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Abstract

Characteristicef Cherenkowight emissionfrom TeV v-ray air showersareexploredusingthe HEGRA sys-
tem of imagingatmosphericCherenkovtelescopesDataare presenteatoncerninghe radial distribution of
Cherenkovight within thelight pool, andits variationwith showerenegy andzenithangle,aswell asonthe
variationof photonarrival timesacrosghe Cherenkovmages.

1 Introduction

OverthelastdecadejmagingatmosphericCherenkovelescope$lACTs) haveemegedasthe primein-
strumentfor thedetectionof cosmicy-raysin the TeV enegy regime.Both galacticandextragalacticsources
of suchvy-rayshavebeenfirmly establishedandhavebeenidentifiedwith pulsarssupernovaemnantsand
activegalacticnuclei. Going beyondthe existenceproof for differentclassef v-ray sourcesjnterestsare
increasinglyturningtowardsprecisemeasurementsf theflux andof the enegy spectraandthe searchor a
breakor cutof in the spectra.Suchmeasurement®quirea detailedunderstandingf the chacteristicof the
Cherenkowemissiorfrom air showersandacarefulcheckof thesimulationsusedio modelandcorrecttheob-
servationsThestereoscopiobservatiorof air showerswvith multiple telescopesaspioneeredn theHEGRA
systemof Cherenkowtelescopesllowssuchadetailedstudyof thecharacteristicef the Cherenkowadiation
in air showers With two telescopeghe showergeometnyis fully determinedWith threeor moretelescopes,
thegeometryis overdetermine@ndonecanmeasureesolutionfunctionsetc. This papersummarizesesults
concerningheradialdistributionof Cherenkovight within thelight pool—acrucialinputfor thedetermination
of showerenegies— andon the variationof photonarrival timesacrossCherenkovmages.A moredetailed
descriptionof the analyse@ndtheresultsaswell asfurtherreferencesanbefoundin Aharonianetal., 1998
andHeRetal.,1998b.

TheHEGRAIACT systemis locatedon the Canaryislandof La Palma,atthe Observatorialel Roquede
los Muchacho®f the Instituto Astrofisicode Canariasat a heightof about2200m asl. The systemcomprises
fivesidenticaltelescopedpur of whicharearrangedn thecornersof asquarewith roughly100m sidelength;
thefifth telescopes locatedin the centerof the square.The systemtelescopefiave8.5m? mirror area,5 m
focallength,and271-pixelcamerasvith apixel sizeof 0.25° andafield of view of 4.3°. More detailsaregiven
elsewherén theseproceedings.

Theanalysepresentedh thefollowing arebasedn the extensivesampleof -ray eventscollectedin ob-
servationof Mrk 501 during1997. To determinehe propertieof pure~v-ray showersthe smallcontamina-
tion of cosmic-rayinducedshowersn the‘on-source’datasampless subtractedn a statisticabasisusingan
equivalentoff-source’region.

2 Radial distribution of Cherenkov light generated by TeV ~-ray air showers
Thebasiddeafor thismeasuremeris quitesimple:theshowedirectionandcorelocationarereconstructed
basednthedifferentviewsof theshower Onethenselectshowerof agivenenegy andplotsthelight yield
observedn thetelescopeasafunctionof thedistanceo theshowercore. Forthis eventselectionpneshould
notusethestandargrocedure$or enegy reconstructionsincetheseprocedureglreadyassumea certainra-
dial distributionof thelight yield. Insteada muchsimpler—andbias-free- methods usedo selecteventf a



givenenegy: oneusesasampleof eventsvhichhavetheir coreatafixeddistancel; (typically aroundl00m)
from a giventelescope, andwhich generate fixed amountof light a; in thistelescopelLocatedon acircle
aroundtelescope, theseshowerscoverawide rangein coredistancer; relativeto somesecondelescopg,
whichin caseof theHEGRA arrayis locatedbetweerabout70 m and140m from telescope. Themeasure-
mentof thelight yield a; in this secondelescopgrovideswith a;(r;) theshapeof the Cherenkovight pool.
Lackingan absoluteenegy scale this methoddoesprovidethe radial dependenceyut not the absolutenor-
malizationof thelight yield. To determinghedistributionof light for pure~y-rays,the cosmic-raybackground
underthe Mrk 501signalis subtractean a statisticalbasis.

Forafirstcomparisorbetweerdataandsimulationsshowersiearthezenith(zenithanglebetween 0° and
15°) wereselected Therangeof distances; from theshowercoreto thereferenceelescopavasrestrictecto
theplateauegionbetweerbOmand120m. Smallerdistancesverenotusedoecausef thelargefluctuationof
imagesi ze closeto theshowercore,andlargerdistancesvereexcludedecausef therelativelysteepvariation
of light yield with distance.The showerswverefurtherselectecbn anamplitudein the ‘reference’telescope
betweenl00and200 photoelectrons;orrespondingo a meanenegy of aboutl.3 TeV. The measuredadial
distribution(Fig. 1(a))exhibitsarelativelyflat plateawutto distancegsorrespondingo the Cherenkovadius,
andarapiddecreasén light yield for largerdistances.

Showermodelspredictthatthe distributionof light intensityvaries(slowly) with the showerenegy and
with the zenithangle. Figs. 1(a)-(c)comparethe distributionsobtainedfor differentsize rangesa; of 100to
200,200to 400,and400to 800photoelectronsatdistancedbetweerb0 m and120m, correspondingo mean
showerenegiesof aboutl.3,2.5,and4.5 TeV, respectively We notethatthe intensitycloseto the shower
coreincreasesvith increasingenegy. Cherenkovight atsmallradii is generatedby penetratingparticlesnear
the showercore. Their numbergrowsrapidly with increasingshowerenegy, andcorrespondinglydecreas-
ing heightof the showemaximum.Theobservedrendsarewell reproducedby the Monte-Carlosimulations
shownasshadedands.

The dependencen zenithangleis illustratedin Fig. 1(d)-(g), wherezenithanglesbetweenl0° and15°,
15° and25°, 25° and35°, and35° and45° arecompared.Eventswere againselectedor animagesize in
the ‘reference’telescopéetween1 00 and 200 photoelectronsin a distancerangeof 50 m to 120m t. The
correspondingneanshowerenegiesfor thefour rangesn zenithangleareaboutl.3TeV, 1.5TeV, 2 TeV, and
3 TeV. Forincreasingenithanglesthedistributionof Cherenkovight flattensfor smallradii, andthediameter
of thelight poolincreasesBoth effectsareexpectedsincefor larger zenithanglesthe distancebetweerthe
telescopeandthe showermaximumgrows, reducingthe numberof penetratingparticles,andresultingin a
larger Cherenkowadius.The simulationgproperlyaccountor this behaviour

3 Thetime structure of Cherenkov images generated by TeV ~-ray air show-

ers

Sincethe HEGRA telescopesire equippedwith Flash-ADCsystemssamplingthe PMT signalsat a fre-
guencyof 120MHz, they canalsobe usedto studythetime structureof Cherenkovmages.

In this context,theterm‘time structureof Cherenkovimages'’is usedto referto the meanarrival time of
Cherenkowphotonsasafunctionof thedirectionof photonsj.e., of theirlocationwithin theimage.Here,we
concentraten the variationof the arrival time alongthe major axis of theimage. For eachimage,a coordi-
natesystemis assignedvhich hasits origin attheimageof the source jts z-axis alongthe major axis of the
Cherenkovmage andy-axisalongthe minoraxisof theimage.Thezx coordinatas mainly ameasurdor the
heighth atwhich at photonis emitted;for agivencoredistancer, z = r/h.

Themeanphotonarrivaltime atapixel atagiven(z, y) will primarily varywith thedirectionunderwhich
showersareviewed,i.e.,with thecoredistancer-. Variationsn showerenegy, orimagesize will mainlyinflu-
encethepixel amplitude ratherthanits timing. Thereforetiming characteristicgverestudiedasafunctionof

1Coredistances alwaysmeasuredh the planeperpendiculato the showeraxis
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Figurel: (a)-(c): Light yield asafunctionof coredistancefor imagesize in thereferencdelescopdetween
100and200photoelectrong), 200and400photoelectrongb), and400to 800photoelectrongc). Thecorre-
spondingangesn showerenegy areindicatedin thefigure. (d)-(g) Light yield asafunctionof coredistance,
for zenithanglesbetweenl0° and15° (d), 15° and25° (e),25° and35° (f), and35° and45° (g). Theshaded
bandsndicatethe Monte-Carloresults. Thedistributionsarenormalizedatr ~ 100 m. Only statisticalerrors
areshown.

thepixellocation(z, y) andof thereconstructedoredistance-, averagingverarangeof imagesizesbetween
100and400photoelectrons.

Fig. 2 showscutsalongz throughthetime profiles,for small|y| < 0.1°, for y-ray showerswith different
rangesn coredistance Thecoredistances obtainedrom thestereoscopiceconstructiomf theshowersThe
profileswereobtainedby sortingimagepixelswith |y| < 0.1° into binsin z accordingto the coordinate®f
thepixel centersandaveraginghearrivaltimesin eachbin overlarge sample®f showersThearrivaltimeis
measuredelativeto the averagdime for the wholeimage;negativetimesimply earlyarrival. For reference,
alsotheintensityprofilesareincluded,definedvia the meanamplitudeof pixelsatagivenz. As expectedthe
intensityprofilesareasymmetricandtheir width increasesvith increasingcoredistance.

Photonarrival times showa gradientalongthe image;at small core distancesphotonsat large z arrive
early Forlarge coredistancestheeffectis reversedandphotonsatlarge = arrive severahsafterthe bulk of
theimage.At intermediatalistancesaroughlyparabolicdependencef thearrivaltime onz is observedwith
photonsearthe peakof theimagearrivingfirst. Theseeffectsarequalitativelyreproducedby a simplemodel



(shownasfull linesin thefigure),whichassumethatparticlesn theshowelpropagatatthe(vacuumspeedf
light, whereaghespeedf the Cherenkovight variesaccordingo therefractiveindexasafunctionof height.
Nearthe showercore,light produceddeepin the atmospherélarge z) arrivesfirst, sincethe particleshower
front propagategasterthanthe Cherenkovight emittedhigh up in the atmosphereFor large coredistance,
theeffectsof thelongerpathlengthcausdight emitteddeepin theatmospheréandfar from thetelescopejo
arrivelate.
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Figure2: Longitudinaltime profilest(z, 0) of y-rayimagesfor differentrangesn coredistancefilled points).

Theprofilescorrespondo aslicealongz throughtheimage with |y| < 0.1°. Alsoshownarethecorresponding
intensity profiles. The smoothlinesreferto the simplemodelfor time profiles,usingv = ¢ for the shower
particles.

Thelargegradientof photonarrivaltime acrosgheimage,in particularatlarge coredistancesganbeused
to resolvethehead-tailambiguityin theimage.It alsohaspracticalimplicationsconcerningheeffectiveinte-
grationtime of PMT signals;too shortintegrationtimesmaytruncatethe headandtail of animageandresult
in systematierrorsbothin the determinatiorof imagesize andlength.

Of coursethis brief discussiorcanonly give afirst glimpseat thewealthof dataconcerningshowerchar
acteristicoobtainedwith the stereoscopiobservatiorof air showerdy multiple Cherenkowvelescopeshese
resultswill beusedo improvethereconstructiomf showemparametersandto eliminatesource®f systematic
errorsin themeasurementsf -ray enegy spectraandangulardistributions.
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