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Muonsdecayingin thewatervolumeof aCherenkov detectorof thePierreAugerObservatoryprovideauseful
calibrationpointat low energy. Usingthedigitizedwaveformcontinuouslyrecordedby theelectronicsof each
tank,we have deviseda simplemethodto extract thechargespectrumof theMichel electrons,whosetypical
signalis about1/8of acrossingverticalmuon.Thisprocedure,moreover, allowscontinuousmonitoringof the
detectoroperationandof its waterlevel. We have checkedtheprocedurewith high statisticson a testtankat
theObservatorybaseandappliedwith successon thewholearray.

1. Intr oduction.

As it is well known, a muondecaysinto an electronandtwo neutrinos.The resultingenergy distribution of
theelectronis known astheMichel spectrum.It hasanendpointat 53 MeV andanaverageof 37 MeV. The
rangeof suchanelectronis lessthan25 cm,whereasthetypical dimensionsof anAugertankareof theorder
of 100 cm. This meansthat mostof the muonsdecayingin an Auger tank will give rise to electronswell
containedinsidethetankvolume.Becauseparticletypemeanenergy andmeanrangeareknown, theMichel
electronsarea calibratedsourceof Cherenkov light that canbe usedto measureandmonitor a low energy
calibrationpoint for thewaterCherenkov detectors.Moreover, sincetherangeis a few timessmallerthanthe
sizeof anAugertank,thesignaldepositedby adecayingmuonwill be,to �rst order, independentof thewater
level andproportionalto theenergy of theelectron(for very low waterlevel, theelectronwouldnotdepositall
its energy in thetankandtheproportionalitywould be lost). Whenthis signalis comparedto thesignalof a
crossingmuon,which is dependentonwaterlevel, a usefulobservablethatallowswaterlevel to bemonitored
is obtained.

Thesurfacedetectorof thePierreAugerObservatoryis composedof 1600Cherenkov detectorstations(over
800deployedasof June,2005).Eachstationis acylindrical tankof 3.6m in diameterand1.2m in height,�lled
with puri�ed anddeionizedwater. The inner surfaceof the tank is coatedwith Tyvek, a diffusive-re�ective
material.ThreePMTsmountedon top collect light emittedinsidethe tank. Whenthesignalsatis�escertain
triggerrequirements,it is digitizedby meansof a �ash ADC (FADC), andstoredin a buffer. Signalsizesare
expressedin units of

���������

	�
�� for FADC counts,and 


	�
�� for integratedFADC counts[1]. One
���������

	�
�� is
de�ned asthemostlikely signalmaximum(in FADC counts)givenby a verticalcrossingmuonwhereasone




	�
�� is de�ned asthemostlikely integratedsignal(in integratedFADC counts)givenby averticalcrossing
muon.Theconversionfactorsfrom integratedFADC countsto

���������

	�
�� and 


	�
�� arecalculatedcontinuously
usingdatafrom thelocal station,providing agoodmeasureof thetimestabilityof thesignal.

The muondecaysin Auger tankshave beenthe subjectof previous works: in [2] the possibility of usinga
singlemuondecayasa calibrationpoint wasindicated.In this work, a tanksmallerthana productionAuger
tankwasused.In [3] a testtankat theObservatorysitewaspurposelydepletedof waterandits gainwasraised
to observeMichel electronsmoreclearly. In [4] a prototypetankin theAGASA sitewasusedto extractmuon
decaycandidates.In [5] a detailedstudyof thepossibilityof monitoringthewaterlevel by observingmuon
decaysis presented,andtwo differentmethodsfor analyzingdataarecompared.
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This paperis organizedasfollows. In section2 we brie�y describethemethodto distinguishcrossingfrom
decayingmuonandto obtain the correspondingcharge spectra.Thesedataarecomparedwith simulations
from which a calibrationpoint is extracted. In section3 we describethe methodfor usingthesespectrato
monitorwaterlevel anddescribethedrainexperimentcarriedout on anAuger tank. Finally, in section4 we
discussour resultsandconclusions.

2. Distinguishing CrossingMuons fr om DecayingMuons.

Muonsenteringan Auger watertank caneitherpassthroughthe tank andexit (“crossingmuons”)or decay
insidethetank(“decayingmuons”). Therateof crossingmuonsis about2.7Khz, andeachof thesecrossing
muonsleavesa signalthat is, typically, proportionalto the track lengthinsidethe tank. Decayingmuons,on
theotherhand,leaveasignalproportionalto thetracklength,plusasecondpulsecorrespondingto theMichel
electron.Thesemuonsareatmosphericmuonsfalling in awatertankasisolatedparticles,asopposedto muons
from high energy showerswherea largenumberof themwould crossthetanksimultaneously.

To performthis study, we usedthe“slow buffer” process.The“slow buffer” is a low priority processrunning
in thelocal station.It collectsdatafrom theFADC at a 0.1

�
�������

	�
�� threefold(i.e. in thethreePMTs)threshold.
For eacheventsatisfyingthis threshold,a 20bin traceis storedtogetherwith a time stampin a twofold buffer
(to minimizedeadtime). The durationof eachof the20 bins is 25 ns. The time stampindicatesthe time at
which thetriggerconditionwassatis�ed,andcorrespondsto thethird bin of theFADC trace.

Anotherprocessin the local station,called“mu�ll”, usestheselow thresholddatato build threehistograms.
The�rst of thesehistogramsis a histogramof thetime interval betweena giventime stampandtheprevious
one.Thatis,everytimethereis asignalsatisfyingthetriggercondition(andhenceacorrespondingFADC trace
in theslow buffer) thetimeelapsedbetweenthistriggerandthepreviousoneis computedusingthetimestamp
of thecorrespondingtraces.A time interval correspondingto a decayingmuontrigger followedby a Michel
electrontriggerwill have typical valueequalto themuonlifetime. It follows thattheresultinghistogramwill
exhibit anexponentialdecaycorrespondingto decayingmuonsover a backgroundcorrespondingto crossing
muons.Thetime constantof the formershouldbeconsistentwith themuonlifetime of ���������
	 modi�ed by
inversebetadecaycaptureto about ���������
	 [2].

The secondhistogramis the histogramof the integratedFADC traceof the “early” events,which arethose
eventsthathave a time stampthatdiffers from thepreviousonein at least �
�
	 andat most ���
	 . This �rst
time window, centeredat aboutonemuonlifetime, shouldpick outmostof thedecayingmuons.Theseevents
arethencandidateMichel electronsfrom muondecays.

The third histogramis thehistogramof the integratedFADC traceof the “late” events,which arethosethat
havea time stampthatdiffersfrom thepreviousonein at least ��� ���
	 andat most �����
	 . This timewindow is
centeredat over4 timesthelifetime of themuon.Theseeventsarethencandidatecrossingmuons.

Figures1.ato 1.cshow thesethreehistograms.Fromanexponential�t to �gure 1.a,weobtainadecaytimeof
�

������������� �������
	 compatiblewith thedecaytimementionedabove.Thehistogramsdisplayedin �gures 1.band
1.chave a similar structure:two peaksat low andhigh charge. The�rst peakis producedby thecombination
of the threefoldtrigger requirementandlow chargenoise,consistingof clipping cornercrossingmuons(i.e.
muonswith a short track in the tank) aswell aselectronsfrom muondecays,andphotonsfrom low energy
showers.

Thesecondpeakis entirelydueto crossingmuons,mostof whichcrossin directionscloseto thevertical(the
differenceof thepositionof this secondpeakandthe integratedsignaldepositedby a verticalmuonis of the
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Figure 1(Four ®gureson the left). 1.a (top left) Time interval histogramand®t. To show the contribution of decaying
muons,thebackgroundfrom crossingmuonswassubtracted.Thetime constantof theexponentialis ���������
	��
� ��������� .
1.b (top right) Chargeof ªearlyºevents.1.c (bottomleft) Chargeof ªlateºevents.1.d (bottomright) Chargedepositedby
a decayingmuon.Figure2:Figureon theright. ª����� º ratio vswaterlevel (seetext).

orderof 5% [1]). This peakis usedfor calibration:to obtaintheconversionfrom integratedFADC countsto



	�
�� , weperforma gaussian�t to thepeak.Theresultof this �t is � 


	 
����

�

��� ��� � �����! #" counts.

With this picturein mindwecanobtainthechargehistogramof theelectronsfrom muondecayby subtracting
the “early” eventsfrom the “late” eventshistogram. The resultinghistogramis shown in �gure 1.d. This
histogramhasa simplestructurepresentinga singlepeak.This peakis at a slightly differentpositionthanthe
�rst peakin �gures 1.b and1.c, implying that it is not dueto thesamelow energy tail but a realcomponent
presentin �g. 1.bandnot in �gure 1.c. This spectrumis theMichel spectrumconvolvedwith theresponseof
thedetector. FromMonteCarlosimulations,it canbeshown that thepositionof theelectronpeakshouldbe
at

�

��� � ��$ � � � ��� � � 


	 
�� . We canusethis valueasa calibrationpoint which, for this tank,correspondsto
�

����� � � FADC. This lastvaluecorrespondsto thepositionof theelectronpeak,obtainedby a gaussian�t in a
reducedregionaroundthemaximum.

3. The Water Level Experiment.

Sincetherangeof theelectroncomingfrom muondecayin thetankis of theorderof 25cm,mostof its energy
will bedeposited,evenif thewaterlevel of thetankis lower thanthenominalvalueof 120cm. On theother
hand,theenergy depositedby acrossingmuonis proportionalto its tracklength( % � MeV cm &(' ). Thesetwo
magnitudesarethenexpectedto have a differentdependenceon waterlevel, while beingbothproportionalto
Tyvek re�ectivity, collectionef�ciency, etc. (eventhoughtheenergy depositedby theelectronis independent
of waterlevel, a dependenceof thesignalproducedis expectedsincethe fractionof collectionareaandtotal
areaincreases).It followsthattheratioof thetwo will dependonly onwaterlevel,while otherunknownfactors
cancel.

A simpleanalogybetweena tankandanintegratingspherehelpsto understandthesignalthat is producedin
thetankunderthetwo circumstancesreferredto in thepreviousparagraph.Fromthis analogy, we obtainthat
thesignaldepositedby a particle(muonor electron)in thetankis proportionalto theenergy depositedanda
geometricalfactorthatdependson waterlevel. It follows that the ratio of thesignalof a crossingmuonand
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thatof anelectronfrom a muondecayis equalto theratioof theenergy depositedby eachparticle,soa linear
dependenceis expected.

To testtheseassertions,thefollowingexperimentwasperformed:overaperiodof four days,weslowly drained
awatertank,startingfrom awaterlevel at its normalvalueof about120cmand�nishing with awaterlevel of
89.5cm. Thestartingdrain ratewasabout1 � every 80 s. Startingfrom thenormalwaterlevel, theseriesof
threehistograms,outputof themu�ll program,weredownloadedfrom this watertankevery 24 hs. Eachday
thetankwasvisitedto measureits waterlevel. Weobtained120cm,108cm,98.5cmand89.5cmfor eachday
respectively. Figure2 shows thewaterlevel asa functionof the ratio of themuonpeakto theelectronpeak.
Theerrorbarscorrespondto anerrorof 2 cm in thedeterminationof thewaterlevel. Thehorizontalerrorbars
arestatistical.

Figure2 alsoshowsa linear�t to thedata.Fromthis �t we obtainthefollowing relationsbetweenwaterlevel
( � ) and“ ����� ” ratio:

�

���	�

�

�
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�

� ��� ����� �����

4. Resultsand Conclusions.

Wepresentedasimplemethodto extractthechargespectrumof decayingmuonsin anAugerwaterCherenkov
detector. By comparingthis chargespectrumwith simulationsa calibrationpoint canbeobtained,andfor the
tankstudiedtheresultis:

�

��� � ��$ � � � ��� � ��


	 
����
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� ��� � � FADC or
�

��� ���
� � � � ��� 


	 
����

�

��� �
� ��� FADC.
This valueis in agreementwith the valueof 


	�
�� obtainedasexplainedin section2: �������

�

�

��� � �

� � FADC, within experimentaluncertainties.

We alsopresentedtheresultsof astudyof the“ ����� ” ratioasa functionof waterlevel. An absolutedetermina-
tion of thewaterlevel usingthis methodis possible,althoughtheuncertaintyis quite largeascomparedwith
theprecisionwith which wateris deployedto a tank. However, a continuouscheckon theonlinehistograms
couldpointoutpossiblewaterleaksin the�eld. A differentstudyusingthesameonlinehistogramsresultedin
a moreaccurateprocedureto monitorwaterlevel. This studyis presentedin [6].
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