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ABSTRACT. The ANTARES neutrino telescope, located 40km off the cadsToulon in the
Mediterranean Sea at a mooring depth of about 2475m, cemdistelve detection lines equipped
typically with 25 storeys. Every storey carries three adtimodules that detect Cherenkov light
induced by charged secondary particles (typically muong)iog from neutrino interactions. As
these lines are flexible structures fixed to the sea bed andtdnai by a buoy, sea currents cause
the lines to move and the storeys to rotate. The knowledgkeoposition of the optical modules
with a precision better than 10cm is essential for a goodrr&tcaction of particle tracks. In this
paper the ANTARES positioning system is described. It giasif an acoustic positioning system,
for distance triangulation, and a compass-tiltmeter syster the measurement of the orientation
and inclination of the storeys. Necessary corrections sm@idsed and the results of the detector
alignment procedure are described.

KeywoRrbDs Timing detectors; Detector modelling and simulation®léttric fields, charge trans-
port, multiplication and induction, pulse formation, éten emission, etc); Detector alignment and
calibration methods (lasers, sources, particle-beamsdedior control systems (detector and ex-
periment monitoring and slow-control systems, architegthardware, algorithms, databases)
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1 Introduction

The ANTARES neutrino telescopé,[2], located in the Mediterranean Sea 40km off the coast of
Toulon, France at a mooring depth of about 2475m, is desigmedarch for high-energy cosmic
neutrinos from astrophysical sourc&s4]. Neutrinos are measured by the detection of Cherenkov
light induced by charged secondary particles from neuiriteractions occurring in the volume in-
side or surrounding the detector. The ANTARES detectoristsef 885 optical modules arranged
in a three dimensional array over twelve detection linese ifiter-line spacing is 60-70m. Typi-
cally, the lines have a height of about 450m and carry 25 wsofeéach storey is a support structure
for three optical modules and an electronic container, ggedil. The cables between the storeys
serve both as mechanical structure and as an electro-dopticaection. The lines are fixed to the
sea floor by an anchor called a 'bottom string socket’ (BS8)ae held taut by a buoy at the top
of the line. The lines are not rigid structures, so deep-se&wts (typically around 5cm/s, see fig-
ure2) cause the lines to be displaced from the vertical and threystdo rotate around the line axis.

The optical modulesq] consist of a pressure resistant glass sphere housingj lddamatsu
photomultiplier (PMT) oriented 45downwards in order to optimize the detection of light from
upward going muons. The algorithm for track reconstructtoANTARES is based on the mea-
surement of the arrival times of the Cherenkov phot@h$]. To achieve a direction resolution of
a few tenths of a degree, it is necessary to know the posifi@ach optical module with a preci-
sion of about 10cm (corresponding to an uncertainty in theelrtime of light in water of 0.5ns).
This allows to fully exploit the timing resolution of aboutrik for the recorded PMT signalg][
without degradation by positioning uncertainties. To aehithis accuracy during data taking, the
ANTARES detector incorporates a two-fold system.
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Figure 1. Schematic diagram of an ANTARES storey carrying threeoagptinodules, an electronics con-
tainer and a positioning hydrophone fixed off-axis.
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Figure 2. Distributions of sea current speed (left) and horizontedation (right) at the ANTARES site
measured with an Acoustic Doppler Current Profiler (ADCF009 [1]. The velocities are typically around
5cm/s. Two preferred directions due to the Ligurian cur(&aist 90, West 270) are clearly visible.

The first is an acoustic positioning system consisting oftiens on the sea floor around the
detector and at the anchor of each line, as well as receividgpphones on five storeys of each line.



This subsystem measures the position of the storeys bygtriation (see sectioR). The second
subsystem consists of a compass-tiltmeter system indtalleeach storey which measures the
orientation and inclination of each storey (see sec8prinformation provided by both systems is
combined into a globay?-fit that reconstructs the shape of each line. The positichosientation

of each optical module is then determined from the line skapexplained in sectiorband5.

2 Theacoustic positioning system

The acoustic positioning system of the ANTARES experimentamposed of two subsystems.
The low frequency long baseline positioning system (LFLEBLysed to connect the local frame
of the detector to the geodetic reference frame. This allbwsabsolute position and orientation
of the detector to be determined. The high frequency longlimespositioning system (HFLBL)
serves to measure the relative positions of the differearhehts of the ANTARES detector within
the local detector frame with high accuracy.

2.1 TheLow Frequency Long Baseline positioning system

The LFLBL acoustic positioning system is a commercial setl®fices provided by the IXSEA
company* This system uses the 8-16kHz frequency range to measuretie ime of controlled
acoustic pulses between an emitter-receiver acoustic im¢aw), linked to a time counting elec-
tronic system, and autonomous battery-powered transpentibe use of acoustic signals at these
frequencies allows long propagation times to be measurdr Aonvolution with the sound ve-
locity profile of sea water, distances up to about 8000m caredaved. Therefore, this system is
well suited to determine the position of ANTARES structubgstriangulation from a ship on the
sea surface.

In the ANTARES experiment, every line anchor (BSS) is eqegpvith an autonomous
transponder, allowing its positioning to be determined tigngulation with respect to a set of
five reference acoustic transponders, placed on the seadnisttahe detector area at distances of
about 1100-1600m. In addition, an acoustic module is opdritom a ship at a depth of 15-20m
to avoid the interference of acoustic reflections off the @face or warm water layers present
at shallow depths during the summer season. The absolutetie@ositions of the reference
transponders were individually determined with an acgubesiter than 1 m prior to the installation
of the ANTARES detector. This was done by performing sevieuaidred triangulations from a
ship positioned by Differential GPS (DGPS). The sound-eig&yagorofile from the sea surface to the
sea floor necessary for this calculation has been derived fihe Chen-Millero formula§] using
sets of temperature and salinity profiles measured at theAR¥ESS site.

Combining the acoustic travel time measurements betweetrahsponders on the BSS, the
reference transponders and the AM on the ship, the absalsitqn of the BSS is monitored in real
time during the line deployment. The position is determingith an accuracy of a few meters and
the final anchoring position of the BSS with an accuracy bétien 1 m after statistical averaging.

In order to determine the absolute orientation of the deteetccurate measurements of the
BSS positions are vital. Therefore, the relative positiohthe line anchors are constrained using

http://www.ixsea.com/
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all distances between pairs of high frequency positioniagsducers obtained from the HFLBL
system (accuracy about 3cm, see secBd). Since the high frequency transponders are mounted
about one metre off-axis with respect to the line — whereasliLBL transponder is located
close to the line axis — the orientation of the BSS has to baidened. The latter is determined
with an accuracy of about°Gusing the compass of a submarine vehicle during an undersea |
connection. In addition, the relative depth of the sea bdteaposition of each BSS is measured
by a pressure sensor on the submarine with a precision oft dioam. Using the HFLBL
triangulation data of periods where the line remains almesical because of small speeds of the
sea current (smaller than 2cm/s) and combining with the lsapgntary data described above, the
determination of the BSS depth is substantially improved.

The absolute orientation of the neutrino telescope witpaesto the sky is obtained using
both the absolute positions of the different line anchord tie BSS to BSS relative positions.
An estimate of the accuracy of the absolute pointing of theTARES telescope was obtained
by Monte Carlo techniques taking into account the accurddgeoindividual BSS positions, BSS
to BSS distances and the uncertainty of the sound velogjtyThe resulting uncertainty for the
absolute orientation was found to be less than Dih3he horizontal and less than 006 the
vertical directions. This well matches the resolution odath0.2” aimed at for high energy muon
track reconstruction.

2.2 TheHigh Frequency L ong Baseline positioning system

The HFLBL acoustic positioning system of ANTARES was depeld and constructed by the
company GENISEA/ECA.It is used to determine the position of the detector elemesitgive

to the BSS positions with high precision. The positioningthme is based on a measurement
of travel times of acoustic sinusoidal pulses (40—60kHZWwben acoustic transceivers fixed
at the line anchors and receiving hydrophones on the detéots. These acoustic distance
measurements are then combined to obtain the positiong diytirophones by triangulation. For
the frequencies used, the attenuation length in sea wa@0s1000m 10] is sufficiently long for
acoustic measurements over the ANTARES dimensions.

In addition to the battery powered transponder of the LFL8ach ANTARES detector line
is equipped with a transceiver fixed on a rod at the BSS. It evaipd as receiver and emitter
(RxTx module). Five storeys of each line (storeys 1, 8, 14a@@ 25, counted from below) carry
receiving hydrophones (Rx modules) to detect the signateeEmitters. The distances between
the hydrophones are smaller in the upper part of the line evtier displacement from the nominal
position is larger.

The RxTx modules are composed of one transceiver and sik@iéc boards located in the
String Control Module (SCM) of each BSS. Their purpose istit@coustic signals (to be detected
by the Rx modules), triggered by an external synchronisatignal (Master Clock), to detect the
signals of other RxTx modules, to stamp the detection tinth véspect to the Master Clock and
to transmit the timestamps and amplitudes to the shor@stalihe Rx modules are composed of
one hydrophone and three electronic cards in the Local Gloktodule (LCM) of the respective
storey. They fulfill the same tasks as the RxTx modules extepemission of acoustic signals.

2Formerly GENISEA now ECAhttp://www.eca.fr/
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Figure 3. Schematic demonstrating the principle of the HFLBL posiing system for two lines (for sim-
plicity only storeys with an Rx module are shown).

The positioning of the ANTARES detector is done by succedgivsending acoustic
wavepackets (typical duration 2ms) from each RxTx moduldiffdrent frequencies to identify
unambiguously the emitting module. The acoustic emissarganized in a periodic succession
of cycles (every two minutes, programmable from onshor&e €cle consists of the emissions of
all RxTx modules at their respective frequencies betweeb22kHz and 60.235kHz in a prede-
fined sequence. Following the emission of a specific RxTx rteodlliother RxTx and Rx modules
are put into reception mode, searching for the emitted frqu with a band-pass filter. Once the
modules detect acoustic signals at the given frequencyeabredefined threshold they provide
the detection time together with the measured amplitudbeo$ignal. The threshold as well as the
amplification gain of every receiving module can be set iigtiglly from the shore. This allows to
compensate the different attenuation of the emitted ssgrealised by different receiver-transmitter
distances. For the RxTx modules, the emission frequeneg|,lduration and the delay between
emissions can be adjusted. A schematic of the HFLBL systesinag/n in figures.

2.3 Determination of distances and positions

The relative position of each element of the acoustic positig system can be evaluated by
analysing the data after corrections and cleaning stepst dicorrection has to be applied to all
measurements performed by a single sensor in order to caateefor the propagation delays, up
to 4us, of the clock synchronization signals in the optical fibe¢work of the apparatus. Then a
correction has to be applied on the arrival times measurdtidoyeceiving modules to correct for
the delay of the filtering and detection electronics and tmpensate that low amplitude signals
cross the predefined threshold later than high amplitudeaksg The detection delay as a function



of the measured amplitude of the acoustic signal (walk ctioe) was determined during a test
campaign in a water pool. It amounts to 140-180and was found to be independent of the
frequency of the signal in the frequency range used. The w@lkection uncertainty correlated
to gain instabilities was estimated to be smaller thapd@m.s. Given a speed of sound of about
1500m/s, this leads to a distance uncertainty of about 1.5cm

After correction of the walk effect, filtering and averagiowgr the arrival times is performed to
clean the data sample from spurious measurements due & Roiseach travel time measurement
Tagi between a specific emitter A and a receiver B the sliding aeeis calculated including/2
preceding anth/2 successive measurements (typicalby 6):

i+n/2

tagi = (Tagi) = i1 z Tagm (2.1)
m=i—n/2

The averaging technigue can be applied since the positiahyidrophone changes slowly due
to the sea current. IfTag; — (Tag;i)| exceeds a given value the data paiig judged as spurious
and removed from the data sample. This procedure is itersgedral times with ever tighter
cuts, typically at 16Qts, 80us and 4Qus, in order to optimally reject spurious detections without
removing correct measurements.

The distance between the devices A and B can be calculatettfi@filtered travel timetg;
knowing the speed of sound in sea water. As the speed of seurat tonstastthe travel time is
defined as the integral over the patfiom A to B divided by the local sound velocitys):

B ds
taBi :/A s (2.2)

The ANTARES detector includes several sound velocimeteass determine, locally, the sound
speed in water by measuring the travel time of an acoustiepaNer a distance of 20cm. At the
depth of the ANTARES neutrino telescope the speed of souadgds only with pressure i.e. with
depthz (z-axis chosen as vertically upward):

¢(2) = c(20) — ke(z—20) (2.3)

wherek; = 1.710%"% derived from B] for the Mediterranean Sea amglis the depth of a sound
velocimeter used to measure the speed of sound. The soureprsta water does not propagate
along a straight line, its trajectory is slightly bent. Thending radius of about 80kni ]] is more
than 100 times larger than distances that have to be meadarehis reason the sound travel path
is approximated as straight and the distances betweentacowxiules are calculated as

dag; = tagi [C(Zo) —ke (ZA; % Zo)] (2.4)

where za, zg are the depths of modules A and B. The error on the path leraytked by this
approximation is smaller than 2.5cm for a distance of 500nine @ccuracy of the system is
illustrated in figure4 which shows the distance measured between two fixed RxT>opidnes

3The speed of sound in sea water depends on the temperatiiméty smd the pressure (and thus on depth); the
temperature and salinity values are almost constant oeegritire ANTARES detector.
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Figure 4. Distance measured between two fixed RxTx hydrophones odliffesent BSS for a three month
period in spring 2011.

during a period of three months. The plot exhibits a resotutf better than 1cm and a stability
better than 3-4cm over a distance of 193m. The observedtizgasaon the fixed distance are
mainly due to the effect of changing sea current velocityglthe acoustic wave travel path.

If during one measurement cycle at least three distances feceiver module with respect to
emitter modules of known positions are available, a thiegedsional triangulation of the module
position is possible:

(i —7))% =df (2.5)

with Tj, Tj being the positions of acoustic moduleand j, dj; the distance between module
and j calculated from the signal propagation time betweamnd j as described above. Usually
more than three distances to emitting modules are availahleh leads to an over-determined
set of equations. The positiofisare obtained by minimisation through an iterative convecge
procedure based on Singular Value Decomposition of thelised set of distance equations.

An example for the hydrophone positions of one line obtaibgdriangulation is shown
in figure 5. The horizontal movement of three hydrophones at diffeadtitudes along the line
and the absolute value of the displacement from the nomiositipn as a function of time are
presented. The observed displacements increase withagingeheight, reaching in this period
up to 18 m for the uppermost storey. Studies performed by ®@arlo simulations taking into
account the accuracy of the distances obtained from thesdcdravel times have demonstrated
that the uncertainties of the hydrophone positions in thmllaetector reference frame vary
typically between 3 and 6cm from the lowest to the highesestof the lines.
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Figure 5. Top: Displacements of three hydrophones of Line 3 in thézbaotal plane from April to June
2011 (black: storey 1, about 100m above sea bed; pink/d&k @torey 14, about 290m above sea bed;
green/light grey: storey 25, at the top of the line); Bottofime dependence of the radial displacement of
these hydrophones for the same period.

3 TheCompass-Tiltmeter System

Each ANTARES storey is equipped with a commercial board (B¥Mhat measures the
inclination of the storey with respect to the horizontalrgan two perpendicular axes (pitch and
roll). The principle of this measurement is based on the mmare of a fluid in the sensors due
to the inclination of the storey. Since the inclinations swrad with the tiltmeters give the tilts in
the local frame of the TCM2 it is necessary to measure alsaliselute orientation of the TCM2
(heading anglep, i. e. rotation around line axis). For this purpose three fildbe magnetic sensors
measure the Earth magnetic fieddin three perpendicular local directions, {, z) in the TCM2
frame. From the valueBy andBy, measured in the horizontal plane the heading apgbetween
thex-axis of the TCM2 and the magnetic North can be calculated:

tan(p) = — 2 (3.1)

4Manufactured by PNI Sensor Corporatidrip://www.pnicorp.com/
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Figure6. Measured pitch and roll values for Line 12 storey 9 in Noe¢D2010 (for explanations see text).

The angle with respect to the true North is obtained comgcthe deviation between true
and magnetic North which is 0.93or January 2011 with an annual change by +0.172].
The accuracy given by the manufacturer ts(esolution 0.1) for the heading angle and 0.2
(resolution 0.1) for the tilts.

3.1 Calibration and corrections

Tiltmeter offsets.  For typical values of the sea current (a few centimetresguorsd) the inclina-
tion of the storeys is of the order of 0.1A precise measurement of the storey inclination requires
an accurate knowledge on how the TCM2 card is mounted in treysand of the intrinsic offsets
of the TCM2 sensors. The orientation of the TCM2 cards naddt the storeys have been measured
during line construction. The offsets of the pitch and rethsors were measured in the laboratory
with the storeys positioned vertically. Typically the dbtd offsets are in the range of 0.1-0.80
they have to be taken into account to avoid systematic eémaing reconstruction of the line inclina-
tion. A check of the tiltmeter offsets is performed in sitteafline deployment: over a long period
the values given by a tiltmeter are expected to fluctuaterardioe tiltmeter offset because the sea
current direction changes leading to different orientagibetween the tiltmeters and the direction
of the inclination of the storey. Figushows the variation in time of the pitch and roll sensor of a
certain storey over a two month period. The expected fluictuaround the offset is clearly visible
and from the 'baseline’ the offset can be determined (in¢hie 0.6 for pitch and 0.1 for roll).

Compass calibration. The Earth magnetic field component in the horizontal planehat
ANTARES position (4248 N, 6°10 E, elevation—2.4km), which is used to determine the heading
of the storeys, amounts to 24T [12].° If a storey rotates 360 degrees around the line axis in a
diagram of the measure®j, vs By a circle with radius 24.QT is expected. The change of the values
of By andBy due to the inclination of the storeys is negligible sincetth®are usually in the range

of one degree or below. FiguigshowsBy vs By as observed in the deep-sea for storeys 13 and

5The Earth magnetic field at the ANTARES site is mainly orientorth-South with only a small East-West compo-
nent (values for Jan. 2011Bys = 24.0uT, Bgw = 0.4uT andB, = —39.4uT.
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Figure 7. By vs By (black line) for two different storeys as measured in Noe¢D2010 together with
expected behaviour (dashed circle).

25 of line 12, together with the expected behaviour. In soases ellipses are observed instead of
circles, in other cases the radius of the circles has notgheated value or the centre of the circles
is shifted. The first two problems are due to a miscalibratibthe magnetic field sensors where
By and/orBy give too large or too small values; this can be corrected lyabrg factorc,,. The
shift of the circles is due to parasitic magnetic fields iaside electronic container of the LCM,
which follow the rotation of the storey. Therefore they haviixed direction in the local rotating
frame of the LCM and are corrected by subtracting an offgenfB, andB,:

Bﬁg/rrected: Cx7y(Bx,y _ ngfl) (3.2)

The corrected values d@y and By are used to calculate the heading of the storey as described
above. The correction for the heading of the storeys vatiesgly from storey to storey and can

be as large as 5 to 10 degrees. Thus for an accurate detdaoninathe position and heading of
the optical modules the application of this calibration ssential. The calibration constants are
determined from in situ data. A proper calibration in theolatory is not feasible because of the
anthropogenic magnetic fields which are absent in the deep se

4 Theline shape model

A direct measurement of the storey position is only possibtethe five storeys containing a
hydrophone. In order to evaluate the position of all storefys line a mechanical model was
developed. The inclinatio (zenith angle) of the line with respect to the vertical dii@t, at

a certain height, is given by the ratio of the horizontal aedival forces summed over all line
elements] above that point:

Mz

> F
tan() =

N

(4.2)
Wi

™M

j=i
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Table 1. Drag and weight constants used for the modelling of the ARES lines based on measurements
and calculations; negative values indicate downward gfanges.

Element;j: storey cablel2m | cable100m buoy
f; 383.8Ng/m? | 222Ng/m? | 1850Ng/m? | 453 Ng/m?
W, 265.6N -52.9N -440N ~TkN

The horizontal forced; result from the flow resistance (or drag) of the line elememtd are
assumed to be parallel: there are contributions of theysptiee cables in between (12.5m length),
the cable from the BSS to the first storey (about 100m lengild)the buoy. The vertical forces
W, are given by the difference of the buoyancy and the weighiriofaeach element. The flow
resistance is calculated according to the following equati

1
Fj = SCujAjpv (4.2)
making use of the drag coefficientg; of the individual elements which were either measured or
calculated;p, Aj andv are the density of the fluid (sea water), the cross sectioheoklement and
the sea current velocity, respectivélyt is convenient to set up a continuous function by smearing
the effective weight of the storeys and cables as well as therfisistances over the whole line of

heighth. This will typically give:

h—z
W(z) = [25 (Wstorey+ WcablelZn) +Wcableloon} h +Whuoy (4.3)
and

h—z
F(Z) = [25(fstorey+ fcableerr} + fcablelOOnEl TVZ + fbuoyV2 (4-4)

The numerical values for the constarifs= 3¢, jA;jp andW, are given in tabld.
Identifying tand with the slopadr/dz(with r radial displacement at heightof the line yields:

dr F(z) a—bz

dz W(z c—dz =93 (4-5)
with
a= 25(fstorey+ feavlerzm + feavteroontt fhuoys (4.6)
b= %5 (fstorey+ feable12n) + % fcable100m (4.7)
¢ = 25(Wstorey+ Weable12m + Weable1oom+ Whuoy, (4.8)
d= %5 (Wstorey+Weable12m + %WcableIOOm (4.9)
By integration of equatior4(5) overz, for a given value of the sea currenthe radial displacement
r(z) is obtained.
/g )7 — { 2Dy (1_2 )}vz (4.10)

6The vertical component of the current was found to be venjlsand is neglected.
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Figure 8. Calculated positions (height and radial displacementf)@&toreys of a line (dots) with respect to
the anchor of the line (BSS) for different sea current veiesiaccording to the described line shape model;

note the different scales on the axes.

The combination of the linear and the logarithmic term igpoessible for the characteristic shape
of the line. The radial displacement increases quadrbtivath the sea current velocity. Figug
illustrates the calculated positions of the 25 storeys ofafbr different sea current velocities. For
typical velocities (e. gv < 7cm/s, see figurd) the radial displacement is smaller than 2m even for
the uppermost storey, whereas for a velocity of 20cm/s thglaltement is as much as 15m.

5 Detector alignment

The line shape model described in the previous section id tsssimultaneously fit the data of
the acoustic positioning system and the data from the cosafiieeter system. The only free
parameter is the current velocity: the line shape equatobdy can directly be used to fit the
position of the five hydrophones from acoustic triangulatiaking into account the known BSS
position (anchor point of the line). Simultaneously thdimation angles of the 25 storeys of a line,
which correspond t(ﬂ—rz, are fit according to equatiod.6). In practice, a two-dimensionaf?-fit

is performed on the& andy components of equationd.p) and @.10 with v, andvy (components
of the sea current velocity in the horizontal plane) as fiapaters. This yields in addition to the
radial displacement also the direction of the line inclinatio#:

Vi
tany = 2 (5.1)

Vx

- 12 —
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Figure9. Difference between triangulation result and line fit fog thosition of storey 20 of Line 3 in March
2010.

For the calculation of the(? the respective Gaussian errors are taken into account, lylame
5cm for positions from triangulation, 1 degree for headingles and 0.2 degrees for pitch and
roll. From the radial displacement and the line inclinattbe three-dimensional positions of all
storeys are calculated. Every two minutes, updates of thitigus and orientations of the optical
modules are thus available. The position of the centre di etarey and three angles describing
the orientation of the storey are stored in a database, egetith the errors on the respective
guantities obtained from error propagation. This procegunvides the complete geometry of the
detector required for muon track reconstruction.

Figure 9 shows the difference between the triangulated positiona sforey using its hy-
drophone and the positions resulting from the alignmenofittfe periods in March 2010. A narrow
distribution peaked almost at zero (mean: 0.8cm) is obgemith an r.m.s. of 4.5cm. This excel-
lent agreement indicates the absence of significant sysiteareors introduced by the line shape
model and clearly demonstrates that the required preciibetter than 10cm has been achieved.

An additional validation of the line shape model and thenififtiprocedure is given by
comparing the sea current velocity (absolute speed andtidinevalues) obtained by the fit
and the ones measured using the Acoustic Doppler CurrerfileProOver a broad range of
velocities (5-15cm/s) there is good agreement between tresuanements and the fit results (see
figure 10). Given this agreement, the line fit procedure provides, bgproduct, a continuous
accurate long-term monitoring of the currents in the deepesery two minutes. Furthermore, the
velocities obtained from the fit on the twelve individualdsagree well within their uncertainties
(deviations typically less than 1cm/s).

— 13—
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6 Summary and conclusion

The positioning system of the ANTARES neutrino telescopegessary to evaluate the position
of the 885 optical modules with an accuracy better than 10wms,been described with special
emphasis on the applied corrections and calibrations. Tbeepures used to filter and smooth
the arrival times for the acoustic triangulation, to cotrar walk effects, to account for the
varying sound velocity with depth, to correct the offsetshaf tiltmeters and to calibrate in situ the
magnetic field sensors for the measurement of the headirige @fdtical modules, were described.

The system has been in stable operation in its final configmratince summer 2008. It
provides not only a full detector alignment every two mirsubeit gives — in combination with a
mechanical model for the line movement — an accurate lorg-taonitoring of the sea current
in the deep sea off the coast of Toulon.

The combined approach of an acoustic positioning systenthétriangulation of distances,
and of a compass-tiltmeter system, for the measurementiifi@ions and orientations, gives un-
ambiguous information about the movement of the lines. Eselting positions and orientations
of the optical modules well match the requirements for trestonstruction with an underwater
neutrino telescope like ANTARES. Further, the excellenfqgrenance of this system makes it a
recommended technique for the detector positioning fopthaned future cubic kilometre scale
neutrino telescope KM3NeT in the Mediterranean Sek. |

— 14—
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