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Abstract. The ANTARES collaborationaims to deploya
0.1km

�
neutrinotelescopein theMediterraneanseaby 2004.

Neutrinoswill be detectedthroughthe muonsproducedin
their interactionwith thesurroundingmatter. Themuontra-
jectory can in turn be reconstructedfrom the arrival time
at the detectorphotomultipliersof the Cherenkov photons
producedby the muons. In orderto provide the bestpossi-
bleangularresolutionfor astronomyanumberof calibration
techniqueswill be employed. Theseinclude acousticsys-
tems,LED pulserswithin the photomultiplier optical mod-
ules,brighteromnidirectionalLED beaconsanda laserbea-
con. Thesesystems,developedwithin the ANTARES col-
laboration,arereviewedandtheircapabilitiesdescribed.

1 Introduction

The ANTARES collaboration(Antares,2001) aims to de-
ploy a 0.1km

�
neutrinotelescopein the Mediterraneansea

by 2004. The telescopewill consistof an arrayof flexible
detectorstringsmooredon theseabed,eachstringhaving a
total of 90 Optical Modules(Antares,1999). Theseoptical
modulesare glasspressurespherescontainingphotomulti-
pliers(Amram,2001)which areheldthreeto a storey on an
optical moduleframe asshown in figure 1. Certainof the
stringshave additionalinstrumentationto measureenviron-
mentalparameters,while a dedicatedstring, known as the
“InstrumentationLine” is built with specificinstrumentsto
provide moreprecisemeasurementsandmonitoring. Much
experiencehasbeengainedfrom a prototypestring known
asthe“demonstrator”which wasdeployedfor eightmonths
startingNovember1999.

Neutrinoswill bedetectedin theANTAREStelescopevia
the muonsproducedin their interactionwith the surround-
ing matter. Themuontrajectorycanin turnbereconstructed
from thearrival time at the detectorphotomultipliersof the

Correspondence to: J.E.McMillan
(j.e.mcmillan@sheffield.ac.uk)

Cherenkov photonsproducedby themuons.Thisreconstruc-
tion of muontracksis basedon precisemeasurements( � �
ns)of thearrival timesof theCherenkov photonsat theopti-
cal modules.This reconstructionrequiresknowledgeof the
positionsof the optical modulesrelative to eachother, or
morepracticallywith respectto fixed referencepointssuch
as the detectorstring anchors. The precisionof this spa-
tial positioningshouldbe betterthan the uncertaintyof the
Cherenkov light detection(1nsis equivalentto 22cmof light
path in water). It is intendedto measurethe relative posi-
tion of eachopticalmoduleto anaccuracy of 10–20cmusing
acousticmeasurementsandtiltmeter-compasses.

Relativetimecalibrationof theopticalmodulesisobtained
from measurementsof thearrival time of shortintenselight
pulsesproducedby Optical Beaconsand a LaserBeacon.
Theselight pulsescanalsobeusedto monitorthelight atten-
uation in wateraswell asfor the optical moduleefficiency
calibration. Furthermore,the LaserBeaconlocatedat the
bottomof theInstrumentationLine,providessub-nanosecond
light pulsesilluminatingmorethanhalf of thedetector. These
pulsescanbeusedto monitorthelight scatteringin seawater
andtestthereconstructionof afixedpoint source.

In addition,thedetectorcalibrationcanbeimprovedby the
knowledgeof oceanographicquantities,suchas the sound
velocity, the waterflow velocity anddirection, the temper-
atureandsalinity of the seawatersurroundingthedetector.
The ANTARES InstrumentationLine carriesspecificaddi-
tional instrumentationneededto recordand monitor these
quantities.

2 Detector relative positioning

Therelativepositioningof thedetectoris obtainedfrom two
independentsystems.Firstly, a High Frequency Long Base
Line (HFLBL) acousticsystemgivesthe 3D positionof re-
ceiving hydrophonesattachedalongthedetectorlines. Sec-
ondly, a setof tiltmeter-compasssensorsgivesthe local tilt
anglesof eachopticalmodulestorey with respectto thehor-
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Fig. 1. Framecarryingthreeopticalmodulesandanopticalbeacon

izontal plane(pitch androll), aswell asits orientationwith
respectto the terrestrialmagneticfield. The exact shapeof
eachstring is reconstructedby performinga globalfit based
on the information from thesesensors. The relative posi-
tions of the optical modulesarethendeducedfrom this re-
constructedline shapeandfrom thegeometryof theoptical
moduleframe.

Simulationshave beenperformed(Cassol,1999)to study
the performanceof the positioningsystemfor variouscon-
figurationsof thedetectorcalibrationequipment(numberof
acousticsensorsandtiltmeters,locations,precisionof sen-
sors,missingsensors),aswell asfor differentvaluesof the
seawatercurrentor of thedetectorstringtwist asa function
of the vertical positionon the string. This work shows that
a spatialpositioningof all opticalmoduleswith anaccuracy
� ���

cm is attained,evenfor a seawatercurrentasstrongas
15cm/s.

2.1 Acousticpositioningsystem

Thesystemis anevolution of a prototypeacousticposition-
ing systemdevelopedby the Geniseacompany for the rela-
tive positioningof theANTARES demonstratorstring. The
techniqueusedis to measurethe travel time of 40-60kHz
acousticpulsesbetweenreceiving hydrophonesplacedalong
thestringandemittersfixed at thebottomof eachline. The
3D position of eachhydrophoneis then obtainedby trian-

gulationfrom the travel timesbetweenthe hydrophoneand
eachfixedemitter. Thesefixedacousticbeaconsmustalsobe
ableto receive anacousticsignalin orderto determinetheir
own spatialpositionwith respectto theotherstringanchors.

Theacousticpositioningsystemhasbeendesignedto in-
corporatethefour existingautonomoustranspondersbuilt for
the positioningof the demonstratorstring. Thesetranspon-
ders will continueto be usedfor the detectorpositioning
whenit consistsof only a few strings,aswell asto improve
thequality of theacoustictriangulationof thefinal detector,
if necessary.

Theacoustictranspondersarecurrentlyautonomousemit-
ter/receiver beaconspoweredby batteriesandfixedon pyra-
midal structuresanchoredto theseabed.The four transpon-
dersareinstalledat the cornersof a 300mby 300msquare
aroundthe detector. The transponderscanbe recoveredby
activatinganacousticreleasewhich separatesthepyramidal
structurefrom its anchorbase. Measurementsbetweenall
transponderpairs allow their relative positionsto be deter-
minedby triangulation.

Theconversionof acousticsignaltravel timemeasurements
to precisedistancesrequiresan accurateknowledgeof the
soundvelocity within the detector, andsomeadditionalin-
strumentationis addedto thesystemto provide this. In sea-
water, the soundvelocity dependson the temperature,the
salinity andthepressure.Thestandardmodelusedto deter-
minethesoundvelocity in seawateraccordingto thesequan-
tities is thatof ChenandMillero (1977)

In order to measurethe soundvelocity and its variation,
thedetectoris equippedwith five soundvelocimetersplaced
at different locationsalongthe detectorstrings. The sound
velocimeterused,a modeldevelopedby Genisea,givesa di-
rect measurementof this quantity by measuringthe travel
time of anacousticsignalon a fixed lengthof about20 cm.
Themeasurementis performedwith anaccuracy of about5
cm/saftercalibrationof thedevice.

Two soundvelocimetersarealsoequippedwith additional
Conductivity-Temperature-Depth(pressure)probestoprovide
an independentmeasurementof thesoundvelocity, accord-
ing to theChenandMillero (1977)model,andalsoto obtain
an estimationof the salinity (determinedfrom the conduc-
tivity andtemperaturemeasurements)andtemperaturegra-
dientswithin thedetector.

Theperformanceof thesystemusedon thedemonstrator
stringwasfoundto bemuchbetterthanoriginally specified.
The precisionof individual distancemeasurementsis better
than1cm,while theaccuracy on the3D positionsof thehy-
drophonesobtainedby triangulationis 1–3cm. A prelimi-
narydescriptionof theseresultscanbefoundin (Benhamou,
2000)anda full reportis in preparation.

2.2 Tiltmeterandmagneticcompass

Complementaryto theacousticpositioningsystem,tiltmeters
andcompassesarenecessaryfor the line shapereconstruc-
tion aswell asfor measuringtheopticalmoduleorientations.
Theorientationaroundtheverticalof thethreeopticalmod-
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ulesof a storey is usedto determinethe geometricallikeli-
hoodof thereconstructedmuontrajectory. To obtainthis in-
formation,eachopticalmoduleframeis equippedwith a bi-
axialtiltmetergiving thepitchandroll anglesandamagnetic
compassto determinethe direction of the terrestrialmag-
netic field. The systemchosenis the TCM2 manufactured
by PrecisionNavigation Inc, which comprisesa small elec-
tronic boardintegratinga biaxial tiltmeteranda 3-axisflux-
gatemagnetometer. The signalsfrom the sensorsaredigi-
tisedby an ADC anddeliveredon a serial link to the slow
control.

3 Relative time calibration

In additionto therelativepositioningof theopticalmodules,
thereconstructionof themuontracksdependsontherelative
timing of eachphototubesignalwith respectto others.The
goal is to achieve a timing calibrationwith an accuracy of
� ��� �

nsin orderto avoid degradationof theprecisionof the
Cherenkov light arrival measurements( � �

ns)givenby the
photomultiplier.

The relative timing calibration is performedusing three
independentandcomplementarysystems;the internalclock
calibration,the photomultiplier transit time calibrationand
thedetectorrelativetimeoffsetcalibration.Theinternalclock
calibrationis performedby theclock distribution systemby
measuringtheclocksignaltransittimebetweentheon-shore
MasterClock andeachlocal clock board. The PMT transit
time calibrationmeasuresthe transit times of every optical
moduleby firing the internalLED includedin eachOptical
Moduleandby measuringthedetectiontimeof thephotons.
The detectorrelative time offset calibrationis obtainedby
measuringthe relative detectiontimesat many opticalmod-
ulesof photonsoriginatingfrom a singlepoint in thedetec-
tor. An intenselight pulseis generatedby oneof the two
complementarytypesof beacon. Firstly, Optical Beacons
fixed to the Optical Module Frames,which illuminate 8-10
storeys of eachneighbouringstring. Eachdetectorstring is
equippedwith four OpticalBeacons.Secondly, a LaserBea-
confixedon thebottomof theInstrumentationLine, illumi-
natinga largepartof thebottomhalf of thedetectorstrings.
It offers an importantredundancy for the calibrationof the
Optical Moduleslocatedon the first storeys of every string
which arelessilluminatedby theOpticalBeacons.

A globalfit of the positionandtimeof the beaconflashes
canalsobeperformedto giveanindependentcross-checkof
therelativepositioningandtiming calibrations.

3.1 LED pulsersin opticalmodules

Photomultiplieraveragetransittime will bemeasuredin the
laboratorybeforedeploymentandsubsequentlyduringdata
taking. To do this eachoptical moduleis furnishedwith a
LED pulser(Amram,2001)giving a few photoelectronsper
pulse.Therequirementfor jitter in thelight sourcetriggeris� ��� �

nswith a drift of � ���
	��
nsperyear.

Thechosenlight sourceis a blueLED drivenby a pulser
circuit basedonanoriginaldesignfrom (Kapustinsky, 1985),
adaptedfor usewith themostrecentblueLEDsandmodified
to reduceelectricalinterferencewith adjacentcircuits. Us-
ing Agilent HLMP-CB15 LEDs, thepulserisetime(10%to
90%) of 2.0nsanda width (FWHM) of between4.5nsand
6.5ns(dependingonpulseamplitude)hasbeenmeasuredus-
ing thesinglephotontechnique(Bollinger,1961).

Thiscircuit hastherequiredtiming properties,but thelight
pulsegeneratedhasa high intensity: up to

����
photonsper

pulse. Mechanicalreductionof the pulseintensityis there-
fore necessaryandthis is obtainedin two steps.TheLED is
encapsulatedin ablackcapwith a tiny pinholedrilled on the
sideof thecapto selecta small fractionof theemittedlight.
Thesystemis theninstalledontherearpartof thephotomul-
tiplier, andthephotocathodeis illuminatedthroughthe thin
aluminisedlayerdepositedontherearpartof thebulb, which
servesasanadditionalneutraldensityfilter. Thismethodhas
two advantages:the absenceof a shadowing effect on the
photocathodeandasimplemechanicalimplementation.

3.2 Opticalbeacons

Montecarlostudies(Navas,2000)have shown thatLED pul-
sersof the type usedin the optical modulesare sufficient
to illuminate neighbouringstringsat the few photoelectron
level and thus calibratethe timing of the ANTARES tele-
scopeto therequiredaccuracy of sub-0.5ns.For inter-string
andinter-storey calibrationit is desirableto havepulsedlight
sourcesthatarenot locatedwithin theopticalmodules,and
this inspiredthe conceptof separate,dedicatedLED based
opticalbeacons,eachcontainedin its own pressure-resistant
vessel.

Suchopticalbeacons,basedon many LED pulserssimul-
taneouslytriggeredare intendedto be omnidirectional,at
leastin the horizontalplane. It hasbeenfound experimen-
tally that triggering many of theseLED pulserssimultane-
ously resultsin a light pulsewhich is not significantlyde-
gradedin termsof time characteristicsfrom that produced
by a singlepulser. By switchingthenumberof LEDs pulsed
andby controllingtheintensityof theinvidualpulsers,a fac-
tor of approximately80 in the amountof light producedby
thebeaconperpulseis attainable.This provideslessintense
light pulsesfor timing calibrationmeasurementsandmore
intenselight pulsesfor studiesof the optical propertiesof
the surroundingwater. Therewill be a total of four optical
beaconson eachdetectorstring.

Thecurrentdesignconsistsof six facesarrangedasahexag-
onal cylinder, mountedwithin a cylindrical glasspressure
vessel(NautilusMarine Service). Eachfaceof the beacon
hassix LEDs, five facingradially outwardandthesixth fac-
ing upwardto illuminatethestringabove theopticalbeacon.
Eachbeaconproducesbetween��� �����

and
	��
� � �����

pho-
tonsper pulsedependingon the configurationof LEDs se-
lected.Thelight pulsefrom thebeaconhasa risetime (10%
to 90%)of 2.0nsanda width (FWHM) of between4.5nsand
6.5nsdependingon amplitude. The individual facesof the
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Fig. 2. Laserbeacondiffuser

prototypebeaconhave beenexperimentallymeasuredto be
synchronousto within 200ps.

At presentall theLEDsusedemitlight in theblueat470nm
with aFWHM of 15nm,however, thedesignisflexible enough
to useviolet or near-ultraviolet LEDs if thereis sufficient in-
terestin watertransmissionmonitoringat thesewavelengths
andif theindividualLED pricespermit.

A smallfastphotomultiplier(Hamamatsu6780)is included
within thebeaconto provide a true ��� of thelight flashinde-
pendentof any triggerelectronics.This canalsogive a mea-
sureof the intensityof the light flashesfor amplitudecali-
brationpurposes.Thephotomultipliercollectslight from the
LEDsvia anacrylic lightguidein theform of adiscmounted
at the top of the beacon. The photomultiplier is mounted
centrallyon this disc, undera polishedconical indentation
which directs light onto the photocathodeas suggestedin
Fields(1983)

3.3 Laserbeacon

In additionto the LED beaconstherewill be a muchmore
powerful laserbeaconat thebaseof theinstrumentationline.
Themaincomponentof thebeaconis a diodepumpedsolid
statelaser, NanolasemodelNG-10120-120which produces
intense( � ���

J),short( � ���
�
nsFWHM) light pulsesat532nm

which is visiblegreen.Thelaseris housedin acylindrical ti-
taniumpressurecontainerandis arrangedto point upwards.
Theangularoccupancy of thebeamis widenedby a diffuser
which spreadsthelight out to a cosinedistribution. To avoid
problemscausedby sedimentation,aglasscylinder isbonded
to the uppersurfaceof the diffuser, as shown in figure 2,
and this forms the window to the pressurecontainer. The
light exits throughthe vertical walls of the cylinder where
thesedimentationis negligible. Thediameterandlengthof
the cylinder andits refractive index (n=1.47)determinethe
maximumandminimumanglesreached.Theseangleshave
beenselectedso as to illuminate the upperand lowermost

storeys of thecloseststrings.
Thelaserbeaconis triggeredfrom theslow controlsystem

andtheactualtime of emissionof the light flashis givenby
the signal from a built-in fast photodiodewhich is returned
to thedata-aquisitionsystem.

4 Conclusion

Thesystemsdescribedareexpectedto provide sufficient ac-
curacy to reconstructmuon tracks in the ANTARES tele-
scopeand to monitor any importantchangesin the perfor-
manceof thedetectorsandthetransparency of theseawater.
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