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The groundarray of the Pierre Auger Obsenatory will consistof 1600 waterCherenkv detectors. Such
detectorgyive signalswhich canhelpdifferentiatebetweemrmuonsandelectrondn extensie air shovers. The
relative numberf muonsandelectronds sensitie to thetypeof primaryparticlewhich initiatedthe shaver.
Resultsaarepresentedisingmethodsvhich describehemuoncontentandrelatedinformation,suchasthetime
structureof the shaverfront.

1. Intr oduction

The geometryandthe muoncontentof air shaversaresensitve to thetype of primary particlewhich initiates
thecascadeNucleamprimariescauseshoverswhich develophigherandhave moremuonsthanshaversstarted
by primaryprotonsof thesametotalenegy. Gamma-rayproduceshaverswith farfewermuonsthanhadronic
primaries.

The surfacedetectorsof the Pierre Auger Obsenatory use ash-ADCs (FADCS) to digitize photomultiplier
signalsat40 MHz [1]. Thesedataareusedto examinethetime structureof the shaver front (which relatesto
theshavergeometryandto estimatehenumberof muonsattheground.A muontypically givesalargersignal
thananelectronor photon,becausenuonshave relatively higherenegy (GeV versusMeV) andconsequently
longerpathlengthsin thedetectors.

Figures1 and 2 exhibit FADC datafrom two detectorsin a typical event. The signal magnitudehasbeen
normalizedto that of an averageverticalmuonandis givenin VEM units (Vertical EquivalentMuon). This
shaver hasprimary enegy 12 EeV andis nearly vertical ( = 6 ). Nearthe core (Fig.1), the signalis
dominatedby abundantelectronsandphotons At largerdistancegFig.2), individual “spikes”, very likely due
to muonsthatpassthroughthetank,becomeapparent.
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Figure 1. SampleFADC trace from a nearly vertical

> Sl 8 Figure2. Asin previous gure, butatalargercoredistance.
shaver. Thesignalmagnitudes in unitsof VEM (seetext).
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Figure 3. Thesignalobseredin adetectorstation1650m Figure 4. As in previous gure, exceptherefor a detector
from the core of a simulated10 EeV iron shaver at 30  station1100m from the coreof a 10 EeV protonshawer at
zenithangle. The lightly shadedyellow) regionindicates at30 fromthezenith.

the total signalwith the more darkly shadedblue) subset

giving the signalonly from muons.Theresultof the corre-

lation analysisis displayedasthe unshadedhistogram.

2. Muon Counting: PulseShapeldenti cation

Onetechniquethat shovs promisefor identifying individual muonsignalsis matched- Iteringof the FADC
traces.In this approacta normalizedmuon“template”signal,obtainedfrom the singlemuoncalibrationdata,
is cross-correlatedith the signaltrace. Sincethe time characteristicef a singlemuonsignalaredetermined
by the physicalcharacteristicef the detectorstation(waterdepth,waterclarity, andwall re ectivity) andthe
frequeng responsef the front-endelectronicslter , thetemplatesignalis quite stablefor ary givendetector
station. The muon-like countis obtainedrom the cross-correlatiotrace.

Caremustbe taken to ensurethat the simulationsusedto evaluatethe methodpresere the time structureof
the FADC traces. The thinning andresamplingtechniquesiormally usedcan distort the time structure. To
minimize this effectin our studywe generated sampleof very lightly thinned(thinninglevel 10 &) proton
andiron shoversusingAIRES with QGSJET

Figure3 and4 shawv two simulatedFADC traces.Figure3 shavs theresponsef a detectorl650m from the
axisof a 10 EeV iron shaver at 30 zenithangle. The shadedegion indicatesthe total signalobsenedin a
detectorstation. The moredarkly shadedblue) portionindicatesthe signalgeneratedy muonsin the tank,
andthe dark unshadedistogramindicatesthe resultof the correlationanalysis. In this stationtherewere 6
muons,which depositedan integratedsignalof 6.9 Qvem (Qvewm is the averagetotal chage depositedn the
FADC by verticalmuons).The correlationanalysisreconstructe@ muonsignalof 5.6 Qyey . In computing
Qvem oneneedsto normalizethe integratedmuonsignalby the Qvey correspondindo an averagevertical
muonsignal,andnormalizetheintegratedcorrelationsignalby the areaof thecorrelationsignalfor anaverage
muonsignal.

In Fig. 4 we shav the correspondingetof signalsfor a 10 EeV protonshowver with a 30 zenithanglein
a station1100m from the shower core. Here 10 muonsdeposited.6 Qvem in the station,andthe correla-
tion analysisreconstructeé muonsignalof 6.5 Qyey . Note, however, thatthe muonsignalin this caseis
underestimateih the early portionof the signal,andoverestimatedh thelate portion.



SignalWaveformAnalysis... 3

Figure5. Ternarylight depositionpro le of al GeVmuon Figure 6. Ternarylight depositionpro le of a 100 MeV
at 60 degreeszenith,directedtowardsPMT 1. photonat 60 degreeszenith,directedtowardsPMT 1

Work is undervay to optimizethe parametersto characterizeéhe region of validity, andto quantify the sys-
tematicuncertainties.

3. Muon Counting: Signal Asymmetry

Determiningthe muoncontentof a shaver from FADC traceanalysismay be assistedisingthe factthatthe

light depositionpro les in the 3 PMTs can be an indicator of the particle incidenton the tank for inclined

shavers. For muons,which tendto have long straighttracks,the signalwill be biasedtowardsthe PMTson

the far sideof the tank. For lower-enegy photonsandelectrons 5 MeV), which arrive in large numbers,
spreadut over distancegreaterthanthetank,therespons®f thethreePMTsoughtto be moresymmetric.

Figuresb and6 shaw ternarylight depositionpro les. Therelative fractionof light depositednto eachPMT
is shavn on the diagramwith total symmetryin thecenter all light into PMT2 asthetop vertex, all light into
PMT3 asthe bottomright vertex, andall light into PMT1 asthe bottomleft vertex.

Figure5 representa 1l GeV muonat 60 degreeszenith,directedtowardsPMT 1. Thediagramclearlyindicates
thebiasin signal. Unfortunatelytheanalysids complicatediueto thebehaior of thefew high-enegy photons
(> 100MeV) whicharetypicalin air shavers. Thesecanalsoproduceasymmetridight in the PMT, asseenn
Fig. 6. Thus,high enegy photonscanmimic muonsin suchananalysis However, asseenn Fig. 6, thesignal
depositionfrom a photonis morelik ely to depositchaigein the PMTson the nearsideof thetank,which may
assistin their differentiationof thesephotonsandpropermuoncounting.

4. Risetime

Therisetimeof the signalin a detectoris oneparametethatstrongly correlateswith the overall geometryof
theshower. A risetimeparametet,-,, de ned asthetime for the signalto increasdrom 10%to 50%0f its full
value,hasbeencommonlyadoptedit canbe derivedreadilyfrom the FADC tracesrecordedwith the surface
detectorof the AugerObsenatory. At largedistanceg> 300m) from the shaver coreaslow (fast)risetime
indicatesa shaver that hasdevelopedlater (earlier)thanaverage.Risetimedependstronglyon the distance
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Figure 7. Risetime measurement®r high enegy events, Figure 8. Risetime measurementssin Fig. 7, exceptfor
from tankswith S > 10 VEM. Solidline is a t, dashed tankswith largersignals,S > 35VEM.
line is aparameterisatiofrom lower enegy events.

of the detectorfrom the shaver core and on the zenithangle,but only logarithmically on the enegy of the
initiating primary[2][3]. In a nearverticalshawer, t;1-, is foundto be about300nsat 1 km from the shower
axisasmeasuredisingthe 10 m? waterdetectorf the PierreAuger Obsenatory,

Figures7 and8 shav valuesof t,-, that have beenmeasuredn a sampleof eventswith E > 10 EeV and
< 29 . Thetwo plots arefor signalsgreaterthat 10 VEM and 35 VEM respectiely, demonstratinghe
impactof Poissonianuctuations. Thesolidlineisa t tothesedata;it is nearlyidenticalto a parameterisation
foundfrom a muchlargersampleof lower enegy events(hEi 3 EeV), shavn asa dashedine (red)in the
gures. Theuncertaintieshavn arefoundfrom ananalysisof dataobtainedfrom two setsof speciallypaired
detectorgeachmemberof a pair is separatedy 11 m) andfrom a study of signalsrecordedin pairs (or
triplets) of detectorghatare equidistanfrom the shaver coreto within 200m. The differencein the spread
of thet,-, valuesin thesetwo plots demonstratethe importanceof uctuationsthatcanariseat large core

distances.

Thereare several reasonswhy it is importantto understandhe timing characteristicof the shower front.
Time parameterssuchast,-, , canbe usedto divide shoversinto groupsthat have developedlate in the
atmospherépresumablydominatecdby eventsinitiated by nucleoniccosmicraysthatarelighter thanaverage)
andearly developingshavers. Sucha crudedivision hasthe advantageof beingindependenbf assumptions
aboutshaver models.An exampleof the useof risetimein compositiorstudiess reportedn anaccompawping
paper[4 in which limits to the ux of photonsabove 10 EeV have beenset. Thelargedatabasef shaverfront
parameterghatwill beassembleavill alsobeusedto searchfor eventsthatexhibit anomaloudbehaiour.
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