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Outline

● Neutrinos and Fundamental Forces
● Deep Sea Neutrino Telescopes
● Acoustic Neutrino Detection
● KM3NeT and Fiber based Hydrophones

… and some sidetracking
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Neutrinos and Fundamental Forces



Energy Units

● Electron volt (eV)
Kinetic energy of an electron after being accelerated in an electric 
field of 1V:
1eV = 1.6 ×10-19 As � 1V = 1.6 ×10-19 J

● Kinetic energy of a tennis ball (m=57g) with 120 km/h speed:

● Can express masses according to E=mc2 : 

Proton mass:
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E = 1
2mv

2 = 32J = 2×1020eV

mp = 938MeV
mν < 2 eVNeutrino mass:



The Four Fundamental Forces of Nature 
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https://physicswithsampurkis.wordpress.com/2014/01/10/the-four-fundamental-forces/
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Forces and Particles
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Neutrinos from Beta Decay
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life time of free neutron: t ≈ 15min 

muon decay:

µ− → e− +νe +νµ

µ+ → e+ +νe +νµ

muon life time : t ≈ 2×10-6s 

n→ p+ e+νe

Detection through inverse β-decay:
νe + n→ p+ e



Sources of Neutrinos
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Nuclear power plant with 1MW 
thermal power: 1017 n/s

Sun: total rate on Earth
~60 ×109 n cm-2 s-1

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

e-

40K
40Ca

νe



Neutrinos in Astroparticle Physics



Cosmic Rays and Astroparticle Physics
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The Earth is constantly bombarded
with ‘Cosmic Rays’:
protons, nuclei, (electrons)

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

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

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

Primary
Cosmic Ray

electromagnetic
shower eadronic

shower



Active Galactic Nuclei (AGNs)
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Messenger Particles of Astroparticle Physics
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from http://www.ung.si/en/research/cac/projects/cta/

Neutrinos:
not deflected by magnetic fields
not absorbed by dust
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Deep Sea Neutrino Telescopes



Cherenkov Radiation
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High Energy Neutrino Detection Principle
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ANTARES: The first deep-sea n telescope
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• 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 n telescope

• Lots of results – but (too) 
small for cosmic 
neutrinos



ANTARES movie
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ANTARES Movie
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Low-Energy
(ORCA)

High-Energy
(ARCA)

• Single Collaboration 
• Single Technology 
• Single Management

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 Neutrino Telescope



The KM3NeT Concept
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● Deep-sea array of 
photodetectors

● 18 modules per string
(detection unit)

● strings up to 600m long
● All data to shore



Acoustic Neutrino Detection



Underground 
experiments

Cherenkov
telescopes

Alternative 
technique

s

ApPEC Roadmap (Phase I)

Neutrino fluxes: Motivation for Acoustic Detection
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GZK or
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Acoustic signals of neutrino interactions in water I
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Thermo-acoustic effect: (Askariyan 1979)
energy deposition ð local heating (~μK) ð expansion ð pressure signal

Solution (analytical/numerical) with assumption of an instantaneous energy deposition 
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Wave equation for the pressure p for deposition of an energy density ε :

= Volume expansion coefficient 

= specific heat capacity (at constant pressure)

= speed of sound in water (ca. 1500 m/s)c
CP
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Acoustic signals of neutrino interactions in water II
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Measurements of thermoacoustic effect
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Figure 14: Comparison of signals recorded for the proton beam with hy-
drophone 1 at di↵erent temperatures. For each temperature, the signals were
first smoothed with a 100 kHz second order Butterworth low pass filter. Subse-
quently 1000 waveforms were averaged, as described in Sec. 3. To allow for an
easy comparison of the signal shapes, a point in time at the onset of the acoustic
signals was chosen as zero time and for all signal amplitudes the corresponding
o↵set was added or subtracted to yield a zero amplitude at that time.

able at 4.0�C and the signal inverts its polarity between 4.0�C471

and 4.5�C. In view of the results from the laser beam measure-472

ments and the obvious systematic nature of the deviation from473

the model visible in Fig. 13, we subtracted the residual signal474

at 4.0�C, which has an amplitude of 5% of the 15.0�C signal,475

from all signals. Thus a non-temperature dependent e↵ect in476

addition to the thermo-acoustic signal was assumed. The re-477

sulting amplitudes shown in Fig. 15 are well described by the478

model prediction.479
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Figure 15: Measured signal amplitude of the bipolar acoustic signal induced
by proton pulses at di↵erent temperatures fitted with the model expectation as
described in the text. The non-thermo-acoustic signal at 4.0�C was subtracted at
every temperature. The amplitudes were afterwards normalised to 1 at 15.0�C.
The insert shows a blow-up of the region around 4� C where the sign of the
amplitude changes.

The production mechanism of the underlying signal at 4.0�C,480

which was only observed in the proton experiment, could not be481

unambiguously determined with the performed measurements.482

From the model point of view, the main simplification for the483

derivation of Eq. (10) was to neglect all non-isotropic terms484

and momentum transfer to the medium in the momentum den-485

sity tensor ⇧B

i j
by setting � = 0 in Eq. (7). As discussed in486

Sec. 2, dipole radiation could contribute significantly near the487

disappearance of the volume expansion coe�cient for the case488

� , 0. Also other non-thermo-acoustic signal production mech-489

anism have been discussed in the literature which could give490

rise to an almost temperature independent signal, see e.g. [2].491

The obvious di↵erence to the laser experiment are the charges492

involved both from the protons themselves and the ionisation493

of the water which could lead to an interaction with the polar494

water molecules. Another di↵erence are the massive protons495

compared to massless photons. Residual signals at 4.0�C were496

found in previous works as well [4–6, 8], as will be discussed497

in more detail in Sec. 6.6.498

For clarification further experiments are needed either with499

ionising neutral particles (e.g. synchrotron radiation) or with500

charged particles (e.g. protons, ↵-particles) with more sensors501

positioned around the Bragg-peak. With such experiments it502

might be possible to distinguish between the e↵ect of ionisation503

in the water and of net charge introduced by charged particles.504

6.6. Comparison with Previous Experiments505

With the analysis that has been described above, the sig-506

nal production according to the thermo-acoustic model could507

be unambiguously confirmed. While the model has been con-508

firmed in previous experiments, the simulations presented in509

this work constitute a new level of precision. The most puz-510

zling feature, a residual signal at 4�C that was also observed511

in previous experiments, was investigated with high precision512

by scanning the relevant temperature region in steps of 0.1�C.513

The observed shift of the zero-crossing of the amplitude to-514

wards values higher than 4�C, caused by a leading rarefaction515

non-thermal residual signal at 4�C, is in qualitative agreement516

with [5]. In [4], a residual signal at 4�C was also reported. Since517

in that work the zero-crossing of the amplitude is observed at518

6�C, i.e. a higher value than the expected 4�C, it can be assumed519

that the corresponding residual signal has a leading rarefaction.520

In [8], a residual signal is found at 4.25�C, however with a521

leading compression rather than rarefaction. The authors con-522

clude that this may lead to a signal disappearance point below523

the expected value, in contrast to [4, 5] and the work presented524

in this article.525

For the measurements with a laser beam reported in [6], a526

residual signal was also observed at 4�C, albeit with a leading527

compression and a subsequent reduction of the temperature of528

the zero-crossing of the signal amplitude to about 2.5� � 3.0�C.529

This observation is in contrast to the laser experiment presented530

in this article.531

In conclusion, the works of all authors discussed here indi-532

cate a non-thermal residual signal for proton beams, albeit with533

varying results concerning the size of the e↵ect and the shape534

of the underlying non-thermal signal. The results for the laser535

beam reported in [6] di↵er from those described in the article536

at hands. It should be pointed out, however, that in [5] and537
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More details:
https://arxiv.org/abs/1501.01494

Proton beam into water tank:

https://arxiv.org/abs/1501.01494


Historical Interlude: The DUMAND Project

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

● Planned to be installed off-shore of Hawaii

● Originally, both optical and acoustic detection were considered

● In 1995, further efforts on DUMAND were cancelled by the DOE 

● In 1977 a DUMAND acoustic workshop was held at La Jolla…
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AMADEUS  – ANTARES
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Operation from
Dec. 2007 to Nov. 2015

36 acoustic sensors on
6 stories

Local clusters for
direction reconstruction

Depth 2300 – 2100 m
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~10cm

Hydrophone:
Piezo sensor

with pre-amplifier
and band pass filter 

in PU 
coating

(Typical sensitivity
-145 dB re. 1V/µPa)



Movie IL07
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IL07 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
Local clusters (storeys) advantageous for fast (on-line) processing
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Background for Acoustic Detection in the Sea

30

Transient background

Bipolar Pressure Signals (BIPs)

ðDetermines fake neutrino rateðDetermines intrinsic energy threshold
Depends on “sea state”
(surface agitation and precipitation)

Ambient noise
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Ambient Noise – Daily Variations
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Strong variations over the day; correlated with ferry schedules
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<σnoise> is about 10 mPa (10-50 kHz) and 95% of the time below 2<σnoise> 



Transient Background
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• Mostly originating from near surface
• Sources very diverse:

Shipping traffic, marine mammals, … 
ð perform signal classification

• Analysis:
• Define “neutrino-like events” based on 

machine learning algorithms
• Identify directions from individual storeys
• Identify source position from multiple 

directions
• Remove events from moving sources
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Track Movie
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Track movie
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Cluster Analysis of Moving Sound Emitting Objects
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All reconstructed events
ave. rate: 0.3 Hz 

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

⇒



AMADEUS: Lessons Learned

● Ambient noise:
Background low and stable, reduction of SNR for neutrino detection 
crucial

● 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
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http://listentothedeep.org/ 



Marine Science with AMADEUS
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● (Formerly) life data from AMADEUS: http://listentothedeep.org/
● Press releases in Dec. 2010, picked up by several media:

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

http://listentothedeep.org/


Sample Time Series
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Biosonar clicks 
(beaked whales)

Dolphin whistle



Echolocation clicks from sperm whales (Pottwal)

Sample Time Series
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KM3NeT and Fiber Based Hydrophones



4343

Acoustic
Emitters

vertical structures
holding photo 
sensors

Receiver

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

piezo sensor 
integrated into OM

In KM3NeT:
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Positioning in Deep Sea Cherenkov Neutrino Telescopes
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Hydrophones at Bases of KM3NeT Strings
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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)



Optical fiber hydrophone technology
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ernst-jan.buis@tno.nl



Measurement concept

Three main components:
1) hydrophone sensor
2) optical fiber
3) interrogator
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WDM = Wavelength-
division multiplexing

Advantages over piezo-based 
hydrophones:
l passive
l no EM Interference



Sensor

l Sensor is a mechanical transducer that converts pressure in strain in the fiber
l Design by FEM, use strain sensitivity requirement as input
l Material: Aluminum
l Size is related to the acoustic wavelength

Transducers in various geometries
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Fiber laser

Reflection spectrum of the gratings

Coherent light source: 
line width ~ 5kHz.

Er levels

l Optical fiber includes fiber lasers
l

l Optical lasers are based on 
l erbium doped fibers
l

l Grating structure applied to create a laser
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(DFB = distributed feedback laser)
(FBG = fiber Bragg grating)



Interrogator

l 3x3 interferometer: coupler with fixed phase 
difference in output branches.

l Standard commercial components
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Characterization measurements

l Study of individual pulses.
l Compared fiber laser hydrophone with 

reference
l Results are just raw data, no signal 

processing applied. 

Fiber laser hydrophone

Reference hydrophone

Transfer function
measurements versus design
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Further Plans in KM3NeT
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• 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

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

● 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

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

● It contain acoustic arrays (for position calibration) that can be used for 
marine science and acoustic neutrino detection

● Further options to expand KM3NeT
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Thank you for your attention


