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Calibration systems for the ANTARES neutrino telescope
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Abstract. The ANTARES collaborationaimsto deploya
0.1kn¥ neutrinotelescopén the Mediterraneaiseaby 2004.
Neutrinoswill be detectedthroughthe muonsproducedin

theirinteractionwith the surroundingmatter The muontra-

jectory canin turn be reconstructedrom the arrival time
at the detectorphotomultipliers of the Cherenke photons
producedby the muons. In orderto provide the bestpossi-
ble angularresolutionfor astronomyanumberof calibration
techniqueswill be employed. Theseinclude acousticsys-
tems,LED pulserswithin the photomultiplier optical mod-
ules,brighteromnidirectionalLED beaconsnda laserbea-
con. Thesesystemsdevelopedwithin the ANTARES col-

laboration arereviewedandtheir capabilitiesdescribed.

1 Introduction

The ANTARES collaboration(Antares,2001) aims to de-
ploy a 0.1kn? neutrinotelescopen the Mediterranearsea
by 2004. The telescopewill consistof an array of flexible
detectorstringsmooredon the seabedeachstring having a
total of 90 Optical Modules(Antares,1999). Theseoptical
modulesare glasspressurespherescontaining photomulti-
pliers (Amram, 2001)which areheldthreeto a store/ onan
optical moduleframe asshown in figure 1. Certainof the
stringshave additionalinstrumentatiorto measuresrviron-
mentalparametersyhile a dedicatedstring, known asthe
“InstrumentationLine” is built with specificinstrumentso
provide more precisemeasurementand monitoring. Much
experiencehasbeengainedfrom a prototypestring known
asthe “demonstrator'which wasdeployedfor eightmonths
startingNovember1999.

Neutrinoswill bedetectedn the ANTAREStelescopevia
the muonsproducedin their interactionwith the surround-
ing matter Themuontrajectorycanin turn bereconstructed
from the arrival time at the detectorphotomultipiersof the
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Cherenke photongproducedyy themuons.Thisreconstruc-
tion of muontracksis basedon precisemeasurementg~ 1
ns)of the arrival timesof the Cherenke photonsat the opti-
cal modules.This reconstructionmequiresknowledgeof the
positionsof the optical modulesrelative to eachother or
more practicallywith respectto fixed referencepoints such
as the detectorstring anchors. The precisionof this spa-
tial positioningshouldbe betterthan the uncertaintyof the
Cherenkw light detection(1nsis equivalentto 22cmof light
pathin water). It is intendedto measurehe relative posi-
tion of eachopticalmoduleto anaccurag of 10-20cnusing
acoustiomeasurementsndtiltmetercompasses.

Relativetime calibrationof theopticalmoduleds obtained
from measurementsf the arrival time of shortintenselight
pulsesproducedby Optical Beaconsand a Laser Beacon.
Thesdight pulsescanalsobe usedto monitorthelight atten-
uationin wateraswell asfor the optical moduleefficiency
calibration. Furthermorethe LaserBeaconlocatedat the
bottomof thelnstrumentatioriine, providessub-nanosecond
light pulseslluminating morethanhalf of thedetector These
pulsescanbeusedto monitorthelight scatteringn seawater
andtestthereconstructiorof afixed point source.

In addition,thedetectorcalibrationcanbeimprovedby the
knowledge of oceanographiguantities,suchasthe sound
velocity, the waterflow velocity and direction, the temper
atureand salinity of the seawatersurroundingthe detector
The ANTARES InstrumentatiorLine carriesspecificaddi-
tional instrumentatiomneededto record and monitor these
guantities.

2 Detector relative positioning

Therelative positioningof the detectoiis obtainedfrom two
independensystems.Firstly, a High Frequeng Long Base
Line (HFLBL) acousticsystemgivesthe 3D positionof re-
ceving hydrophonesittachedalongthe detectorines. Sec-
ondly, a setof tiltmeterrcompassensorgivesthe local tilt
anglesof eachoptical modulestorey with respecto the hor-



Fig. 1. Framecarryingthreeopticalmodulesandan opticalbeacon

izontal plane(pitch androll), aswell asits orientationwith

respecto the terrestrialmagneticfield. The exact shapeof

eachstringis reconstructedby performinga globalfit based
on the information from thesesensors. The relative posi-
tions of the optical modulesarethendeducedrom this re-

constructedine shapeandfrom the geometryof the optical
moduleframe.

Simulationshave beenperformed(Cassol 1999)to study
the performanceof the positioningsystemfor variouscon-
figurationsof the detectorcalibrationequipment{numberof
acousticsensorsandtiltmeters,locations,precisionof sen-
sors,missingsensors)aswell asfor differentvaluesof the
seawatercurrentor of the detectorstringtwist asa function
of the vertical positionon the string. This work shawvs that
a spatialpositioningof all optical moduleswith anaccurag
~ 10cmis attained evenfor a seawatercurrentasstrongas
15cm/s.

2.1 Acousticpositioningsystem

The systemis anevolution of a prototypeacousticposition-
ing systemdevelopedby the Geniseacompary for therela-
tive positioningof the ANTARES demonstratostring. The
techniqueusedis to measurehe travel time of 40-60kHz
acoustiqpulsesbetweerreceving hydrophoneglacedalong
the string andemittersfixed atthe bottomof eachline. The
3D position of eachhydrophones then obtainedby trian-

gulationfrom the travel timesbetweenthe hydrophoneand
eachfixedemitter Thesdixedacoustideaconsnustalsobe
ableto receve anacousticsignalin orderto determinetheir
own spatialpositionwith respecto the otherstringanchors.

The acousticpositioningsystemhasbeendesignedo in-
corporatehefour existingautonomousgransponderbuilt for
the positioningof the demonstratostring. Thesetranspon-
derswill continueto be usedfor the detectorpositioning
whenit consistsof only afew strings,aswell asto improve
the quality of the acoustictriangulationof the final detectoy
if necessary

Theacoustidransponderarecurrentlyautonomougmit-
ter/recever beaconpoweredby batteriesandfixed on pyra-
midal structuresanchoredo the seabed.The four transpon-
dersareinstalledat the cornersof a 300mby 300msquare
aroundthe detector The transpondergsan be recoreredby
activatingan acoustiaeleasenhich separatethe pyramidal
structurefrom its anchorbase. Measurementbetweenall
transpondepairs allow their relative positionsto be deter
minedby triangulation.

Thecorversionof acousticsignaltravel time measurements
to precisedistancesrequiresan accurateknowledgeof the
soundvelocity within the detectoy and someadditionalin-
strumentatioris addedto the systemto provide this. In sea-
water the soundvelocity dependson the temperaturethe
salinity andthe pressure The standardnodelusedto deter
minethesoundvelocity in seavateraccordingo thesequan-
titiesis thatof ChenandMillero (1977)

In orderto measurehe soundvelocity andits variation,
the detectoris equippedwith five soundvelocimeterglaced
at differentlocationsalongthe detectorstrings. The sound
velocimeterused,a modeldevelopedby Geniseagivesa di-
rect measuremendf this quantity by measuringthe travel
time of anacousticsignalon a fixed lengthof about20 cm.
The measuremeris performedwith anaccurag of about5
cm/safter calibrationof the device.

Two soundvelocimetersarealsoequippedvith additional
Conductvity-Temperature-Depth(pressupepbego provide
anindependenmeasurementf the soundvelocity, accord-
ing to the ChenandMillero (1977)model,andalsoto obtain
an estimationof the salinity (determinedrom the conduc-
tivity andtemperaturaneasurementgndtemperaturegra-
dientswithin the detector

The performancef the systemusedon the demonstrator
stringwasfoundto be muchbetterthanoriginally specified.
The precisionof individual distancemeasurements better
thanlcm,while theaccurag on the 3D positionsof the hy-
drophonesobtainedby triangulationis 1-3cm. A prelimi-
narydescriptionof theseresultscanbefoundin (Benhamou,
2000)anda full reportis in preparation.

2.2 Tiltmeterandmagneticcompass

Complementaryo theacoustigositioningsystemfiltmeters
and compasseare necessaryor the line shapereconstruc-
tion aswell asfor measuringheopticalmoduleorientations.
The orientationaroundthe vertical of the threeoptical mod-



ulesof a storey is usedto determinethe geometricalikeli-
hoodof the reconstructednuontrajectory To obtainthis in-
formation,eachopticalmoduleframeis equippedwith a bi-
axialtiltmetergiving the pitch androll anglesandamagnetic
compasso 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 sensorsare digi-
tisedby an ADC anddeliveredon a seriallink to the slow
control.

3 Reativetime calibration

In additionto therelative positioningof theoptical modules,
thereconstructiorof the muontracksdepend®ntherelative
timing of eachphototubesignalwith respecto others. The
goal is to achieve a timing calibrationwith an accurag of
~ 0.5nsin orderto avoid degradationof the precisionof the
Cherenkw light arrival measurementg~ 1ns) givenby the
photomultipier.

The relative timing calibrationis performedusing three
independenandcomplementargystemstheinternalclock
calibration, the photomultipler transittime calibrationand
thedetectorrelative time offsetcalibration. Theinternalclock
calibrationis performedby the clock distribution systemby
measuringheclock signaltransittime betweertheon-shore
MasterClock andeachlocal clock board. The PMT transit
time calibrationmeasureghe transittimes of every optical
moduleby firing the internal LED includedin eachOptical
Module andby measuringhe detectiontime of the photons.
The detectorrelative time offset calibrationis obtainedby
measuringhe relative detectiontimesat mary opticalmod-
ulesof photonsoriginatingfrom a single pointin the detec-
tor. An intenselight pulseis generatedy one of the two
complementarytypesof beacon. Firstly, Optical Beacons
fixed to the Optical Module Frameswhich illuminate 8-10
storgys of eachneighbouringstring. Eachdetectorstring is
equippedwith four OpticalBeaconsSecondlyalLaserBea-
confixed on the bottomof the InstrumentatiorLine, illumi-
natinga large partof the bottomhalf of the detectorstrings.
It offers animportantredundang for the calibrationof the
Optical Moduleslocatedon the first storeys of every string
which arelessilluminatedby the Optical Beacons.

A globalfit of the positionandtimeof the beaconflashes
canalsobeperformedo give anindependentross-checlof
therelative positioningandtiming calibrations.

3.1 LED pulsersn opticalmodules

Photomultiplier averagetransittime will be measuredn the
laboratorybeforedeploymentand subsequentlyluring data
taking. To do this eachoptical moduleis furnishedwith a
LED pulser(Amram,2001)giving afew photoelectronper
pulse.Therequirementfor jitter in thelight sourcetriggeris
< 0.5nswith adrift of < 0.25nsperyeat

The chosenlight sourceis a blue LED drivenby a pulser
circuit basednanoriginal designfrom (Kapustinsly, 1985),
adaptedor usewith themostrecentblueLEDs andmodified
to reduceelectricalinterferencewith adjacenfcircuits. Us-
ing Agilent HLMP-CB15 LEDs, the pulserisetime(10%to
90%) of 2.0nsanda width (FWHM) of between4.5nsand
6.5ns(dependingn pulseamplitude)hasheenmeasuredis-
ing thesinglephotontechniqugBollinger, 1961).

Thiscircuithastherequirediming propertiesput thelight
pulsegeneratechasa high intensity: up to 10% photonsper
pulse. Mechanicalreductionof the pulseintensityis there-
fore necessarandthis is obtainedn two steps.The LED is
encapsulateth ablackcapwith atiny pinholedrilled onthe
sideof the capto selecta smallfraction of the emittedlight.
Thesystemis theninstalledon therearpartof the photomul-
tiplier, andthe photocathodés illuminatedthroughthe thin
aluminisedayerdepositedntherearpartof thebulb, which
senesasanadditionalneutraldensityfilter. This methodhas
two adwantages:the absenceof a shadaving effect on the
photocathod@nda simplemechanicalmplementation.

3.2 Opticalbeacons

MontecarlostudiegNavas,2000)have shovn thatLED pul-
sersof the type usedin the optical modulesare sufiicient
to illuminate neighbouringstringsat the few photoelectron
level andthus calibratethe timing of the ANTARES tele-
scopeto therequiredaccurag of sub-0.5ns. For inter-string
andinter-storey calibrationit is desirabldo have pulsedight
sourceghatarenot locatedwithin the optical modules,and
this inspiredthe conceptof separatededicated_.ED based
opticalbeaconsgachcontainedn its own pressure-resistant
vessel.

Suchopticalbeaconsbasedon mary LED pulserssimul-
taneouslytriggeredare intendedto be omnidirectional,at
leastin the horizontalplane. It hasbeenfound experimen-
tally thattriggering mary of theseLED pulserssimultane-
ously resultsin a light pulsewhich is not significantly de-
gradedin termsof time characteristicgrom that produced
by asinglepulser By switchingthe numberof LEDs pulsed
andby controllingtheintensityof theinvidual pulsersafac-
tor of approximately80 in the amountof light producedby
the beacorper pulseis attainable.This provideslessintense
light pulsesfor timing calibrationmeasurementand more
intenselight pulsesfor studiesof the optical propertiesof
the surroundingwater Therewill be a total of four optical
beacon®n eachdetectorstring.

Thecurrentdesignconsist®f six facesarrangedsahexag-
onal cylinder, mountedwithin a cylindrical glasspressure
vessel(Nautilus Marine Service). Eachface of the beacon
hassix LEDs, five facingradially outwardandthe sixth fac-
ing upwardto illuminate the stringabove the opticalbeacon.
Eachbeacorproducesdetweerns x 107 and2.9 x 10° pho-
tons per pulsedependingon the configurationof LEDs se-
lected.Thelight pulsefrom thebeacorhasarisetime (10%
to 90%) of 2.0nsanda width (FWHM) of betweer.5nsand
6.5nsdependingon amplitude. The individual facesof the
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Fig. 2. Laserbeacordiffuser

prototypebeaconhave beenexperimentallymeasuredo be
synchronouso within 200ps.

At presentll theLEDsusedemitlight in theblueat470nm
with aFWHM of 15nm,however, thedesignis flexible enough
to useviolet or nearultraviolet LEDs if thereis sufiicientin-
terestin watertransmissionmonitoringat thesewavelengths
andif theindividual LED pricespermit.

A smallfastphotomultiplier(Hamamats&780)is included
within thebeacorto provide a truet, of thelight flashinde-
pendenbf ary triggerelectronicsThis canalsogive amea-
sureof the intensity of the light flashesfor amplitudecali-
brationpurposesThephotomultipier collectslight from the
LEDsvia anacryliclightguidein theform of adiscmounted
at the top of the beacon. The photomultipier is mounted
centrally on this disc, undera polishedconical indentation
which directslight onto the photocathodeas suggestedn
Fields(1983)

3.3 Laserbeacon

In additionto the LED beaconsherewill be a muchmore
powerful laserbeacorat thebaseof theinstrumentatiorine.
The main componenbf the beacoris a diodepumpedsolid
statelaser NanolaseanodelNG-10120-120which produces
intensg~ 1pJ),short(~ 0.8nsFWHM) light pulsesat532nm
whichis visible green.Thelaseris housedn acylindrical ti-
taniumpressureontainerandis arrangedo point upwards.
Theangularoccupang of the beamis widenedby a diffuser
which spreadshelight out to a cosinedistribution. To avoid
problemsausedy sedimentationaglasscylinderis bonded
to the uppersurfaceof the diffusetr as shown in figure 2,
andthis forms the window to the pressurecontainer The
light exits throughthe vertical walls of the cylinder where
the sedimentations negligible. The diameterandlengthof
the cylinder andits refractive index (n=1.47)determinethe
maximumandminimumanglesreached.Theseangleshave
beenselectedso as to illuminate the upperand lowermost

storeys of thecloseststrings.

Thelaserbeacoris triggeredfrom the slow controlsystem
andthe actualtime of emissionof the light flashis givenby
the signalfrom a built-in fastphotodiodewhich is returned
to thedata-aquisitiorsystem.

4 Conclusion

The systemslescribedareexpectedto provide sufiicient ac-
curay to reconstructmuon tracksin the ANTARES tele-
scopeand to monitor ary importantchangesn the perfor
manceof the detectorsandthetransparencof the seavater
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