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Abstract

In the field of gamma-ray#strophysicsn the GeV-TeV enegy domain,the understandingf spectraof

detectedyjammaraysis necessarin developingmodelsfor accelerationemissionabsorptiorandpropagation
of very high enegy particlesin their sourcesandin space.Therefore high precisionin the measuremenif

the enegy of obsered gammasds important. On the exampleof the 17m g MAGIC telescopewe study
in this paperthe enegy resolutionof animaging Cherenkv telescopeoperatingin stand-alonenodein the

GeV-TeV enegy range.

1 Intr oduction

A goodknowledgeof the spectraof detectedgjamma-rayss necessaryn developingmodelsfor acceler
ation, emissionabsorptiorand propagatiorof very high enegy particlesin their sourcesandin space.One
of the mostimportantparameter®f ary given detectoris its the enegy resolution. In the caseof Imaging
AtmosphericCherenkv telescope$lACTSs), the evaluationof this parametehasto be doneby usingMonte
Carlo methods.The enegy of the primary particlesis not measuredlirectly: primary particlesenteringthe
atmospherénitiate a shaver of secondarypatrticles,e.g. Cherenkv photonswhich canbe usedto estimate
the enegy of theformer Measurementvith IACTsis a calorimetricone,wherethe atmosphersenesasa
calorimeter

Currently existing IACTs have alower detectionenegy of >200GeV. In our earlierworks ((Gonzlez,
1997)and(Gonzlez,1997b))we have shawvn for thefirst time thatonecandesignlarge IACTswhich allow
usto dramaticallylower the enegy thresholdandto measuresuccessfullyat enegiesabore 10GeV (Barrio,
1998). The MAGIC Telescopas dedicatedo Gamma-rayAstrophysicsn the entireenegy rangel0GeV —
50TeV (see(Martinez,1999),in theseproceedings)lt is scheduledo seethe first light with the beginning
of the nev millennium, its primary goal beingto investigatethe unexploredenegy rangebetweenthe upper
enegy detectionlimit of satelliteborn experimentsandthe lower detectionthresholdof the currentground-
basedCherenkv telescopes,e. 20-200GeV . In thiscontritution we reporttheresultsfrom our studiesabout
theenepy resolutionof The MAGIC Telescope.

2 Simulations

2.1 Monte Carlo data: A new library of Monte Carloeventsbasedn severalimprovementsompared
to the one usedin (Gonzlez, 1997) hasbeengeneratedising the version4.52 of CORSIKA air shaver
simulationprogram(Knapp& Heck,1995),with somemodificationdo male it suitablefor our purposesThe
simulationsincludethe atmospheri@bsorptiorandscatteringprocessesRayleighscatteringMie scattering
and Ozoneabsorption(Gaisser1990). The effect of the Earthmagneticfield is alsoincluded. In addition,
sincethe atmospherianodel usedin CORSIKA is plane-parallelwe have maodifiedit usinga local-plane
atmospheranodelin eachpoint of the developmentof the shaver. We usedthe wavelengthrange290-
600nm to simulateCherenkv light from air shavers, saving the position, direction, relative time of arrival
andthe wavelengthof eachsingle photonhitting the reflector The shawerswheresimulatedwith a primary
enegy from 1 GeV upto 30TeV. We simulatedour eventsusingdifferentialspectraindex of 1.5for gammas
(in orderto provide enoughstatisticsfor high enegies), 2.75for protonsand2.62for Helium, accordingto
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the compilationgivenin (Wiebel, 1994). Our eventswere generateaontinuouslyin the zenithanglerange
5°-25.

For this paper a total of 80000 gammashawers hasbeenprocessed.Since mostof the sub-100GeV
hadronicshaversdid notfulfill thetriggercondition,we hadto simulatea hugeamountof them,but without
leaving out the high enegy ones.Thisis achiezed naturallyby usingarealisticspectraindex overthe whole
enegy range.

2.2 Dataprocessing: All theshaverswereprocessethrougha ray-tracingsimulationof the reflector
and a camerasimulationprogram. We apply the atmospheriattenuationof Cherenkv light prior to the

reflectorsimulation. In this simulation,the effectsof reflectvity, possiblemisalignmentjrregularitiesof the

mirrors anddifferencesn thefocal lengthsof the 920 squarespherical-shapenhirrors (dueto designandto

possibldmperfectionspareall takeninto account Also, by usingaray-tracingmethodwe ensureall aberration
effectsproduceddy the sggmentedeflectorof MAGIC.

In this paperwe areinterestedn the characteristicef the MAGIC telescopewith the phasd photomulti-
pliers(PMTs)cameraThereforearealisticsimulationof the QuantunEfficiengy (QE) andothereffectshave
beentakeninto account.For the PMTs simulationwe have usedthe measurementsbtainedfor the bialkali
PMT EMI-9083A. This QE hasbeenusedasa basisto generateseparate QE curvesfor eachindividual PMT
in the camera.The Light of the Night Sky (LONS) hasbeenimplementedusingthe measurementgivenin
(Mirzoyan& Lorenz,1994).Theintensityof the LONS wasmeasuredh La Palma,atthe siteof theHEGRA
experiment. For a narrav angledetector(acceptancenglelessthat1°) in our wavelengthrange this inten-
sity wasmeasuredo be I = (1.740.4) - 102 ph. m 2s !sr!. By folding the Cherenkv spectrum(which
follows, afteratmosphereanalmostinverse-squarkaw of thewavelengthof theemittedlight) with the QE of
our PMTs,we obtaineda meanvalueof 0.5 photo-electrongph.e.s)erpixel ans10nsec time-windav. This
valueis usedasthe meanfor a poissoniardistribution, which describewvery well the LONS. A moredetailed
descriptionof thedetectorsimulationcanbefoundin (Gonzlez,1997)or (Barrio, 1998).

Thetrigger conditionfor the PMTs camerd’any 4 neighbour channelsin a close pack above the pre-set
threshold of 4 ph.es’ hasbeenappliedboth for gammasand hadrons. The sub-10GGeV hadronsproduce
severaltimeslessCherenkv light thangammaf similarenegies(WeelesandTurver, 1977). Thereforewe
will gettriggersfrom gammashaversbelow this enegy, while only thosehadronicshaverswith theirenegy
well abore 100GeV producesuficientlight to passhetriggerthreshold Also, thistriggerconditionallows us
to rejectefficiently hadronicshavers,dueto their morediffusedistribution of light in thecameraaswell asto
triggerefficiently on gammashawers,to suppresshe accidentatriggersdueto LONS andafterpulsing,and
to lower thetriggerthreshold.In thecamerave have usedatriggerareaof 0.8’ radius.Restrictingthetrigger
areato 0.8thoseshaverswith primaryenegiesabore 100GeV will readilytriggerthe camergdueto large
imagesandexcessie light). Onthe otherhand,sincethesub-1007eV gammashaversdevelophigherin the
atmosphereomparedo TeV onesthey areseerby MAGIC atsmalleranglesandthereforetherestrictionin
thetriggerareawill notaffectthem,while therateof hadronicshaverswill be stronglyreduced.

2.3 Filtering of data: Theimagecutsappliedto the datawherethoseusedbeforein our analysegsee
for example(Gonzlez,1997),(Gonzlez,1997b)or (Barrio, 1998)). However, thesecutswereoptimisedfor
theuseof hybrid photomultipliersnotfor PMTs. In this sensepur resultscanbetakenasconserative.

Our studieswheredoneusing the following slicesin the DISTANCE parameter:0.4£- 0.5°, 0.5- 0.7,
0.7-0.9, 0.9-1.7°. In addition,we mixedsomeof theseslices:0.5- 0.9, 0.5-1.(?, 0.6°— 1.C°. Slightly
differentcutswhereusedin eachslice. The useof several smallslicesin DISTANCE is hecessarpecaus®f
the differentbehaiour of the lateraldistribution of shaverswith distinct enegiesfor the primary patrticle.
For 1 TeV shavers,for instancethe lateraldistribution of light is ratherflat from ~20 metersaway from the
shaver axistill thehump,atourdetectodevel. But this distribution canevolvesto anincreasingor decreasing
tendeng dependingon the enegy of the primary Smallsliceson DISTANCE (which is a goodestimatorfor
theimpactparameteof the shaver) provide analmostflat light densityprofile within a givenbin.
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Figure 1: Total amountof light in the cameraof MAGIC as a function of the enegy of the primary, for
thoseeventspassinghe cutsappliedfor the DISTANCE range0.5— 0.9, andfor the zenithangleranges:a)
cos @ > 0.96 (approx.5° < 8 < 16°); andb) cos 8 < 0.96 (approx.16° < 8 < 25°).

In orderto estimatethe enegy of the primary of an atmosphericshaver, several parametersiave to be
takeninto accountbeingthe mostimportantthe impactparameteandzenithangleof the shaver, the total
amountof light, andthe positionof the maximumdevelopmenitn theatmospherehax:

E = E(SIZE, pimpact, Ozenith; fmax; WIDTH, LENGTH, . .. .) Q)

We usethetotal amountof light in the cameraof MAGIC asan obserabledirectly correlatedwith thetotal
amountof light, andhencewith the enegy of the shaver. In our studies,a simplificationof this modelhas
beenused:

E = E(SIZE, DISTANCEP™S, gPins ) 2)

zenith

Additional, second-ordeparameterarealsocorrelatedwith the enegy of the primary but thesefine effects
arenotyettakeninto account.Furtherstudiesarein progress.

3 Results

In Fig. 1 we shav theamountof light in the cameraof MAGIC for oneof the studiedslicesin DISTANCE,
namely0.5— 0.9, after all the cutswere applied. We can seethat the amountof light measureds not
univocally determinecby the enegy of the primary First, the densityof light not exactly constantwith the
impactparametersecondthe binningin zenithangle(cos @ > 0.96 andcos # < 0.96 in this case)affectsin
the sameway; alsoareimportantthe effectsof arestrictedriggerregionin the cameraandthefinite camera
sizeitself; andlast, but notleast,the fluctuationson the shawver itself, which arecompletelyunavoidable: for
afixedimpactparameterzenithangleandenegy of theprimary; still theshaver candevelopdeepeof earlier
in theatmosphereandthisresultsin a fluctuationin theamountanddensityof light in the detectodevel.

As we canseein Fig. 1, however, in the meanthe amountof light is strongly correlatedover almost
threeorderof magnitudein enegy with the enegy of the primary (underthe necessaryestrictionsin impact
parameteli.e. DISTANCE, andzenithangle).Thiscorrelationallows oneto estimateheenegy of theprimary
Theenegy resolution,.e.,themeanerrorthatwe canmake in this predictionof theprimaryenegy, is shavn
in Fig. 2, werewe plot the enegy resolutionA E/ E obtainedfor the samesetsusedin Fig. 1. As we see,
for the caseof cos@ > 0.96, MAGIC reaches value of about<15% at enegies abose 300GeV. This
valueis worse,around30%, for low enegies, nearthe threshold(around30-40GeV for the PMTs camera),
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Figure2: Calculatecenegy resolutionfor the cases) andb) of theFig. 1.

wherewe areaffectedby thetriggerbias(eventstriggerdueto positive fluctuations)put improvesto less15%
aroundsereral TeV, gettingcloseto 10%for enegiesof tenthsof TeV. Our studiesndicatethatfor thecase
cosf < 0.96 a meanvalueof 20%is easilyreachable Note that theseresultsare obtainedwith the simple
approachexpressedy Eq. 2.

4 Conclusions

MAGIC will bea powerful instrumentfor gamma-rayAstrophysicsIn the estimationof the enegy of the
primary we getenegy resolutionsof around15% over morethantwo ordersof magnitudein enegy. This
resolutionis even better(closeto 10%) for the caseof nearto-zenithobserationsandshaversin the TeV
range.Furtherstudiesareneededo performabetterestimatiorof thedependencef theresolutionof MAGIC
with the enegy of the primary particle, the impactparameterthe zenithangleandthe positionof hy.y, as
well asto includeseveralsecond-ordeparameterin the determinatiorof theenegy.
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