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Abstract. The AMAND A-ll neutrinotelescopds an array
of optical sensorawvhich detectCherenkv light emittedby
passingchagedparticles. Reconstructiorof the trajectories
of theseparticlesdependsrucially on the measurementf
relative arrival timesof the Cherenlov photonsateachdetec-
tor. This,in turn, requiregreciseknowledgeof thetravel de-
lay timesfor signalsfrom eachsensorCurrently AMAND A
usesa lasersystemto calibratethesetimes. We have imple-
menteda nev methodusingdown-goingmuonswhich sup-
plementsandmay eventuallyreplacethe existing calibration
procedure.Our studiesof this methodindicatethatit is ro-
bustandableto achieve the precisionrequiredby ourrecon-
structionalgorithms.

1 Intr oduction

Largesub-glaciarndsubmarineneutrinotelescopearebuilt
from greathnumberof photomultipliertubes(PMTs)arrayed
deepbeneathhesurfaceof thewaterorice. TheAMAND A-
Il neutrinotelescopeomprise$778” PMTshousedn glass
pressurespheres-theassemblypeingcalledanoptical mod-
ule, or OM. The OMs usedin the variousastrophysicanal-
ysesare deployed at depthsbetween1500 m and 2000 m
belon the surfaceof the ice sheetcoveringthe SouthPole.
OtherOMs usedprimarily for the studyof ice propertiesex-
tend several hundredmetersboth above and below this re-
gion. Furtherinformationon AMAND A-Il, its construction
andcapabilitiesmaybefoundelsavherein theseproceedings
(Wischnevski, theseproceedings).

In AMAND A, the PMT signalsmust propagateapproxi-
mately2 km over electricalor ber optic transmissiorines
to the readoutelectronicson the surface,inducinga signif-
icant delay in the measuredime of signals. Other much
smaller but still non-ngligible delaysenterin the OM it-
self aswell asin the surfaceelectronics. We call this total
delaytime
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Eachof theOMsin AMAND A seesadifferentsignalpath
and consequentlyeach  mustbe individually calibrated
in orderto calculatethe true hit times of the OM. This cal-
ibration hasheretoforebeencarriedout using a solid-state
YAG laser locatedon the surfacein the AMAND A counting
house(Andres,2000). For mostof the OMs, thelaseris con-
nectedvia anoptical ber to anemitterin closeproximity to
thatOM. Thisprocedures veryrobustandprovidesancillary
pulserisetimecorrectionsin additionto the  information
for that phototube.However, it is a time-intensve taskthat
consumegreciousmanpaver eachyear at the SouthPole.
Also, thereare several OMs which have broken laser bers
andarenot otherwiseableto be calibratedwith thelaser

AMAND A recordsapproximately  cosmicray muons
annually In this paperwe shalldemonstratea methodwhich
utilizesthis datato provide anindependent calibration.

2 Description of Method

Given a known muontrack passingnearbyan optical mod-
ule,andemittinga Cherenlov photonwhich strikesthatOM,
thetimeresidual , is de nedto bethedifferencebetween
therealtime of the photons arrival at the OM, andthe
expectedarrival time from analysisof the kinematicsof the
track,

(1)

In anidealworld whereCherenkv photonsnever scattered,
would beadeltafunction:

(@)

Multiple scatteringof photonsin thesurroundingce distorts
this distribution so that it no longer hasa known analytic
form. The distribution canbe experimentallymeasurednd
is shovnin Figurel.
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Fig. 1. Time residualdistribution measuredor an AMAND A op-

tical module. The large peakcloseto the origin is populatedby

Cherenkv photonswhich arrive directly at the OM from point of

emissionwith little or noscattering Theextendedail atlargeresid-
ual timesis createdby photonswhich scatterin the ice andarrive
at the OM late. Negative times, which are acausalare causedoy

electronictime jitter in the PMTs ( ns) andtrack misrecon-
structions.

The quantity  entersEg. 1 sincethe OM hit time, ,
is reconstructedrom thetime measuredby the surfaceelec-
tronics, , by . Themuon cali-
brationvarieseachOM's  in orderto correctoffsetsin the
measurediming residualsfor that channel. It doesthis for
all channelsimultaneouslyiteratively asfollows:

1. Estimatetheinitial  s.

2. Fit tracksusingstandardeconstructiorsoftware.

3. Looping over all tracks,accumulatehe time residuals
for eachOM andstorein a histogramor othercornve-
nientstructure.

4. For eachOM, determinethe effective offset from the
residualdistribution. A methodto accomplishthis is
describedelow.

5. Subtractafraction, , of this offsetfrom thatOM's
Using ensureghateachstepdoesnot over-
correcttheoffsetandspeedgorvergence.

6. Returnto step2, terminatingwhenthe meaneffective
offsetshave all becomesufciently small.

3 Practical implementation issues
3.1 Determiningtheinitial calibrations

In orderto producetime residualdistributions,the telescope
musthave a sourceof muontrackswhich passsufciently
closeto the optical detectingelements. Thesecould come
from a surfacearray asin the situationof the SFASE and
AMAND A detectorgAndres,2000). If the telescopatself
is neededo reconstructhesetracksthen a preeisting set
of calibrationsis required. Thesecalibrationscould be pro-
videdby previouscalibrationsjf the detectoiis calibratedn
aperiodicfashion,or rough rst guessesf no prior informa-
tion exists. Anotherlikely scenariofor neutrinotelescopes
underconstructions thata portion of the detectorhasbeen
deployedandis alreadycalibrated.In that case tracksfrom
this portion which extendinto the region containingnewly-
deployed modulescanbe usedto bootstrapthe calibrations
of thenew modules.

For the caseof seedingthe calibrationwith guessesthe
questionarisesas to how stablethis procedureis against
poor rst guesses.This is a generalproblemin nonlinear
minimization problemswhere often it is impossibleto tell
whetherthesystemhascorvergedto atrueminimumor rather
just one of mary local minima. Sincewe do have an alter
nate meansof obtainingthe global solutionin AMAND A
(thelasercalibrationsystemiit is possibleto experimentally
determinavhethethemuon calibrationdoesindeedcon-
verge to the correctminimum from a crude rst guess.We
have performedsereral teststo demonstratehat the muon
calibrationcanrecovertheglobalsolution.

Shawn in Figure 2 is a summaryof the resultsof a test
on the full AMAND A-ll detectorwherewe had intention-
ally shiftedthe s for alarge fraction of the OMs by sig-
ni cant amountandaskedthemuon  calibrationto return
the detectorto the correcttiming calibration. The solid line
shavn in the gure shows the amountby which the mod-
uleswereshifted: to explore the resilienceagainstdifferent
typesof systematimffsetswe decidedto changestrings2,
14,and15by ns,strings7 and8 by adepth-dependent
amount,andstring 19 with a sinusoidalpattern. The muon
calibrationiteratedover this con guration 50 timesand ar
rivedattheanswetthatthedetector sshouldbeshiftedby
anamountindicatedby thetriangles.

3.2 Calculationof offsetsfrom time residuals

Thedistribution of time residualds a comple structurearis-
ing from optical photonscatteringin the ice. Determining
whatoffsetto applyto aparticularOM solelyfrom thisdistri-
butionis thereforenot straightforvard. Thereareseveral so-
lutionsto this problem.Fitting thedistribution with heuristic
functionsandstatisticalcomparison®f the histogramsawith
Monte Carlo generatedistributions with null offset were
considered. In the end we decidedto use a matded I-

ter correlationsinceit was applicableto distributions with
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Fig. 2. Resultsof a muoncalibrationof AMAND A-Il wherethe
correctsolutionwasknown from lasercalibration.EachOM along
the x-axis wasintentionally shifted away from its calibratedvalue
by an amountshavn asthe solid line. The muon calibrationhad
to recover from this shift by correctingin the oppositedirection.
After 50 iterationsthe calibrationhadachiered the shift shavn by
thetriangles.

very sparsestatistics. The matched lter correlation nds

the maximum cross-correlationsf a measuredime resid-
ual distribution againstMonte Carlo generatedlistributions
atvariouspredeterminedffsets(IfeachorandJervis,1993).
The offset that producesthe maximumcross-correlations
taken asthe offset of the measuredistribution. Sinceit ef-
fectively integratesover all bins of the histogramst contin-
uesto give reliableresultsat low histogramoccupanciesBy

exploiting thecornvolutiontheorem(Press1992),this proce-
durecanalsobeexecutedvery quickly with FFTs(Frigoand
Johnson2001).

3.3 Corvemgence

At the end of eachiteration, the timing correctionsapplied

duringthatiterationsteparehistogrammedndthe width of

the distribution is recorded. As the systemcorvergesto a

solution,theindividual  correctionsshouldcorvergeto a

commonlimit * andthemagnitudeof thespreachf thepoints

aboutthislimit providesanestimatorof theRMS errorof the
guantities.

Additionally, an averagequality of t — proportionalto the
tracklikelihoodusedin the maximumlikelihood tting (see

IThislimit is notnecessarilgeroin AMANDA. AMANDA s
areuniqueup to a global offset. Thusin eachiterationthe average
valueof thetiming correctionsappliedto all channelss afree pa-
rameter This pointis broughtup sinceit doesoccurin practice.
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Fig. 3. The width of the distribution of timing correctionsap-
plied, , asit diminishesversusiterationcount(solid line).
The meantrack t quality versusiteration,givenin arbitrary units
(dashedine); largervaluesimply bettertrack ts. Asis evidenced
from the gure, mostof the movementfor both curvesoccursdur-
ingthe rst few iterations.Thisis causedy the presencef outliers
whicharevery quickly movedinto thebulk of thedistribution. Once
this happensgonvergenceslows.

Andres(2000)for adescriptionof trackreconstructioniech-
nigues)-is monitoredfor eachiteration. An increasen over-

all t qualityis obsenedat successie iterative steps.These
pointsareillustratedin Figure 3, taken from a recentmuon
calibrationof AMAND A-Il  s.

3.4 Dataprocessingequirements

A high-statisticsmuon calibrationfor AMAND A requires
approximately raw events. While this datavolume
represent®nly a small fraction of the datarecordedby the
detectoreachday— about2 hr of continuoudive-time—the
time requiredto procesghe mary iterationsnecessitatetly

themuon calibrationis large. Fortunately recentdevel-

opmentsn AMAND A reconstructionechniquehave deliv-

eredfasttrack tting codewhich shouldgreatlyreducethe
computingcostof this calibrationmethod.

4 Accuracy

Thetheoreticahccurag of themuoncalibrationis estimated
to belessthanl ns. Thisis takenfrom the plot of thewidth
of the distribution of timing correctionsat the nal iteration
step (Figure 3). However, systematiceffects introducean
RMS error of 8 nswhenthe muonandlasercalibrationsare
compared. Thesesystematicswhich are as yet not com-
pletely understoodgive a relative differencebetweenlaser
andmuon whichis depth-dependen#t ary rate, thelaser



calibrationis estimatedccuratdo 8 nsitself, and,moreover,
detailedstudiesof theeffectsof  calibrationonreconstruc-
tion have shown thaterrorsof ordereven20 nsdo not signif-
icantly affect thereconstructior{Biron, 2000).

5 Other calibration applications of downward muons

In thenext-generatiordeepice detectoylceCubetheoptical
modulesareexpectedto digitize the PMT pulsesin situ and
will additionally calibratetheir own timing offsets (Gold-
schmidt, theseproceedings). In sucha situationwe have
recentlybegun to explore the possibility of obtainingother
calibrationinformationfrom the downward muons. Results
from recentsimulationsndicatethepossibilityof calibrating
geometricapositionsof thedetectordy minimizingarecon-
structionlik elihood function over a discretegrid of points
surroundingeachOM.

We alsobelieve thatdetectomonitoringtoolscouldincor
porateanautomaticcalibrationprocessuchashasbeende-
scribedhere.Sincethecalibrationreliesonhigherlevel event
information,and  valuesshouldnot be volatile quantities,
monitoringthestabilityof  valuescouldbeanelegantway
to checkthe detectomperformanceatthe highestievels.

6 Conclusions

We have discusse@ methodby which calibrationof relative
timing offsets betweenthe optical detectorsin Cherenlov

neutrinotelescopemaybeobtainedisingatmospheriecnuon
data.Themethodoutlinedwasspeci c tothe AMAND A de-
tector however, thetechniques applicableto otherexisting
and nascentneutrinotelescopeprovided the ux of atmo-
sphericmuonsis nottoolow. Themuoncalibrationhasbeen
shavn to furnishOM timing offsetmeasurementccuratet
leastto thelevel of 8 ns,thetiming precisionrequiredof the
lasercalibration.It hasalsoprovidedthe only meanf cali-

bratingthe sfor OMsthathadbrokenlaser bers: thisin-

cludesmostof string17whichdeployedsereralhundredme-
tersabove theotherstringsof AMAND A-Il. An eventshaw-

ing trackreconstructiorirom hits onthis stringaswell asthe
lower AMAND A-1l strings— and thus an obsenable track
length of over 1 kilometer— is presentedn Figure4. The
AMAND A collaborationhasadoptedthe muon calibration
in conjunctionwith the laser calibrationfor datacollected
from 20000onward.
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