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The groundarray of the PierreAuger Observatory will consistof 1600 water-Cherenkov detectors. Such
detectorsgivesignalswhichcanhelpdifferentiatebetweenmuonsandelectronsin extensiveair showers.The
relativenumbersof muonsandelectronsis sensitive to thetypeof primaryparticlewhich initiatedtheshower.
Resultsarepresentedusingmethodswhichdescribethemuoncontentandrelatedinformation,suchasthetime
structureof theshower front.

1. Intr oduction

Thegeometryandthemuoncontentof air showersaresensitive to thetypeof primaryparticlewhich initiates
thecascade.Nuclearprimariescauseshowerswhichdevelophigherandhavemoremuonsthanshowersstarted
by primaryprotonsof thesametotalenergy. Gamma-raysproduceshowerswith farfewermuonsthanhadronic
primaries.

The surfacedetectorsof the PierreAuger Observatory use�ash-ADCs (FADCs) to digitize photomultiplier
signalsat 40MHz [1]. Thesedataareusedto examinethetime structureof theshower front (which relatesto
theshowergeometry)andtoestimatethenumberof muonsattheground.A muontypicallygivesalargersignal
thananelectronor photon,becausemuonshaverelatively higherenergy (GeVversusMeV) andconsequently
longerpathlengthsin thedetectors.

Figures1 and2 exhibit FADC datafrom two detectorsin a typical event. The signalmagnitudehasbeen
normalizedto thatof an averageverticalmuonandis given in VEM units (VerticalEquivalentMuon). This
shower hasprimary energy 12 EeV and is nearly vertical (� = 6� ). Near the core (Fig.1), the signal is
dominatedby abundantelectronsandphotons.At largerdistances(Fig.2),individual “spikes”,very likely due
to muonsthatpassthroughthetank,becomeapparent.

Figure 1. SampleFADC trace from a nearly vertical
shower. Thesignalmagnitudeis in unitsof VEM (seetext).

Figure2. As in previous�gure, but atalargercoredistance.
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Figure 3. Thesignalobserved in a detectorstation1650m
from the core of a simulated10 EeV iron shower at 30�

zenithangle. The lightly shaded(yellow) region indicates
the total signalwith the moredarkly shaded(blue) subset
giving thesignalonly from muons.Theresultof thecorre-
lationanalysisis displayedastheunshadedhistogram.
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Figure 4. As in previous �gure, exceptherefor a detector
station1100m from thecoreof a 10 EeV protonshower at
at30� from thezenith.

2. Muon Counting: PulseShapeIdenti�cation

Onetechniquethat shows promisefor identifying individual muonsignalsis matched-�lteringof the FADC
traces.In this approacha normalizedmuon“template”signal,obtainedfrom thesinglemuoncalibrationdata,
is cross-correlatedwith thesignaltrace.Sincethetime characteristicsof a singlemuonsignalaredetermined
by thephysicalcharacteristicsof thedetectorstation(waterdepth,waterclarity, andwall re�ectivity) andthe
frequency responseof thefront-endelectronics�lter , thetemplatesignalis quitestablefor any givendetector
station.Themuon-likecountis obtainedfrom thecross-correlationtrace.

Caremustbe taken to ensurethat thesimulationsusedto evaluatethemethodpreserve the time structureof
the FADC traces.The thinning andresamplingtechniquesnormally usedcandistort the time structure.To
minimize this effect in our studywe generateda sampleof very lightly thinned(thinning level 10� 8) proton
andiron showersusingAIRESwith QGSJET.

Figure3 and4 show two simulatedFADC traces.Figure3 shows theresponseof a detector1650m from the
axisof a 10 EeV iron shower at 30� zenithangle. Theshadedregion indicatesthe total signalobserved in a
detectorstation. Themoredarkly shaded(blue)portion indicatesthesignalgeneratedby muonsin the tank,
andthe darkunshadedhistogramindicatesthe resultof the correlationanalysis.In this stationtherewere6
muons,which depositedan integratedsignalof 6.9 QVEM (QVEM is theaveragetotal chargedepositedin the
FADC by verticalmuons).Thecorrelationanalysisreconstructeda muonsignalof 5.6 QVEM . In computing
QVEM oneneedsto normalizethe integratedmuonsignalby the QVEM correspondingto an averagevertical
muonsignal,andnormalizetheintegratedcorrelationsignalby theareaof thecorrelationsignalfor anaverage
muonsignal.

In Fig. 4 we show the correspondingsetof signalsfor a 10 EeV protonshower with a 30� zenithanglein
a station1100m from the shower core. Here10 muonsdeposited8.6 QVEM in the station,andthe correla-
tion analysisreconstructeda muonsignalof 6.5 QVEM . Note,however, that the muonsignal in this caseis
underestimatedin theearlyportionof thesignal,andoverestimatedin thelateportion.
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Figure5. Ternarylight depositionpro�le of a1 GeVmuon
at 60degreeszenith,directedtowardsPMT 1.

Figure 6. Ternarylight depositionpro�le of a 100 MeV
photonat 60degreeszenith,directedtowardsPMT 1

Work is underway to optimizetheparameters,to characterizethe region of validity, andto quantify thesys-
tematicuncertainties.

3. Muon Counting: Signal Asymmetry

Determiningthemuoncontentof a shower from FADC traceanalysismaybeassistedusingthe fact that the
light depositionpro�les in the 3 PMTs canbe an indicatorof the particle incidenton the tank for inclined
showers. For muons,which tendto have long straighttracks,thesignalwill bebiasedtowardsthePMTson
the far sideof the tank. For lower-energy photonsandelectrons(� 5 MeV), which arrive in largenumbers,
spreadoutoverdistancesgreaterthanthetank,theresponseof thethreePMTsoughtto bemoresymmetric.

Figures5 and6 show ternarylight depositionpro�les. Therelative fractionof light depositedinto eachPMT
is shown on thediagramwith total symmetryin thecenter, all light into PMT2 asthetop vertex, all light into
PMT3asthebottomright vertex, andall light into PMT1asthebottomleft vertex.

Figure5 representsa1 GeVmuonat60degreeszenith,directedtowardsPMT 1. Thediagramclearlyindicates
thebiasin signal.Unfortunately, theanalysisis complicateddueto thebehavior of thefew high-energyphotons
(> 100MeV) whicharetypical in air showers.Thesecanalsoproduceasymmetriclight in thePMT, asseenin
Fig. 6. Thus,highenergy photonscanmimic muonsin suchananalysis.However, asseenin Fig. 6, thesignal
depositionfrom aphotonis morelikely to depositchargein thePMTson thenearsideof thetank,whichmay
assistin their differentiationof thesephotonsandpropermuoncounting.

4. Risetime

Therisetimeof thesignalin a detectoris oneparameterthatstronglycorrelateswith theoverall geometryof
theshower. A risetimeparametert1=2 , de�nedasthetimefor thesignalto increasefrom 10%to 50%of its full
value,hasbeencommonlyadopted:it canbederivedreadilyfrom theFADC tracesrecordedwith thesurface
detectorsof theAugerObservatory. At largedistances(> 300m) from theshower corea slow (fast)risetime
indicatesa shower thathasdevelopedlater (earlier)thanaverage.Risetimedependsstronglyon thedistance
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Figure 7. Risetime measurementsfor high energy events,
from tankswith S > 10 VEM. Solid line is a �t, dashed
line is aparameterisationfrom lower energy events.
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Figure 8. Risetime measurementsasin Fig. 7, exceptfor
tankswith largersignals,S > 35 VEM.

of the detectorfrom the shower coreandon the zenithangle,but only logarithmicallyon the energy of the
initiating primary[2][3]. In a nearverticalshower, t1=2 is foundto beabout300nsat 1 km from theshower
axisasmeasuredusingthe10m2 waterdetectorsof thePierreAugerObservatory.

Figures7 and8 show valuesof t1=2 that have beenmeasuredin a sampleof eventswith E > 10 EeV and
� < 29� . The two plots are for signalsgreaterthat 10 VEM and35 VEM respectively, demonstratingthe
impactof Poissonian�uctuations.Thesolid line is a �t to thesedata;it is nearlyidenticalto aparameterisation
foundfrom a muchlargersampleof lower energy events(hE i � 3 EeV), shown asa dashedline (red) in the
�gures. Theuncertaintiesshown arefoundfrom ananalysisof dataobtainedfrom two setsof speciallypaired
detectors(eachmemberof a pair is separatedby � 11 m) andfrom a studyof signalsrecordedin pairs(or
triplets)of detectorsthatareequidistantfrom theshower coreto within 100m. Thedifferencein thespread
of the t1=2 valuesin thesetwo plots demonstratesthe importanceof �uctuations that canariseat large core
distances.

Thereare several reasonswhy it is importantto understandthe timing characteristicsof the shower front.
Time parameters,suchas t1=2 , canbe usedto divide showers into groupsthat have developedlate in the
atmosphere(presumablydominatedby eventsinitiatedby nucleoniccosmicraysthatarelighter thanaverage)
andearlydevelopingshowers. Sucha crudedivision hastheadvantageof beingindependentof assumptions
aboutshowermodels.An exampleof theuseof risetimein compositionstudiesis reportedin anaccompanying
paper[4] in which limits to the�ux of photonsabove10EeVhavebeenset.Thelargedatabaseof showerfront
parametersthatwill beassembledwill alsobeusedto searchfor eventsthatexhibit anomalousbehaviour.
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