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Abstract

Characteristicsof Cherenkovlight emissionfrom TeV � -ray air showersareexploredusingtheHEGRAsys-
temof imagingatmosphericCherenkovtelescopes.Dataarepresentedconcerningthe radialdistributionof
Cherenkovlight within thelight pool,andits variationwith showerenergy andzenithangle,aswell ason the
variationof photonarrival timesacrosstheCherenkovimages.

1 Introduction
Over the lastdecade,imagingatmosphericCherenkovtelescopes(IACTs) haveemergedastheprimein-

strumentfor thedetectionof cosmic� -raysin theTeV energy regime.Bothgalacticandextragalacticsources
of such � -rayshavebeenfirmly established,andhavebeenidentifiedwith pulsars,supernovaremnants,and
activegalacticnuclei. Goingbeyondtheexistenceproof for differentclassesof � -ray sources,interestsare
increasinglyturningtowardsprecisemeasurementsof theflux andof theenergy spectra,andthesearchfor a
breakor cutoff in thespectra.Suchmeasurementsrequirea detailedunderstandingof thechacteristicsof the
Cherenkovemissionfromair showers,andacarefulcheckof thesimulationsusedto modelandcorrecttheob-
servations.Thestereoscopicobservationof air showerswith multiple telescopes,aspioneeredin theHEGRA
systemof Cherenkovtelescopes,allowssuchadetailedstudyof thecharacteristicsof theCherenkovradiation
in air showers.With two telescopes,theshowergeometryis fully determined.With threeor moretelescopes,
thegeometryis overdeterminedandonecanmeasureresolutionfunctionsetc. Thispapersummarizesresults
concerningtheradialdistributionof Cherenkovlight within thelight pool–acrucialinputfor thedetermination
of showerenergies– andon thevariationof photonarrival timesacrossCherenkovimages.A moredetailed
descriptionof theanalysesandtheresultsaswell asfurtherreferencescanbefoundin Aharonianetal., 1998
andHeßet al.,1998b.

TheHEGRAIACT systemis locatedon theCanaryIslandof La Palma,at theObservatoriodelRoquede
losMuchachosof theInstitutoAstrofisicodeCanarias,ataheightof about2200m asl.Thesystemcomprises
fivesidenticaltelescopes,four of whicharearrangedin thecornersof asquarewith roughly100m sidelength;
thefifth telescopeis locatedin thecenterof thesquare.Thesystemtelescopeshave8.5m

�
mirror area,5 m

focallength,and271-pixelcameraswith apixelsizeof ���
	��� andafieldof viewof ���
�� . Moredetailsaregiven
elsewherein theseproceedings.

Theanalysespresentedin thefollowing arebasedon theextensivesampleof � -rayeventscollectedin ob-
servationsof Mrk 501during1997.To determinethepropertiesof pure � -ray showers,thesmallcontamina-
tion of cosmic-rayinducedshowersin the‘on-source’datasamplesis subtractedonastatisticalbasisusingan
equivalent‘off-source’region.

2 Radial distribution of Cherenkov light generated by TeV � -ray air showers
Thebasicideafor thismeasurementisquitesimple:theshowerdirectionandcorelocationarereconstructed

basedonthedifferentviewsof theshower. Onethenselectsshowersof agivenenergy andplotsthelight yield
observedin thetelescopesasafunctionof thedistanceto theshowercore.Forthiseventselection,oneshould
notusethestandardproceduresfor energy reconstruction,sincetheseproceduresalreadyassumeacertainra-
dial distributionof thelight yield. Instead,amuchsimpler– andbias-free– methodis usedto selecteventsof a



givenenergy: oneusesasampleof eventswhichhavetheircoreatafixeddistance��� (typically around100m)
from a giventelescope� , andwhich generatea fixed amountof light ��� in this telescope.Locatedon a circle
aroundtelescope� , theseshowerscovera wide rangein coredistance��� relativeto somesecondtelescope� ,
which in caseof theHEGRAarrayis locatedbetweenabout70m and140m from telescope� . Themeasure-
mentof thelight yield ��� in thissecondtelescopeprovideswith ���������� theshapeof theCherenkovlight pool.
Lackinganabsoluteenergy scale,this methoddoesprovidetheradialdependence,but not theabsolutenor-
malizationof thelight yield. To determinethedistributionof light for pure � -rays,thecosmic-raybackground
undertheMrk 501signalis subtractedonastatisticalbasis.

Forafirst comparisonbetweendataandsimulations,showersnearthezenith(zenithanglebetween!"�# and
!$�  ) wereselected.Therangeof distances�$� from theshowercoreto thereferencetelescopewasrestrictedto
theplateauregionbetween50mand120m. Smallerdistanceswerenotusedbecauseof thelargefluctuationsof
imagesize closeto theshowercore,andlargerdistanceswereexcludedbecauseof therelativelysteepvariation
of light yield with distance.Theshowerswerefurtherselectedon anamplitudein the‘reference’telescope�
between100and200photoelectrons,correspondingto a meanenergy of about1.3TeV. Themeasuredradial
distribution(Fig.1(a))exhibitsarelativelyflat plateauoutto distancescorrespondingto theCherenkovradius,
anda rapiddecreasein light yield for largerdistances.

Showermodelspredictthat thedistributionof light intensityvaries(slowly) with theshowerenergy and
with thezenithangle.Figs.1(a)-(c)comparethedistributionsobtainedfor differentsize ranges��� of 100to
200,200to 400,and400to 800photoelectronsatdistancesbetween50m and120m, correspondingto mean
showerenergiesof about1.3, 2.5, and4.5 TeV, respectively. We notethat the intensitycloseto theshower
coreincreaseswith increasingenergy. Cherenkovlight atsmallradii is generatedby penetratingparticlesnear
theshowercore. Their numbergrowsrapidly with increasingshowerenergy, andcorrespondinglydecreas-
ing heightof theshowermaximum.Theobservedtrendsarewell reproducedby theMonte-Carlosimulations
shownasshadedbands.

Thedependenceon zenithangleis illustratedin Fig. 1(d)-(g),wherezenithanglesbetween!"�# and !$�� ,
!$�  and 	��  , 	��  and ���  , and ���  and ���  arecompared.Eventswereagainselectedfor an imagesize in
the ‘reference’telescopebetween100and200photoelectrons,in a distancerangeof 50 m to 120m 1. The
correspondingmeanshowerenergiesfor thefour rangesin zenithangleareabout1.3TeV, 1.5TeV, 2 TeV, and
3TeV. Forincreasingzenithangles,thedistributionof Cherenkovlight flattensfor smallradii,andthediameter
of the light pool increases.Both effectsareexpected,sincefor largerzenithanglesthedistancebetweenthe
telescopeandthe showermaximumgrows,reducingthe numberof penetratingparticles,andresultingin a
largerCherenkovradius.Thesimulationsproperlyaccountfor thisbehaviour.

3 The time structure of Cherenkov images generated by TeV � -ray air show-
ers

SincetheHEGRA telescopesareequippedwith Flash-ADCsystemssamplingthe PMT signalsat a fre-
quencyof 120MHz, theycanalsobeusedto studythetimestructureof Cherenkovimages.

In this context,theterm‘time structureof Cherenkovimages’is usedto refer to themeanarrival time of
Cherenkovphotonsasa functionof thedirectionof photons,i.e.,of their locationwithin theimage.Here,we
concentrateon thevariationof thearrival time alongthemajoraxisof the image.For eachimage,a coordi-
natesystemis assignedwhich hasits origin at theimageof thesource,its % -axisalongthemajoraxisof the
Cherenkovimage,and & -axisalongtheminoraxisof theimage.The % coordinateis mainlyameasurefor the
height ' atwhichat photonis emitted;for agivencoredistance� , %)(*��+�' .

Themeanphotonarrival timeatapixel atagiven ��%-,�&. will primarily varywith thedirectionunderwhich
showersareviewed,i.e.,with thecoredistance� . Variationsin showerenergy, or imagesize will mainlyinflu-
encethepixel amplitude,ratherthanits timing. Therefore,timing characteristicswerestudiedasafunctionof

1Coredistanceis alwaysmeasuredin theplaneperpendicularto theshoweraxis
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Figure1: (a)-(c): Light yield asa functionof coredistance,for imagesize in thereferencetelescopebetween
100and200photoelectrons(a),200and400photoelectrons(b), and400to 800photoelectrons(c). Thecorre-
spondingrangesin showerenergy areindicatedin thefigure. (d)-(g)Light yield asafunctionof coredistance,
for zenithanglesbetween!"�  and !$�  (d), !$�  and 	��  (e), 	��  and ���  (f), and ���  and ���  (g). Theshaded
bandsindicatetheMonte-Carloresults.Thedistributionsarenormalizedat �3(4!"��� m. Only statisticalerrors
areshown.

thepixel location ��%-,�&. andof thereconstructedcoredistance� , averagingoverarangeof imagesizes between
100and400photoelectrons.

Fig. 2 showscutsalong % throughthetime profiles,for small 5 &65879���:!  , for � -ray showerswith different
rangesin coredistance.Thecoredistanceis obtainedfromthestereoscopicreconstructionof theshowers.The
profileswereobtainedby sortingimagepixelswith 5 &;567<���:!$ into bins in % accordingto thecoordinatesof
thepixel centers,andaveragingthearrivaltimesin eachbin overlargesamplesof showers.Thearrivaltimeis
measuredrelativeto theaveragetime for thewholeimage;negativetimesimply earlyarrival. For reference,
alsotheintensityprofilesareincluded,definedvia themeanamplitudeof pixelsatagiven % . As expected,the
intensityprofilesareasymmetric,andtheirwidth increaseswith increasingcoredistance.

Photonarrival timesshowa gradientalongthe image;at small coredistances,photonsat large % arrive
early. For largecoredistances,theeffect is reversed,andphotonsat large % arriveseveralnsafterthebulk of
theimage.At intermediatedistances,aroughlyparabolicdependenceof thearrivaltimeon % is observed,with
photonsnearthepeakof theimagearrivingfirst. Theseeffectsarequalitativelyreproducedby asimplemodel



(shownasfull linesin thefigure),whichassumesthatparticlesin theshowerpropagateatthe(vacuum)speedof
light, whereasthespeedof theCherenkovlight variesaccordingto therefractiveindexasafunctionof height.
Neartheshowercore,light produceddeepin theatmosphere(large % ) arrivesfirst, sincetheparticleshower
front propagatesfasterthantheCherenkovlight emittedhigh up in theatmosphere.For largecoredistance,
theeffectsof thelongerpathlengthcauselight emitteddeepin theatmosphere(andfar from thetelescope)to
arrivelate.

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

0

5

10

0 1 2 3

140-160m 160-180m

100-120m80-100m

120-140m

60-80m

T
im

e 
[n

s]
 , 

A
 [a

rb
. u

ni
ts

]

0-20m 20-40m 40-60m

x [°]

Figure2: Longitudinaltimeprofiles="��%-,>�� of � -rayimages,for differentrangesin coredistance(filled points).
Theprofilescorrespondtoaslicealong% throughtheimage,with 5 &;5�7?���:!  . Alsoshownarethecorresponding
intensityprofiles. Thesmoothlinesrefer to thesimplemodelfor time profiles,using @BADC for theshower
particles.

Thelargegradientof photonarrival timeacrosstheimage,in particularat largecoredistances,canbeused
to resolvethehead-tailambiguityin theimage.It alsohaspracticalimplicationsconcerningtheeffectiveinte-
grationtimeof PMT signals;tooshortintegrationtimesmaytruncatetheheadandtail of animageandresult
in systematicerrorsbothin thedeterminationof imagesize andlength.

Of course,thisbrief discussioncanonly giveafirst glimpseat thewealthof dataconcerningshowerchar-
acteristicsobtainedwith thestereoscopicobservationof air showersby multipleCherenkovtelescopes;these
resultswill beusedto improvethereconstructionof showerparameters,andto eliminatesourcesof systematic
errorsin themeasurementsof � -rayenergy spectraandangulardistributions.
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