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Outline

e Neutrinos and Fundamental Forces

e Deep Sea Neutrino Telescopes

e Acoustic Neutrino Detection

e KM3NeT and Fiber based Hydrophones

... and some sidetracking



Neutrinos and Fundamental Forces
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Energy Units

e Electron volt (eV)
Kinetic energy of an electron after being accelerated in an electric
field of 1V:
1eV =16 X109As* 1V =1.6 x101°J

e Kinetic energy of a tennis ball (m=579g) with 120 km/h speed:
E=1my*=32=2x10"eV

e Can express masses according to E=mc? :

Proton mass: m, = 038 MeV

Neutrino mass: m < 2eV
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The Four Fundamental Forces of Nature

Weak. Strong Gravitation
Interaction Interaction

Electro-
magnetism

JIALUN) IYSLIEYRIAL 600T O
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https://physicswithsampurkis.wordpress.com/2014/01/10/the-four-fundamental-forces/
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Forces and Particles

Quarks
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Neutrinos from Beta Decay
N / s :
Q\ Y life time of free neutron: t = 15min
Y“’L‘ n—>p+e+v
\’_’,K Beta-minus Decay
Carbon-14 Nitrogen-14
_ : B_ ' " Antineutrino Electron
- + @ 4+ ¢
muon decay: o 7 eon
M_ — +,‘7 +V Beta-plus Decay
e u Carbon-10 Boron-10
+ + —_— ' + ' . .
) e + V + V 7 B 7 Neutrino Positron
) . WP
muon life time : t = 2 x 10-6s S orotne bt
4 neutrons 5 neutrons

Detection through inverse (3-decay:
v.+n—>p+te
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Sources of Neutrinos

Nuclear power plant with 1MW
thermal power: 1017 v/s

Human body:
~5000 v/s
through K-40 decay

Sun: total rate on Earth
~60 X 10%v cm# s’

o+

7 N
‘ \ e
®
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Neutrinos In Astroparticle Physics
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Cosmic Rays and Astroparticle Physics

The Earth is constantly bombarded Cosrl:irci:ml'\?arz
with ‘Cosmic Rays’:

protons, nuclei, (electrons)

Highest energy of a particle
measured so far ~3 X 1020 eV

' eadronic
shower

How and where in the Universe are
particles accelerated to such energies?

Mont Blanc
(4807 m)

Astroparticle Physics:

Uses particles of cosmic origin
detected on Earth to search for
cosmic accelerators

D
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Active Galactic Nuclei (AGNSs)

Particle Generation in AGN Jets

‘ Inverse Compton

Synchrotron | @
Radiation

C.Spiering
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Messenger Particles of Astroparticle Physics

TeEss Photon .- -

v - Nedtrino S5~ 4

‘Neutrlnos A s o) e
not deflécted by magnetlc ﬁelds 4
not absorbed by dust- ‘ ' :

..: . ‘..

from http://www.ung.si/en/research/cac/projects/cta/



Deep Sea Neutrino Telescopes
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Cherenkov Radiation

(bjv>c

wavelet

outgoing

wavefront
particle particle
trajectory trajectory

0
e— ct
wavelet vt
(dyv=c
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High Energy Neutrino Detection Principle

P 3D PMT ¢
array

Atmosphere

light from p Yc
Aatn~ 60 m @ 470 nm blue) /

,
Cherenkov l

Sea floor ;@30

v g r

5
R riorocion
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ANTARES: The first deep-sea v telescope

.'.' ‘

Buoy
Storey

(optical) L12

4—6—0—¢

ILO7

~480m

*-00—4-4 000

4—0—4¢

%

00000000000000000060000000 -
4

Cable to shore

Junction Box

Installed near Toulon at a
depth of 2475m

12 strings with 25
storeys each,
instrumented volume

~0.01km3

Data taking in full
configuration since 2008
“all data to shore”

Proof of principle of
deep-sea v telescope

Lots of results — but (too)
small for cosmic
neutrinos



ANTARES movie

ANTARES Movie
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The KM3NeT Neutrino Telescope

KM3NeT is currently under construction; 2 main physics topics:

- The origin of cosmic neutrinos (high energy)

- Measurement of fundamental neutrino properties (low energy)
... and Deep Sea Observatory
(Oceanography, bioacoustics, bioluminescence, seismology)

The KM3NeT Research Infrastructure
3 Installation Sites in the Mediterranean

- Single Collaboration & KM3NeT-DataCentre

» Single Technology & KM3NeT-FR
« Single Management ‘

KM3NI§T—Gr
& KM3NET=It

.| High-Energy
{a(ARCA) .

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann
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The KM3NeT Concept

Deep-sea array of
photodetectors

" e 18 modules per string
1 (detection unit)

11 e strings up to 600m long

e All data to shore

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 19
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Neutrino fluxes: Motivation for Acoustic Detection

Flux (cm=2s sr'' MeV-")
5 3

-—
o
>

—_—

10

10®

10712
10
10
102
10728

Underground | Cherenkov | Alternative
experiments | telescopes | technique

Cosmological v : \1, \ré

Solarv
") Supernova burst (1987A)

/ Reactor anti-v

Terrestrial anti-v

Atmosphericv

Background from old supernovae

v from AGN \
| GZK or
Cosmagenic
\Y
ApPEC Roadmap (Phase ) \
10°¢ 1073 1 103 10° 10° 10"2 10" 108

pev. meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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Acoustic signals of neutrino interactions in water |

Thermo-acoustic effect: (Askariyan 1979)
energy deposition = local heating (~uK) = expansion = pressure signal

Wave equation for the pressure p for deposition of an energy density « :

v, ] 0O'p  a O¢
P& o C, ot

& = Volume expansion coefficient

C, = specific heat capacity (at constant pressure)

¢ = speed of sound in water (ca. 1500 m/s)

Solution (analytical/numerical) with assumption of an instantaneous energy deposition
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Acoustic signals of neutrino interactions in water Il

0.12 —

oAb A

Particle cascade: 0.08 .................... Blpolar ......... )
006 b 5 ............... Pressure.

0.04 } S|gna| .......... -
0.02 . ................... ( ”3) ........ .......... o
0 ........................ .......................... .......... -
-0.02 ........................ ................. .......... .

‘v -0.04 . ........................ ....................... .......... -
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-0.08 L— - : .

-0.04 -0.02 0 0.02 0.04

~10m length, few cm radius

Pressure [Pa]

Time [ms]

Pressure field:

Characteristic “pancake” pattern
Long attenuation length (~5 km @ 10 kHz)
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Measurements of thermoacoustic effect

Proton beam into water tank:

experimental hall LAY ,
! l lf .‘4 4 ‘ _llll;llll;llll;llII;IIII;IIII;IIII---3.50c

o
o a
Illllllllllll[llll lllllllll[lllllll

signal (mV)
o
a1

- ] | | ) I | ) I | ) | | ) | ) | ) I | | ) I | 1
2 10 20 30 40 50 60 70 80
time (us)

More details:
https://arxiv.org/abs/1501.01494

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 24
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Historical Interlude: The DUMAND Project

e In 1973, the steering committee for the Deep Underwater Muon And
Neutrino Detector (DUMAND) was formed

e Planned to be installed off-shore of Hawaii
e Originally, both optical and acoustic detection were considered
e In 1995, further efforts on DUMAND were cancelled by the DOE

e In 1977 a DUMAND acoustic workshop was held at La Jolla...
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UNIVERSHY OF CALITLENTA, SAN DIEGO
LA JOLLA, CALIFORNIA

DUMAND — Deep Underwater Muon and Neutrino Detection

Steering Committee, 1977

F. Reines, Chairman

H. Blood

H. Bradner

D. Cline

W. V.Jones ‘
J. Learned

A. Roberts . ‘
D. Schramm . {
L. Sulak

G. Wilkins ‘

e S (ZROCEEDINGS
A i o the
3 1822 01032 1560

LA JOLLA WORKSHOP on’ ACOUSTIC DETECTION OF NEUTRINOS
I

25-29 July 1977

Institute of Geophysics and Planetary Physics
SC‘I.'ippS Institution of Oceanography

University of California, San Diego

Hugh Bradner, Editor
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AMADEUS - ANTARES
Hydrophone:
Piezo sensor
Acoustic Storey with pre-amplifier
(Pointing Down) .
| v | and band pass filter
A " stanaara) in PU
1114 s e coating
331331 fuor (Typical sensitivity
g -145 dB re. 1V/uPa)
' Operation from
IZEREREI Dec. 2007 to Nov. 2015
T L 36 acoustic sensors on
AL 6 stories
Cable 1o shoiRRR fff/% Local clusters for
____________________________ ik direction reconstruction

deom 7 Depth 2300 — 2100 m

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 27



Movie ILO7

ILO7 Movie
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The Onshore Filter System

Task: Reduce incoming data rate of ~1.5 TByte/day to ~15 GByte/day

System very flexible

Minimum Bias ;‘gf ﬂglt‘?
.J:‘.E'-.'-.E'-.'-.'-.'-.'-.E'-.'-.'-.'-.E'-.'-.'-.'-_I'-:':
1 = Coincidence
Event
Threshold = rad test
ERIIIIIIIIIIIIINALITS
:I
Signal from one oy
sensor 3%
.J:‘.E'-.'-.E'-.'-.'-.'-.'-.E'-.'-.'-.'-.E'-.'-.'-.'-.I'-:': o
Pulse shape LFP’COII:(:elsdtence Event
recognition 5T

Local clusters (storeys) advantageous for fast (on-line) processing
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Background for Acoustic Detection in the Sea

Ambient noise Transient background

", | T | | -
. | — Sea state 0 ---- Model ss0 e
— Sea state 2 -=== Model ss2
of-
—— Sea state 4 === Model ss4

~

- H
e B
LISH
£ P B PP
Tag
“a

~ N
Ll

L e, H
~ :

-
a,

Bipolar Pressure Signals (BIPs)

-
<,
L ;
DNay, :
H ..
-

20 25 30
Frequency [ kHz ]
= Determines intrinsic energy threshold =Determines fake neutrino rate

Depends on “sea state”
(surface agitation and precipitation)
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Ambient Noise — Daily Variations

=1 T T §8:8 LI [ G = ) T L LELEL | R ) LI | PR G ¢ L LB
! ! ! ! ! ! ! ! ! ! !

1.8 _+ ............. ............. ............. , ............ ........ it

'-Illilllilllilllilllilllilllilllilllilllilllilll-l

0 2 4 6 8 10 12 14 16 18 20 22 24
hour in the day

Strong variations over the day; correlated with ferry schedules

<Onoise> IS @about 10 mPa (10-50 kHz) and 95% of the time below 2<0,pise>
Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 31
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Transient Background

« Mostly originating from near surface

« Sources very diverse: | =====
Shipping traffic, marine mammals, ...
= perform signal classification

7

* Analysis:

+ Define “neutrino-like events” based on
machine learning algorithms

quiet zone

11

« |ldentify directions from individual storeys

« |dentify source position from multiple
directions

« Remove events from moving sources

emissions,
reflections
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Source Direction Reconstruction

|7 Sensor 24

— Sensor 25
— Sensor 26
— Sensor 27
: — Sensor 28
| — Sengor 29

=
o
N

o
o
-

Amplitude [V]

0,01l B

I|II]I|III

i | | 1 I | L1 I | Il | | 1 | I 1 | | | | | | I 11 |
1.3394 1.3396 1.3398| 1.34 |1.3402 13404 1.3406
Time [s]

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann
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Track Movie

Track movie
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AMADEUS - Source ire

Millau )

Montpellier,2# =z n-Provence . « Praguignan
aug § » | o

as te g i
: = Marseille

Nuoro ¢

RS Sardegna

Scripps Institution of Oceanography - April 18;90°19 - Robert Lahmann 35
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Cluster Analysis of Moving Sound Emitting Objects

-15000 : , , ; : Oct
: : : : 201

-10000

-5000

& o

>

000 Nov

2009
10000
15000 .
15000 -10000 -5000 0 5000 10000 15000

x [m]

After signal classification
—> | and cluster analysis
ave. rate: 0.002 Hz

All reconstructed events
ave. rate: 0.3 Hz

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 36
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AMADEUS: Lessons Learned

e Ambient noise:

Background low and stable, reduction of SNR for neutrino detection
crucial

e Transient background:
High level of background (mainly dolphins);

High level of reduction already achieved with AMADEUS, recognition
of “acoustic pancake” crucial
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Marine Science with AMADEUS

http://listentothedeep.org/

LISTENING TO THE DEEP-OCEAN ENVIRONMENT

P

LABORATORI D'APLICACIONS BIOACUSTIQUES

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann
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Marine Science with AMADEUS
e (Formerly) life data from AMADEUS: http://listentothedeep.org/
e Press releases in Dec. 2010, picked up by several media:

Hang on, that's not a neutrino

Dec 1st 2010, 16:10 by J.P. ¥ Tweet 21 Kl Like <230

About Babbage

In this blog, our correspondents report
intersections between science, technol¢
culture and policy.

& Follow Babbage on Twitter »

RSS feed £)

Economist blogs

Americas view

Asia view

Babbage

Bagehot's notebook
Banyan's notebook

Baobab

Blighty

Buttonwood's notebook
PHYSICISTS are often accused by the public and other scientists of spending inordinate Charlemagne's notebook
sums on fancy kit that does little apart from merely satisfying human curiosity. Besides Clausewitz
stressing that there is nothing mere about knowledge, the boffins will typically respond Daily chart

https://www.economist.com/babbage/2010/12/01/hang-on-thats-not-a-neutrino

more improbably, marine biolzggy. ' ' Global Leadership

Cullivar

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 39
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Sample Time Series

% 10" ch18-2010-02-22-02_15

12 Biosonar clicks
(beaked whales)

10

frequency (Hz)
(0)]

== TE gl
Dolphin whistle

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 40
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Sample Time Series

x 10* ch18-2010-02-21-12_15

4

:’L.E.‘h ‘
N

H‘\“

frequency (Hz
N

1.5
1r
0.5
J
1 2 3 4 5 6 7 8 9
time (s)
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KM3NeT and Fiber Based Hydrophones
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Positioning in Deep Sea Cherenkov Neutrino Telescope

Acoustic sensors:
Movement of Optical Modules with deep sea currents needs to be monitored

vertical structures

holding photo
sensors y s
. i | ) /////’ ","
Receiver o A ] A
N T ® ol (@
e : I\ &
T e ~__ Acoustic \
| SN . Emitters
N N 1
N piezo sensor
integrated into OM

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann
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Power Spectral Density of Piezo Sensor

Spectral distribution digital piezo from file: "DOM_809544061_CH1_1507379334.bin"

N
E N

>
1074

| Entries 512 |

107

—

<
1,
|

10000 20000 30000 40000 50000 60000 70000 80000 90000
Frequency [Hz]

Or1 17T
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Hydrophones at Bases of KM3NeT Strings

DG0330 manufactured by Colmar s.r.l. (http://www.colmaritalia.it)
» spherical piezo-ceramic element
« read-out with a double gain option (+46 dB, +26 dB)

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann



Optical fiber hydrophone technology




Measurement concept

WDM

interferometer ‘+

pump laser
optical fiber

photodiodes hydrophones
& ADCs
DAQ WDM = Wavelength-

Interrogator

division multiplexing

Three main components: Advantages over piezo-based
1) hydrophone sensor hydrophones:
2) optical fiber e passive

3) interrogator « no EM Interference



Sensor
TNO  —

« Sensor is a mechanical transducer that converts pressure in strain in the fiber
« Design by FEM, use strain sensitivity requirement as input

o Material: Aluminum

« Sizeis related to the acoustic wavelength

Transducers in various geometries

Scripps Institution of Oceanography - April 18, 2019 - Robert Lahmann 48



Fiber laser

Optical fiber includes fiber lasers

Optical lasers are based on
erbium doped fibers

Grating structure applied to create a laser

T

080 nm

4

_‘__

1480 nm

1520-1570 nm

Min

4 13

4 152

Er levels

Coherent light source:
line width ~ 5kHz.

reflection [-]

m-shifted DFB

Laser m-shift
—| | Laser
< O OO IR ~
|l |
| Doped fiber '

(DFB = distributed feedback laser)
(FBG = fiber Bragg grating)

Reflection spectrum of the gratings

: [
I
v I
‘ N

1552
wavelength [nm]



Interrogator

pump laser

optical fiber

hydrophones

« 3x3 interferometer: coupler with fixed phase
difference in output branches.
« Standard commercial components



Characterization measurements

Transfer function [/, ]

Study of individual pulses.

Compared fiber laser hydrophone with
reference

Results are just raw data, no signal

processing applied.

-
o
N

-
o

-
o
o

-
<

Frequency [Hz] % 10%

1 2 3 4 5 6 7 8

= 50
o I
E |
e | Fiber laser hydrophone
0 ot r: fomoinmintot r:: (ol }.,
_50 1 1 L 1 1 1 1 1
= 50
t Reference hydrophone
o -
oMmWMMWW
002404 106 108 14 442 144 416 118 1.2

Transfer function
measurements versus design



Further Plans in KM3NeT

* Funding for one prototype string equipped with
>3 hydrophones

* Working on a compact interrogator (i.e. an interferometer
with 20m optical path difference, 3 photodiodes and 3

24-bits ADCs, all in one casing)
« Working on a new sensor for deployment to large depths
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Summary

e Neutrinos are used as messenger particles in astroparticle physics to
enhance our understanding of the Universe

e Acoustic signals in water (or ice) can be used to detect neutrinos at
ultra high energies

¢ In the Mediterranean Sea, the ANTARES Neutrino Telescope has
been taking data for more than 10 years and its acoustic neutrino
detection test array AMADEUS operated from 2007 to 2015

e The KM3NeT Neutrino Telescope is under construction in the
Mediterranean Sea

e |t contain acoustic arrays (for position calibration) that can be used for
marine science and acoustic neutrino detection

% Bundesministerium
e Further options to expand KM3NeT fiir Bildung

und Forschung
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