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Abstract

The AMADEUS system described in this article is integrateid the ANTARES neu-
trino telescope in the Mediterranean Sea and aims at thetigaéion of techniques for
acoustic detection of neutrinos in the deep sea. Installetiater depths between 2000
and 2400 m, its acoustic sensors employ piezo-electricazigsrior the broad-band record-
ing of signals with frequencies ranging up to 125 kHz withi¢gb sensitivities around
—145dBre. 1V{iPa (including preamplifier). Completed in May 2008, AMADEdén-
sists of six “acoustic clusters”, each comprising six adousensors that are arranged at
distances of roughly 1 m from each other. Three acoustiderisi®ach are installed along
two vertical mechanical structures (so-called lines) ef ANTARES detector at a horizon-
tal distance of 240 m. Vertical spacings within a line ranget15 m to 125 m. Each cluster
contains custom-designed electronics boards to amplidydagitise the acoustic data from
the sensors. The data transmission to shore is done viabfities, using the TCP/IP pro-
tocol. An on-shore computer cluster, currently consisthfpur dedicated servers, is used
to process, filter and store the selected data. The dailyn®lof recorded data is about 10
— 20 GByte. The system is operating continuously and auioailyt requiring only little
human intervention. AMADEUS allows for extensive studiébath transient signals and
ambient noise in the deep sea as well as signal correlatiorseweral length scales and
localisation of acoustic point sources. Thus the systenxdelkently suited to assess the
background conditions that affect the measurement of dipgmilses expected to originate
from neutrino interactions. This in turn allows for feastlistudies of a future large-scale
acoustic neutrino telescope in the Mediterranean Sea.

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

The use of acoustic pressure pulses is a promising approadhe detection of
cosmic neutrinos with energies exceeding 100 PeV in hugemwader acoustic ar-
rays. The pressure signals are produced by the particladasc¢hat evolve when
a neutrino interacts with a nucleus in the water. This enégposition leads to a

* Corresponding author

Email addressr obert . | ahmann@hysi k. uni - er | angen. de (R. Lahmann).
1 Also at University of Leiden, the Netherlands
2 On leave at DESY, Platanenallee 6, D-15738 Zeuthen, Germany
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local heating of the medium which can be regarded as instaates with respect
to the hydrodynamic time scale. According to the thermadatio model [1,2], the
medium expands or contracts according to its volume exparmsiefficient as a re-
sult of the temperature change. The accelerated motioredfeéhted volume forms
a pressure pulse of bipolar shape in time—a micro-explesihich propagates
in the surrounding medium. The pulse has a characteristipigncy spectrum that
is expected to peak around 10 kHz after propagating severalreds of metres in
sea water in the direction perpendicular to the shower &dH.[Besides sea water,
which is the medium under investigation in the case of the ANFAJS® project,
ice [5] and fresh water [6] are investigated as media for atouletection of neu-
trinos. Studies in sea water are also pursued by other gnasipg military arrays
of underwater microphones (hydrophones) [7,8] or expigitther existing deep
sea infrastructures [9].

Two major advantages over an optical neutrino telescopeeraaiustic detection
worth studying. First, the attenuation length in sea watesfithe order of 5km
(1 km) for 10 kHz (20 kHz) signals. This is one to two orders afgnitude larger
than for Cherenkov light in the relevant frequency banceatation length of the
order of 60 m for blue light). Thus the sensor spacings in aal future large-
scale acoustic detector are not governed by the attenuatigith but instead by
the prerequisites set forth by the reconstruction requergsfor neutrino events.
The second advantage is the much simpler sensor design atholuteslectronics
for acoustic measurements: No high voltage is required @anadoustic signals the
time scales are in thgs range, where suitable off-the-shelf electronics is tgadi
available, compared to the ns range for optical signals allows the online imple-
mentation of advanced signal processing techniques. &ttidiata filters are essen-
tial, as the signal amplitude is relatively small comparethe acoustic background
in the sea, which complicates the unambiguous determmafithe signal. Since
the sound velocity is small compared to the speed of light, coincidence windows
between two separated sensors are correspondingly lasge. liigh background
rate, this can render the reconstruction of signals diffimuimpossible if the sen-
sor spacings are too large. To overcome this problem, whillkeasame time not
sacrificing the advantages given by the large attenuatiogtie AMADEUS uses
the concept of several spatially separdtazil clusters This is described in Sec. 2.

The AMADEUS project was conceived to perform a feasibiliiydy for a poten-

tial future large scale acoustic detector. The projectreddehe ANTARES detec-
tor [10,11] with a dedicated array of acoustic sensors.érctintext of AMADEUS

the following aims are being pursued:

e Long-term background investigations (rate of neutrilka-Isignals, spatial and

3 ANTARES Modules for the Acoustic Detection Under the Sea.
4 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 locatfeiMADEUS is 1500 m/s.
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temporal distributions of sources, levels of ambient nNpise

Investigation of correlations for transient signals anddersistent background
on different length scales;

Development and tests of filter and reconstruction algorith

Investigation of different types of acoustic sensors amsisg methods;
Studies of hybrid (acoustic and optical) detection methods

Especially the rate and correlation length of neutrin@-lé&coustic background
events, in particular at the ANTARES site, is not known bua igrerequisite for
estimating the sensitivity of such a detector.

In this paper, the AMADEUS system within the ANTARES deteatodescribed.

In Sec. 2, an overview of the system is given, with particibaus on its integra-

tion into the ANTARES detector. In Sec. 3, the system comptsare described
and in Sec. 4, the system performance discussed. The atrstictfeatures of

the AMADEUS system are mainly determined by two componenhtg acoustic

sensors and the custom-designed electronics board, whrébrms the off-shore

processing of the analogue data from the acoustic sendoesefwo components
are discussed in detail in Sections 3.1 and 3.4.

2 Overview of the AMADEUS System

2.1 AMADEUS as part of the ANTARES detector

AMADEUS is integrated into the ANTARES neutrino telescop@][in the Mediter-
ranean Sea, which was designed to reconstruct the tracks@dbing muons orig-
inating from neutrino interactions by detecting the Chiwerlight induced by the
passage of relativistic charged particles. The ANTARE®detr was completed
in May, 2008, by the installation of the last components. Atek of the detector,
with the AMADEUS modules highlighted, is shown in Fig. 1. Tihetector is lo-
cated at a water depth of about 2500 m, about 40 km south obwredf Toulon on
the French Mediterranean coast. It comprises 12 verticattsires, theédetection
Lines plus a 13th line, callethstrumentation Line (IL)equipped with instruments
for monitoring the environment. Each detection line hol8sstbreysthat are ar-
ranged at equal distances of 14.5m along the line, startiag altitude of about
100 m above the sea bed and interlinked by electro-mecHaoptigal cables. A
standard storey consists of a titanium support structuldjig threeOptical Mod-
ules[12] (photomultiplier tubes (PMTS) inside water-tight pseire-resistant glass
spheres) and onkeocal Control Module (LCM)The LCM contains the off-shore
electronics and a power supply within a cylindrical titamioontainer (cf. Sec. 3.3).
The IL holds six storeys, all of which are non-standard. Tedigal distance be-
tween consecutive storeys is increased to 80 m for two péaissooeys in the IL.
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Each line is fixed on the sea floor by an anchor equipped witttreleics and held
vertically by an immersed buoy. An interlink cable connezsh line to thelunc-

tion Boxfrom where the main electro-optical cable provides the ectian to the
shore station.

The ANTARES lines are free to swing and rotate in the undecsegents. In or-
der to determine the positions of the storey with a precisibabout 20 cm—as
required to achieve the specified pointing precision of netmicted muon tracks—
the detector is equipped with an acoustic positioning sy$ie3]. The system em-
ploys an acoustic transceiver at the anchor of each line prid four autonomous
transponders positioned around the 13 lines. Along eacdtctien line, five po-
sitioning hydrophones receive the signals of the emit@&ysperforming multiple
time delay measurements and using these to triangulatedhedual hydrophones,
the line shapes can be reconstructed relative to the pasitibthe emitters. Cur-
rently, the sequence of signal emissions required for tk&ipaing is emitted every
2 minutes.

In AMADEUS, acoustic sensing is integrated in formAafoustic Storeyshich are
modified versions of standard ANTARES storeys, replacirg@Ms by custom-
designed acoustic sensors and using dedicated electfonitte digitisation and
preprocessing of the analogue signals.

Acoustic Storey
(Pointing Down)

Acoustic Storey
(Standard)

~480m

=== = b
i H 4
—= H <
S :
Junction Box || A [ TA TSA7 Z180m
Cable to shore

Anchor
~180m

Figure 1. A sketch of the ANTARES detector. The six Acoustiar8ys are highlighted and
their three different setups are shown. L12 and IL denote [id and the Instrumentation
Line, respectively.

The AMADEUS system comprises a total of six Acoustic Stor&ywee on the
IL, which started data taking when the connection to shoréheflL was made
in December 2007; and three on Line 12 which were connectathdce during
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the completion of the ANTARES detector in May 2008. AMADE USniow fully
functional and routinely taking data with 34 sensors

The Acoustic Storeys on the IL are located at 180 m, 195 m, &dBabove the

sea floor. On Line 12, which is anchored at a horizontal destaof about 240 m

from the IL, the Acoustic Storeys are positioned at height38D m, 395m, and

410 m above the sea floor. With this setup, the maximum dist&etween two

Acoustic Storeys is 340 m. AMADEUS hence covers three lesgétes: spacings
of the order of 1 m between sensors within a storey formingiatel; intermediate

distances of about 15 m between adjacent Acoustic Stordfigwa line; and large

scales from about 100 m vertical distance on the IL up to 34@twéen storeys on
different lines. The sensors within a cluster allow for geging and for direction

reconstruction; the directional reconstruction fromeliéint Acoustic Storeys can
then be combined for the position reconstruction of acowssturces [14]. The sys-
tem has full detection capabilities—including time syrartisation and a continu-
ously operating system for long-term data acquisition—iargtalable to a larger
number of Acoustic Storeys.

2.2 Acoustic Storeys

Two types of sensing devices are used in AMADEUS: hydropk@melAcoustic
Modules(AMs). The sensors are in both cases based on the piezoieleifect

and are discussed in Sec. 3.1. Figure 2 shows the design ahdast Acoustic
Storey with hydrophones.

The three Acoustic Storeys on the IL house hydrophones aihgreas the lower-
most Acoustic Storey of Line 12 holds AMs (cf. Fig. 3(a)). hetcentral Acoustic
Storey of Line 12, the hydrophones were exceptionally medind point down-
wards (cf. Fig. 3(b)), largely reducing the upwardly semsit This allows for in-
vestigating the directionality of background from ambieaise, which is expected
to come mainly from the sea surface.

Three of the five storeys holding hydrophones are equipp#dasimmercial mod-
els, dubbed “HTI hydrophonés, and the other two with hydrophones developed
and produced at the Erlangen Centre for Astroparticle Rey&CAP), described
in detail in Sec. 3.1.

> Two out of 36 hydrophones became inoperational during titialideployment. No fur-
ther deterioration of the performance has been observed Hien.
6 Custom produced by High Tech Inc (HTI) in Gulfport, MS (USA).
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& Support Frame
(OMF)
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Hydrophone Support

Electronics
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(b)

Figure 2. (a) Drawing of a standard Acoustic Storey with lopthones; (b) photograph of a
standard storey during deployment (central Acoustic $torethe Instrumentation Line).

Figure 3. Photographs of the two non-standard storeys cAMADEUS system during
their deployment: (a) The lower-maost Acoustic Storey onel 12 equipped with Acoustic
Modules; (b) the central Acoustic Storey on Line 12 with tlyedophones pointing down.

1a 2.3 Design Principles

15 A fundamental design guideline for the AMADEUS system haatie use existing
13s  ANTARES hard- and software as much as possible. In this wayl#sign efforts
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were kept to a minimum and new quality assurance and contakores had to be
introduced only for the additional components, which warejected to an inten-

sive testing procedure. The high water pressure of up to a6@rd the salinity of

the water constitute a hostile environment that imposesgtrequirements on the
material of the detector.

In order to integrate the AMADEUS system into the ANTARESet®br, design
and development efforts in the following basic areas weoessary:

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

e The development of an off-shore acoustic digitisation amgppcessing 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 ohdegnsmission to
shore. Furthermore, the length of the hydrophone suppdit&ig. 2) was chosen
to not exceed the diameter of the spheres of the Optical Msdblence assuring
compatibility with the deployment procedure of the ANTARHEES.

2.4 The AMADEUS-0 Test Apparatus

In March 2005, a full-scale mechanical prototype line far &’NTARES detector
was deployed and subsequently recovered [15] for leakateste titanium LCM
containers and investigating the behaviour of the interest electro-optical cable
and its connectors under pressure. This line, dullisel0, contained no photomul-
tipliers and no readout electronics. Instead, a miniatutereomous data logging
system and shore-based optical time-domain reflectomedrg wsed to record the
status of the setup.

Line O provided a well-suited environment to study the prapse of the acoustic
sensors in-situ at a time when the readout electronics foARMUS was still in

the planning phase and the piezo-preamplifier setup in tegughase. For this
purpose, an autonomous system within a standard LCM cartaive AMADEUS-

0 device, was integrated into Line 0. It recorded acoustisenat the ANTARES
site using five piezo sensors with custom-designed preéierpliglued to the inside
of the LCM container. A battery-powered readout and datgilog system was
devised and implemented using commercially available aorapts. The system
was further equipped with a timing mechanism to record dega two pre-defined
periods: The first one lasted for about 10 hours and includeddeployment of
the line. During this period, a total of 2:45 hours of dataeveaken over several

10
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intervals. In the second period, with the line installedlomdea floor, 1:45 hours of
data were taken over a period of 3:30 hours until the battewep was exhausted.

The analysis of the data [16] provided valuable informafimnthe design of the
AMADEUS system. In particular, the level of the recordedsaallowed for tuning
the sensitivity and frequency response of the preampliiecs amplifiers of the
AMADEUS system.

3 System Components
3.1 The Acoustic Sensors

The fundamental components of both the hydrophones and¢hastic Modules

are piezo-electrical ceramics, converting pressure wianes/oltage signals [17],
and preamplifiers. A schematic view of an ECAP hydrophonéve in Fig. 4.

For these hydrophonégswo-stage preamplifiers were used: Adapted to the capaci-
tive nature of the piezo elements and the low induced va#iabe first preamplifier
stage is charge integrating while the second one is ampgjfthe output voltage of
the first stage. The shape of the ceramics is that of a holldwdzsyr.

Due to hardware constraints of the electronics contaiherphly voltage available
for the operation of the hydrophone preamplifiers was 6.@\érber to minimise
electronic noise, the hydrophone preamplifiers was dedifprehat voltage rather
than employing DC/DC converters to obtain the 12.0 V suppbyarypically used.

The piezo elements and preamplifiers of the hydrophonescated in polymer
plastics. Plastic endcaps prevent the material from pgunto the hollow part of
the piezo cylinder during the moulding procedure. All hygliones have a diameter
of 38 mm and a length (from the cable junction to the opposiw) @f 102 mm.
The hydrophones produced at ECAP were designed to matclntiemsions of the
sensors ordered from HTI.

The equivalentinherent noise level in the frequency ramga L 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 reiskin the same
frequency band for a completely calm sea [18].

At the ANTARES site, the hydrophones are subject to an eatgmessure of 200 —
240 bar. Prior to deployment, each hydrophone was pres$ssted in accordance

" 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 4. Schematic view of an ECAP hydrophone. Piezo andnppéfier are moulded
into polyurethane (PU).

with ANTARES rules, i.e. the pressure was ramped up to 310aba2 bar per
minute, held there for two hours and then ramped down agdi bar per minute.

For the AMs, the same preamplifiers are used as for the ECARplidnes. The
piezo elements have the same outer dimensions but in the shagsolid cylinder.
Two sensors are glued to the inside of each of the spheresaligrased for the
Optical Modules of the ANTARES detector. This design wapirexd by the idea
to investigate an option for acoustic sensing that can bebowed with a PMT
in the same housing. In order to assure an optimal acoustipliog, the space
between the curved sphere and the flat end of the piezo sefrtberAM was filled

with epoxy. A photograph of an Acoustic Module and a schetrdrawing of the
sensors glued to the inside of the glass sphere are showg.ib.Fi

connector

pre—amplifier coaxial cables

copper shield

piezo disc

(b)

Figure 5. (a) Photograph of an Acoustic Module (AM) beforgldgment; (b) schematic
drawing of an AM sensor.

In order to obtain a completer2coverage of the azimuthal angle the 6 sensors
are distributed over the three AMs of the storey within thenel defined by the
three nominal centres of the spheres. The two sensors insphehe are separated
by an angle of 60with respect to the centre of the sphere. The sphere has an out
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Figure 6. Typical sensitivity of an HTI hydrophone as a fimctof frequency for different
polar angles.

All sensors are tuned to have a low noise level and to be sensiter the frequency
range from 1 to 50 kHz with a typical sensitivity arourd 45 dB re. 1V/iPa (in-
cluding preamplifier). The sensitivity of one of the commairdiydrophones is
shown in Fig. 6 as a function of frequency for different padagles [19]. For fre-
guencies below 50 kHz, the sensitivity decreases once tlae aogle approaches
180, which defines the direction at which the cable is attacheadegdydrophone.
The beginning of this trend can be seen for the polar angl&@f. 1

The sensitivity as a function of the azimuthal angle for aegifrequency is es-
sentially flat at the 3dB level. The sensitivity as a functairsolid angle and fre-
guency shows no significant deviations between differenttytrophones in the
frequency range from 10 to 50 kHz. The variations for the bptiones produced
at ECAP are larger, at a level of 3 -4 dB.
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3.2 Cables

Each acoustic sensor requires a total of four leads for iddal power supply and
differential signal readout. In order to connect two hydropes to one of the three
connectors in the electronics container, spefaabut cablesvere produced (cf.
Fig. 2). For the connection to the SubCdnnonnector sockets of the electronics
container, the same mating connector plugs as for the OMs$h—+edefined pin
assignments—were used.

At the other end of the cable, a bulkhead connector AWQ-4f2Zhe ALL-WET
split series by Seacdnwas moulded. Each bulkhead connector fans out into six
wedge-shaped sectors, into two of which the mating 4-pimeotors, moulded to

a neoprene cable with the hydrophone, are inserted. Theingmgdour sectors

of the bulkhead connector are sealed with blind plugs. Alfdrfout cables used
within AMADEUS are functioning as expected.

The standard cables used in the ANTARES detector betweesleb&onics con-
tainer and the OMs are also used to connect the AMs to the LQNItvé pinning
redefined to match that for the hydrophones. The LCMs intedriato storeys with
AMs and with hydrophones are equivalent.

3.3 Off-Shore Electronics

In the ANTARES data acquisition (DAQ) scheme [20], the dggition is done
within the off-shore electronics container (cf. Sec. 2)clERCM contains a back-
plane that is equipped with the connectors for the eleatsooards and provides
power and data lines to and from the connectors. A standah td€ processing
the data from PMTs contains the following electronics beard

e ThreeARS motherboardsomprising two Analogue Ring Sampler (ARS) ASICs
each for conditioning and digitisation of the analogue diaten the PMTs [21];

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

e A Clock boardthat provides the timing signals to correlate measurenyagts
formed in different storeys (cf. Sec. 3.6).

e A Compass boarthat measures the tilt and the orientation of the storey.

The transmission of data to shore is done through Master LGMEMs) which—
in addition to the components of an LCM described above—aiordn Ethernet

8 MacArtney Underwater Technology group, http://www.suticgom.
9 Seacon (Europe) LTD, Great Yarmouth, Norfolk, UK. Seacmo ahanufactured the
fanout cables.
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Switch and additional boards for handling incoming and ourg fibre-based op-
tical data transmission. Up to five storeys form a sectorwfoich the individual
LCMs transmit the data to the MLCM.

For the digitisation of the acoustic signals and for feediregn into the ANTARES
data stream, thAcouADC boardvas designed. They are pin-compatible with the
ARS motherboards and replace those in the Acoustic StoFegsre 7 shows the
fully equipped LCM of an Acoustic Storey.

—
{

=l -
@ ._'

Figure 7. An LCM equipped with AcouADC boards before ingertinto its titanium
housing. From left to right, the following boards are ingdl a Compass board; three
AcouADC boards; a DAQ board; a Clock board.

3.4 The AcouADC Board

The AcouADC board has the following major tasks:

e Preprocessing of the analogue data for the digitisatiopéutance matching,
application of an anti-alias filter, selectable gain adpestt) for two acoustic
sSensors;

¢ Digitisation of the analogue data and preparation of théideyl data stream for
the serial transmission to the DAQ-board;

¢ Provision of two stable low-noise voltage lines (6V) for fh@ver supply of two
hydrophones;

e Provision of an interface to the on-shore control softwarset the run parame-
ters (cf. Sec. 3.5).

A photograph and a block diagram of an AcouADC board are showigs. 8 and
9, respectively. The board consists of an analogue and tadpgrt. Each board
processes the differential voltage signals from two agossinsors, referred to as
“Sig 0” and “Sig 1” in the diagram. The two signals are proegssdependently
and in parallel for the complete (analogue and digital) gateessing chain.
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A main design criterion for the board was low noise, suchéfiah for a completely
calm sea no significant contribution to the recorded noipeadioriginates from the
electronics of the board. To protect the analogue parts frotantial electromag-
netic interference, they are shielded by metal coverssT@sthe electromagnetic
compatibility (EMC) of the board have shown that this desgyvulnerable to elec-
tromagnetic noise only for conditions that are far more vodgable than those
expected in situ; and even then only at a level that does goifgiantly affect the

acoustic measurements [18].

The two 6V power supply lines on each AcouADC board (connsdabeled “Pow
0” and “Pow 1" in Fig. 9) are protected by resettable fusesragahort cicuits that
could be produced by the sensors due to water ingress. Iti@ddeach voltage
line can be individually switched on or off.

=

135 mm

Figure 8. An AcouADC board. The four connectors for the twitedéntial input signals are
located at the top, the analogue signal processing elécsriscovered by metal shields.
The two 6V power connectors are located to the left and rigttieshields.

3.4.1 Analogue Part

In the analogue part each signal is amplified in two stages.fifét stage applies
a coarse gain with nominal amplification factors of 1, 10 00.10is implemented

as a differential amplifier with single-ended output, refezed to 2.5V. The gain
factor 1 is used to record dedicated runs of signals withgelamplitude (e.g. from
the emitters of the ANTARES acoustic positioning system $efc. 2.1)), whereas
the factor of 100 is a safety feature in case the sensitivittyeohydrophones should
drop significantly due to the long-term exposure to the higdsgure.

The second amplification stage, the fine gain, is intendedljasathe gains of
different types of hydrophones. It is a non-inverting arfiqdition with single ended
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Figure 9. Block diagram of the AcouADC board. The flow of thalague sensor signals is
indicated by thin arrows, hatched arrows denote the floweftibitised data further down-

stream. General communication connections are shown dedlaarows; some signals are
denoted by their names. The components relevant for thermmwpply of the hydrophones

are shown in the left part. Voltage supply lines are indiddig thick lines. Connectors are
indicated as squares with inlaying circles.

output and a reference voltage of 2.5V. Gain factors of 11008, 3.16, and 5.62
(corresponding to 0O, 5, 10, and 15 dB, respectively) arectdde by switching
between four appropriate resistors in the feedback loopebperational amplifier.
Combining the two stages, the gain can be set to one of 12r§albtgween 1 and
562. The standard setting is an overall gain factor of 10.

After amplification in the two stages described above, tgaaliis coupled into a
linear-phase 10th-order anti-alias filter with a root-egdisosine amplitude response
and a 3dB point af..,¢ = 128 kHZ!?. In low-power mode, the filter output has
a typical maximal point-to-point amplitude of 3.9 V. The put is referenced to
2.0V and fed into the analogue-to-digital converter (AD&gcordingly, the ADC
reference voltage is set to 2.0V, implying that the digitatput of zero corresponds
to this analogue value, with an input range from 0.0 to 4.0 V.

The three analogue stages (coarse and fine amplificationrandlias filtering)
and the ADC are decoupled by appropriate capacitors. Hunthre, several RCL

10 Filter LTC1569-7 from Linear Technology.
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elements within the analogue signal chain form an additibaad pass filter: A
high-pass filter with a 3dB point of about 4 kHz cuts into thaling edge of the
low-frequency noise of the deep-sea acoustic backgrouBdd@d thus protects
the system from saturation. Additional RCL elements foigassive filters were
implemented to comply with the input requirements of actieenponents of the
circuitry.

3.4.2 Digital Part

The digital part of the AcouADC board digitises and procedbe acoustic data.

It is highly flexible due to the use of a micro controller@)!' and a field pro-
grammable gate array (FPGX) as data processor. T can be controlled with
the on-shore control software and is used to adjust settihipe analogue part and
the data processing. Furthermore, tt{& can be used to update the firmware of the
FPGA in situ. All communication with the shore is done by {i@ via the DAQ
board. For laboratory operation, JTAG connectors to adbesBEPGA uC, and the
flash memory are provided. The latter stores the firmwareeidadto the FPGA
when it is reset. In-situ, the reset is asserted fromiiBeIf a firmware update is
performed, the.C first loads the code from the shore into the random access mem
ory (RAM). Only when the integrity of the code has been condidnby means of

a checksum, the code is transmitted into the flash memoryderdo avoid the
potential risk that a software error renders the inaccessible, its boot ROM can
only be changed in the laboratory.

The digitisation is done at 500 kSps (kSamples per secondybyl6-bit ADC'3
for each of the two input channels. The digitised data froet¥o channels is read
out in parallel by the FPGA and further formatted for trarssion to the DAQ
board.

ADCs do commonly show relatively high deviations from a &nbehaviour near
the zero point of their digital range. The size of this efféepends 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 peak of the noise distribution away from digital value of
zero.

In standard mode, the sampling rate is reduced to 250 kSgeifFRPGA, corre-
sponding to a downsampling by a factor of 2 (DS2). Hence #xguency spectrum
of interest from 1 to 100 kHz is fully contained in the datari@uatly implemented
is a choice between DS1 (i.e. no downsampling), DS2, and @8ith can be set

' STR710 from STMicroelectronics.
12 Spartan-3 XC3S200 from XilinX.
13 ADS8323 successive approximation ADC from Analog Devices.
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from the shore. Each downsampling factor requires an adajigétal anti-alias fil-
ter that is implemented in the FPGA as finite impulse resp@RHE®) filter with a
length of 128 data points.

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 eaaindband a physically
motivated parameterisation of the function was derived. [E&. 10 shows the fre-
guency response of the AcouADC board. The measurement weshjofeeding
Gaussian white noise into the system and analysing theatimitput recorded by
the board. Without downsampling (DS1), the rolloff at highduencies is gov-
erned by the analogue anti-alias filter. For DS2 and DS4, igigatFIR filters are
responsible for the behaviour at high frequencies. At leqgtrencies, the effect of
the high-pass filter described above can be seen. Fig. 10sstusthermore that
within each passband, the filter response is essentiallyTiteg comparison of the
recorded data with the parameterisation shows excelleatatent.

PSD of Gaussian Noise |
\\\‘T_!_!-r!_!'\\\\\\\‘\\\\\\\\\\\\

\

N [ ‘ DS1

E L - DS2

< — DS4
C-GO \ \

>

1)

S ]
O-70 1

D -

< ]
~1-80 1

8 \ H ]

S |

o [ ]
U 1 .
0.100 x10°

020 40 60 80 100120140 160180200220 240
Frequency (Hz)
Figure 10. The filter response, characterised as powerrapdensity (PSD) as a function

of the frequency, measured for the three different downsiampactors. For each of the
three measurements, the parameterisation is shown askdihkc

Fig. 11 shows a comparison of the measured and calculatpdes to a bipolar
input pulse as it would be expected from a neutrino showeS@t. 1). The digital
FIR filter would introduce an additional time offset of 128 of the digitised data
for downsampling factors 2 and 4.

The ADCs of the AcouADC board were investigated in detaill [F®r each indi-
vidual ADC, the transfer curve from input voltage to leagngficant bits (LSBs)*

14 The LSB is commonly used to denote one ADC count; the fullesdaital range for a
16-bit ADC is therefore 65535 LSB.
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Figure 11. The response of an AcouADC board to a bipolar ipolge. Shown are the
measured signal and the signal calculated from the paragerteresponse function. The
measured signal was obtained with an oscilloscope at the ofthe ADC. The measure-
ment was done for a nominal gain factor of 1.

was measured and distortions from the ideal linear behagantified in terms of
the differential nonlinearity (DNL) and integral nonlirrég (INL).

The spurious-free dynamic range (SFDR) of an ADC is definethasstrength
ratio of the fundamental signal to the strongest spuriogsaiin the output and
is a measure of the dynamic range of the ADC. Using a sinukwoigat signal,

the average SFDR of the ADCs of all boards in AMADEUS was messto be

(59.9+ 1.1) dB, meaning that harmonics of the sine wave distortiegsignal are
suppressed by 3 orders of magnitude in the amplitude. Hermbeaa determina-
tion of the frequency even for saturated signals—for whyghdally the harmonic
components are enhanced—is possible.

Each individual gain factor for each channel was calibratedithe correction factor
for gain 1 was measured to be 029%.01. Deviations with respect to this value for
the 11 other settings were found to be largest with a levelboua 10% for the
coarse gain of 100 with no significant dependence on the fimefgetor.

The inherent noise of the electronics (output for open gigmmut) and the cross
talk (output for open signal 0 or 1, when the other input isveth a signal) were
confirmed to be negligible in comparison with the charast®s$ of the acoustic
sensors.

3.5 Slow Control System

The ANTARES Slow Control (SC) system has two main tasks:dtjates the off-
shore components with initialisation and configuratiorepagters and it regularly
monitors whether the operational parameters are withispeeified range. In ad-
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dition, the readout of some instruments for environmentahioring [23] (which
is done at intervals of a few minutes) is polled and sent tijindhe SC interface.

For the AMADEUS system, the following parameters can berset the shore via
the SC system for each acoustic channel individually: oriofalues for the gain;
downsampling factor of 1, 2, or 4 (or no data transmissiomfithe AcouADC
board); the power supply for the acoustic sensor can belssdton or off; and the
reference voltage of the analogue signal fed into the ADCoesswitched between
20Vand 1.0V,

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 syaterstored in

one Oracl® database, hosted at the IN2P3computing centre at Lyon, that is
centrally used for all needs of ANTARES and AMADEUS.

3.6 Data Acquisition and Clock System

AMADEUS follows the same “all data to shore” strategy [20]tae ANTARES
neutrino telescope, i.e. all digitised data are transohitbeshore via optical fibres,
using the TCP/IP protocol. The data stream from the send€) Ddard is tagged
with the IP address of the receiving on-shore server. In ti@RES control room,
the data arrive at a Gigabit switch in exactly the same fash®the data from the
PMTs. At the switch the acoustic data are separated fromgtiead data and routed
to the acoustic server cluster based on the transmitteddfessl

The ANTARES clock system operates separately from the DASesy, using a
different set of optical fibres to synchronise data fromedight storeys. The system
provides a highly stable 20 MHz synchronisation signaliegponding to a resolu-
tion of 50 ns'® , which is generated by a custom-designed system at the AIEBAR
control room. The synchronisation of this internal clockiwthe UTC time of the
GPS system is established with a precision of 100 ns.

The synchronisation signal is broadcasted to the off-shimek boards and from
there transmitted further to the FPGA of the AcouADC boards&l on this sig-
nal, the data packages sent from the AcouADC board to sharthgiDAQ board
receive a time stamp which allows an offline correlation ef data from different
storeys. The 50 ns resolution of the time stamp correspandsesolution of less
than 0.1 mm of a sound wave travelling at 1500 m/s in water vfac exceeds the

15 |Institut National de Physique Nucléaire et de PhysiqueRdeticules (France).

16 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
motherboards.
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required precision. Differences in the signal transit srbetween the shore station
and the individual storeys are of the order qisland are small enough that they
do not need to be corrected for.

3.7 On-Shore Data Processing and Run Control

The AMADEUS system is operated with a dedicated run contfihsare that was
adapted from the standard ANTARES software caleohControl[20]. The latter
is a program with a graphical user interface to control arelaje the experiment.
It is Java-based and reads the configuration of the indiVidaal- and software
components from the ANTARES database, allowing for an edsyt#on to the
AMADEUS system. Via the database, the RunControl allowsdifining differ-
ent detector setups which may vary in the specified run paeaser may have
individual storeys removed in case of hardware problensthe clock system the
absolute time of the run start is logged in the database \wghaforementioned
precision of 100 ns. Events recorded during the run then hawaing precision
of 50 ns with respect to the start of the run. The end of a ruerashed if either a
predefined size or duration of the recorded data has beehe@din 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 in root format [24k typical length
ofarunis 2 to 5 hours.

Even though the DAQ system was not designed to operate reuRipnControl
programs in parallel, the system proved flexible enough taleathis situation
without interference between the runs of AMADEUS and of ti¢TARES neu-
trino telescope.

For the computing requirements of AMADEUS, a dedicated loors computer
cluster was installed. It currently consists of four sesyef which two are used for
data triggering” (2 HP ProLiant DL380 G5 with 2dual core 3 GHz Intel Xeon
5160 and Xquad core 3 GHz Intel Xeon 5450 processors, respectiveBnce, a
total of 12 cores are available to process the data receaigatthe ANTARES GBit
switch. One of the remaining two servers is used to write #ta tb an internal 550
GByte disk, while the other server is used to operate the RotrGl software and
miscellaneous other processes. The latter server alsalpsoremote 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 15 GB/day for storage. Currently, thiigger schemes are in
operation [25]: A minimum bias trigger which record€l0 s of continuous data

17 While this functionality might be more commonly referred de filter system, it is
ANTARES convention to refer to the “on-shore trigger”.
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every 60 min; a threshold trigger which is activated whendilgeal exceeds a pre-
defined amplitude; and a pulse shape recognition triggertie latter, a cross
correlation of the signal with a predefined bipolar signaltas expected to be
recorded for a neutrino shower, is performed. The triggeddmn is met if the
output of the cross correlation operation exceeds a prestethreshold. This trig-
ger corresponds to a matched filter for a white noise backgrou

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 ratio tiigpger thresholds are
freely adjustable. If one of these two trigger conditionsnist, an additional trig-
ger condition is imposed, which requires coincidences afeggfined number of
acoustic sensors on each storey. The coincidence windoxeis fo the length of
about 105 ms of &#ame i.e. the structure in which data are buffered off-shore by
the DAQ-board before being sent to shore [20]. Currently,dbincidence trigger
requires that the threshold or pulse shape recognitiogdrigonditions have been
met for at least four out of six sensors.

For reasons stemming from the fact that the ANTARES DAQ systas designed
to comply with the nanosecond time scales of an optical meutelescope, the
coincidence window is not implemented as a sliding window giarts at fixed
intervals with respect to the run start. However, given tiseatices of typically 1 m
between sensors within one storey, time delays betweealsiffjom a given source
are always less then 1 ms. Therefore the number of sourceghich the signals
extend over two frames, and hence the coincidence trigggmmoicbe activated, is
small. The coincidence trigger can be optionally extendeetiuire coincidences
between different storeys on the same line. With distanetsd®en storeys ranging
from about 10m to 100m (and delays therefore reaching therarti10 ms to
100 ms) the coincidence window in this case suppresseslsignginating from
above or below. This trigger level is currently not enabled.

Once the coincidence trigger has fired, the data within a tiimelow are stored.
First, a window of 2.56 ms (corresponding to 640 data samgliels sampling
time) is defined around the point in time when the trigger @dooriwas met. Then
adjacent or overlapping windows are merged. Consequetdty are stored for
each sensor within time windows with a length ranging fros62ns to~105 ms.

The triggers of the AMADEUS system and the main ANTARES agitieeutrino
telescope are working completely independently. Hencesélaech for potentially
correlated signals does rely on offline analyses.

All components of the AMADEUS system are scalable which rsakeery flex-
ible. Additional servers can be added or the existing onaseareplaced by new
generation models if more sophisticated trigger algor#tfame to be implemented.
In principle it is also possible to move parts of the trigglgioaithm into the FPGA
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of the AcouADC board, thereby implementing an off-shorgger which reduces
the size of the data stream sent to shore.

Just like the ANTARES neutrino telescope, AMADEUS can betaidled via the
Internet and is currently operated from ECAP. Data are aedntstored and are
available remotely as well.

4 System Performance

AMADEUS is continuously operating and taking data with oalfew interventions
by the RunControl operator per week. The on-time of eachasassabout 75 to

80% and is defined as the ratio between the time over whichethgos is taking

data and the active time of that sensor. Not active were drdgéd times during
which the power or data transmission to shore was interduhtie to problems that
required a sea operation for maintenance.

The concept of local clusters (i.e. the storeys) is very ieffiicfor fast online pro-

cessing. By requiring coincident signals from at least f@emsors within a storey,
the rate of the cross correlation trigger is reduced by afaaftmore than 20 with

respect to the rate of a single sensor when using the sanshtids.

The parallel operation of two separate RunControl prograim&MADEUS and

the main ANTARES neutrino telescope has proven to be vergesstul. No in-
terference between the two programs has been observed thhilevo systems
can optimise their detection efficiency and respond to piatieproblems almost
independently. At the same time, both systems profit in theesiashion from de-
velopments and improvements of the RunControl.

The stability of the system is excellent. This was verifiembipto deployment as
well as in-situ. It was quantified by observing the mean ofaimbient noise distri-
bution as a function of time. In-situ, the 10 s of continuoatadecorded every hour
with the minimum bias trigger were used for the measurenidre worst observed
RMS variation of this value for the first year of operationasd than 2 105 of
the full range (65535 LSB or 4.0V).

Studies of the power spectral density of the ambient noiskeaANTARES site
have been performed using the minimum bias trigger data.|dest level of
recorded noise in situ was confirmed to be consistent witlmtii@sic noise of the
system recorded in the laboratory prior to deployment (. E2). The observed
in-situ noise can be seen to go below the noise level measurde laboratory
for frequencies exceeding 35 kHz. This is due to electronisencoupling into the
system in the laboratory that is absent in the deep sea. Abaveame frequency,
the intrinsic electronic noise starts to dominate over tleamambient noise. This
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frequency consequently constitutes an upper bound forestiodithe ambient noise
in the deep sea with AMADEUS.
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Figure 12. Power spectral density (PSD) of the ambient neiserded with one sensor on
the topmost storey of the IL. Shown in shades of grey is theiwence rate in arbitrary
units, where dark colours indicate higher occurence r&kswn as a white dotted line is
the mean value of the in-situ PSD and as a black solid line dieerdevel recorded in the
laboratory prior to deployment.

Using the same minimum bias data, a further demonstratinorbeadone that the
recorded data are indeed representative of the ambientticosdand not deter-
mined by the intrinsic noise of the system: the noise leviets the RMS of the

signal amplitudes in each 10 s sample) recorded at the sareentith any two ac-

tive sensors are highly correlated with correlation comfits between 93% and
100%.

The AMADEUS cross correlation trigger selects signals fdvick the signal to
noise ratio exceeds a value of about 2 for a bipolar signairdsx with a single
acoustic sensor. Assuming a noise level of 10 mPa for thauémey range of 1
to 100 kHz, which represents the scale for a combination @ktjuivalent intrin-
sic sensor noise and the lowest ambient noise for a calm lseaotresponding
recorded pressure signal would be emitted from a 2 EeV cadoa@ neutrino in-
teraction at a distance of 200 m [3]. Using a cross correlatigger with a signal
shape more closely adjusted to the expected signal fromtameshower, the en-
ergy threshold can be further reduced. This thresholdyahéted by the ambient
noise, is the optimal achievable energy threshold for theati®n of neutrinos. The
rate at which neutrino-like signals are mimicking neutrimieractions will then set
a more stringent limit. This rate is subject to investigatmd will be a decisive in-
dication concerning the feasibility of a future large saaeustic neutrino detector.

The maximal pressure amplitude that can be recorded fondagetior of 10 without
saturating the input range of the ADC is about 5Pa. Usually anthropogenic
signals originating close to the detector reach this predswel.
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The position reconstruction of acoustic point sources igetily being pursued as
one of the major prerequisite to identify neutrino-likergads. Simulation results
are presented in [14].

Just as for the standard storeys holding PMTs, the relatis&ipns of the Acoustic
Storeys within the detector have to be continuously moedor his is done by us-
ing the emitter signals of the ANTARES acoustic positionsggtem (cf. Sec. 2.1).
Fig. 13 shows such a signal as recorded by four represemtivsors. The delays
between the signal arrivals are clearly visible: shortygela less than 1 ms within
each storey and a long delay of about 10 ms between the sigmalsg in two
different storeys.

0.3
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Figure 13. Typical emitter signals of the ANTARES acoustmsifoning system as
recorded with four sensors of the AMADEUS system. The firgt signals along the time
axis were recorded by the Acoustic Storey holding AMs (c§. Ri). The following two
signals were recorded with two hydrophones on the Acoudtice$ just above—one hy-
drophone mounted at the bottom and the other one at the togtofey. All signals were
recorded with a gain factor 1 of the AcouADC board. The timeosnted since the start of
the run.

The time shown in the Figure is given in seconds since theddttre run and can be
converted into UTC time using the data recorded by the clgstesn (cf. Sec. 3.6).
As the emission times of the positioning signals are alsorded in UTC time,
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 positioning accuracy for each hydrophone shows statistrrors of a few
mm for the hydrophones. The final measurement is expected timinated by
systematic uncertainties due to the physical size of thavig piezo elements, the
knowledge of their relative positions within the acoustmrsy, and the knowledge
of the speed of sound in sea water. For the AMs, the positicongruction is less
precise and statistical and systematic uncertaintiesxgrecéed to be of the same

26



595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

order of magnitude.

As a recent development, marine scientists have becomeestéel in the data
recorded by AMADEUS for the study of marine mammals, in gaiar cetaceans.
The system hence will be used as a multipurpose apparatagditiino feasibility
studies, acoustic positioning and marine research.

5 Summary and Conclusions

The AMADEUS system for the investigation of techniques fooastic particle de-
tection in the deep sea has been integrated into the ANTARIESIno telescope
in the Mediterranean Sea at water depths between 2000 arich24Dhe system
started taking data in December 2007 and was completed ir2#d§. The system
consists of 36 acoustic sensors, of which currently 34 aesagpnal, arranged in
six acoustic clusters. Different sensor setups and diftenstallations of the acous-
tic clusters are in operation. The sensors are based on-pleetric elements and
two-stage preamplifiers with combined sensitivities atbuti45 dB re. 1V[iPa.

Data sampling is done at 500 kSps with 16 bits and an analogit@las filter
with a 3dB point af...s = 128 kHz. One of twelve steps of analog amplification
between 1 to 562 can be set with the on-shore control softwagéal downsam-
pling with factors of 2 and 4 is implemented inside an offifghBPGA. The value
is also selectable using on-shore control software.

All components of the system have been calibrated in therdédbxy prior to de-
ployment; the in-situ performance is in full accordancentite expectations. Data
taking is going on continuously and the data are recordedefad three adjustable
trigger conditions is met.

The system is well suited to conclude on the feasibility olutufe large scale
acoustic neutrino telescope in the deep sea. Furtherntdnesithe potential of
a multi-purpose device, combining its design goal to ingesé acoustic neutrino
detection techniques with the potential to perform maricierece and the ability
for positioning. AMADEUS hence is a promising starting pdior instrumenting

the future neutrino telescope project KM3NeT [26,27] wittoastic sensors for
calibration and science purposes.
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