs. With all this, ARCA would
have a total of 7 ABs spread over 35 instrumentation units, which would make
a ratio of 20%. ORCA, on the other hand, does have plans beyond what would
be sector 1. In total, up to 4 phases are distinguished, which have been selected
according to the planned order of installation. Only the first sector has AB
installation planned (see Figure 2.23).
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Figure 2.23: (a) Section ARCA deployment (block 1). Sector 1 is planned before
September 2022, without further planning sectors. (b) Sections ORCA deployment. Sector
1 is planned before June 2023.

For ARCA, our proposal is to put a total of 16 ABs per node, which corresponds
to 13.3%. For ORCA, our proposal is to put a total of 15 ABs spread over
the 4 sectors (sectors are groups of 31 DUs selected according to the order of
deployment), which corresponds to 12.0% (see Table 2.2).

ARCA ABs / Instrumentation Ratio
Sec. 1 7ABs/31DUs+3JBs+ CB 20.0%
Sec. 2 16 ABs / 115 DUs + 4 JBs + CB  13.3%

ORCA ABs / Instrumentation Ratio
Sec. 1 5 ABs / 31 DUs + CB 15.6%
Sec. 2 8 ABs / 62 DUs + CB 12.7%
Sec. 3 12 ABs / 93 DUs + CB 12.8%
Sec. 4 15 ABs / 124 DUs + CB 12.0%

Table 2.2: Number of triggered ABs proposal for KM3NeT.

Figure 2.2/ shows the arrangement of each triggered AB in the proposed
position. In principle, it seems better to choose the extremes so that the
DUs find the ABs distributed in almost all directions and cover a greater
variability of directions, otherwise, there may be cases where the acoustic
signals arrive only from the same area with little variability, thus trilateration
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difficult. For this reason, it is always planned to have three or four autonomous
ABs distributed around the detector, to attempt to improve the triangulation
of the DARs in the DUs at the border of the detector. Since autonomous
ABs are operating with a battery pack, they will be replaced and installed
depending on the detector’s deployment status. Also, the state of the battery
will play an important role in deciding its location.
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Figure 2.24: Triggered AB positions, first proposal. (a) Section ARCA deployment (block
1). (b) Sections ORCA deployment.

2.4 Performance operational in situ

Once the sensors have been installed in the detector, the emitter-receiver
system functionality should be checked. This is done by taking one of the
two parts as a reference value (direct comparison).

This section explains how to check the receiving sensitivity, RVR, of the DARs
using a reference value in the transmitters part, and it explains how to check
the transmitters, SPL, from the reference receivers value. This example uses
three ORCA006 hydrophones and three autonomous ABs, but the example
can be generalizd to the piezoceramic sensors and for the ARCA site as well.
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2.4.1 Received Voltage Response of DARs

The RVR can be checked in situ too see if the value given by the manufacturer
(-156 dB re 1 V/pPa at 1 m) has changed in operation. This is done by
assuming a SPL on the part of the ABs of 170 dB re 1uPa at 1 m for the AB
emissions (since they are used with a 30 V of CVC), and by looking at the

RMS value received from each AB (V).

The steps to follow are:

1. Convert the reference SPL (or TVR) value to P,,; using Equation 2.6 (or

FEquation 2.5)

2. Attenuate the P, value to convert it to P, for each receiver using

FEquation 2.4

3. Calculate the RVR using Fquation 2.7

Table 2.3 shows the result of the calculated RVR (RVR.4..) and the difference
from the RVR value provided by the manufacturer.

T « Veout RVR 4. Diff.

Hydro “AB 1 |Np/m]  [mV] [dBre 1V/uPa] |dB]
DU2 14 2346 3.2616:10° 13.7 -160.8 -4.8
16 151.1 4.1565-107° 26.2 -159.0 -3.0

24 2329 2.8651-107° 13.7 -160.9 -4.9

DU3 14 2475 3.2616-10"® 10.9 -162.3 -6.3
16 132.0 4.1565-107® 16.8 -164.0 -8.0

24 237.1 2.8651-107° 10.9 -162.7 -6.7

DU9 14 2129 3.2616:107° 20.9 -158.0 -2.0
16 169.7 4.1565-107° 28.9 -157.1 -1.1

24 2139 2.8651-107° 21.0 -157.9 -1.9

Table 2.3: Parameters and results in the RVR in situ calibration at ORCAQ006.
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2.4.2 AB emitted Sound Pressure Level

The SPL calibration in situ is to check whether the installed ABs SPL
correspond to the value meausred in the laboratory (170 dB re 1uPa at 1
m) when it is in operation. This is done by assuming an RVR on the part of
the receivers of -156 dB re 1 V/uPa at 1 m, and by looking at the RMS value
received from each AB (V).

The steps to follow are:
1. Convert the received amplitude V,,; to presure value (P;,) using
Equation 2.7

2. Amplify the P;, value to convert it to P,, for each receiver using
FEquation 2.4

3. Calculate the SPL using Fquation 2.6
Table 2.4 shows the result of the calculated SPL (SPL,.y..) and the difference

from the SPL measured in the laboratory. In this calculation, the directivity
of the AB for 30 kHz shown in Figure 2.20.b has been taken into account.

To leY DI Vot SPL 4. Diff.

AB Hydro 0 Np/m] [dB| [mV] [dB re 14Pa)  [dB]
DU2 234.7 3.2616-10~® -1.0 13.7 165.2 -4.8

14 DU3 2475 3.2616-107° -1.0 10.9 163.7 -6.3
DU9 2129 3.2616:10°® -1.0 20.9 168.0 -2.0

DU2 151.1 4.1565-107® -1.0 26.2 167.0 -3.0

16 DU3 132.0 4.1565-107° -1.0 16.8 162.0 -8.0
DU9 169.7 4.1565-107° -1.0 28.9 168.9 -1.1

DU2 2329 28651-107° -1.0 13.7 165.1 -4.9

24 DU3 237.1 2.8651-10° -1.0 10.9 162.7 -6.7
DU9 2139 2.8651-10° -1.0 21.0 168.1 -1.9

Table 2.4: Parameters and results in the SPL in situ calibration at ORCAQ006.
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2.4.3 Auto system self-calibration

Naturally, the previous checks have given the same difference within the same
emitter-receiver system. This shows that failure cannot be assumed to be
caused by a single sensor as there are likely to be errors in other estimates
such as absorption coefficient « value or distERs. However, there is more
consistency in the differences for the hydrophones (-4.2 + 1.1 dB in hydrophone
of DU2, -7.0 + 0.9 dB in hydrophone of DU3, -1.7 + 0.5 dB in hydrophone
of DU9). This is probably due to taking the manufacturer’s RVR value rather
than one measured in the laboratory. Consequently, if we want to perform
a kind of self-calibration by feeding back the system, we should first correct
the RVR of the hydrophones and then repeat the SPL calibration with these
RVRe qic., so that we would have a fully calibrated system in situ. In addition,
a weekly calibration could be performed and it could be monitored if there
has been any deterioration in some sensors or even anticipate battery charge
decrease in the autonomous ABs.

2.5 Monitoring the Digital Optical Modules positions

Having presented all parts of the APS, now it will be explained how they are
used to calculate the positions of the piezoceramic sensors. So far the ABs
installed are autonomous, which means that they have been programmed to
emit a one-minute pulse train every 10 minutes without any control of the ToE.
This configuration is intended to triangulate the position of the piezoceramic
sensors in constant movement every 10 minutes. Since the positions of
the ABs and hydrophones are known, and the propagation velocity can be
estimated, when a hydrophone records the ToA coming from an AB it will be
straightforward to know its ToE (see Equation 2.9). The more hydrophones
record the ToA of the same emission the more accurate the calculation of the
ToE will be.

distER

ToF =ToA—-ToE = ToE =ToA—ToF =ToA— (2.9)

Csound

The speed of sound c,punq is estimated using the approximation proposed by
Medwin and Makenzie [43]. The Sound Velocity Profle (SVP) estimated for
KM3NeT is represented in Figure 2.25 and even compared with experimental
data extracted in three ORCA sea campaigns (September 2017, May 2019, and
January 2020).
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Figure 2.25: (a) SVP estimated for KM3NeT and compared with ORCA experimental
data (sea campaigns in September 2017, May 2019, and January 2020. (b) Detailed for
ARCA depth. (c) Detailed for ORCA depth.

Once the effective c,ounq (this calculation should take into account the gradient
of the pressure aalong its path between the emitter AB and the receiver) and
ToE are known, the distER "measured" by the APS is calculated, which is

necessary for trilateration.

Trilateration to produce the XYZ data

The trilateration method in acoustics requires a minimum of three sensors of
known position to triangulate one of unknown position [29]. KM3NeT uses
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emitters in known positions to know the position of the receivers.
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In order to locate a piezoceramic sensor (piezo), an equation system is created
with one equation per emitter (AB;). The Fquation 2.10 is used to generate
it.

sztERz - \/(XABi - X;m'ezo)2 + (YABqﬂ, - 1/vpiezo)Q + (ZAB,; - Zpiezo)2 (210)

Figure 2.26 represents the triangulated position of a piezoceramic sensor with
available data for an APS measure.

Piezo pos. for ORCA006
1*! measure in RUN7523 (24" Feb. 2020 at 6:00)
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Figure 2.26: Localization of piezoceramic sensors on a measure of ORCA.

The DU line movements

In this section, the displacement of a DOM in ORCA is studied. This will be
done by monitoring the position of the last DOM of a DU during a week of
variable current.

Figure 2.27 shows the Instrumented Interface Module (MII) data at ORCA
during the week of DOM monitoring. Figure 2.27.a shows how the sea current
at the beginning is about 5 cm/s and reach a peak at 10 cm/s (high current
for ORCA) on the second day, and then gradually relaxes to values below 5
cm/s. In turn, Figure 2.27.b shows how the direction measurement becomes
much more stable during the high current period, while at small displacements
the measurement becomes more inaccurate.
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Figure 2.27: Sea current properties data for a week (Feb. 2020) provided by EMSO Ligure
Ouest, MII capteur AQUADOPP [18]. (a) Sea current velocity. (b) Sea current direction.

Figure 2.28 shows the displacement of the DOM during the given week. It is
noticeable how the period of high current causes a long displacement in a short
time, while in the period of stable current it remains more still.
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Figure 2.28: Piezoceramic movement on DOM18 of ORCA DUS3.

The reconstructed DOM positions show that the DOMs move coherently and
exhibit periodical movements in agreement with the expected period of the
inertial motions induced by the Coriolis force, that at the latitude of KM3NeT
site has a period of about 20 hours [44].

The APS is only able to detect the position of the piezoceramic sensor, but
the orientation of the DOM is unknown. This is why it is necessary to have
an AHRS. The AHRS combined with the APS can provide the position and
orientation of the DOM, which would place in space each PMT, necessary for
the reconstruction of a muon detected by them.

The next chapter discusses how this AHRS works and explains a combination
of AHRS and APS data to eventually fit and improve the accuracy in the
procedure of monitoring a DOM position.

2.6 Conclusions and future steps

Conclusions

The operation of the APS in KM3NeT is described and its elements are
presented. It has been demonstrated that the sensitivity of hydrophones in
the DU bases is higher than that of piezoceramic sensors in the DOMs (see
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Figure 2.4 and Figure 2.5). Furthermore, it is explained how the ToA in the
DB is triangulated to position each piezoceramic sensor.

Different methods of detection and analysis of the signals recorded by an
acoustic receiver have been presented, as well as the process of simulating
the propagation of any signal through any fluid taking into account its
characteristics.  Detection and analysis methods have been applied to
characterize an AB. The propagation process has been implemented to simulate
the signal received at any DAR of the detector, thus allowing to decide whether
the location of any AB is correct or not.

The process of characterization of an AB in a laboratory is defined in detail
(SPL, DIR, and Delay). This has permitted the creation of a more automatic
process in measurements and analysis (as they are perfectly coordinate). The
automatization has considerably reduced the time needed to complete the
datasheet. This process could be modified to also characterize incoming DARs.
By specializing in this field, it has been possible to develop a simple process to
check the sensitivity values in situ in the emitter-receiver system (section 2.4).

Future steps

Based on the process for characterizing an AB in the laboratory prior to
installation, a similar analog could be designed to characterize hydrophones
in detail. As for the piezoceramic sensor, it is more unmanageable and not
feasible to characterize the receiver inside the DOM, but some kind of quick
check could be defined and tested in a selection of DOMs.

As for the in situ tests of acoustic sensors, they should also be applied to
the piezoceramic sensors. This would check the variation between sensors of
the same type manually glued to the glass of every DOM. In addition, if the
detailed values of each AB measured in the laboratory prior to installation
were applied, the difference between the expected sensitivity and the in situ
measurement would be reduced. If the ADF were programmed to check each
DAR periodically, the effect of noise on the results would be reduced and it
would be possible to detect anomalies in the emitter-receiver system or to
anticipate the imminent discharge of the battery pack in an autonomous AB.

Some kind of dynamic threshold level should be studied so that the ADF does
not store so much disposable data (see Figure 2.7). Furthermore, the idea of
saving the ToA in the DB is only for positioning, and the next step would be
to store the XYZ data for every piezoceramic sensor. As it will be seen in
chapter 3, this will not be the only data of interest to be recorded.
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Chapter 3

The Detection Unit Line Fit

The Detection Unit (DU) Line Fit model idea was born from
the need to control the positions and the orientations of the Digital
Optical Modules (DOMs). Until now, they had always been treated
independently. After the Acoustic Positioning System (APS) for
the position part, presented in the last chapter, this chapter presents
the Attitude and Heading Reference System (AHRS) for the DOMs
orientation, an AHRS rotation matriz to analyze the position
and orientation data, and in the end a Mechanical Model (MM)
that permits a reconstruction of the DU line shape. This MM 1is
taking into account the mechanical parameters of the DU elements
along the line. Once the situation of the DOMs via experimental
data is known, the MM can estimate an effective sea current
properties (speed and direction) with the intention of using them
later to determine positions from the MM. The DU Line Fit idea
and relevance are explained in this chapter with an example of
applicability using real data of the detector.

The DU line fit model is based on the KM3NeT positioning system: Acoustic
Positioning System in chapter 2, Attitude and Heading Reference System in
section 3.1, and a Mechanical Model in section 3.2. Making combinations of
these (section 3.83), the DU line fit provides more accuracy, correction, and
improvement of the positions and orientation of the DOMs. At the end of the
chapter, experimental results of the DU Line Fit applied for a period of three
hours of data are presented, and the chapter finalises with conclusions and
some notes about future research.
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3.1 The Attitude and Heading Reference System (AHRS) of
KM3NeT

In the previous chapter (see chapter 2), the APS of the KM3NeT is presented.
In this chapter, another part of the Positioning System in KM3NeT is given:
the AHRS system, which serves to monitor the orientation of the DOM.
Combining both parts, it is possible to know the position and orientation of
each Photomultiplier Tube (PMT) in the DOMs of the detector [45].

3.1.1 AHRS using Compass and Tilt meter to produce the YPR
data

The AHRS system uses Printed Circuit Boards (PCBs) which are installed
inside each DOM (and an extra one on the DU base) to monitor the orientation
of the elements along a DU. The PCBs use a compass sensor and a tilt meter
to obtain the Magnetic field (H) and the Acceleration (A) in the three spatial
components (x, y, and z). The PCBs are connected to the control station
offshore, the AHRS data is 64-bit encoded and provided every 10 seconds.

From the AHRS components it is possible to calculate the Yaw (Y'), Pitch (P),
and Roll (R), which are the rotation around three perpendicular axes x, y and
z for each DOM (see Figure 3.2.a). This rotation angles can be calculated as:

P = atan2 (A,, /A2 + A2) (3.1)

R = atan2 (-A,,—A.) (3.2)

Y =atan2 (—H, cos R+H, sin R, H, cos P+H, sin Psin R+H, sin Pcos R)
(3.3)

Table 3.1 shows an example of the values for the calculated Y, P, and R
provided by a particular DU in ORCA in a specific experimental measure.
This data will be considered the raw Y PR data, even though it has been
calculated and calibrated previously.
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Raw YPR data

Yaw (Y) Pitch (P)  Roll (R)
|deg.| |deg.| |deg.|

DU base 121.7 £24.1 0.5 +£0.1 177.7£ 0.1
DOM 1 256494+05 18+01 -56=%0.1
DOM 2 251.5+04 -2240.0 -33+0.1
DOM3 261.1+06 -33+00 -48+0.1
DOM4 2578+ 06 -16+0.0 -1.9+0.1
DOM5 2536+12 -1.0+0.0 0.240.1
DOM 6 - - -

DOM 7 - - -

DOM S8 2507+ 18 -0.74+0.1 -3.24+0.1
DOM9 2516+16 -1.0+0.1 -0.64+0.1
DOM 10 - - -

DOM 11 2449+ 15 -36+0.1 -02+0.1
DOM 12 2415+ 17 -324+0.1 -1.8+0.1
DOM 13 2425+20 -184+0.1 2.040.1
DOM 14 2436+ 22 -3.0+01 1.1+0.2
DOM 15 24494+ 24 -20+£0.1 12402
DOM 16 2396 +2.2 -204+0.1 -0.3+0.2
DOM 17 2533+ 13 -294+0.1 554+0.2
DOM 18 2403 +24 -464+0.1 -1.5+02

Table 3.1: Raw Y PR data (from AHRS) by ORCA-DUS for the first measure in RUN
7523 (24" Feb. 2020 at 6:00). The data have been rounded to s decimal place for better
presentation.

YPR data corrections

Yaw fitting Given the structural disposition of a DU, it is expected that the Y
value between DOMSs has some progressive fluctuation of a few degrees due to
the possible torque effect produced by the ropes and DOMs situation. However,
in the raw Y PR data presented at the Table 3.1, the Y values have small
unexplained variations between DOMs (in Figure 3.1 is visually appreciated
in blue dots). Consequently, this might be corrected using a linear fit between

them. Moreover, considering this fit, it is possible to predict the Y values in
order to complete the missing DOMs (DOMs on the 6th, 7th, and 10th floors).
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Figure 3.1: Fitting the raw Yaw (Y) data. The raw Y data is the same presented in
Table 3.1, and the error bar is 3° based on the laboratory calibration (previous to their
installation in KM3NeT).

Pitch and Roll offsets After monitoring and analyzing the raw Y PR data for
diverse studies, it has been concluded that they need a correction (especially
for P and R). The possibility of calculating the inclination of the DOMs
(zenith angle) was being studied respect their position in vertical, but it
was not possible to obtain good results prior to these corrections (see
subsubsection 3.1.2 and Figure 3.3). The correction consists of determining
an average value during really calm periods of the sea current and treating
them as an offset. The hypothesis is that in extremely quiet periods of sea
current, the DU line stands upright in a vertical position and the P and R
values should be around zero.

Table 3.2 provides an example of the P and R offsets for a particular DU in
ORCA calculated during three detected quiet sea periods.
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ORCA Pitch offset Roll offset
DU3 [deg.] [deg.]|

DOM 1 2.826 4+ 0.040 -5.683 £ 0.040

DOM 2 -1.170 &£ 0.029 -3.333 £ 0.027

DOM 3 -2.341 £ 0.027 -4.806 £ 0.025

DOM 4

DOM 5

DOM 6 - -

DOM 7 - -

DOM 8 0.189 4+ 0.027 -3.337 £ 0.030

DOM 9 -0.135 4+ 0.025 -0.808 =+ 0.026

DOM 10 - -

DOM 11 -2.705 £ 0.017 -0.446 £ 0.018

DOM 12

DOM 13 -1.067 £ 0.018 1.776 £ 0.018

DOM 14 -2.247 £ 0.012 0.911 £ 0.009

DOM 15 -1.314 £ 0.018 0.847 £ 0.018

DOM 16 -1.354 4+ 0.027 -0.546 4 0.018

DOM 17 -2.252 £+ 0.009 5.199 &+ 0.008

DOM 18

Table 3.2: Pitch (P) and Roll (R) offsets for ORCA-DU3. The measure was for RUNs
(7900 - 8021 - 8247) with low sea speed current. Orange indicates that the values come from
less than 10 valid measures in the data. The data have been rounded to 3 decimals placed
for better presentation.

The offset application is shown in an experimental reconstruction using TILT
analysis in subsection 3.3.1 (see Figure 3.3). The Y PR corrections are applied
for Table 3.3, as an example.

3.1.2 The AHRS matrixz for YPR data analysis

From the previously commented idea of calculating the inclination (zenith
angle) of the DOMs with respect to their vertical, the first step is to use a
matrix rotation to set each DOM into the same reference system. The solution
has been to use the AHRS matriz (Equation 3.4), with Y PR data so to express
the DOM’s orientation in the same unitary axes system (see Figure 3.2.b).
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sin(1) cos(#)  cos(¢) cos(¢) — sin(v)) sin(f) sin(¢)  — sin(v) sin(8) cos(¢) — cos(z) sin(¢) 0
sin(6) cos(@) sin(¢) cos(0) cos(d) -1
(3.4)
In this equation, 6 and ¢ correspond to P and R values respectively, and the
1 corresponds to 90 — Y value, it is a correction applied to convert from the
reference system on the PCB to the reference system of the KM3NeT detector
(see Figure 3.2.b). The u point is the Cartesian coordinates for the DOMs in
this East, North, Up (ENU) reference system.

Uy

U,

(uz ) (cos(l/)) cos(f#) —sin(#) cos(¢) — cos(p) sin(@) sin(¢)  sin(vp) sin(¢p) — cos(zp) sin(6) cos(¢) ) ( 0 )

Z uP
14
\\\“-u (uy, Uy, Uy)
n/
o

! 1
t — Y

w \ .

/ 3 NORTH

X
EAST
(a) (b)

Figure 3.2: (a) The PCB axis system in each DOM (relative coordinate system) and Yaw
(Y), Pitch (P), and Roll (R). (b) The absolute coordinate system for a DU uses a unitary
vector (@) to locate the orientation of the DOMs.

The AHRS matriz (Equation 3.4) is used for two different objectives: to
estimate the zenith angle « of the DOMs and the sea current direction w,

and to translate the piezoceramic detected location to the center of the DOM
(XY Zpicoo = XY Z).

Zenith angle estimation for every DOM

Using the wu, component, after the AHRS matriz rotation application
(Equation 3.4), it is possible to estimate the zenith angle a for any DOM
along the DU line (see Figure 3.2.b and Equation 3.5):

cos (o) = u, (3.5)
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YPR data and Zenith
Yaw (Y) Pitch (P) Roll (R) Zenith («)

|deg.| |deg.| |deg.| [deg.|
DOM 1 257.651  -0.998 0.055 0.999
DOM 2  256.754  -1.019 0.071 1.021
DOM 3  255.856  -0.977  0.017 0.977
DOM 4  254.958  -0.980 0.046 0.981
DOM 5  253.061  -0.987  0.160 1.000
DOM 6 - - 0.973
DOM 7 - - 0.943
DOM 8  251.368  -0.906 0.136 0.916
DOM 9  250.470  -0.849 0.163 0.865
DOM 10 - - 0.881
DOM 11  248.674  -0.871 0.211 0.896
DOM 12 247.777  -0.904  0.166 0.919
DOM 13 246.879  -0.764  0.242 0.802
DOM 14 245981  -0.794  0.210 0.821
DOM 15 245.084  -0.658 0.301 0.723
DOM 16 244.186  -0.612 0.289 0.677
DOM 17 243.288  -0.622 0.315 0.698
DOM 18 242.391  -0.525 0.253 0.583

Table 3.3: Corrected Y PR data of Table 3.1 after corrections (Y fitting and PR offsets
application) and the estimated zenith by the AHRS matriz rotation employment. Marked
in orange are the values provided by Y fitting in missed data, and marked in red are the
values interpolated from adjacent DOMs. The data have been rounded to 3 decimals placed
for better presentation.

Table 3.3 shows an example where using the correct Y PR data (after the
Yaw fit and offsets application), DOMs’ zenith angle, o, can be estimated.
The zenith angle in missing DOMs is completed with other adjacent DOMs
values, marked in red. Another possibility would be to complete them with an
interpolation between « and the height of the DOM.

The possibility to monitor DOMs’ zenith angle a along the DU line is
interesting to learn and know its behaviour when subjected to sea currents.
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Sea current direction from YPR data

Predicting the sea current direction, w, on the KM3NeT environment is
possible if the DU line shape is known: the sea current will tilt the DU in
its same direction. In strong sea current periods, the displacement of the
DOMs from their vertical position will be larger, and the accuracy of the sea
current prediction will increase.

Using the u, and u, (AHRS matriz rotation components from Equation 3.4),
which represent the position of the CLB on the unitary reference system from
a top view, see Figure 3.2.b, it is easy to predict the direction of the force that
produced the displacement:

w = atan2 (uy,u,) (3.6)

Although not all DOMs in the same DU present the same w clearly (these
discrepancies can be produced by the accuracy on the Y PR data taking), the
average value of them which can be used as an effective sea current direction.

DOMs position from the piezoceramic location

Knowing the sphere radius of the DOM, rpoas , the piezoceramic location
from the APS (XY Z ,ic.0s data), and the orientation of the DOM from the
AHRS (Y PR data), it is possible to estimate the centre position of any DOM
applying the AHRS matrix rotation:

Xpom = Xpiezo — Uz " TDOM
YDOM = )/piezo — Uy " TDOM (37)

Zpom = Zpiezo — Uz Tpom

3.1.8 Positioning DOMs from YPR data

It is possible to reconstruct the position of the DOMs (XY Z) taking the inter
DOM distances, inter DOMdist, the Y PR data, and the DU base location.
The principles that govern the reconstruction are the A HRS matriz parameters
(Equation 3.4). The position of the DOM; depends on the previous one
(DOM;_;), starting the reconstruction from the DU base position:
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X1 +u, -interDOMdist

Xj rec. — <\j
Yj vee. = Yj_1 + uy - inter DOMdist (3.8)
Zj rec. — 4j—1 + U, -+ inter DOMdist

This means that from the Y PR data (only using the AHRS) it is plausible to
obtain an estimation about the positions of the DOMs (XY Z,.. by an AHRS
positioning). This procedure is extremely sensitive and requires corrected input
data since any change in the input can modify considerably the output result.

Figure 3.3 shows how the AHRS positioning is applied for a DU in ORCA
detector. On this occasion, the reconstruction is applied using the raw Y PR
data of Table 3.1 directly (Figure 3.9.a) and corrected Y PR data of Table 3.3
(Figure 3.9.b) to show the impact of the corrections into the analysis. It is
clear than the corrections for the Y PR data are highly important. Thus, it is
necessary to be careful when taking maximum accuracy in any parameter, and
if any DOM has missing data, it is required to fill it with the adjacent DOM
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Figure 3.3: Positioning from Y PR data (AHRS positioning). The profile and top views
(a) Before YPR data

of the DU line, and the estimated zenith angle are represented.
corrections applied (using the raw data in Table 3.1). (b) After Y PR data corrections
applied (using the corrected data in Table 3.3).
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Sea current direction from XYZ data

Once the XY Z data is known, like in subsubsection 5.1.2, an effective sea
current direction can be estimated from the positions of the DOMs. It
is possible to estimate the DOMs direction considering only the X and Y
Cartesian values to calculate their differences, Dif f, from the first DOM (the
lowest with data), or from DU base position (independently). On this occasion,
a linear fit is used to obtain w:

Diff, = Diff, w (3.9)

3.2 The Mechanical Model (MM) for KM3NeT

Based on the line shape model used for the ANTARES detector [46], the DU
line fit of KM3NeT uses a Mechanical Model (MM). This MM reduces the
complexity of the problem to a simple scheme of the DU, which is composed by
a string of spheres (DOMs) connected by a simple rope between them (cable),
with a cylinder on top (Top buoy), and anchored to the floor (DU base). It
studies the forces supported (buoyancy and drag) for each element to predict
the vertical displacement of the DOM, see Figure 3.4 [47].
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Figure 3.4: A DU line scheme for Mechanical Model equations on KM3NeT. (a) Complete
DU in profile view. (b) Forces supported by a DOM and zenith angle. (c¢) r; displacement
and inter DOMdist;.

The tangent of zenith angle, «, at a given height z, of the line is given by
the ratio of horizontal drag force, F', and a vertical buoyancy, W. This is the
resultant of forces summed over all the line elements above this height z:

_dr  F(2)

=& =W (3.10)

tan(a)

F(z) = f(z) v* = { [Z (fDOM + fcablek+1) + fcabl61] (h ; Z) + frop buoy} v°

k=1

(3.11)

where F(z) represents the drag force at height z of the line (being h the

maximum height of the DU). This depends on the drag parameter f of the
different elements (Equation 3.13) and on the sea current velocity v.

z

18
h —
W(Z) = lz (WDOM + WcablekJrl) + Wcabl61‘| < >

k=1

) + Wiop by (3.12)
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where W(z) represents the vertical force that depends on the buoyancy force
W of all elements along the DU.

It is possible to determine the drag parameter f; for each element (see
Table 3.4):

1
fi= B Cp, Aip (3.13)

where f; represents the drag parameter on the element j that depends of its
drag coefficient C'p, its cross section area A and the density of the environment

p.

The drag parameter f depends on the values of C'p, which in KM3NeT elements
can change because of the direction of the drag force F'. This change is
especially noticeable in the case of DOMs. As they have two supports on
each side, the axisymmetry is destroyed. In addition, the tension of the cables
will be affected differently also by the orientation in which the DU base was
installed [48].

Table 3.4 presents the values of the f (Equation 3.13) and the buoyancy W
(Equation 3.12) for the KM3NeT elements along the DU line for an F' incidence
direction of 0 degrees.

Element ¢
Detector  Property DOM -+ support cable;, Top Buoy
[N s%/m?] 51.65 659.51 312.95
ARCA W [N] 125.57 0 1030.05
[N s*/m?] 51.65 252.28 312.95
ORCA W [N] 125.57 0 1226.25

Table 3.4: Mechanical properties of the elements in a DU line of KM3NeT.

The drag parameter for the inter DOM cables (cables 5_1g) is 377.07 + 4.47
and 95.56 +6.67 Ns?/m? for ARCA and ORCA respectively, depending on the
cable length between DOMs. The upper cable (cable;g, between the top buoy
and last DOM) drag parameter is 52.73 Ns?/m? in both detectors.
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3.2.1 Mechanical equations for the model

The equations of the MM seek to be simple and direct, as they are linear
equations. The MM of KM3NeT develops two different analyses, depending
on the origin of their variables: the TILT for the o data, and the POS for the
XY Z data analysis.

Both analysis consider that the total drag and buoyancy forces contributed to
the DU line by each floor j (n; and &;) depend on these parameters for the
element and its bottom (see Equation 3.14). Therefore, the T/LT and the POS
analysis are reconstructing the shape line floor by floor (from low to up).

n; = fcablej + f1

3.14
é‘j = Wcablej + Wz < )

Equation for a TILT analysis

To study the estimated o by DOMs, and based on Fquation 3.10, the next
equation is necessary:

tan(a;) = S v? = i ¥ Wi v® = Mechyy, - v* (3.15)

W &+ En
In the end, this linear fit equation considers a mechanical constant, Mechg,,
which depends on the different floor j and the squared effective sea current
velocity (v?) as an independent variable.

Since the coefficient Mechy,, is known (see Table 3.6 and Figure 3.5), it is a
matter of getting one of the other two variables (o; or v?) as inputs so that
the remaining one becomes an output directly.

Equations for a POS analysis

The basic MM scheme in Figure 3.4 shows how the displacement r;
(displacement radial relative between two consecutive DOMs ; |, -, ;) is
estimated from the inter DOM distances and the sinus of zenith angle. Since
the a values are expected to be less than 3.5 degrees (in a normal situation
it is less than 1 degree, see Figure 3.6 and Figure 3.7), the approximation
sin(a) = tan(a) can be done. Then, the r; displacement using the mechanical
parameters, and the effective sea current velocity v can be estimated:
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r; = sin(q;) - inter DOMdist; = tan(ay;) - inter DOM dist; =

Ji . :
= WJ] -v® - interDOMdist; = (3.16)
; i+1) - inter DOMdist;
J J

Therefore, the radial displacement accumulated at height z; corresponds to the
accumulative value of the r; displacements in the previous DOMs:

=J
Ta = Z 7 = (mechpos, +mechyes; ) - v? = Mechy,,; - v? (3.17)
=1

where i represents the floor of the element to calculate its accumulated radial
displacement.

In the same way that the TILT analysis, the equation for a POS analysis
consists in considering a dependent variable (r;), and the squared effective
sea current velocity (v?) as an independent variable. The coefficients are the
formerly studied Mech,,s (see Table 3.5 and Figure 3.5). Since the Mech,,s
constants are already known, it is a matter of getting one of the other two
variables (r,; or v?) as inputs so that the remaining one becomes an output
directly.

In addition, since the DU bases are not positioned with an accuracy greater
than 1-2 meters when they are geolocated during the deployment marine
campaign with the Remotely Operated Vehicle (ROV), an option is to leave
the of fset, parameter free, which will represent the radial displacement from
the DU base and the DOM in the first floor:

r, = Mechy,, - v + of fset, (3.18)

Mechanical constants

The mechanical constants for TILT and POS analysis (M echy; and Mech,,s)
are presented in Table 3.5 and Table 3.6 respectively. Since in ORCAO006, the
DU9 has no Top Buoy (it had to be cut due to a failure during its deployment),
its mechanical constants are also calculated.
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Figure 3.5: Mechanical constants for the DU Line Fit analysis. The representations are

for 0 and 90 degrees of sea current incidence. In the case of ORCA, they show the values for
a DU with and without the top buoy. (a) Mechii. (b) Mechpos.
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POS analysis
Mech,,os [32/ m]

ARCA ORCA
Top Buoy Top Buoy No Top Buoy
Incidence
in DOM: 0 deg. 90 deg. 0 deg. 90 deg. 0 deg. 90 deg.
DU base 0.000 0.000 0.000 0.000 0.000 0.000
DOM 1 157.578 151.473 22.797 20.487 31.140 27.576
DOM 2 249.784 240.006 31.033 27.851 42 467 37.530
DOM 3 339.911 326.548 38.493 34.527 52.875 46.677
DOM 4 425.939 409.163 46.477 41.682 64.202 56.634
DOM 5 511.664 491.500 53.686 48.149 74.610 65.783
DOM 6 594,884 571.444 61.379 55.062 85.946 75.752
DOM 7 674.864 648.291 69.984 62.805 98.906 87.150
DOM 8 754.163 724.502 T7.288 69.384 110.163 97.037
DOM 9 830.180 T97.578 83.813 75.271 120.500 106.115
DOM 10 902.010 866.650 90.697 81.500 131.767 116.015
DOM 11 971.536 933.537 96.793 87.030 142,112 125.104
DOM 12 1036.922 996.471 103.164 92.832 153.410 135.038
DOM 13 1097.251 1054.578 110.072 99.148 166.293 146.365
DOM 14 1153.800 1109.095 115.702 104.316 177.373 156.081
DOM 15 1204.197 1157.742 120.496 108.745 187.499 164.955
DOM 16 1246.554 1198.706 125.269 113.199 198.587 174.682
DOM 17 1281.731 1232.845 129.146 116.863 208.683 183.527
DOM 18 1306.943 1257.484 132.755 120.346 219.934 193.420
Top Buoy 1308.789 1259.331 134.306 121.897 - -

Table 3.5: Mechanical constants for POS analysis in the DU Line Fit. For ORCA, it is
taken into account the case of DU9 that does not have Top Buoy.
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TILT analysis
Mechy, [52/ m2]

ARCA ORCA
Top Buoy Top Buoy No Top Buoy
Incidence
in DOM: 0 deg. 90 deg. 0 deg. 90 deg. 0 deg. 90 deg.
DU base 0.000 0.000 0.000 0.000 0.000 0.000
DOM 1 2.540 2.442 0.916 0.823 1.252 1.108
DOM 2 2.425 2.329 0.860 0.769 1.182 1.039
DOM 3 2.381 2.287 0.847 0.758 1.182 1.038
DOM 4 2.334 2.241 0.835 0.748 1.185 1.042
DOM 5 2.286 2.196 0.820 0.736 1.184 1.041
DOM 6 2.231 2.143 0.806 0.725 1.188 1.045
DOM 7 2.172 2.087 0.789 0.710 1.188 1.045
DOM 8 2.108 2.026 0.764 0.688 1.178 1.034
DOM 9 2.034 1.955 0.742 0.670 1.176 1.033
DOM 10 1.952 1.877 0.722 0.653 1.181 1.038
DOM 11 1.863 1.792 0.695 0.631 1.180 1.036
DOM 12 1.760 1.694 0.669 0.609 1.187 1.044
DOM 13 1.643 1.582 0.636 0.582 1.186 1.043
DOM 14 1.510 1.456 0.591 0.543 1.164 1.021
DOM 15 1.352 1.305 0.548 0.506 1.157 1.014
DOM 16 1.166 1.128 0.502 0.469 1.167 1.024
DOM 17 0.952 0.924 0.444 0.420 1.157 1.013
DOM 18 0.685 0.670 0.381 0.367 1.187 1.044
Top Buoy 0.355 0.355 0.298 0.298 - -

Table 3.6: Mechanical constants for TILT analysis in the DU Line Fit. For ORCA, it is
taken into account the case of DU9 that does not have Top Buoy.
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3.2.2 DOMs position estimation from sea current properties

The mechanical equations for the POS analysis (Fquation 3.17) help to
reconstruct the DU line shape forced by the sea current. If realistic sea current
properties (effective velocity v and direction w) are applied, the DU line shape
could be reconstructed:

Xj rec. — DUI + Sin(w) *T2j rec.

1/]' rec. — DUy + COS(W) *T25 rec.
) (3.19)
Zj vee. = DU, + Y _interDOMdist ;_, _, ;

=1
where DU represents the DU base position in its Cartesian coordinates.

Using the XY Z,.. of Equation 3.19, the cumulative radial displacement R, ;...
(Equation 3.20) and zenith angle o .. (Equation 3.21) can be predicted for
every DOM.

Rj rec. — Xj2 rec. T }/jQrec. (320)
R' rec.

tan o yee. = Zj (3.21)
j rec.

So Figure 3.6 and Figure 3.7 represent the reconstructed shape of a DU in
ARCA and ORCA respectively. They show the DOM displacement R; ;...
and tilt o; .. for different sea currents. This is possible by applying
FEquation 3.17 to the sea current velocities, reconstructing the XY Z positions
with Fquation 3.19 and applying Fquation 3.20 and Equation 3.21.
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Figure 3.6: MM applied to different sea current velocities in ARCA (a) Radial displacement
accumulated at DOMs height estimation. (b) Tangent of zenith for each DOM estimation.
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Figure 3.7: MM applied to different sea current velocities in ORCA (a) Radial displacement
accumulated at DOMs height estimation. (b) Tangent of zenith for each DOM estimation.
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ARCA is shown to be more sensitive to the movement produced by the sea
current, as it moves the line more from its axis at rest than ORCA (see
Figure 3.6 and Figure 3.7). This is to be expected given the difference in
height of the DUs. While in ORCA the top buoy moves 0.86 m with a current
of 7.5 cm/s (maximum zenith angle of first DOM 1 at 0.32 degrees), in ARCA
it displaces 7.82 m (maximum zenith angle of first DOM at 0.84 degrees).
Moreover, given the shape of the DU, the zenith angle of the DOM decreases
gradually as they move away from the base.

3.3 MM application to the reconstruction: the DU Line Fit

The DU line fit consists of different analyses of different data to obtain a
reconstruction in the position and the orientation of the DOMs, improving the
precision of classical methods for this purpose [49|. Figure 3.8 summarizes
the internal processes of the DU Line Fit according to the different data to
be analyzed: the original data is processed, the DU Line Fit applies the MM
to obtain effective sea current properties (velocity and direction), and it uses
these parameters to reconstruct the positions of the DOMs.
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Figure 3.8: Internal DU Line Fit process to calculate the reconstructed positioning data
from different data type (XY Z or Y PR).

3.3.1 TILT analysis

The TILT analysis procedure of the DU Line Fit studies the o data. This data
is provided by the DU Line Fit analysis in the Y PR data (see Equation 3.5).
The idea of this analysis is to obtain an effective sea current speed (v) and an
effective sea current direction (w) for the determination of DOM positions.

Considering the tilt mechanical constants, Mechg;, of the floors and the
tangent of the zenith angle (tan «) provided by each DOM along the DU
line. The Equation 3.15, the v? parameter can be obtained from a linear fit.
The w is calculated projecting the xy components of the AHRS matriz and
fitting a line giving through the origin (see Equation 3.0).
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Figure 3.9 shows the processes calculated to obtain the effective sea current
speed and direction, using the values from the Table 3.3 after AHRS matriz
calculation. The goodness of effective sea current estimation is controlled by
the error in the fitting value and the squared correlation coefficient (r?).

Sea current VELOCITY Sea current DIRECTION
009 Y 18:344 0.51 cm/s w: 262.91 + 4.35 deg.
"= Input data—Fit 1%: 0.9647 0.02
0.018
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06 0.8 1 -0.02 0 0.02
Mechy; [s?/m?] u,
(a) (b)

Figure 3.9: TILT analysis applied to the data on Table 3.3. (a) Fit to obtain the effective
sea current velocity v according to Equation 3.15. (b) Fit to obtain the effective sea current
direction w according to Equation 3.6.

Once the effective sea current parameters are estimated, the final step is to use
the MM again to reconstruct the DOMs positions (see Equation 3.19) and fit
the DU Line shape.

3.3.2 POS analysis

The POS analysis procedure of the DU Line Fit is applied to the XY Z
data. It does not matter where the position data comes from (APS, with
the piezoceramic translation to the center of the DOM, or AHRS with
the correction and transformation). This analysis, like the TILT analysis,
also consists of estimating effective sea current speed, v, and direction, w,
studying the input data, and then applying an MM reconstruction with these
parameters. The w is calculated projecting the Diff xy components of the
data and fitting a line giving through the origin (see Equation 3.6).

Figure 3.10 shows the processes calculated to obtain the effective sea current
properties using the XY Z,.. values from the Table 3.3 using Fquation 3.8. At
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all times, the effective sea current estimation is controlled by the error in the
fitting value and the correlation coefficient (r?).

Sea current VELOCITY Sea current DIRECTION
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Figure 3.10: POS analysis applied to the data on Table 3.3 after XY Z,.... calculation using
Equation 3.8. (a) Fit to obtain the effective sea current velocity v according to Equation 3.18.
(b) Fit to obtain the effective sea current direction w according to Fquation 3.9.

Once the effective sea current parameters are estimated, the final step is to use
the MM again to reconstruct the DOMs positions (see Equation 3.19).

3.3.3 Mechanical reconstruction

Figure 3.11 shows how the MM reconstruction is applied for the DU3 in ORCA
detector using the mean effective sea current parameters estimated in the TILT
and POS analysis.
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Figure 3.11: Mechanical reconstruction from the mean value of the sea current properties
by the two different analysis. Profile, 3D, and top views of the reconstructed DU line.

Results

With the intention of conveying the capabilities of the DU Line Fit application,
a complete experimental POS analysis (3 hours of data taking) is carried out
in this section. On this occasion, the example is applied for ORCA006: RUN
7523 (24'h Feb. 2020 from 6:00 to 9:00).

During this period, the raw Y PR was downloaded from the PCBs. Then, the
DU Line Fit procedure splits the data in measures of 10 minutes and calculates
their average values for the analysis. The DU Line Fit is applied measure by
measure, in an independent way: it corrects the data, it transforms them into
positions, and it applies the MM to save the reconstructed data as an output
method. The 4 next figures (Figures 3.12, 3.13, 3.15, and 3.1) represent these
outputs of the DU Line Fit application in the analyzed period.

Figure 3.12 is a top view of the detector, with the reconstructed DOMs
positions during the period. In the figure, it can be observed how a DU (called
DU9) has a different displacement. It is because it does not have top buoy,
and behaves differently when facing sea current changes.
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Figure 3.12: Top view of ORCAO006 after DU Line Fit model application during 3 hours
of analysis.

It can be appreciated how the sea current produces slight movements in the
DOMs. Figure 3.13 shows a profile view for each DOM, to appreciate the DU
line shape and the maximum displacement for each one. Here the difference in
tilt between DUs with and without top buoy is more noticeable.
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Figure 3.13: Profile view of the DUs in ORCAQ06 after DU Line Fit model application

during 3 hours of analysis.

For a more direct comparison of the direction of the DUs, in Figure 3.14 there
is a top view of the reconstructed DUs with respect to base at the start, in the
middle, and at the end of the period. The sea current properties derived from
the three measures, and used for the MM reconstruction are also shown.
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Figure 3.14: DU Line Fit application for the first, middle and last measure in RUN 7523

of ORCAQ06.

Finally, Figure 3.15 shows the effective sea current properties estimated
from the analysis of the positions of the DOMs (after transformation

from Y PR data) and used in the previous MM reconstructions.

This

data seems to have less deviation between DUs than those provided by
the European Multidisciplinary Seafloor Observatory (EMSO) Instrumented
Interface Module (MII) Acoustic Doppler Current Profiler (ADCP) in ORCA

site.
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Figure 3.15: Effective sea current properties estimation (velocity on top and direction on
bottom) during the RUN 7523 of ORCA006 using the DU Line Fit model.

3.4 Conclusions and future steps

Conclusions

The DU Line Fit process is defined in detail and it is ready for its application.
It is set to treat the data provided by the AHRS or a combination of AHRS
and APS, allowing the DOMs position and orientation monitoring. Moreover,
it solves the question of how a line without a top buoy behaves and can take
into account this anomaly on the DU.

The DU Line Fit analysis allows to reconstruct the DU shape improving the
accuracy of the individual DOM positioning methods during strong sea current
periods. It is demonstrated how both methods (T7LT and POS) have similar
results, as shown in Figure 3.9 and Figure 3.10.

82



The idea of the DU Line Fit application is to control the movement and
to understand the shape of the AHRS lines (monitoring the position and
orientation of the DOMs). This method can be integrated automatically into
the detector process and its output can be registered so to take it into account
for the analysis of triggered events and the reconstruction of the direction of
particles generated, tracks, or showers.

Future steps

As it has been noted, the DU Line Fit is very sensitive to the input data in
the AHRS matrix (XY Z data). Thus, the application of the offset for its
correction is a step that requires caution. These offsets should be as accurate
as possible to ensure the best of the DU Line Fit model. For this reason, it is
advisable to continue studying more calm periods, and to study in detail the
offsets and the DU Line Fit application. The study and the identification of
calm periods could be automatized programming an alert in the Y PR data
monitoring.

Until now, the DU Line Fit has been applied and it has been useful for strong
sea current periods (critical situations) in its current version. However, it
would be appropriate to calibrate the reconstruction model to estimate the
DU line shape in sea current calm periods.
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Chapter 4

Full Acoustic Calibration of
Underwater Neutrino
Telescopes using a Compact
Array Transducer

The idea of this chapter is to describe a calibration technique
for an underwater telescope’s acoustic system. The calibration
system requires synchronization between the emission-reception step
and the subsequent analysis. The calibration process will consist
i emitting a known and characterized signal from the source,
then analyzing the recorded raw acoustic data on the sensors and
detecting it. In KM3NeT, this would be done during a marine
campaign using a transducers array designed to emit high power
over a wide range of frequencies and direct the beam from a ship.
The calibration method will not only allow us to study the response
of the system to each acoustic signal emitted but it can also be used
to develop mew analysis techniques to detect less common signals
such as neutrino interactions. The possibility to realize an acoustic
neutrino detection requires the presented techniques to study its
viability.
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The parametric effect allowing to generate of low frequencies with narrow
directivities, proposed for the emission of Bipolar Pulses, is explained
in section 4.1. Then, section 4.2 proposes a complete calibration of
the detector (subsection 4.2.1) using one of the arrays designed for this
purpose (subsection 4.2.2) and following three different calibration steps
(subsection 4.2.3, subsection 4.2.4, and subsection 4.2.5).

So far underwater neutrino telescopes are equipped with an Acoustic
Positioning System (APS). This positioning system opens up many
possibilities. While its main goal is to monitor the position of the light
detectors, it opens up a whole range of secondary acoustic studies, thanks
to the receivers used: bioacoustics, ship noise monitoring, environmental noise
control, acoustic neutrinos detection, etc. The acoustic detection of neutrinos
is one of the most promising possibilities to extend the neutrino telescopes
to the Ultra High Energy (UHE) range. In fact, having a hybrid underwater
neutrino telescope (optical-acoustic) is the only possibility to extend the energy
range detection beyond 100 PeV, with a reasonable number of sensors (see
Figure 1.10). The acoustic neutrino detection technique is based on the
discovery of the pressure pulse generated by the heating of the water by the
hadron cascade after the interaction of the neutrino (see Figure 4.1.a). The
particularities of the radiated pulse (high-directivity bipolar pulse with axial
symmetry) would allow, on the one hand, to distinguish it from other types of
signals much more abundant, and on the other hand, to determine the source
direction with a few degrees of resolution.

To discriminate this singular little neutrino signature with the highest
precision, as the light sensors, the acoustic sensors need to be calibrated.
As seen in chapter 2, the sensors of the APS are already calibrated and
characterized before deployment, but it is once they are installed on the seabed
that their response to the background noise in the environment should be
studied. For this reason, this chapter proposes an in situ calibration of the
positioning system’s acoustic receivers. The aim of this process is to determine
the response of the system already in operation, which may be affected by the
passage of time or depend on the background noise at the given time. It will
not only allow us to study the sensitivity of the different sensors, but it can
also be used to see the feasibility of developing an UHE neutrino detector.
If we are able to emit and capture such a unique signal, we will be able to
experiment with new analysis techniques to detect them.
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4.1 Using the Parametric Effect to Reproduce the Acoustic
Neutrino Signature

The main special feature of the neutrino acoustic signature is that it is a kind
of acoustic bipolar pulse propagated in a very narrow beam (less than 5°),
which turns out to be a very directive low-frequency range signal (less than
100 kHz), a very rare phenomenon in nature.

Over the last decades, different experimental techniques have been developed
to reproduce it. One of the proposals for its reproduction has been
to take advantage of the so-called parametric effect that arises from the
natural propagation of an acoustic wave in a non-linear medium to obtain
low-frequency signals with pronounced directivity.

In this section, the acoustic neutrino signature and the theoretical principle of
the acoustic parametric effect are explained. In subsection 4.2.2, the prototypes
of acoustic emitters developed to date with the intention of reproducing a
Bipolar Pulse (BP), will be presented. The last two prototypes were already
intended to take the advantages of the parametric effect to generate it.

4.1.1 The Acoustic Neutrino Signature

When a UHE neutrino interacts with a non-linear fluid (such as water or ice)
and produces a muon (see subsection 1.1.1), an acoustic signal is generated
in turn. The acoustic pulse generated sits in a "pancake" perpendicular to
the original neutrino direction along 1 km. Their typical opening angle is
less than 5 degrees |7| (see Figure 4.1.a). Along the path of the neutrino
energy deposition, the temperature increases immediately. The corresponding
acoustic pulse shape is defined by the double derivative (with respect to time)
of this temperature profile. This gives rise to a characteristic acoustic wave
which is bipolar in shape (see Figure 4.1.b) and has a typical frequency of 10-50
kHz [21, 22| (see Figure 4.1.c). This type of signal would also be produced
by the interaction with the rock that forms the earth’s crust, although its
amplitude is estimated with an order of greater magnitude [50].

89



Acoustic Bipolar Pulse

150 0
100 T 2
& =
= 50
= g2 4
Neutrino £ 0 4
interaction ’\\Klnun 3 £
™ S
AN g -50
O\ < E
v AN -100 Z 8
N -150 10
\ . -20 -10 0 10 20 0 50 100
I'vpical opening . : Time [pus] Frequency [kHz]
angle < 5°
(a) (b) (c)

Figure 4.1: (a) Acoustic "pancake" beam generation from a neutrino interaction. (b)
Acoustic BP simulating the signal after neutrino interaction on a fluid. The amplitude is
from a neutrino deposition of 10*' GeV of thermal energy at 1 km and 0 degrees. For this
example, the A value is 10 us, and the maximum pressure is 124 mPa [51]. (c) Acoustic BP
in frequency domain (fs = 20 MHz). The -3 dB decay occurs between 20 and 60 kHz.

There are several equations to simulate a BP from the interaction of a neutrino
in fluid. On this occasion, it has been chosen to simplify the generation of a
BP(t): by deriving a normal distribution g(t).

—¢2

g (t) = 3(5) = eim (4.1)
where the o represents the standard deviation at a confidence interval of ~68%.

To control the width of the BP, the inter-peak value A should be equivalent
to 20

d t —t2 _ —4t )2
BP(t):d—‘;]:—ﬁ‘e[’zﬂ] A=, BP(t) = o ¢ (%) (4.2)

Therefore, the acoustic neutrino signature is an exotic signal that contains a
range of low frequencies (less than 70 kHz).
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4.1.2 The Acoustic Parametric Effect

The parametric effect is a non-linear physical phenomenon that appears
in the propagation of intense waves. In acoustics, it may result in the
appearance of "new" frequencies that were not present in the emitted signal
during its propagation. It corresponds to combinations of existing frequencies,
such as sum, difference frequencies, and harmonics. This effect permits to
produce a differential frequency, 2"* beam, between two adjacent tones of high
frequencies during the propagation of the high-intensity wave, the 1% beam
(see Figure 4.2).
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Figure 4.2: Generation of the parametric frequency-difference effect in a non-linear
medium. In grey, the 15 beam, which corresponds to the signal emitted by the transducer.
In black, the 2"% beam, which corresponds to the parametric signal generated along the
propagation through a non-linear fluid of the 1°* beam.

The theoretical studies have determined that the shape of this 2"* beam (the
"new" signal) corresponds to the second derivative of the square envelope of
the 1% beam (the emitted signal) [52, 53]. The waveform and the amplitude
of this parametric effect is determined by the following equation:

B P2s  9? ARE:
0=\1*51) Tormaaz oz 1E 1~ 2 4.3
p(@1) < * 2A> 167 pctax Ot2 [ ( cﬂ (4.3)
where p is the pressure of the 2"¢ beam in z position at time ¢, % is the

non-linear medium parameter, P is the pressure of the 1** beam, S the surface
of emitter transducer, p the medium density, ¢ the propagation sound velocity
in the medium, « the sound absorption medium coefficient, and E the envelope
function of the emitted signal.

Another characteristic of the parametric effect, being a non-linear phenomenon,
is that the intensity of the parametric signal (2"* beam) does not increase
linearly with the intensification in the intensity of the emitted signal (1°* beam).

91



This technique of being able to broadcast low frequencies in a directive
(i.e. more directed) way has opened up the possibility of research into new
underwater communications techniques |25, 26, 54, 55].
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Figure 4.3: (a) Non-linear effect using a parametric sinusoidal signal in frequency domain.
(b) Non-linear effect using a parametric sweep signal in frequency domain.

For this second calibration step, two types of parametric signals are defined:
sinusoidal and sweep. This type refers to the envelope wave (E) in the linear
modulation process to produce it. The modulation used is an AM DSB-SC
(Amplitude Modulation Double Side Band-Suppressed Carrier), where the
lower frequency signal (modulating signal, which will act as an envelope with
fm frequencies) is multiplied with a high-frequency signal (sinusoidal carrier
signal of f. Hz) [56].

By using this modulation it is possible to control the parametric effect (2
beam) that will be created, since it generates a signal of spectral content around
the f. that depends on the frequency in the modulating signal, f,,: the emitted
signal will contain spectral information in f.— f,,, (Lower Side Band) and f.+ f,,
(Upper Side Band), which will be the 1% beam, and the frequency difference fy
(fa = 2fm) will be the one that will appear during its propagation due to the
parametric effect, the 2"? beam. Then, if we are talking about a parametric sine
(see Figure 4.3.a), the frequencies of both beams will be point-like. However,
if we assume a parametric sweep (see Figure 4.3.b), the 15" beam will have
SpeCtral content from fc - fmaa: to fc - f’rnin and fc + fmin to fc + f'muwa and
the 2"? beam will be a sweep from 2f; to 2f,, where f; is the initial frequency
and f, is the final frequency of the sweep.
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4.2 Acoustic Calibration of Underwater Neutrino Telescopes

Laboratory calibration is important for acoustic neutrino detection, but in situ
calibration should be labeled as essential. A good calibration should monitor
the detection system by checking the sensitivity and response of each acoustic
sensor individually (see section 2.4). From this, to have knowledge about the
overall sensitivity and response of the whole system (full acoustic calibration in
subsection 4.2.1), to test and validate the acoustic neutrino detection technique
by studying the signal /background separation, reproducing some kind of events
(with the help of a special array designed for this purpose in subsection 4.2.2)
and determining the reliability of the system. For this purpose, it would be
better to have a system with easy and versatile operation in hard environments,
such as the deep sea KM3NeT [57]. In the end, calibration is a stage that
requires the connection between the emitters to be used, the receivers to be
characterized, and the signals to be emitted, and given its requirements, the
best way is to develop these technologies as a whole, integrated on the same
system (a challenging task).

4.2.1 The full calibration for KM3NeT

Prior to using any sensor, they should be characterized and calibrated in order
to know its behaviour and response to different possible scenarios. KM3NeT
has a powerful acoustic positioning system for Digital Optical Modules (DOMs)
location. However if you want to raise the level of exigency in this system,
and take advantage of its full potential by exploring all its possibilities, it is
necessary to know how it responds once installed in depth. To this end, this
chapter proposes a complete calibration of the acoustic sensors in underwater
neutrino telescopes in order to characterize the response of the detector in all
its frequency bands and for all its possible uses. This calibration is intended to
be performed using an array of sources like the formerly presented prototypes.
This section will refer to the use of the last presented array.

The full calibration process has been divided into three steps, depending on
the type and the level of complexity. Each level will emit a type of signal,
with the idea of detecting it later in the signals recorded by the sensors and
analyzing its reception (amplitude and frequency response):
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Figure 4.4: Strategy for the full calibration with the compact array.

The combination of the three in one unique tool, the compact array, not only
increases the versatility and functionality of the two but also paves the way
towards the most difficult task. The first step consists of low-frequency linear
emission with the array, the other two steps are directive non-linear emissions
using the parametric effect.

4.2.2 The compact array transducer prototype: the bipolar pulse
emitter

During the last few years of the development of deep-sea neutrino telescopes,
experiments have been carried out to create a powerful array of transducers
capable of emitting acoustic signals from the ship to the telescope during a
marine campaign. The main particularity these emitters have is that they are
able to produce the particular signal by the interaction of a UHE neutrino, a
BP, apart from being able to emit the most common signals over a wide range
of frequencies. There are two ways of trying to reproduce this signature with
acoustic emitters. One possibility is to use a long linear array, like the first
developed prototype transducer for this purpose. Another is to use a compact
array where the aim is to provoke the appearance of the BP thanks to the
parametric effect produced by the propagation of the emitted wave itself (see
subsection 4.1.2) |58]. For this reason, up to three different array prototypes
have been developed and are presented below. All of them have been designed
and assembled within the framework of a doctoral thesis (referenced in the
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text). But it is the last prototype the only one that has been handled during
the work of this thesis [59].

The first prototype of this kind of calibrator arrays had 8 emitters along
8 m of length. It was designed according to simulations with the purpose of
generating a coherently BPs at 23 kHz using a phased emitter array. In the
last step to validate it, it was tested in ANTARES during a sea campaign, but
due to some technical problems, the results were not conclusive |60, 61].

The second array designed was a compact array with 3 emitters along 40
cm of length. This prototype included a specific electronic part to obtain
enough power for parametric generation [34]. It tried to reproduce the acoustic
neutrino’s signal too, but using parametric techniques [62]. It was tested
for large distances (110-115 m). It was operative in linear emissions, but
it presented low efficiency of parametric generation and a misalignment in the
emitters [63, 64].

B

Figure 4.5: The last one developed so far compact array transducer prototype.

The third prototype array is the last one developed so far (see Figure 4.5).
The successful deployment and operation of this compact array transducer was
demonstrated in studies with one emitter element and some simulations [65].
The prototype array is assembled with 3 emitters in the first studies, but the
final idea is to use it with 5 elements along 70 cm to increase the parametric BP
directivity [66]. The resonance frequency of their elements is 380 kHz and they
can be used serial or parallel [59]. Since their Transmitted Voltage Response
(TVR) is until 160 dB re 1 pPa/V at 1 meter, it is possible to emit acoustic
signals with an amplitude larger than 10 kPa, which is sufficient energy to
produce a noticeable non-linear effect able to create the directive signals at
low frequency [67].
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4.2.3 1st step: Linear Emission for Frequency Response
Calibration

The compact array allows emitting sine and sweep signals directly in low
frequency. The TVR for one element is about 135 dB re 1 puPa/V at 1 m
in the 10-100 kHz region. The final design of the array with 5 elements and
the adequate electronics, aims to reach easily 180-190 dB re 1 puPa/V at 1
m. This power will be capable to extend the detector a few km away with
positive Signal-to-Noise Ratio (SNR). Therefore, it is possible to use these
linear emissions to check the status of the acoustic receiver and get knowledge
about the propagation of signals in situ. Moreover, signals used for the APS of
the KM3NeT could be done, benefiting from the procedures and protocols for
detecting these signals at the same time as being an independent cross-check
for that system. The idea would be to apply the same process as in section 2.4
but emitting the desired signals with a characterized array as a reference from
a ship.

An important feature of this step is that the emission is for all receivers because
the linear emission in low frequencies produces a non-directivity wave, and
thus, an accurate orientation of the array with respect to the telescope is not
needed.

This first step could be an easy calibration to acoustic studies about noise
environment, bioacoustics (whistles detection), checking the status of the APS,
or other marine sciences.

4.2.4 2nd step: Long Parametric Signal Emission for Directivity
Calibration

The first non-linear emission to calibrate the acoustic receivers in KM3NeT
uses a long parametric directive signal. A long signal provides less difficulty on
detection when the signal is received thanks to signal processing techniques,
such as cross-correlation [40]. In this context, a long duration signal (of the
ms order) is considered to determine the response of the telescope to very
directive signals (a few degrees) with cylindrical symmetry [59]. This allows
the calibration of the different sensors throughout all frequency regions, but
including the directivity component. For this second calibration step, two
types of parametric signals are defined: sinusoidal and sweep.

Figure 4.6 shows an example of a parametric sinusoidal signal, where the f, is
400 kHz (resonant frequency of the transmitting array) and the envelope has
an f,, of 20 kHz, which will produce a parametric signal with f; of 40 kHz.
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Note that the maximum value of the 2"¢ beam has an amplitude of about -38
dB relative to the maximum of the 15 beam (only taking into account the
waveform).
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Figure 4.6: (a) The signal to be emitted is shown in grey (1°* beam). In red its envelope
(calculated by the Hilbert transform). (b) Resulting parametric signal (2"¢ beam). (c)
Frequency domain for 1°¢ and 2"¢ beams in a sinusoidal parametric signal.

In the case of a parametric sweep signal, the second derivative of the squared
envelope solved analytically shows how the amplitude of the signal varies as a
function of time (see Fquation 4.4 and Figure 4.7.a). This makes it difficult
to control, but produces a directive signal with a wide frequency range. The
latter feature, in a neutrino telescope, may be more interesting since a possible
bipolar pulse generated by the interaction of a neutrino in the non-linear fluid
would have a bandwidth (see subsection 4.1.1).

92 _ - _ 2 —
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(4.4)
where P, is the pressure of the 2"¢ beam in a parametric sweep signal and E
is its envelope. FE is a sweep from f; to f frequency in a transition time of 7T'.
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Figure 4.7 shows an example of a parametric sweep signal, where the f. is 400
kHz (resonant frequency of the transmitting array) and the envelope is a linear
sweep from 10 kHz (f;) to 50 kHz (f), which will produce a parametric sweep
signal with f; between 20 kHz to 100 kHz. In this case, the maximum value
of the 2" beam has an amplitude of between -32 dB (at 93 kHz) and -67 dB
(at 20 kHz) relative to the maximum of the 1°* beam (only taking into account
the waveform).
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Figure 4.7: (a) The signal to be emitted is shown in grey (1°* beam). In red its envelope
(calculated by the Hilbert transform). (b) Resulting parametric signal (2"¢ beam). (c)
Frequency domain for 1% and 2"¢ beams in a sweep parametric signal.

The parametric sinusoidal and the parametric have a narrower directivity
(characteristic of high frequency) that allows us to direct the beam to a specific
sector of the sensor array on the telescope and characterize them. Combining
the information of all the sensors determines the directivity of the source, thus
being able to discriminate the signal from other more frequent less-directive
acoustic signals. This information is then critical to improve the performance
of the facility and determine its sensitivity.
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This second step could be a calibration for acoustic studies about bioacoustics
(echolocation), low frequencies directivity responses (parametric effect), other
directivity signals to positioning sources, etc.

Ezxperimental analysis of a parametric acoustic process. Sweep signal case

Calibration of acoustic transducers in a moderate-sized laboratory water tank
can be an arduous task. This is due to the complexity of recording a pure signal
(reflections free), since it is difficult to move the emitter farther away than half
or one meter from the receiver, and large depths are not available. Using the
parametric signals presented above, a process that could be used to characterize
these sensors at low frequencies (10-100 kHz) without a complicated analysis
of the recorded signals has been studied [68].

On this occasion, the ultrasound transducer characterized by the proposed
parametric process is the commercial sensor Teledyne RESON Transducer
TC3027 (see Figure 4.8.a). It will be used as an emitter, to evidence the
parametric effect generation during the process.

—

5
— | —Re-Im —_
73 -
4 =038
= )
[ 0.6
:: E
I =
< 2 £ 04
E =, :
=1 g 02 L, = 14.96 cm
< < L = 47.12 cm
0 0 :
0 200 400 600 800 1000 1200 1400 0 20 40 60
Frequency [kHz| Distance [cm)]
(a) (b) (c)

Figure 4.8: (a) Teledyne RESON Transducer TC3027. (b) Admittance (real and
imaginary) measure by HIOKI IM3570 Impedance Analyzer. (c) The characteristic distances
of the transducer indicating the near-field distance (L) and far-field distance (Lg) for 1 MHz
calculated by Fquation 2.1 and Fquation 2.2 respectively.

The resonance frequency is noticeable in an admittance measure, in this case,
verification is needed to ensure that it is a 1 MHz transducer (see Figure 4.8.D).
Studying the characteristic distances of the transducer indicate the near field
distance, L., and far-field distance, L, the Emitter-Receiver distance (distER)
must therefore be at least about 48 cm (see Figure 4.8.c).
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The receiver in this experiment will be the Teledyne RESON Hydrophone
TC4014, which comes with a preamplifier. This hydrophone has been
characterized in the tank laboratory following the same process as explained in
subsection 2.4.1 and using as reference an AIRMAR P19 for the low frequencies
and the same Teledyne RESON Transducer TC3027 for the high frequencies
(see Figure 4.9.a). Now that the sensitivity in reception (RVR) is known, both
in high and low frequencies, they will be taken into account for the analysis in
the parametric emission.

Teledyne RESON TC4014 + PreAmpli

) -160
A
= -180F1
£ T b
% ; -200
i
& -220} |-ref. AIRMAR P19 1
% —ref. RESON TC3027 \ﬂ
-240 : :
10 107 10°
Frequency [Hz|
(a) (b)

Figure 4.9: (a) Experimental measurement of RVR for the RESON TC4014. (b) RVR
measure on laboratory tank for the RESON TC4014 using as emitter of reference the RESON
TC3027.

In this experiment, both transducers were placed at distER of 50 c¢m in a
laboratory water tank (see Figure 4.9.b). In order to receive the signal with a
positive SNR, a signal amplifier (FElectronics & Innovation 2100L) was placed
between the signal generator and the emitter transducer. The signal emitted
is the presented parametric sweep in Figure 4.7. The system works with a
frequency sample, f, of 20 MHz.

Once the experimental setup is ready, a test signal is emitted and recorded,
which is analyzed to verify that the expected parametric effect is produced.
A simple spectrogram is enough to evidence its emergence. In this case,
Figure 4.10 represents a spectrogram using a Fast Fourier Transform (FFT)
length of 2000 samples with an overlap of the 50% to calculate the Power
Spectral Density (PSD) of the receiver signal. The received signal in the
spectrogram is easily distinguishable, since the Time of Flight (ToF) is as
expected (with a distER of 50 cm) and it is consistent with the frequency range
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of the 1% beam. As it can be seen, the parametric effect is not instantaneous,
it needs a moment to generate the 2"? beam. In addition, the most intense
reflection produced (the one behind the receiver), and its mixing with the direct
signal, can be appreciated too. This would be avoidable in a bigger tank.

Time [ms]

Figure 4.10: Zoom in Y-axis of the spectrogram between 0 and 1.4 MHz to visualize the
parametric sweep recorded. The 1°* beam have spectral content from 950 kHz (fc — fmaz)
to 990 kHz (f. — fmin ) and 1.01 MHz (fc + fmin) to 1.05 MHz (fc + fma=z), while the ond
beam is a sweep from 20 kHz (2fmin) to 100 kHz (2 fmaz)-

Now that the ability to generate the parametric effect in a controlled
manner has been demonstrated, it is time to detect it and proceed with the
characterization of the transducer. For this purpose, correlation analysis is
tested in Figure 4.11. Since this is a sweep signal, the resulting correlation
shows a clear peak in the Time of Arrival (ToA) of the 1% beam. The second
little correlation peak for the 1%¢ beam corresponds to the order 2 reflection,
produced behind the receiver. The order 1 reflections created by the bottom
and the surface water are not visible (probably due to the directivity of the
emitting transducer itself). About the 2"? beam correlation, it is produced
by the correlation between the second derivative of the square of the received
signal envelope and the theoretical parametric effect defined in Equation 4.4.
In this case, there are more peaks appreciable, but the first one is clearly
distinguishable and marks the ToA of the parametric signal. Then, the
parametric effect is characterizable with a simple correlation process.
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Figure 4.11: The figure at the top shows the recorded signal received by the hydrophone
Teledyne RESON Hydrophone TC4014. The figure at the center shows the 1°% Beam
correlation, the signal result of the correlation between the received and the emitted signals.
The figure at the bottom shows the 2"¢ Beam correlation, the signal result of the correlation
between the second derivative of the square of the received signal envelope and the theoretical
parametric effect defined in Fquation 4.4.

As it has already been demonstrated how to detect both beams in the
received signal, the non-linear effect between both is shown. For this purpose,
measurements are made by varying the amplitude of the signal to be emitted
prior to the amplifier, and the amplitude received is plotted (see Figure 4.12.a).

Finally, the directivity of the transducer is measured for both beams, and it is
verified that the low-frequency secondary beam presents a narrow directivity
similar to that obtained with the high frequency of the first beam (see
Figure 4.12.0).
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Figure 4.12: (a) Amplitude variation in the input voltage to evidence the parametric effect
apparition. The amplitude on the Y—axis corresponds to the normalized values of the peak
amplitude of each beam-correlation with respect to its maximum. (b) Directivity pattern in
dB obtained through the normalized values of the peak amplitude of each beam-correlation
with respect to its maximum. The directivity of 1°* Beam is in grey, where the -3 dB decay
occurs from + 2° and the -6 dB decay occurs from + 3.5°. The directivity of 2"¢ Beam is
in black, where the -3 dB decay occurs from + 3° and the -6 dB decay occurs from + 5°.

4.2.5 3rd step: Bipolar Parametric Signal Emission for Acoustic
Neutrino Detection Calibration

For a final characterization of the receivers to the acoustic neutrino’s detection
and test, the viability of the technique is essential to be able to reproduce its
acoustic signature. Unlike the previous step, the signal to be emitted will be
very short, which will make it difficult to detect in the post-analysis and will
require a system capable of recording these kinds of signals. The signal consists
of a BP similar to that generated by the interaction of a neutrino in water.
This pulse spectrally contains a wide low-frequencies range but with a really
narrow directivity (see Figure 4.1). This means that the parametric effect is
necessary to achieve it.
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Figure 4.13: (a) Envelope G(t) of the signal to be emitted to produce a bipolar pulse
generated from the parametric effect during its propagation in the non-linear fluid. It
corresponds to Gaussian bell integral. (b) Gaussian bell g(¢) from which the enveloping
signal G(t) is deduced. (c) Created BP from the propagation of a signal with the envelope
G(t) in a non-linear medium. It corresponds to the second derivative of the square of the
envelope G(t).

With this aim, a parametric BP signal is generated using the compact array.
Similarly to the parametric sweep signal, the carrier signal is a sine with the
resonance frequency of the emitter element, but in this case, the envelope
signal is G(t), defined by Equation 4.6, that corresponds to the integral of
the Gaussian function ¢(t), defined by Equation 4.5. The second derivative of
the square G(t) corresponds to a BP, the BP, 4.4, defined in Equation 4.7.
Therefore, the 15 beam will be the parametric BP signal that owns a peak
in the f. frequency, and the 2"? beam will be a BP,ram that owns a wide
range of low frequencies such the neutrino’s acoustic signature in water (see
Figure 4.14).

() = —_ e (A)’ (4.5)

o21

where o is the standard deviation of the distribution, which is centered in u
position.

G(t) = /g(t) dt = % (1 - j% Of et dt) (4.6)
BPparam(t) = ang(t) (4 7)

104



To take control in the generation of a B P4, the interval time peak-to-peak
defined as A is equivalent to the 30.85% of §, and p represents the instant
where BP,qqm is ideally going to appear. However, it presents the problem
that the amplitude of G(t) starts with zero and it remains constant without
decreasing to zero. It is necessary to transitory relax the transducer and not
create abruptness. At first, it was decided to create a linear or exponential
degradation, but finally, it was decided to use a drop equal to the rise, which
would cause a second inverted BP,;.qm. This duality can be used to facilitate
its detection since it is expected to be followed by another inverted BP one at

a controlled (and known) time distance.

Figure 4.14 shows a designed parametric BP signal where the aim is to create
a BP,uram with A of 10 ps. The p value is 0.3 ms and the drop is distanced
2uu from the rise. Note that the maximum value of the 2"¢ beam has an
amplitude of between -61 dB (at 12.5 kHz) and -115 dB (at 93 kHz) relative
to the maximum of the 1% beam (only taking into account the waveform).
Although the FFT is calculated for the complete displayed signal, it would be
more correct to cut only the signal of interest.

1 fs = 20 MHz 0 ‘ .
— [—1"' Beam —2"7 Beam|
05
o -20 +
E 0
205
27 —envelope —signal (f.: 400 kHz) = -40¢
1 K3
0 500 1000 m
-60
Time [pus] Z
(a) <
5 . 2 -80
%x107° Parametric effect =
2,
— 2 g
E <100
=1
[
T o
= -120
g1
<
2 -140 ‘ '
0 200 400 600 800 1000 0 100 200 300 400 500
Time [us] Frequency [kHz|
(b) (c)

Figure 4.14: (a) The signal to be emitted is shown in grey (1°* beam). In red its envelope
(calculated by the Hilbert transform). (b) Resulting parametric signal (2"¢ beam). (c)
Frequency domain for 1°¢ and 2"¢ beams in a BP parametric signal.
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Figure 4.15 shows a zoom in the BP,,,q,, generation to note the both shapes
(normal and inverted) in the parametric effect.
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Figure 4.15: (a) Zoom in the rise of parametric BP signal. In grey is the signal to emit
(1°* beam). In red its envelope (calculated by the Hilbert transform). (b) Zoom in the
parametric effect produced by the rise in the parametric BP signal, a normal BPparam. (€)
Zoom in the drop of parametric BP signal. In grey is the signal to emit (1°* beam). In
red its envelope (calculated by the Hilbert transform). (d) Zoom in the parametric effect
produced by the drop in the parametric BP signal, an inverted B Pparam-

This last step of the calibration will be a valid calibration for the UHE acoustic
neutrino detection techniques, both to evaluate the response of the detector to
this type of signal, and to develop the necessary post-analysis to detect them.
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The parametric BP emission directivity with the last transducer array
prototype

In the course of the complete characterization of an individual element of the
latest transducer array prototype (during the design process), the directivity of
a parametric BP (2"? beam) was experimentally measured [65]. The directivity
was obtained at 60 cm of distER, far-field of the transducer, in a laboratory
water tank [69]. This has made it possible to simulate the directivity that the
array would have with the 5 elements of the final design. These elements are
equispaced by 14 cm, and the directivity of the 2"¢ beam has been estimated
for a range of £30° at different distER (see Figure 4.18).

Figure 4.16 shows the signal received at a point 1 km away and 2 degrees
from the center of the array. First, the signal received by each element of the
transducers array (Source 1 is the central one, Source 2 and Source 3 are the
adjacent ones, and Source 4 and Source 5 are both extremes) is taking into
account the attenuation estimated by Equation 2.3, to finally add them up in
a coherent way (see Figure 4.16).
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Figure 4.16: Received signal from each source of the array in a point at 1 km and 2 degrees
from the central point.
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Figure 4.17 shows some examples of signals received at different angles, to

appreciate the directivity effect on the simulated received signal.
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Figure 4.17: Received signal at 1 km and different degrees from the central point.

Thus, Figure 4.18.a shows the directivity measured experimentally in the
laboratory of one element of the array, while Figure 4.18.b shows the result of
simulating the directivity of 5 elements like the previous one mounted on the
array.

—30"

(b)

Figure 4.18: (a) Experimental directivity of a single element at 60 cm. (b) Simulated

directivity of the array at 1 km.
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In fact, the simulation permits to observe that at a distance of 1 meter the
contribution of the 5 elements would still be distinguishable, so it would be
advisable to measure it as an array at a greater distance.

Table 4.1 shows the decay values for —3 and —6 dB at different distER. In
the end, from a distance of 10 meters, the directivity of the array is already
invariable. The resolution in the simulation is 0.5 degrees.

1 element 5 elements

(experimental) (simulation)
Distance distER 60 cm Im 3m 10m 1km
-3 dB decay 2.0° 10.0°  6.0°  1.0° 1.0°
-6 dB decay 3.5° 22.0° 6.5° 1.h° 1.5°

Table 4.1: Decay values for —3 and —6 dB in the experimental and simulated at different
distances directivity.

4.3 Conclusions and future steps

Conclusions

The history of existing arrays for calibrating neutrino underwater telescopes
has been presented. To date, three prototypes have been developed, of which
the last two ones are intended to be able to act as parametric emitters. The
last one has shown good efficiency in emitting a parametric bipolar pulse
on a single element during its characterization. Its directivity has allowed
estimating the directivity of the complete array in its final design, as shown
in Figure 4.18. This encourages further development of emission technologies
in order to achieve a robust calibrator with its integrated electronic amplifier
stage.

It has been demonstrated the possibility of controlling the acoustic generation
of the parametric effect with the design of specific signals: sinusoidal, sweeps,
and bipolar. However, there is a level of complexity in its generation, given the
relationship between the amplitude of both beams (1% and 2"¢), which makes
it very difficult to detect and study the 2"? beam. Moreover, it has been
shown that the parametric sine signal has the best ratio, with a difference of
—38 dB, followed by the parametric sweep, whose frequencies of the 2"¢ beam
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are difficult to control, and has a difference of between —32 and —67 dB. Finally,
the defined parametric BP, which has a difference of between —61 and —115 dB.
Even so, these signals provide a lot of possibilities by achieving low frequencies
with the typical directivity of high frequencies.

A full calibration technique for acoustic sensors in a neutrino telescope has
been proposed in three different steps: linear, long parametric, and bipolar
parametric emission. Following this, the exploration of additional uses that can
be made of common APS on these telescopes is possible, from environmental
noise monitoring or control of absence/presence of animal life, to the possibility
of developing technology for the acoustic detection of UHE neutrinos.

Future steps

As for the latest array prototype, there is already evidence that it is well on its
way to becoming a good tool to operate as a calibrator. So far it has not been
possible to measure as an array, since only three elements are operational, and
each one has a different sensitivity. So before treating it as a whole system,
it is recommended to redo the elements that compose it, with greater care to
achieve real equality between elements. Once you have them, it is time to
measure them as an array in a laboratory water pool and characterize it.

The next stage will be doing some tests in situ to check the emission and
reception for all the steps of the calibration plan, in order to have a complete
characterization of the array, and evaluate its feasibility as a robust calibrator.
Before that, the electronics of the array should be designed for parametric
use and thus be able to produce high-level acoustic signals that reach large
distances (~km) with enough intensity to be detected by the sensors of the
telescope.

Once the calibrator-telescope connection is achieved, analysis techniques must
be developed to search for the emitted pulses. If parametric BPs are recorded,
the simple fact of detecting them will be enough to start developing a real
automatic acoustic neutrino detection algorithm that generates alerts in case
of finding them. Chapter 5 develops this last idea and will attempt to make it
viable.
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Chapter 5

Proposal of a Trigger for
Acoustic Neutrino Detection

For the neutrino acoustic detection, a first trigger level to
be implemented in KM3NeT is proposed. It looks for coincident
events that can be originated by a Bipolar Pulse, such as the one
that would be generated by the interaction of a meutrino in water.
The spectrogram is used as an analysis of the signal received, and
up to three parameters are calculated to indicate the presence of a
possible event of interest. In case of coincidence between receivers,
the event would be recorded as a Bipolar Pulse candidate. For the
first trigger test, the hydrophones in ORCA006 are used, previously
"configurated” for its application. Finally, the efficiency of the
detector is evaluated thanks to the insertion of an artificial Bipolar
Pulse between the experimental data.

Section 5.1 presents the spectrogram analysis as a detector of interesting
signals, in this case, a Bipolar Pulse. Section 5.2 then looks at the recorded
data available to ORCA006 and decides which ones to use to test the first
level of the trigger to be proposed. Section 5.3 discusses how to evaluate
the efficiency of the trigger to be applied and the need to pre-configure
each receiver. Section 5.4 shows the proposed Bipolar Pulse detector to be
implemented, and shows its first results in section 5.5.
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As in any process of installing state-of-the-art scientific and technological
infrastructure, as much data as possible is collected for further analysis. As
this procedure requires massive storage space, data from a representative
period is usually studied in order to develop analysis techniques that allow
the automation of saving the most interesting and representative parameters
of this massive data. This preprocessing optimizes resources, allowing the raw
data received from every sensor to be discarded directly, exponentially reducing
the volume of memory needed to monitor the data with the required temporal
resolution.

In the Acoustic Positioning System (APS) of KM3NeT, the preprocessing of
the received acoustic signals permits saving the Digital Optical Module (DOM)
positions (XY Z data) every 10 minutes. This chapter aims to develop analysis
techniques in search of Bipolar Pulses (BPs) (possible signals originating from
the interaction of a neutrino in water) to make a supplementary preprocessing
to the current APS and to realize a possible acoustic neutrino detector. Raw
acoustic signals from the KM3NeT-ORCAO006 hydrophones have been studied
to define possible parameters and alerts that could help to distinguish the
neutrino acoustic signature. In this chapter, the studies done for the proposal
of a trigger for acoustic neutrino detection in KM3NeT are presented.

5.1 Analysis technique: the spectrogram

The spectrogram is a basic representation tool used for the analysis of electrical
signals, communication signals, and any audiovisual signal in its frequency
content. It is a representation in three dimensions: time, frequency, and
amplitude of the energy distribution of a signal. The X—axis represents the
time, the Y—axis the frequency, and the Power Spectral Density (PSD) is
coloured coded.

The spectrogram divides the signal into bins (bins of NV, samples of the signal)
to calculate the Fast Fourier Transform (FFT). It is common to use a bin
overlap, to improve its representation, a Hamming window is used in the FFT
calculation to soften the edge effect. In acoustics, they are often used to
visualize signals that in the time domain are masked by the background noise
itself or below another recorded signal (reduced Signal-to-Noise Ratio (SNR)),
but they are appreciable in the frequency domain.

It should be noted that the time and frequency resolution, Ty;, and fy;,
respectively, of a spectrogram is limited by the preselected Ny;, and the
sampling rate f, of the recorded signal:
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Nm
Thir, > fL — Npin < Ty, - (5.1)
fN fs fs
fb szn 2szn ’ 2szn ( )

Therefore, a compromise between Tp;, and fy;,, exists. In order to correctly
appreciate the signal in the frequency domain, it must be taken into account
that at least two complete cycles of the signal must fit in a bin length, Ty;,
[70]. Thus, when making a spectrogram, Equation 5.3 must be considered.

1 < Nbin
fvalid ~ fs

2fs
— fvalid 2

2Tvalid S Tbin — 2 N ~
Nbin

(5.3)

The spectrogram as a detector

A spectrogram is a good tool that can be used as a signal detector. The idea
is to apply an alert level that indicates the presence of the signal of interest
in the spectrogram. This is achieved by averaging the energy concentrated
in the frequency bands of interest. When this level is above the background
noise during a time compatible with the length of the signal, a candidate will
be detected. Thus, the spectrogram detection will be conditioned by the time
resolution Ty;,, the frequency resolution f;,, and the threshold level. These
characteristics shall be adjusted to the particularities of the signal.

Acoustic neutrino detection is not easy because it is a very short signal
(high temporal resolution), with a large spectral component, and of very low
energy (which entails very small amplitudes). One of the characteristics of
spectrogram detection is that it does not depend as much on the waveform
as on the energy concentrated at certain frequencies during a specific time
duration. This presents some advantages over the classical correlation method
where the shape of the signal must be known. As a drawback, its application
requires more computational cost.
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5.2 The raw acoustic data

This section aims to analyse the raw acoustic data from KM3NeT to study if
it is feasible to develop a possible acoustic neutrino detector using its current
APS. The data recorded with the hydrophones will be studied, as they have
higher sensitivity and stability than the piezoceramic sensors on the DOMs.
Since ORCA was at the time of performing the analysis the detector node with
the largest number of operational hydrophones (three, the minimum to be able
to position the source of a detected event), its data will be examined, which
will help to filter out possible neutrino candidates if no coincidence is found
between them.

5.2.1 Noise in the data

Concerning the KM3NeT acoustic system, given its location and the possibility
to obtain data from many sensors, it can be considered a unique scientific
infrastructure because it is equipped with highly sensitive hydrophones
streaming data in real time continously, which allows a large amount of
information to be stored. Highly sensitive hydrophones have a downside: they
“listen to” everything. For this reason, it is important to know the environment
and whether the signal of interest will be distinguishable/detectable (e.g. with
an in situ calibration tool as presented in the previous chapter). Anything else
than the signal of interest will be understood as background noise. If the SNR
is insufficient to detect it in the temporal domain, the possibility of studying
it using the frequency domain or a spectrogram should be considered, and this
is where you can really see all the information that KM3NeT can collect in the
different nodes of the array that constitute the hydrophones.

Signals recorded by electronic devices are usually a combination of the signal
received by the hydrophone plus some signals generated by electronic devices.
Long the raw acoustic data registered in KM3NeT, the recorded signals on
ARCA present less electronic noise partly due to the use of a 600 Hz high-pass
filter in the hydrophones. However, ORCA has a lot of electronic inputs, as it
is shown below.

Figure 5.1 is an spectrogram of 2 seconds recorded data by a hydrophone on
ORCA site with a Ny, of 4096 samples (which means that it has a T}, of
~20.97 ms and a fy;, of ~23.84 Hz, but fyuq from ~97.66 Hz). It shows
a continuous electrical signal between 85 and 90 kHz and other at 48 kHz
(in the case of ARCA this type of noise is also observed from 85 to 90
kHz, and from 70 kHz to 95 kHz). Then, an impulsive electric noise every
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~100 ms is observed. Finally, the unique natural two signals appreciated in
the spectrogram as non-perfect horizontal lines are two emitted whistles by
dolphins (these bioacoustics are remarked in a square).

Raw acoustic data from DU9 (14-May-2020 00:01:12)
Nyin: 4096 ; overlap: 50%

-2 -1 0 1 2
Time [s]

Figure 5.1: Spectrogram of raw acoustic data from the hydrophone in ORCA-DU9. The
timestamp corresponds to 14-May-2020 at 00:01:12. The spectrogram shows 4 seconds of
signal with a Np;p, of 4096 samples and an overlap of 50%. Two dolphin whistles are remarked
in the squares.

Figure 5.2 shows the signal represented in the previous spectrogram on the
temporal domain. It can be seen how the electricity network signal of 50 Hz
(and its upper harmonics) of high amplitude is mixed with the rest. Being
such a relative low frequency, it is easy to remove them with a high-pass filter.
The two remarked pieces with a square correspond to the electric impulsive
noise shown in Figure 5.1.
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Raw acoustic data from DU9 (14-May-2020 00:01:12)

N
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Figure 5.2: Recorded signal with 250 ms of raw acoustic data from the hydrophone in
ORCA-DUY9. The timestamp corresponds to 14-May-2020 at 00:01:12. The signal shows
how the electricity network signal of 50 Hz (and its harmonics) of high amplitude is mixed
with the rest of the signal. Two Digital Penetrations (DPs) are remarked into the squares.

Figure 5.3 shows a zoom-in from Figure 5.2 to the second marked square where
this electronic noise is desplayed in detail. A more detailed study concluded
that they are DPs, ones or zeros in binary, from the conversion Alternating
Current to Direct Current (ACDC) in some device that are generated. It has
a work cycle of ~100 ms with a baud rate of 9600 during ~4 ms. These DPs
do not represent a problem for the APS operation but they are very tedious
for other studies. It must be noted that the level of DPs in the hydrophone
of DU9 is especially more noticeable than in the others, it has higher SNR.
Some actions have been discussed to mitigate this problem in future DUs to
be deployed, by checking this cross-talk is not produced. Also, for the DUs in
operation, the reading interval time of the ACDC will be increased from 0.1 s
to 10 s, so as to reduce the noise by a factor of 100.
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Figure 5.3: Recorded signal with 8 ms of raw acoustic data from the hydrophone in
ORCA-DU9. The timestamp corresponds to 14-May-2020 at 00:01:12. The signal is a
zoom-in from Figure 5.2 to the second marked square to show in detail a DP.

Consequently the acoustic signal captured by the acquisition system (the
raw acoustic data) is composed of electronic noise and the signal recorded
directly by the transducer. This last one is composed of bioacoustics
(environmental noise produced by ocean currents, animal noise, such as
whistles or echolocations by dolphins and whales, and other natural sources,
such as neutrino interactions, etc.) and anthropogenic signals (noise from
ships, sonar, ABs, etc.).

5.2.2 Data selection for the experiment

First of all, it is necessary to assess the data available. In ORCAO006 there
are two periods of almost 24 days recorded continuously in two consecutive
years, for this reason it was decided to use these data to carry out this first
study. In this data, the Sound Pressure Level (SPL) contained in the 1/3
octave of 31.6 kHz (a frequency of interest in a BP) was evaluated. To do so,
the FFT of every two seconds of the signal was calculated and the spectral
content belonging to the 1/3 octave was added, obtaining the SPL. Finally,
these values are averaged every thirty minutes. Thus, the heatmaps shown in
Figure 5.4 are obtained.
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Figure 5.4: Heat Map representation for a long-time monitoring SPL for the octave around
30 kHz in the hydrophone of ORCA-DU3. The period shown is 20 days, where each pixel
corresponds to the mean level in a half hour. Weekdays are indicated, the two unlabelled
days correspond to the weekend, and the corresponding times in Central European Time
(CET). The black regions are due to a gap in data [71]. (a) May of 2020. (b) May of 2021
[Credits: Guillermo Lara, IEO].

Figure 5.4 shows a clear change in SPL from one year to the next one, which
is thought to be due to a reduction in shipping traffic during the COVID-19
pandemic restrictions. In addition, gaps in the data can be observed. In
any case, Figure 5.4 evaluates the situation of the noise level and helps to
distinguish between noisy and quiet periods for our detector.

The first trial used 6-hour chunks of data (the longest RUNs in KM3NeT).
Firstly, two totally opposite RUNs were evaluated, the extremely noisy
RUNS8018 and the very quiet RUN8019. The study was then extended to
10 more randomly selected RUNs, on the condition that they lasted around 6
hours.

Table 5.1 shows the date and time at which each RUN starts, the total SPL
for the 1/3 octave bands of 25.1, 31.6, 39.8, and 50.2 kHz (frequencies between
22.3 kHz to 56.3 kHz), and the SPL level at the 25, 50, and 75 quartiles and
at the 99th percentile.

118



SPLaa_56 kHz [dB re 1uPa|

RUN Date + 6H Q25% Q50% QT5% PCTL99%

8008 14/05/2020 00:01 64.4  64.8 655 80.4
8015 15/05/2020 06:01  64.0  64.0  64.1 80.2
8018 16/05/2020 00:01 64.3  65.1  68.0 80.4
8019 16/05/2020 06:01  64.0  64.0  64.1 79.9
8021 16/05/2020 18:01 649 655  66.0 80.4
8027 18/05/2020 06:01  63.7  63.7  63.8 80.3
8042 19/05/2020 18:01 64.3  64.7  65.4 80.0
8048  21/05/2020 06:01  63.7  63.7  63.8 80.1
9901 05/05/2021 00:00 64.2  64.7 654 79.5
9907 06/05/2021 12:00 63.7  64.0  64.3 79.4
9913  08/05/2021 00:00 64.1  64.2  64.3 79.5
9919 09/05/2021 12:00 641 642  64.3 79.5

Table 5.1: Total SPL for first three quartiles and 99th percentile values for the frequencies
between 22.3 kHz to 56.3 kHz on the data recorded by the hydrophone in DU3.

In order to visualize it better, Table 5.1 is represented in boxplots (see
Figure 5.5.a). The semi-interquartile range, (SPLgrs% — SPLgas%)/2, is
calculated to observe the dispersion in the noise of each RUN (see Figure 5.5.b).
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Figure 5.5: SPL (noise) in the data recorded by the hydrophone in DU3 for the triggered
tested. (a) boxplots representing the total SPL for the frequencies between 22.3 kHz to 56.3
kHz. (b) The semi-interquartile range, (SPLg7s% — SPLgas%)/2, calculated to observe the
dispersion of this noise.

119



5.3 The detector procedure

Once the analysis technique has been chosen and the data for the study has
been selected, it is necessary to stablish the method to trigger a possible BP
event.

The idea is to analyze the data from every hydrophone with an adaptive
threshold level to activate the trigger alert. This will be modified according to
the noise in the section of the data being analyzed. In this case, each part of
data will correspond to one second. The main objective will be to reduce the
data to less than one candidate (event) per second. In order to have "true"
events, an artificial BP is created to simulate the pulse after the interaction
of a neutrino in water and its reception by the hydrophones of KM3NeT.
Considering the RVR Equation 2.7, it is possible to convert from P;, to V,,;.
Figure 5.6 shows the BP, the “true” event generated by a neutrino interaction.
The signal is from a neutrino of 10*' GeV of thermal energy at 1 km and 0
degree orientation from the acoustic “pancake”. This artificial BP will be added
to the raw acoustic data previously analyzed, at a ratio of one every minute.

—

)

Amplitude [mV]
—

-2
-100 0 100

Time [us]
Figure 5.6: Acoustic BP simulating the signal in KM3NeT hydrophones after neutrino

deposition of 10'' GeV of thermal energy at 1 km and 0 degree orientation. For this example,
the inter-peak value is 10 us, and the maximum pressure is equivalent to 124 mPa [51].
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5.3.1 FEvaluation

Adding an artificial BP to every minute (0.02 ev/s) of data will allow to
evaluate the behavior of the detector. On the one hand, its accuracy
(Precision, FEquation 5.4) can be calculated, and on the other hand, its
efficiency (Recall, Equation 5.5) can be calculated. So a BP will be added
to all data to analyze. At a distance of 1 km from the midpoint between the
three hydrophones, a point will be randomly selected, which will simulate the
position where a Ultra High Energy (UHE) neutrino interacts. Then the ToA
and amplitude are calculated for each hydrophone corresponding to that event,
and finally, the artificial BP is added to the signals before they are analyzed
by the detector.

When a detected event corresponds to an artificial BP, it will be a True Positive
(TP). If the candidate is not an artificially added BP, it will be considered
as False Positive (F'P). In addition, a BP added and not detected shall be a
False Negative (F'N). Thus,

. TP
Precision = m (54)
TP
Recall = m (55)

5.3.2 Configuration

Being able to evaluate the method can serve as a kind of calibration for the
application of the cuts. For this first trigger level, three parameters will be
considered:

= P1: to control the energy. It is the mean PSD value between 20 and 60
kHz of a sample time (around 50 us).

= Plw: to control the duration. It corresponds to the width to 80% of the
P1 peak.

= P2: to control the duration too. It is the difference between P1 value of
1 sample and the P1 value of the + 50 samples surrounding it (around 5
ms)
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A dynamic threshold shall be applied to P1. This threshold shall be composed
of a level corresponding to a percentile (pctl) of P1 in the data plus an extra
threshold level (th). If any candidate exceeds this dynamic threshold of P1,
Plw and P2 will be calculated. If the event also passes their respective
threshold levels, it will be considered a BP candidate.

To select the threshold levels, some tests were made with the most extreme
data (RUN8018 and RUN8019), so the percentile of the dynamic threshold was
decided for each hydrophone: 95% for DU2, 90% for DU3, and 85% for DU9.
In addition, it was decided to limit the Plw to 200 us and avoid the majority
of long candidates that can slip.

Regarding the rest of the values to be configured (extra threshold in P1 and
threshold in P2), a study was carried out during a neutral RUN (RUN7790)
adding an artificial BP every 5 seconds. First, the threshold for P2 was set
to 10 dB, and the precision, recall, and the number of events per second were
studied with different values of the extra threshold of P1 (see Figure 5.7.a,
Figure 5.7.b, and Figure 5.7.c). Observing the results, the extra threshold of
P1 was set at 7 dB for the hydrophone in DU2 and 5 dB for the rest. The
next step was to repeat the study, but now varying the value of the threshold
at P2 (see Figure 5.7.d, Figure 5.7.e, and Figure 5.7.f). Finally, it was set at
15 dB for the hydrophone in DU2 and 10 dB for the rest.
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Figure 5.7: Hydrophone settings in detector parameters, observing the Precision, the
Recall, and the BP events: (a) Ply, in hydrophone of DU2. (b) P2, in hydrophone of
DU2. (c¢) Pl in hydrophone of DU3. (d) P2 in hydrophone of DU3. (e) Ply in
hydrophone of DU9. (f) P2, in hydrophone of DU9.
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5.4 Trigger proposal to implement in KM3NeT

As already explained, the trigger for BP detections in KM3NeT is intended to
work on each second of data independently from each receiver (see Figure 5.8).
From its spectrogram of 20 samples per bin and 50% overlap (time resolution of
about 50 us and frequency resolution of 5 kHz), the parameter P1 is calculated.
This parameter sets the dynamic value of the percentile per second, which
together with the threshold level, marks the first cut. The parameters Plw
and P2 are then calculated for those who have exceeded it, and the second and
third cuts take place from a limit value in the detection for Plw, and from a
threshold level in the case of P2. In this way, a BP event is collected. However,
if it coincides with the reception of any AB signal, it will be disregarded, as
its high power may affect the detector result giving a F'P.

Then, the ToAs of the events collected by each sensor will be compared. Taking
into account that in KM3NeT the position of each receiver is known, an ideal
time window where the events should coincide can be estimated. If matches
are found, they will be considered BP candidates. Our proposal for KM3NeT
is to implement this analysis and automatically save the ToA, the detection
values (P1, Plw, and P2), and the part data with the event (+ 5 ms) to
enable a post-analysis. In the postanalysis the recorded signal could be studied
in detail (amplitude, waveform). The ToA could be used to find a periodic
pattern comparing it with the rest, or it could be used to estimate the source
location by the trilateration method. This is done to either discard that the
BP candidate was being produced by the interaction of a neutrino in water
or to determine the properties of the candidate event. Furthermore, the RUN
could be ranked according to the number of candidates found.

124



|
- ! Spectrogram 1
Raw acoustic ! Split in At . P1
20 samples X 1
data | (1s) 50% overl: calculation 1
| oo overap Plw Threshold: 1
1 calculation w |
1 Dyn. threshold: !
I Petl + th |
| P2 Threshold: |
!_ _______________ - calculation Th 1
1 I
1 |
1 |
RUN (‘oim'i('l(‘u(-(‘s 1 B 1
lassifier between discriminator !
cas DARs 1
I
_________________________ 4

Classifiable

Periodic

and/or
Same source

Recording per receiver:
*« ToA
P1, P1w, P2 values

Signal + 5 ms from ToA

Unknown

Figure 5.8: Workflow of the first proposal BP trigger for KM3NeT.

5.5 Results

5.5.1 BP events and BP candidates

In this first study, the proposed BP detector has been applied to the RUNs
mentioned above. In total there have been 12 RUNs with an executed time of 6
hours per RUN. During its operation, the effect of each cut has been monitored.
Thus, Table 5.2 shows the number of BP events that have passed the different
cuts studied (P1, P14+ Plw, P14 P2, and P1+ Plw-P2) in each hydrophone,
and presents the value of BP candidates once the coincidence between them
has been studied.
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Hydro in Time Cut
DU analyzed P1 P14+P1lw  P1+P2 Pl14Plw+P2 Coinc.

2 2.79 days 5.18 M 333 M  2962.88 k 2191.09 k
3 287 days 4.03M 1.73M 717.10 k 464.63 k 41.16 k
9 2.79 days 553 M 3.18 M 232.67 k 199.65 k

Table 5.2: Number of BP events that have passed the different studied cuts: P1, P14+ Plw,
P14 P2, and P14+ Plw-+P2. Coincident BP events (Coinc.) in hydrophones are called BP
candidates.

The difference between the number of BP events per hydrophone seems to be
related to the SNR level of the DPs (higher in DU9) and their RVR sensitivity
(difference demonstrated in subsection 2.4.1). The effect of each cut is also
depicted more graphically in Figure 5.9.
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Figure 5.9: Number of BP events and BP candidates in ev/s for the different studied cuts.

It is worth noting that an artificial BP has been added to the data every minute
(0.02 ev/s), so the TP, FP, and FN of the experiment are known. This
provides the possibility to evaluate the detection method. Table 5.3 shows the
Precision and the Recall values of each hydrophone for the BP events and for
the coincident BP candidate.
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Events Precision Recall

PU-Hydro vl ) %]
2 9.08 0.15 79.97
3 1.87 0.72 81.42
9 0.83 1.13 56.41
Coinc. 0.17 3.9 39.34 + 0.63

Table 5.3: Value of Precision and Recall for BP events and BP candidates (coincidences).

Consequently, the increase of ev/s (background) produces lower Precision but
delivers higher Recall (efficiency). However, if the study is applied by RUNs,
it is shown that this statement is not always true. It is therefore thought that
the SPL (noise) also has a role on this, and it is studied in the Figure 5.10.
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Figure 5.10: (a) Efficiency vs Background. (b) Efficiency vs Noise. (c¢) Background vs
Noise.

In an attempt to study the trend of detection parameters according to whether
they are TP or F'P, the Figure 5.11 is presented.
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Figure 5.11: BP events trend of detection parameters (marked in green to T'P and marked

in red to FP):

(a) P1 in hydrophone of DU2. (b) P1 in hydrophone of DU3. (¢) P1 in

hydrophone of DU9. (d) Plw in hydrophone of DU2. (e) Plw in hydrophone of DU3. (f)

Plw in hydrophone of DU9. (g) P2 in hydrophone of DU2. (h) P2 in hydrophone of DU3.
(i) P2 in hydrophone of DU9.
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Finally, Figure 5.12 aims to demonstrate some correlation between the
Precision and background value versus the semi-interquartile range of noise.
As expected there is a correlation between SPL and the background events.

Also the variability of the SPL in the frequency band of interest plays an
important role on this.
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Figure 5.12: Correlation between the precision and background value (ev/s) in the three
hydrophones versus the semi-interquartile range of noise, (SPLg75% —SPLg25%)/2, recorded
by the hydrophone in DU3 with an exponential fit.

5.5.2 TP and FP example detections

An example of T'P and an example of F'P from the BP candidates detected are
presented in this subsection. The spectrogram of the BP event, its detection

parameters (P1, Plw, and P2), and the directly recorded signal will be
displayed.

TP event

Figure 5.13 shows the spectrogram of the T'P event. Here it can be seen how
the hydrophone in DU9 is more sensitive to the DPs (horizontal lines), and how
other signals not corresponding to the BP can be discerned in the spectrogram.
Furthermore, it can be noticed how the spectrogram is “smeared" below the

foatia- In any case, the artificial BP is appreciable between the white vertical
lines.
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Figure 5.13: Spectrogram of a detected T'P candidate in (a) the hydrophone in DU2, (b)
the hydrophone in DU3, and (c) the hydrophone in DUO9.

From the PSD between 20 and 60 kHz of the spectrogram, P1 is estimated
and the threshold level for the first cut is calculated. In addition, Plw and
P2 are calculated for those samples that exceed them. Figure 5.14 shows the
result of these calculations for the presented T'P event.
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Figure 5.14: Detection params of a detected T'P candidate in (a) the hydrophone in DU2,
(b) the hydrophone in DU3, and (c) the hydrophone in DU9.

Finally, the recorded signal that was able to trigger the BP alert is represented.
In this case, Figure 5.15 shows an artificial BP (T'P candidate).
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Figure 5.15: Signal part with a detected TP candidate by (a) the hydrophone in DU2,
(b) the hydrophone in DU3, and (c) the hydrophone in DU9.

FP event

Figure 5.16 shows the spectrogram of the F'P event. Here it is demonstrated
how other signals are able to overcome the cuts and trigger the alert.
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Figure 5.16: Spectrogram of a detected F'P candidate in (a) the hydrophone in DU2, (b)
the hydrophone in DU3, and (c) the hydrophone in DUO9.

In this case, the detection (see Figure 5.17) appears to be wider than in the
presented T'P. Nonetheless, a T'P may be mixed with other signals and it may
broaden the P1 peak. For this reason, two cuts have been created to evaluate
the duration of the event, and although they are not perfect, they are needed
to eliminate many other residual events (see Figure 5.9).
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Figure 5.17: Detection params of a detected F'P candidate in (a) the hydrophone in DU2,
(b) the hydrophone in DU3, and (c) the hydrophone in DU9.

Figure 5.18 shows that other signals that are not exactly BP can trigger the
alert. This is because the detector only takes into account the energy from
the spectrogram, not fixing completely the waveform. This feature should be
understood as an advantage, since the BP produced by the neutrino interaction
will not always be detected at the same incident angle or conditions, and this
will change the pattern of the signal, distorting the shape of the artificial BP
that has been simulated. Naturally, post-processing will be needed to analyze
all the candidate events and classify the events with higher-level cuts and
determine the parameters of the detection, source location, directivity of the
source, energy, etc. Naturally, this will be done more easily and better with a
larger acoustic array, as it will be happening as detectors ORCA and ARCA
become larger.
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Figure 5.18: Signal part with a detected F'P candidate by (a) the hydrophone in DU2,
(b) the hydrophone in DU3, and (c) the hydrophone in DU9.

5.6 Conclusions and future steps

Conclusions

A method has been proposed to have a trigger in KM3NeT that allows
detecting of the reference signal (an artificial BP) with good efficiency, around
50%, having an acceptable background detection rate, below one event per
second, which is assumable and convenient from the point of view of data
storage and for further post-processing.

The idea is to implement the trigger on the ADF to study the data in each
DAR, but recommended using quiet data (see Figure 5.12). If a BP event
appears in a lot of DARs, it is possible to estimate if its directivity is narrow
or not. In case of ample directivity, the candidate should be discarded.
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Future steps

There is still a lot of ORCAO006 data to be examined since only 6% of the data
between the two periods of the consecutive years presented has been analyzed.
The idea would be to continue applying the trigger to the rest of the data,
obtain enlarged results with more statistics, and get a more accurate concept
of the real applicability of the proposed trigger, as well as to keep adjusting it
with the value of cuts.

In addition, as the detector grows, there will be more hydrophones and it would
be convenient to design a cut about the directivity studying the coincidences
between receivers, as well as to better define the process of "configurating"
every hydrophone for trigger application.

The effectiveness of applying the trigger on piezoceramic sensors could also be
studied, which is expected to have worse results in terms of efficiency, given its
low sensitivity compared to that of hydrophones, but can help in the directivity
parameter to be developed.
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Chapter 6

Conclusions

The work of this thesis is realized during the commissioning phase of KM3NeT.
During these years, as far as positioning and acoustic calibration were
concerned, there was an idea about the main objectives to be achieved, but
the way to attain them remained to be defined.

For example, the installation of three autonomous ABs was approved, but their
location was unknown. As a result of the work discussed in subsection 2.3.1, the
position of the first three ABs in ORCA was defined to allow the development
of tools to position the piezoceramic sensor of each DOM (XY Z,..,) and
to better define the operation of the APS, which is discussed in section 2.5.
Currently, the location of the ABs fired at the bases of the DUs is under
discussion for both ARCA and ORCA. Subsection 2.3.2 shows what was
our first proposal. On the other hand, ABs were already produced by the
UPV, but now we have a robust measurement process and an analysis of
these automatic measurements, explained in section 2.2. In addition, we
have presented how to check the sensitivity of the transmitter-receiver system
(AB-DAR) in section 2.4, a process that could be implemented routinely in the
ADF and automatically control failures in any sensor involved in the system
or notice the low battery of the autonomous ABs.

Given that the position of the piezoceramic sensor does not provide the center
of the DOM and the DOM may be tilted by sea currents, an AHRS system
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is installed to report the Yaw, Pitch, and Roll (Y PR) of each DOM. It has
been shown in subsection 3.1.1 that these values require correction: making
an adjustment in the case of Yaw and applying an offset in the case of Pitch
and Roll. In subsection 5.1.2, a rotation matrix was developed to translate
the Y PR of every DOM to a common reference system between DOMs. In
addition, in subsection 3.1.83 a method has been developed to position each
DOM in the DU only using the Y PR data. This option is not better than
the one provided by the APS, but it allows positioning without the use of
ABs, which would be useful at times when a minimum of three ABs are not
operating. On the other hand, in section 3.2 a Mechanical Model (MM) that is
able to reconstruct the position of the DOMs given a current effective velocity
and direction, and vice-versa, has been developed. Furthermore, section 3.3
presents the DU Line Fit, which combines data from the APS and AHRS, with
the application of the MM, for a more reliable position each DOM. The DU
Line Fit application was tested for ORCAOQ06.

To test whether it is possible to perform an assumed acoustic detection of
neutrinos in KM3NeT, a very comprehensive calibration process has been
developed in section 4.2. The calibration is designed for using an array
especially developed to be able to generate a Bipolar Pulse (BP) as would be
generated by a neutrino interaction in water. The emitter array will be installed
on a ship. Since the neutrino BP contains frequencies between 10 and 70 kHz
and a narrow directivity more characteristic of much higher frequencies, we
make use of the Parametric Effect to obtain a similar BP. Given the difficulty
of signal generation and detection, we propose a calibration divided into steps,
from less to more difficult. The first step consists of a simple emission in order
to assess the frequency response of the entire detector. The second step would
emit a parametric tone or sweep to achieve a directive low-frequency emission
(directing the beam to a certain region of the detector). An experimental
case that validates the process of emitting-receiving a parametric sweep is
demonstrated. The last step would consist of emitting a parametric BP and
demonstrating whether one is able to both record and detect the peculiar
signal. This whole process can help in the development of new detection tools.

Thanks to the experience in the acoustic signals acquired up to this point of
the thesis, it was possible to perform an experiment looking for a way to extend
the coverage of KM3NeT by taking advantage of the APS in order to develop
a trigger algorithm, which will help decide if you have a BP event candidate
(see chapter 5). A BP is artificially added to every minute of data with the
amplitude of the interaction of an Ultra-High-Energy (UHE) neutrino in water.
This will allow evaluating the behavior and efficiency of the proposed trigger.
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Finally, it has been possible to analyze up to 2.9 days of raw acoustic data

from the hydrophones in ORCAOQ06.
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