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Abstract

The AMADEUS (ANTARES Modules for the Acoustic Detection Uatdthe Sea) sys-
tem which is described in this article aims at the invesitgabf techniques for acoustic
detection of neutrinos in the deep sea. It is integrated imoANTARES neutrino tele-
scope in the Mediterranean Sea. Its acoustic sensorslledstt water depths between
2050 and 2300 m, employ piezo-electric elements for thedbbaand recording of signals
with frequencies ranging up to 125 kHz. The typical senigjtiof the sensors is around
—145dBre 1V/[iPa (including preamplifier). Completed in May 2008, AMADEdén-
sists of six “acoustic clusters”, each comprising six atiolsensors that are arranged at dis-
tances of roughly 1 m from each other. Two vertical mechausicactures (so-called lines)
of the ANTARES detector host three acoustic clusters egaaiciSgs between the clusters
range from 14.5 to 340 m. Each cluster contains custom-dediglectronics boards to am-
plify and digitise the acoustic signals from the sensors.oArshore computer cluster is
used to process and filter the data stream and store theesklants. The daily volume
of recorded data is about 10 GB. The system is operatingraamisly and automatically,
requiring only little human intervention. AMADEUS allowsif extensive studies of both
transient signals and ambient noise in the deep sea, assvaij@al correlations on sev-
eral length scales and localisation of acoustic point ssirthus the system is excellently
suited to assess the background conditions for the measuateshthe bipolar pulses ex-
pected to originate from neutrino interactions.

Key words: AMADEUS, ANTARES, Neutrino telescope, Acoustic neutrinetection,
Thermo-acoustic model
PACS:95.55.Vj, 95.85.Ry, 13.15.+¢g, 43.30.+m

1 Introduction

Measuring acoustic pressure pulses in huge underwatesticatrays is a promis-
ing approach for the detection of cosmic neutrinos with giesrexceeding 100 PeV.
The pressure signals are produced by the particle casdaatesvblve when neu-
trinos interact with nuclei in water. The resulting energgpdsition in a cylindri-
cal volume of a few centimetres in radius and several metrdength leads to
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a local heating of the medium which is instantaneous witpeesto the hydro-
dynamic time scales. This temperature change induces amsixm or contrac-
tion of the medium depending on its volume expansion coefiiciAccording to
the thermo-acoustic modéll[1,2], the accelerated motiah@heated volume—a
micro-explosion—forms a pressure pulse of bipolar shapehlwpropagates in the
surrounding medium. Coherent superposition of the eleamgisiound waves, pro-
duced over the volume of the energy deposition, leads to pagation within a
flat disk-like volume (often referred to gmncake in the direction perpendicular
to the axis of the particle cascade. After propagating sseverndreds of metres
in sea water, the pulse has a characteristic frequencyrapetihat is expected to
peak around 10 kHz [8+5]. Given the strongly anisotropi@pgation pattern of the
sound waves, the details of the pressure pulse, namely gibtade, asymmetry and
frequency spectrum, depend on the distance and angularoposf the observer
with respect to the particle cascade induced by the neutrtecaction[[3]. Besides
sea water, which is the medium under investigation in the chthe AMADEUS
(ANTARES Modules for the Acoustic Detection Under the Seajqxt, ice [6]
and fresh water [7] are investigated as media for acoustectien of neutrinos.
Studies in sea water are also pursued by other groups uslitgrynarrays of hy-
drophones (i.e. underwater microphone$)|[8,9] or explgitither existing deep sea
infrastructures [10].

Two major advantages over an optical neutrino telescopéevatetstudying acous-
tic detection. First, the attenuation length in sea wateabisut 5km (1 km) for
10kHz (20 kHz) signals. This is one to two orders of magnitlatger than for
visible light with a maximum attenuation length of about 60TFhe second advan-
tage is the more compact sensor design and simpler rea@etriglics for acoustic
measurements. Since on the other hand the speed ofl dosishall compared to
the speed of light, coincidence windows between two spats@parated sensors
are correspondingly large. Furthermore, the signal aomgitis relatively small
compared to the acoustic background in the sea, resultirghigh trigger rate
at the level of individual sensors and making the implent@maof efficient online
data reduction techniques essential. To reduce the refprecessing time with-
out sacrificing the advantages given by the large attenudgiogth, the concept
of spatially separated clusters of acoustic sensors is insAYMADEUS. Online
data filtering is then predominantly applied to the closehamaged sensors within
a cluster.

The AMADEUS project was conceived to perform a feasibilttydy for a potential
future large-scale acoustic neutrino detector. For thip@se, a dedicated array of
acoustic sensors was integrated into the ANTARES neutales¢ope [11,12]. In
the context of AMADEUS, the following aims are being pursued

> The speed of sound in sea water depends on temperaturéysatith pressure, i.e. depth.
A good guideline value for the speed of sound at the locatfedMADEUS is 1500 m/s.



e Long-term background investigations (levels of ambiens@&ospatial and tem-
poral distributions of sources, rate of neutrino-like sitg);

¢ Investigation of spatial correlations for transient sigrend for persistent back-
ground on different length scales;

e Development and tests of data filter and reconstructiorrigigos;

¢ Investigation of different types of acoustic sensors amsisg methods;

e Studies of hybrid (acoustic and optical) detection methods

In particular the knowledge of the rate and correlation thrad neutrino-like acous-
tic background events is a prerequisite for estimating #resisivity of a future
acoustic neutrino detector.

The focus of this paper is the AMADEUS system within the ANTARdetector.

In Section 2, an overview of the system is given, with paticemphasis on its
integration into the ANTARES detector. In Sectidn 3, thetegscomponents are
described and in Sectigh 4 the system performance is disdu$he characteristic
features of the AMADEUS system are mainly determined by ttwuatic sensors
and the custom-designed electronics board, which perftmmeff-shore process-
ing of the analogue signals from the acoustic sensors. TiMseomponents are
discussed in detail in Subsectidns|3.1 3.4.

2 Overview of the AMADEUS System

2.1 The ANTARES Detector and its Sub-system AMADEUS

AMADEUS is integrated into the ANTARES neutrino telescab#(fL2], which was
designed to detect neutrinos by measuring the Cherenkbv digiitted along the
tracks of relativistic secondary muons generated in neoiinteractions. A sketch
of the detector, with the AMADEUS modules highlighted, i9aim in Figure_1.
The detector is located in the Mediterranean Sea at a wabéin déabout 2500 m,
about 40 km south of the town of Toulon on the French coast asdoompleted in
May 2008. It comprises 12 vertical structures, tlegection linesEach detection
line holds up to 25toreysthat are arranged at equal distances of 14.5m along the
line, starting at about 100 m above the sea bed and intediblgeclectro-optical
cables. A standard storey consists of a titanium supparttstre, holding three
Optical Moduleq13] (each one consisting of a photomultiplier tube (PMTSidte
a water-tight pressure-resistant glass sphere) antiasa Control Module (LCM).
The LCM consists of a cylindrical titanium container and tifieshore electronics
within that container (see Subsection]3.3).

A 13th line, callednstrumentation Line (IL,)is equipped with instruments for mon-
itoring the environment. It holds six storeys. For two paifsonsecutive storeys



in the IL, the vertical distance is increased to 80 m. Eacé imfixed on the sea
floor by an anchor equipped with electronics and held tautrbyranersed buoy.
An interlink cable connects each line to thenction Boxfrom where the main
electro-optical cable provides the connection to the shtaion.

The ANTARES lines are free to swing and twist in the underseeeat. In order
to determine the positions of the storey with a precisionbafud 20 cm—which is
necessary to achieve the required pointing precision fatrim® astronomy—the
detector is equipped with an acoustic positioning systeth [lhe system employs
an acoustic transceiver at the anchor of each line and fadenamous transpon-
ders positioned around the 13 lines. Along each detectim fiive positioning
hydrophones receive the signals emitted by the transeeiggr performing mul-
tiple time delay measurements and using these to triareythat positions of the
individual hydrophones, the line shapes can be reconstiuetative to the posi-
tions of the emitters. Currently, the sequence of positigrmissions is repeated
every 2 minutes.

In AMADEUS, acoustic sensing is integrated in the formagbustic storeyshat
are modified versions of standard ANTARES storeys, in whiehQptical Modules
are replaced by custom-designed acoustic sensors. Dedllactronics is used for
the digitisation and pre-processing of the analogue sigiidle acoustic storeys are
equivalent to the acoustic clusters introduced in Seéfion 1

Acoustic Storey
(Pointing Down)

Buoy
by Acoustic Storey

L12 e (Standard)
" 4 A i N

~480m

; L
| N\ ; 1
Junction Box & I W ~180m
Cable to shore \

~180m

Figure 1. A sketch of the ANTARES detector. The six acoudticeys are highlighted and
their three different setups are shown (see text for détditk2 and IL denote the 12th
detection line and the Instrumentation Line, respectively

The AMADEUS system comprises a total of six acoustic stardyge on the IL,
which started data taking in December 2007, and three on2ttedetection line



(Line 12), which was connected to shore in May 2008. AMADEW®iow fully
functional and routinely taking data with 34 sensors. Twbaf36 hydrophones
became inoperational during their deployment. In bothgabe defect was due to
pressurisation.

The acoustic storeys on the IL are located at 180 m, 195 m, @hd3above the sea
floor. On Line 12, which is anchored at a horizontal distarfcgbout 240 m from
the IL, the acoustic storeys are positioned at heights 038895 m, and 410 m
above the sea floor. With this setup, the maximum distancedaest two acoustic
storeys is 340 m. AMADEUS hence covers three length scabesisgs of the or-
der of 1 m between sensors within a storey (i.e. an acoustster)); intermediate
distances of 14.5 m between adjacent acoustic storeyswatirie; and large scales
from about 100 m vertical distance on the IL up to 340 m betwstereys on dif-
ferent lines. The sensors within a cluster allow for effitigiggering of transient
signals and for direction reconstruction. The combinatiéithe direction infor-
mation from different acoustic storeys yields (after warify the consistency of the
signal arrival times at the respective storeys) the pasifan acoustic source [115].
The AMADEUS system includes time synchronisation and ainaonusly operat-
ing data acquisition setup and is in principle scalable trgd-volume detector.

2.2 Acoustic Storeys

Two types of sensing devices are used in AMADEUS: hydropk@melAcoustic
Modules(AMs). The sensing principle is in both cases based on theopadectric
effect and is discussed in Subsecfion 3.1. For the hydrag#)dhe piezo elements
are coated in polyurethane, whereas for the AMs they arelgtuthe inside of stan-
dard glass spheres which are normally used for Optical MesdWHiguré 2 shows
the design of a standard acoustic storey with hydrophones.

Figure[3 shows the three different designs of acousticygsonstalled in AMADEUS.
The acoustic storeys on the IL house hydrophones only, \akdiee lowermost
acoustic storey of Line 12 holds AMs. The hydrophones arentexlito point up-
wards, except for the central acoustic storey of Line 12,rettkeey point down-
wards. The sensitivity of the hydrophones is largely redwateheir cable junctions
and therefore shows a strong dependence on the polar amglelifferent config-
urations allow for investigating the anisotropy of ambieaise, which is expected
to originate mainly from the sea surface.

Three of the five storeys holding hydrophones are equippt#dasimmercial mod-
els, dubbed “HTI hydrophone@? and the other two with hydrophones, described
in detail in Subsection 3.1, developed and produced at tlgen Centre for As-
troparticle Physics (ECAP).

6 Custom produced by High Tech Inc (HTI) in Gulfport, MS (USA).
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Figure 3. Photographs of three different storeys of the AMNEALS system during their
deploymentf () A standard storey, equipped with hydropkguointing upj (B) the central
acoustic storey on Line 12 with the hydrophones pointingriffa] the lowermost acoustic
storey on Line 12 equipped with Acoustic Modules.

2.3 Design Principles
A fundamental design guideline for the AMADEUS system haslde use existing

ANTARES hardware and software as much as possible. This das®peration of
the system within the environment of the ANTARES neutriniegeope; at the



same time, the design efforts were kept to a minimum and nelitgassurance
and control measures had to be introduced only for the additicomponents.
These were subjected to intensive testing procedures, riicgar in view of the

hostile environment due to the high water pressure of up @di24 and the salinity
of the water.

In order to integrate the AMADEUS system into the ANTARES tniewo telescope,
design and development efforts in the following basic avea® necessary:

e The development of acoustic sensing devices that replac©ifical Modules
of standard ANTARES storeys and of the cables to route theatgnto the
electronics container;

e The development of an off-shore acoustic digitisation amdgyocessing board;

e The setup of an on-shore server cluster for the online psing®f the acoustic
data and the development of the online software;

e The development of offline reconstruction and simulaticitveare.

Six acoustic sensors per storey were implemented. This auvms the maximum
compatible with the design of the LCM and the bandwidth ofadaansmission
to shore. Furthermore, the acoustic storeys were desigradtiat their size did
not exceed the size of the standard ANTARES storeys in rada¢nsion, hence
assuring compatibility with the deployment procedure ef ANTARES lines.

2.4 The AMADEUS-0 Test Apparatus

In March 2005, a full-scale mechanical prototype line far &’NTARES detector
was deployed and subsequently recovered [16]. This linghedLine O, contained
no photomultipliers and no readout electronics. Insteacglgonomous data log-
ging system and shore-based optical time-domain refled¢tgmere used to record
the status of the setup.

Line O provided a well-suited environment to study the prips of the acoustic
sensors in situ at a time when the readout electronics for AEAS was still in
the planning phase and the piezo-preamplifier setup in teigghase. For this
purpose, an autonomous system within a standard LCM caraheAMADEUS-
0 device, was integrated into Line 0. It recorded acoustinalgat the ANTARES
site using five piezo sensors with custom-designed preéerpliwith an overall
sensitivity of about—120dB re 1V{iPa in the range from 5 to 50kHz, glued to
the inside of the LCM container. A battery-powered readout data logging sys-
tem was devised and implemented using commercially availamponents. The
system was further equipped with a timing mechanism to tedata over two
pre-defined periods: The first one lasted for about 10 houwlsrasiuded the de-
ployment of the line. During this period, a total of 2:45 heof data were recorded
over several intervals. In the second period, with the Installed on the sea floor,
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1:45 hours of data were taken over a period of 3:30 hours th@ibattery power
was exhausted.

The analysis of the data [17] provided valuable informafimnthe design of the
AMADEUS system. In particular, the level of the recordedseoallowed for tun-
ing the sensitivity and frequency response of the prearaifand amplifiers. A
filtered amplitude distribution is shown in Figure 4, wheignals saturating the
readout electronics have been removed. The gaussian fitnsimotlie figure is a
measure of the combined ambient noise of the deep sea anermimeise of the
system, while the excess of data is due to transient sighlails shows that the sen-
sitivity of the system is well matched to record backgrounse while at the same
time allowing for a wide dynamic range of transient signAlsomparable overall
sensitivity was hence chosen for the AMADEUS setup. Thegiesi the com-
mercial readout electronics proved to be not suitable ms$asf long-term stability
and the response to signals that saturated the readoubelest This experience
was returned to the design of the AMADEUS readout electsgnidhich will be
described in Sectidn 3.4.
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Figure 4. Normalised distribution of signal amplitudes &if data recorded with the
AMADEUS-0 device. High amplitudex2 V) signals, saturating the readout electronics,
have been removed. A gaussian fit to the data yields meard standard deviation.

3 System Components

3.1 The Acoustic Sensors

The fundamental components of both the hydrophones and Mg £ollectively
referred to as acoustic sensors, are piezo-electricamieralements, converting

11



pressure waves into voltage signals|[18], and preamplifierthis subsection, the
hydrophones, the AM sensors, and the calibration of theisitigity will be dis-
cussed.

3.1.1 Hydrophones

A schematic drawing of an ECAP hydrophone is shown in Figuréd these
hydrophone@, two-stage preamplifiers were used: adapted to the capanditure
of the piezo elements and the low induced voltages, the fiestrpplifier stage is
charge integrating while the second one is amplifying thpwiwoltage of the first
stage. The shape of the ceramics is that of a hollow cylinder.

Due to hardware constraints of the electronics contaiher,only voltage avail-

able for the operation of the preamplifiers was 6.0V. In oftdeminimise elec-

tronic noise, the preamplifiers were designed for that geltather than employing
DC/DC converters to obtain the 12.0V supply typically used.

The piezo elements and preamplifiers of the hydrophone®atedain polyurethane.
Plastic endcaps prevent the material from pouring into tiWw part of the piezo
cylinder during the moulding procedure. The ECAP as welhad+TI hydrophones
have a diameter of 38 mm and a length (from the cable junatidimet opposite end)
of 102 mm.

The equivalentinherent noise level in the frequency ramga fL to 50 kHz is about
13 mPa for the ECAP hydrophones and about 5.4 mPa for the Hdropyones.
This compares to 6.2 mPa of the lowest expected ambient teiskin the same
frequency band for a completely calm seal [19], referred ®easstate (20].

At the ANTARES site, the hydrophones are subject to an eatemressure of 210
to 240 bar, depending on the depth at which they are instatedr to deployment,
each hydrophone was pressure-tested in accordance wisaihgard ANTARES
procedure, i.e. the pressure was ramped up to 310 bar at J#baninute, held
there for two hours and then ramped down again at 12 bar pertein

3.1.2 Acoustic Modules

For the AMs, the same preamplifiers are used as for the ECARPplgdnes. The
piezo elements have the same outer diameter but are saidieys in case of the
AMs. Two sensors are glued to the inside of each sphere. €Bigidlwas motivated
by the idea to operate the piezo elements at low pressurelsmtbanvestigate an
option for acoustic sensing that can be integrated togetltera PMT in the same

" For the commercial hydrophones, details were not disclbgetle manufacturer, but the
main design is similar to the one described here.
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Figure 5. Schematic drawing of an ECAP hydrophone. Piezmah and preamplifier
(consisting of three circular circuit boards, intercorteedy pin connectors) are moulded
into polyurethane (PU).

glass sphere. In order to assure a good acoustic coupliagpiice between the
curved sphere and the flat end of the piezo sensor of the AMé&Nealswith epoxy.
A photograph of an Acoustic Module and a schematic drawirtg@tensors glued
to the inside of the glass sphere are shown in Fidure 6(dp@jdrespectively.

In order to obtain a 2 azimuthal coverage, the six sensors are distributed oeer th
three AMs of the storey within the horizontal plane definedhs/three centres of
the spheres as shown in Figlire 6(c). The spheres have oateetdirs of 432 mm.

3.1.3 Calibration

All sensors are tuned to have a low noise level and to be sensiver the fre-
guency range from 1 to 50 kHz with a typical sensitivity ardusil45 dB re 1V{iPa
(including preamplifier). The sensitivities of all sensassa function of frequency,
polar angle and azimuthal angle were measured before dapliyin a water tank,
using a calibrated emitter [21]. The analysis was resttittefrequencies above
10kHz. Towards lower frequencies, measurements becomeasiagly less sig-
nificant. This is due to the quadratic frequency dependehite@mitter’s transmit
voltage response and to the increasingly adverse effeeflettions for increasing
wavelengths. In accordance with the expected behaviolregbiezo elements, the
sensitivity is assumed to be constant below 10 kHz.

The sensitivity of one of the commercial hydrophones is shawFigure[7 as a
function of frequency for different polar angles. For frequies below 50 kHz,
the sensitivity decreases once the polar angle approa@@esvithich defines the
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Figure 6.[(d) Photograph of an Acoustic Module (AM) beforeldgment;[(b) schematic
drawing of an AM sensof; () horizontal cross-section of @muatic storey holding Acous-
tic Modules in the plane of the sensors. The dotted linesal@ear with the longitudinal
axes of the sensors and indicate the arrangement of therseitisio the storey. The lines
intersect at angles of 8@t the centres of the glass spheres.

direction at which the cable is attached to the hydrophohe. Beginning of this
trend can be seen for the polar angle of150

The sensitivity as a function of the azimuthal angle for aegiyrequency is es-
sentially flat at the 3dB level for all hydrophones. The st as a function
of polar angle and frequency shows deviations of less thdd lZadween different
HTI hydrophones in the frequency range from 10 to 50 kHz. Téaeations for the
hydrophones produced at ECAP are at a level of 3 to 4dB. Theitsety of an
ECAP hydrophone is shown in Figuré 8. Compared to the HTI dpidones, the
sensitivity in the frequency range from 10 to 50 kHz is highétrless uniform, both
as a function of frequency and as a function of polar angle.
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Figure 7. Typical sensitivity of an HTI hydrophone as a fumeiof frequency for different
polar angles, averaged over the azimuthal angle. Systeoratertainties below 50 kHz are
2 to 3dB.

As a consequence of their design, the solid angle over wiielsénsors of the
AMs are sensitive is smaller compared to the hydrophonegh&unore, reflec-
tions and resonances within the glass sphere affect thalsgape and frequency
dependence, making laboratory measurements more diffeccuiterpret. The cal-
ibration was performed by varying the position of the emittlong a half circle,
such that each emitter position has the same distance toghe glement. Angles
were then given by the position of the emitter along the hiatie with respect to
the longitudinal axis of the piezo sensor, which defined tiggeaof 0. Results are
shown in Figuré ©. The higher sensitivity compared to the PG¥drophones is
due to the different piezo element that is used and the acar@ipling between
water, the glass sphere and the piezo sensor.

All sensitivity measurements were done at normal presguverification with an
in situ calibration has not yet been carried out at the timéhefwriting of this
paper.

For the calibration that was describe above, gaussianisigiese emitted which in

the frequency domain cover the range of the calibrationdutiteon, the response
of the sensors to bipolar pulses was recorded. This is showrigure[10. The
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Figure 8. Typical sensitivity of an ECAP hydrophone as a fiomcof frequency for differ-
ent polar angles, averaged over the azimuthal angle. Sgteumcertainties below 50 kHz
are 2to 3dB.

agreement between the different sensor types is quite gomdasymmetry of the
input pulse, i.e. the ratio of the pulse heights at the pasdind negative peaks, can
be seen to be diminished in the response of the sensorssidugito the excitation
of oscillations of the piezo elements.

3.2 Cables and Connectors

Each electronics container is equipped with three 12-pliCaunn connector sock-
et$’]. In order to connect two hydrophones to each of the threeetsckpecial
fanout cablesvere produced (see Figdrk 2). To the electronics contairieogthe
cable, the same mating connector plugs are used as for timaOy@bdules. At the
other end of the cable, a bulkhead connector AWQ-4/24 of thie-WET split se-
ries by Seacdt| was moulded, which fans out into six wedge-shaped sectacsh E
sector has a 4-pin connector socket, serving the four leadmdividual power
supply and differential signal readout of the hydropho&esh of the mating 4-pin

8 MacArtney Underwater Technology grouip, http://www.sulizaom/
9 Seacon (Europe) LTD, Great Yarmouth, Norfolk, UK, httpi/w.seaconeurope.com/
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Figure 9. Sensitivity of an AM sensor as a function of frequyefor different angles with
respect to the longitudinal axis of the sensor. Systemaitierainties below 50 kHz are 2
to 3dB.

connectors is moulded to a neoprene cable with the hydraphoits other end.
The remaining four sectors of the bulkhead connector alede®ath blind plugs.

The standard cables used in the ANTARES detector betweesleb&onics con-
tainer and the Optical Modules are also used to connect the. Allle LCMs inte-
grated into storeys with AMs and with hydrophones are iitangeable. All con-
nections and cables within AMADEUS are functioning as expec

3.3 Off-Shore Electronics

In the ANTARES data acquisition (DAQ) schemnie [22], the dsgition is done
within the off-shore electronics container (see SediianE2ch LCM contains a
backplane that is equipped with sockets for the electraraods and provides them
with power and data lines. A standard LCM for processing tha drom PMTs
contains the following electronics boards:

e ThreeARS motherboardgach comprising two Analogue Ring Sampler (ARS)
ASICs, for conditioning and digitisation of the analogugsils from the PMTs [23];
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Figure 10. Comparison of the response of different acogstisor types to a bipolar pulse.
The emitted signal is shown on the left. The response of tliedphones was measured
for a polar angle of 9Q the response of the AM sensor for an angle @f The first peak
of each pulse (including the emitted one) was normalised and. the time axis of each
received signal was adjusted such that the times of the zessings coincide. The time
offset between emitted and received pulses in the depiiarbitrary.

e A DAQ board which reads out the ARS motherboards and handles the commu-
nication to shore via TCP/IP;

e A Clock boardthat provides the timing signals to correlate measuremeasis
formed in different storeys (see Subsecfiod 3.6);

e A Compass boartb measure the tilt and the heading of the storey.

The transmission of data to shore is done throulyfaater LCM (MLCM)which—
in addition to the components of an LCM described above—ainatan ethernet
switch and additional boards for handling incoming and olurtg fibre-based op-
tical data transmission. Up to five storeys fornsexctor in which the individual
LCMs transmit the data to the MLCM.

For the digitisation of the acoustic signals and for feediregn into the ANTARES
data stream, th&couADC boardvas designed. These boards are pin-compatible
with the ARS motherboards and replace them in the acoustieyst. Figuré 11
shows the fully equipped LCM of an acoustic storey.
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Figure 11. An LCM during assembly, equipped with AcouADC fazabefore insertion
into the titanium container. The sockets for external ceting (not visible in this picture)
are attached to the lid of the container on the left-hand aidiee photograph. From left to
right, the following boards are installed: a Compass badree AcouADC boards; a DAQ
board; a Clock board.

3.4 The AcouADC Board

Each AcouADC board serves two acoustic sensors and has ltbeifagg major
tasks:

e Pre-processing of the analogue signals (impedance mgtciyaplication of an
anti-alias filter, selectable gain adjustment);

¢ Digitisation of the analogue signals and preparation ofdligéised data stream
for transmission to the DAQ board;

e Provision of stable low-noise voltage (6.0 V) for power slyppf the acoustic
Sensors;

e Provision of an interface to the on-shore slow control safew(see Subsec-

tion[3.3).

A photograph and a block diagram of an AcouADC board are showigures 1P
and 13, respectively. The board consists of an analogue digital signal process-
ing part. Each board processes the differential voltageassgfrom two acoustic
sensors, referred to as “Sig 0” and “Sig 1” in the diagram. fil@signals are pro-
cessed independently and in parallel for the complete dgnal and digital) data
processing chain.

A main design criterion for the board was a low inherent ntesel, so that even
for sea state 0 no significant contribution to the recordgdadioriginates from the
electronics of the board. To protect the analogue parts frotential electromag-
netic interference, they are shielded by metal coverssT&sthe electromagnetic
compatibility (EMC) of the board have shown that this dessgmot significantly af-
fected by electromagnetic noise even for conditions trafarmore unfavourable
than those present in situ [19].
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The two 6.0V power supply lines on each AcouADC board (cotoredabelled
“Pow 0” and “Pow 1” in Figuré_II3) are protected by resettabiget against short
circuits that could be produced by the sensors due to watgess. In addition,
each voltage line can be individually switched on or off.

135 mm

Figure 12. Photograph of an AcouADC board. The four conmedtw the two differential
input signals are located at the top, the analogue sighaépsing electronics is covered by
metal shields.

3.4.1 Analogue Signal Processing

The analogue signal is amplified in two stages. The first sipgées a coarse gain
with nominal amplification factors of 1, 10 or 100. It is impiented as a differen-
tial amplifier with single-ended output, referenced to 2.5Me gain factor 1 is used
for recording dedicated runs with large signal amplituéeg, from the emitters of
the ANTARES acoustic positioning system (see Subsectiip @hereas the factor
of 100 was only foreseen for the case that the sensitivith@htydrophones would
degrade after deployment.

The second amplification stage, the fine gain, is intendedjtestthe gains of dif-

ferent types of hydrophones. It is a non-inverting amplifaxawith single ended
output and a reference voltage of 2.5V. Gain factors of 11008, 3.16, and 5.62
(corresponding to 0, 5, 10, and 15 dB, respectively) arectdde by switching be-
tween four appropriate resistors in the feedback loop obherational amplifier.
Combining the two stages, the gain factor can be set to on2 eélues between 1
and 562. The standard setting is an overall gain factor ofielding the approxi-

mate sensitivity of~125 dB re 1V{iPa.

After amplification, the signal is coupled into a linear-pbdlOth-order anti-alias

20



Sig0- Sig0+ Sigl- Sigl+

i

Analoigue

Sig 0 Sig 1

Signal Prcé)cessing

ADCO ADC 1
RAM
! @ pPwo
é Pow 1 ‘ ‘

Configuration string
Filter Filter Confirmation Micro
| | RESET | Controller
Resettable | Resettable FPGA - Flash <:> ! including 3
Fuse Fuse Memory | Boot
. Memory

‘ Switch H Switch ‘&

| S 2 N
‘ ol |8 §
| o =
| >
| B\ § JTAG Conn. | [JTAG Conn.
| L § FPGA Micro Contr.
| N N
| T I \
Gnd 6.0V | S b
| I Ire)
J Backplane Connector _._'ggx Supply Voltage
L f— .

Figure 13. Block diagram of the AcouADC board. The flow of tialague sensor sig-
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stream. General communication connections are shown dedlaarows. The components
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filtel 1°] with a root-raised cosine amplitude response and a 3 dB pbéafrequency

of 128 kHz. In low-power mode, the filter output range is at#®@tV. The output is

referenced to 2.0V and fed into a 16-bit analogue-to-digibaverter (ADC) that

will be described below. Accordingly, the ADC referencetagk is set to 2.0V,
implying that the digital output of zero corresponds to taimlogue value. The
input range of the ADC is 0.0to 4.0 V.

The three analogue stages (coarse and fine amplificationrandlias filtering)

10 Filter LTC1569-7 from Linear Technology, http://www.liaecom/
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and the ADC are decoupled by appropriate capacitors. Funthre, several RCL
elements within the analogue signal chain form an additibaad-pass filter. Its
low-frequency 3 dB pointis at about 3 kHz and cuts into thiéitiguedge of the low-

frequency noise of the deep-sea acoustic backgrdund [Pdfeqiing the system
from saturation. The high-frequency 3 dB point is above 1 MHd was introduced
to comply with the input requirements of active componemtfe circuitry.

3.4.2 Digital Signal Processing

The digital part of the AcouADC board digitises the acousignals and processes
the digitised data. It is flexible due to the use of a micro calar (uC and

a field programmable gate array (FP)as data processor. All communication
with the shore is done via the DAQ board; th€ handles the slow control (see
Subsection 315) and the FPGA the data transfer. {@eas accessed from the on-
shore control software and is used to adjust settings of nlaégue part and the
data processing. It can also be used to update the firmwareedFRPGA. This
firmware is stored in a flash memory and loaded after a reseieoFPGA. In
situ, this reset is asserted from th€. If a firmware update is performed, th€
first loads the code from the shore into the random access mgiRAM). Once
the integrity of the code has been confirmed by means of a shatkthe code
is transmitted into the flash memory. In order to avoid theeptél risk that a
software error renders theC inaccessible, its boot memory can only be changed
in the laboratory. For testing and programming in the latwoya JTAG!3| is used
to access the FPGA, theC, and the flash memory.

For each of the two input channels, the digitisation is dare08 kSps (kilosam-
ples per second) by one 16-bit successive approximatior@b@th output range
from —32768 to+32767 counts. The two ADCs are read out in parallel by the
FPGA and further formatted for transmission to the DAQ board

ADCs commonly show relatively high deviations from a linbahaviour near the
zero value of their digital output. The size of this effecpdeds on the circuitry
into which the ADC is embedded. For the prototypes of the AddG boards, this
effect proved to be fairly pronounced. For this reason, #ference voltage of the
anti-alias filter output can be switched from its standardieaf 2.0V to 1.0V,
thereby moving the centre of the acoustic noise distrilbugivay from the digital
value of zero. This leads to an asymmetry of the recordaligerdor positive and
negative amplitudes of acoustic signals, effectively oialy the dynamic range

11 STR710 from STMicroelectronics, http://www.st.com/

12 Spartan-3 XC3S200 from XilinX, http://www.xilinx.com/

13 The IEEE standard 1149.1 “Test Access Port and Boundarg-Sazhitecture” is com-
monly referred to as JTAG, the acronym for Joint Test Actigoup. It defines an interface
to individual components on a circuit board.

14 ADS8323 from Analog Devices, http://www.analog.com/
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by a factor of 2 if one requires both positive and negative ldaoges to be fully
recorded. For standard data taking, this is not desirabtreds the non-linearities
of the ADCs proved to be unproblematic. Therefore, the egfee voltage of the
anti-alias filter output is set to 1.0V only for special maasoents.

In standard mode, the sampling rate is reduced to 250 kSgeifFPGA, corre-
sponding to a downsampling by a factor of 2 (DS2). Currentiplemented op-
tions are DS1 (i.e. no downsampling), DS2, and DS4, whichbeaselected from
the shore. For each downsampling factor an adapted digitiadhas filter, compli-

ant with the Nyquist-Shannon sampling theorem, is implaeem the FPGA as a
finite impulse response (FIR) filter with a length of 128 dabngs. For DS2, the
frequency spectrum between the 3 dB points at 2.8 and 10& ®kbkses the filter.

3.4.3 System Characteristics

The complex response function of the AcouADC board (i.e.laoge and phase)
was measured in the laboratory prior to deployment for eaendand a parametri-
sation of the function was derived [19]. Figlird 14 shows thgdency response of
the AcouADC board. The measurement was done by feedingigaushite noise
into the system and analysing the digital output recordedhkyboard. Without
downsampling (DS1), the rolloff at high frequencies is goeel by the analogue
anti-alias filter. For DS2 and DS4, the digital FIR filters egsponsible for the be-
haviour at high frequencies. At low frequencies, the eftddhe band-pass filter
described above can be seen. Fiduie 14 furthermore derat@ssthat within each
passband, the filter response is essentially flat. The cosopenf the recorded data
with the parametrisation shows excellent agreement.

The parametrisation of the response function allows toutaie the response of the
system to any input pulse and vice versa the reconstructithreriginal shape of
any recorded pulse. Figurel15 shows a comparison of the mezhand calculated
response of the analogue signal processing part of the Ab@uidoard to a generic
bipolar input pulse as it would be expected from a neutrmhiced cascade (see
Sectior1). The digital FIR filter introduces an additionale offset of 128:s of
the digitised data for DS2 and DS4.

The ADCs of the AcouADC board were investigated in defaill [F®&r each indi-

vidual ADC, the transfer curve from input voltage to ADC ctaiwas measured
and distortions from the ideal linear behaviour quantifiederms of the differ-

ential nonlinearity (DNL) and integral nonlinearity (INLJhe distribution of the

DNL values for all bins of all calibrated signal channelswhmegligible deviations
from the ideal situation (i.e. a peak at zero) with a mean @02 ADC counts and
a standard deviation of 0.06 ADC counts, corresponding4@8. The values of

the INL of the ADCs stay within 50 ADC counts for all signal cimeels over the

full input range, corresponding t63.1 mV.
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Figure 14. The AcouADC board filter response, charactetised power spectral density
(PSD) as a function of frequency, measured for the threerdifit downsampling factors.
For each of the three measurements, the parametrisatioowsisas a black line.
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Figure 15. The response of the analogue part of an AcouADG@dbimaa bipolar input
pulse. Shown are the measured output signal and the ougmal sialculated from the
parametrised response function. The measured outputl sigrsaobtained with an oscil-
loscope at the input of the ADC. The measurement was doneriorranal gain factor of
1.

The spurious-free dynamic range (SFDR) of an ADC is a measiute dynamic
range. Using a sinusoidal input signal, the average SFDReoADCs of all boards
in AMADEUS was measured to be 5%:9.1 dB, meaning that harmonics of the
sine wave distorting the output signal are suppressed bg&®of magnitude in
the amplitude. Hence, a clear determination of the frequé&npossible even for
saturated signals, for which the harmonic components drareed.
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The 12 gain factors for each channel were calibrated anddireation factor for
gain 1 was measured to be 1:06.01. The gain factors of the other 11 settings were
measured with respect to this value and were found to defriate the nominal
factors by about 10% at maximum.

The inherent noise of the electronics (output for open sigmaut) and the cross-
talk between the two signal channels of an AcouADC board wezasured to be
negligible in comparison with the inherent noise of the atmsensors.

3.5 Slow Control System

The ANTARES slow control (SC) system has two main tasks.dvjges the off-
shore components with initialisation and configuratiorepagters and it regularly
monitors whether the operational parameters are withiim gpecified ranges. In
addition, the readout of some instruments for environnmentaitoring [25], per-
formed at intervals of a few minutes, is polled and sent thhoilne SC interface.

For the AMADEUS system, the following parameters can berset shore via the
SC system for each acoustic channel individually: one ofithealues for the gain;
downsampling factors of 1, 2, or 4 (or no data transmissiomfthe AcouADC

board); power supply for the acoustic sensor on or off; efee voltage of the
analogue signal fed into the ADC 2.0V or 1.0 V.

To monitor the environment within each LCM container, a hditgi sensor and
temperature sensors on several boards are installed. @neetature sensor is
placed on each AcouADC board. Values read out by the SC symtestored in an
Oracle® database that is centrally used by ANTARES.

3.6 Data Acquisition and Clock System

AMADEUS uses the same DAQ system and follows the same “adl ttashore”

strategy[[22] as the ANTARES neutrino telescope, i.e. @itidied data are trans-
mitted to shore via optical fibres using the TCP/IP prototbk data stream from
the sender DAQ board is tagged with the IP address of theviagain-shore server.
In the control room, the acoustic data are routed to a desticadmputer cluster
by using the transmitted IP address. The ANTARES clock sysiperates sepa-
rately from the DAQ system, using a different set of optichids to synchronise
data from different storeys. The system provides a higldiplst20 MHz synchro-
nisation signal, corresponding to a resolution of 3ehsvhich is generated by a

15 The much higher precision that is required for the synclsation of the optical signals
from the PMTs is provided by a 256-fold subdivision of the 2BMsignal in the ARS
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custom-designed system at the ANTARES control room. Theteymisation of
this internal clock with the UTIC®] of the GPS system is established with a preci-
sion of 100 ns.

The synchronisation signal is broadcast to the off-sharekdboards and from there
transmitted further to the FPGA of the AcouADC board. Basedhs signal, the
data packages sent from the AcouADC board to shore via the b#«pd receive
a timestamp which allows for correlating the data from défe storeys. The 50 ns
resolution of the timestamp by far exceeds the requirengnén by the standard
sampling time of 4us corresponding to DS2. Differences in the signal transies
between the shore station and the individual storeys acesatsller than 4s and
do not need to be corrected for.

3.7 On-Shore Data Processing and System Operation

The AMADEUS system is operated with its own instance of taegdard ANTARES
control software calledRunControl[22]. This is a program with a graphical user
interface to control and operate the experiment. It is Jabased and reads the
configuration of the individual hard- and software compda&om the ANTARES
database, allowing for an easy adaption of individual ruapeeters for the AMADEUS
system. Via the clock system the absolute time of the runt &dogged in the
database with the aforementioned precision of 100 ns. THeta run is reached
if either the data volume or the duration exceed predefimaddi(in which case a
new run is started automatically) or the run is stopped byofterator. The data of
one AMADEUS run are stored in a single file ROOTformat [26]. The typical
duration of a run ranges from 2 to 5 hours.

For the computing requirements of AMADEUS, a dedicated loors computer
cluster was installed. It currently consists of four serdlass computers, of which
two are used for data trigger@(equipped with Zdual core 3 GHz Intel Xeon
5160 and Zquad core 3 GHz Intel Xeon 5450 processors, respectivenckl, a
total of 12 cores are available to process the data. One akthaining two com-
puters is used to write the data to an internal 550 GB disk/dRaID), while the
other is used to operate the RunControl software and otrsratiéneous processes
and to provide remote access to the system via the Internet.

The AMADEUS trigger searches the data by an adjustable soft\ilter; the
events thus selected are stored to disk. This way the rawatataf about 1.5 TB/day
is reduced to about 10 GB/day for storage. Currently, thrgger schemes are

motherboards.

16 Coordinated Universal Time

17 While this functionality might be more commonly referredafiltering, itis ANTARES
convention to refer to the “on-shore trigger”.
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in operation [[27]: A minimum bias trigger which records datantinuously for
about 10 s every 60 min, a threshold trigger which is acttvatben the signal ex-
ceeds a predefined amplitude, and a pulse shape recognigigert For the latter,
a cross-correlation of the signal with a predefined bipalamal, as expected for a
neutrino-induced cascade, is performed. The trigger ¢mmdis met if the output
of the cross-correlation operation exceeds a predefineghbid. With respect to a
matched filter, this implementation reduces the run timeplerity while yielding
a comparable trigger performance.

As discussed in Sectidn 1, for pressure pulses induced kyimeinteractions the
amplitude, asymmetry and frequency spectrum depend onasiign of the ob-
server with respect to the particle cascade. The predefiipedab signal used for
the pulse shape recognition trigger corresponds to the ghispe expected at a dis-
tance of roughly 300 m from the shower centre in the diregte@rpendicular to the
shower axis, i.e. where the maximum signal within the flatiwoé of sound propa-
gation is expected. The cross correlation with pulses wkbagpe differs from the
implemented one changes the peak in the cross correlatipatoit is broadened
and diminished as compared to the filter response on the fpredesignal. This
effectively increases the trigger threshold in terms ospoee amplitude for such
pulses. As will be described below, the final trigger decisiequires coincidences
within an acoustic storey, which allows the trigger thrddHor the cross correla-
tion output of each individual acoustic sensor to be settwva/blue. Given that the
main purpose of the AMADEUS system is the investigation afidgaound noise,
this implementation is very efficient in recording a widegarof bipolar and multi-
polar events. Dedicated searches for neutrino signals-elvdre difficult due to the
geometry of the acoustic storeys within the AMADEUS systeane-done offline,
taking into account the variations of the pulse shapes wtadce and direction.

Both the threshold and the pulse shape recognition triggeapplied to the indi-
vidual sensors and are self-adjusting to the ambient niomg®ying that all trigger
thresholds are defined in terms of a signal-to-noise ratie ffigger thresholds
are software parameters and therefore can be set at willndise level is calcu-
lated from and applied to the data of tiramethat is currently being analysed.
A frame denotes the structure in which data are buffereclodire by the DAQ
board before being sent to shore and contains data samptied dun interval of
about 105 ms [22]. If one of these two trigger conditions ig,rag additional trig-
ger condition is imposed, which requires coincidences afeggfined number of
acoustic sensors on each storey. The coincidence windoxestio the length of a
frame. Currently, the coincidence trigger requires thatttireshold or pulse shape
recognition trigger conditions have been met for at least tut of six sensors of
a storey.

In the ANTARES DAQ system, the frames start at fixed intervath respect to the

run start. Trigger conditions are imposed on temporallyesponding frames from
all storeys simultaneously, whereupon the frames are iisdaand data not se-
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lected by the trigger are lost. Processing subsequent frattbe same time is not
possible. Given the distances of typically 1 m between ssnsahin one storey,

time delays between signals from a given source are alwagsi@n 1 ms. There-
fore, the number of sources for which the signals extendtwe@frames, and hence
the coincidence trigger may not be activated, is small. Tivadvantage of a large
trigger window, the increased probability for random cadenices, leads only to a
small increase of the recorded data volume. The coincidigigger can be option-

ally extended to require coincidences between differearegs on the same line.
With distances between storeys ranging from about 10 to 1(@f®mesponding to

delays of the order of 10 to 100 ms) signals originating frdsowee or below are

suppressed. This trigger is currently not enabled.

The data of all sensors that have fired a coincidence triggestared within a com-
mon time window that covers all triggered signals. Its miaimlength is 1.536 ms
for 4us sampling time (corresponding to 384 data samples) and atgamum
length corresponds to the length of a frame.

The triggers of the AMADEUS system and the main ANTARES agdtieeutrino
telescope are working completely independently. Henaes#arch for correlated
signals relies on offline analyses.

Both the off-shore and on-shore part of the AMADEUS systeensaalable, ren-
dering it very flexible. The enlargement of the system frome¢hto six acoustic
storeys with the commissioning of Line 12 (see Subsedtidh ®as easily im-
plemented by increasing the on-shore computing power addting the control
software. In principle, the system could be upgraded to nhigher numbers of
acoustic storeys. To reduce the data volume transmittelddeesit would also be
possible to move parts of the trigger algorithms into the ARGthe AcouADC

board.

AMADEUS is controlled remotely via the Internet. Data aratcally stored and
are remotely available.

4 System Performance

4.1 General

AMADEUS is continuously operating and taking data with oalffew operator
interventions per week. The up-time of each sensor is tjigibatter than 80%.
Its ability to continuously send unfiltered data, samplekigi frequency, to shore
for further analysis renders the AMADEUS system a multimsg apparatus for
neutrino feasibility studies, acoustic positioning andimaresearch.
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The concept of acoustic clusters (i.e. the acoustic stpieyery beneficial for fast
online processing. By requiring coincident signals frorteast four sensors within
a storey, the trigger rate is significantly reduced, impnguhe purity of the sample
selected with the pulse shape recognition trigger.

The parallel operation of two separate RunControl prograam&MADEUS and
the main ANTARES neutrino telescope, which was originalbt foreseen, has
proven to be very successful. No interference between thgtagrams has been
observed while the two systems can optimise their deteefiimency and respond
to potential problems almostindependently. At the same tboth systems profit in
the same fashion from developments and improvements ofth€entrol software
and monitoring tools.

The stability of the system response is excellent. This veasi®d prior to deploy-
ment as well as in situ. It was quantified by observing the noé#me ambient noise
distribution as a function of time. In situ, the 10 s of conts data recorded every
hour with the minimum bias trigger were used to calculatentlean. The standard
deviation of this value for the first year of operation is lé¢s#n 2x 10° of the full
range.

All sensor types described in Subsection 2.2 are well sddethe investigation
of acoustic particle detection methods. A comparison ofcteracteristics of the
different sensor types will be drawn below.

4.2 Ambient Noise

Studies of the power spectral density of the ambient noiskeaANTARES site
have been performed using the minimum bias trigger datair€i@6 shows the
noise levels recorded with representative HTI and ECAP ¢pldones and with
one AM sensor on Line 12 over several time periods with a caetbiduration
of six months. For each sensor, the power spectral densiycaigulated for the
10s intervals of continuous data and then for each 1 kHz haaptedian and the
0.27% quantile (corresponding to a 8eviation from the median) were derived for
the complete set of measurements. For each sensor, one samweb characteris-
tic frequency above which the 0.27% quantile of the noisellstitows a constant
difference to the median. The corresponding frequencealaout 35 kHz, 30 kHz,
and 40 kHz for the HTI hydrophones, ECAP hydrophones and Ahd@es, respec-
tively. For higher frequencies, the noise is dominated lyititrinsic electronics
noise, limiting the capability to study the acoustic noise.

The noise floor is the lowest for the HTI hydrophones, theeddhce in the power
spectral density to the ECAP hydrophones and AM sensorgyleinto 15 dB.

When recording transient signals, the effect on the sigmaleise ratio is partially
compensated by the higher sensitivity of the ECAP hydropk@nd the AM sen-
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Figure 16. Power spectral density (PSD) of the noise levardged in situ. Solid lines
represent the median, dotted lines the 0.27% quantile gsponding to a @ deviation
from the median). The voltage used is the calibrated inplidage of the AcouADC board.

sors. The noise spectrum of the AM sensor displays somesteuior frequencies
up to about 25 kHz. This is due to coupling of the sensor to thesgspheres. In
summary, for studies of the in-situ ambient noise, the HTdrbphones are the
most suited type of sensors.

In Figure[1T a more detailed presentation of the noise datarded with an HTI
hydrophone during the year of 2008 is given. An algorithmaimove strong tran-
sient signals (mostly coming from the emitters of the adoysisitioning system)
was applied. The relics of such signals and electronicsensli®w up as spikes
between 45 and 75 kHz. The lowest level of recorded noisetunvgas confirmed
to be consistent with the inherent noise of the system recbind the laboratory
prior to deployment. The observed in-situ noise can be sego below the noise
level measured in the laboratory for frequencies excee8tkHz. This is due to
electronic noise coupling into the system in the laboratbay is absent in the deep
sea.

The overall noise levels (i.e. the RMS of the signal ampbtit each 10s sam-
ple) recorded at the same time with any two active sensorseofame type are
correlated at a level above 90%. This shows that the recatdedare indeed rep-
resentative of the ambient conditions and not determinethéynherent noise of
the system.

4.3 Transient Signals and Dynamic Range

The signals recorded with the three different types of atogsnsors on Line 12
for a common source is shown in Figlirel 18. The signals werarded in May
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Figure 17. Power spectral density (PSD) of the ambient meiserded with one HTI sensor
on the topmost storey of the IL. The voltage used is the clifar input voltage of the
AcouADC board. Shown in shades of grey is the occurrenceimaebitrary units, where

dark colours indicate higher rates. Shown as a white doittedd the median value of the
in-situ PSD and as a black solid line the noise level recoiidetthe laboratory prior to

deployment.

2010 and were received under an angle of abotitvéith respect to the direction
pointing vertically upwards. The agreement between theadighapes can be seen
to be very good. For the second positive peak at about 0.2@%s0the AM sensor
shows a differing behaviour from the hydrophones, whichlmamttributed to the
coupling of the sensor to the glass sphere.

Bipolar signals selected with the pulse shape recognitigger typically have a
signal-to-noise ratio exceeding 2 for a single sensor. m#sg a noise level of
10 mPa in the frequency range from 1 to 50 kHz, which is a typéseel recorded
at calm sea, i.e. sea state 0, a signal of 20 mPa can be detgatdrla signal is ex-
pected to be emitted from a 2 EeV cascade emerging from aineutiteraction at a
distance of about 200 ml[3]. Improving the trigger techngjomey further enhance
the energy sensitivity. Furthermore, the optimal freqyerange must be deter-
mined to maximise the signal-to-noise ratio for pulses stémg from neutrino in-
teractions. To conclude on the feasibility of a large-se&leustic neutrino detector
in the deep sea—the main objective pursued with the AMADEYsSesn—further
detailed studies are required.

The maximal pressure amplitude that can be recorded fondagetior of 10 without

saturating the input range of the ADC is about 5 Pa. Usuatlly anthropogenic
signals originating close to the detector reach this predswel at the positions of
the hydrophones.

The direction and position reconstruction of acoustic pepurces are currently
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Figure 18. Comparison of the signals originating from a canraource as recorded by
three different types of acoustic sensors, each one locaieddifferent storey of Line 12.

For better comparability, the first peak of each signal hanbermalised to 1 and the
time axis of each signal adjusted such that the times of tteaessings between the first
positive and negative peak coincide.

being pursued as one of the major prerequisites to idenéfitrmo-like signals.
First results are presented In [15,28].

4.4 Position Calibration of Acoustic Storeys

Just as for the PMTs in the standard storeys, the relativitignos of the acous-

tic sensors within the detector have to be continuously toogl. This is done by

using the emitter signals of the ANTARES acoustic positignsystem (see Sub-
section Z2.11). Figure_19 shows such a signal as recorded lytypical sensors.

The delays between the signal arrival times are clearlyphsshort delays of less
than 1 ms within each storey and a long delay of about 10 msdagthe signals
arriving in two different storeys.

The time shown in the figure is given in seconds since the atdhte run and can
be converted into UTC using the data recorded by the cloctesy$see Subsec-
tion[3.8). As the emission times of the positioning signaésaso recorded in UTC,
the time difference between emission and reception of thieaéican be calculated.
Using the signals from multiple emitters and their knowniposs at the anchors
of the lines, the positions of the AMADEUS sensors can benstracted.

The position calibration has statistical uncertaintiest@w millimetres for each
hydrophone. Systematic uncertainties due to the size ofdbeiving piezo ele-
ments, the knowledge of their relative positions within #ieoustic storey, the
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Figure 19. Typical signals of the ANTARES acoustic posiimgnsystem as recorded with
four sensors of the AMADEUS system for gain factor 1 of the é&BC board. For better
clarity an offset, starting with 0V and incremented by 0.5 \thwespect to the previous
one, is added to the amplitude of each sensor. The first tmalsiglong the time axis were
recorded by the acoustic storey holding AMs (see Figlire hg fbllowing two signals
were recorded with two hydrophones on the acoustic storgyajpbove—one hydrophone
mounted at the bottom and the other one at the top of the stbiheytime is counted since
the start of the run.

knowledge of the speed of sound in sea water and the positioartainties of
the emitters are still under study. For the AMs, the positieconstruction is less
precise and has a statistical uncertainty of the order oharetre.

5 Summary and Conclusions

The AMADEUS system for the investigation of techniques fooustic particle
detection in the deep sea has been integrated into the ANBARIGtrino telescope
in the Mediterranean Sea at water depths between 2050 afith230he system
started to take data in December 2007 and was completed i2BG8/. It comprises
36 acoustic sensors, of which currently 34 are operati@nednged in six acoustic
clusters. Different configurations of sensor clusters aeduThe sensors consist
of piezo-electric elements and two-stage preamplifierl wambined sensitivities
around—145dBre 1V/{iPa.

For the off-shore data acquisition, a dedicated electsond@rd has been designed.

One of 12 steps of analogue amplification between 1 to 562 easebwith the
on-shore control software. Data sampling is done at 500 k@fts 16 bits and
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an analogue anti-alias filter with a 3dB point at a frequenic§28 kHz. Digital
downsampling with factors of 2 and 4 is implemented insidefishore FPGA.
This value is also selectable using on-shore control softwBhe system param-
eters were tuned using the data collected with the autonsrpoecursor device
AMADEUS-0 that was deployed and subsequently recoverettetANTARES
site in March 2005.

Where appropriate, the components of the AMADEUS systera haen calibrated
in the laboratory prior to deployment; the in-situ perforroa is in full accor-
dance with the expectations. Data taking is going on cootisly and the data
are recorded if one of three adjustable trigger conditismaet.

The system is well suited to conclude on the feasibility aftafe large-scale acous-
tic neutrino telescope in the deep sea. Furthermore, ithepdtential of a multi-
purpose device, combining its design goal to investigateisiic neutrino detec-
tion techniques with the potential to perform marine sogesittidies. AMADEUS
is a promising starting point for instrumenting the futuseitrino telescope project
KM3NeT [29/30] with acoustic sensors for position caliiwmatand science pur-
poses.
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