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Abstract

In the field of gamma-raysAstrophysicsin the
�����

– � ��� energy domain,the understandingof spectraof
detectedgammaraysis necessaryin developingmodelsfor acceleration,emission,absorptionandpropagation
of very high energy particlesin their sourcesandin space.Therefore,high precisionin themeasurementof
the energy of observed gammasis important. On the exampleof the 17 � ø MAGIC telescope,we study
in this papertheenergy resolutionof an imagingCherenkov telescopeoperatingin stand-alonemodein the�����

– � ��� energy range.

1 Intr oduction
A goodknowledgeof thespectraof detectedgamma-raysis necessaryin developingmodelsfor acceler-

ation,emission,absorptionandpropagationof very high energy particlesin their sourcesandin space.One
of the most importantparametersof any given detectoris its the energy resolution. In the caseof Imaging
AtmosphericCherenkov telescopes(IACTs),theevaluationof this parameterhasto bedoneby usingMonte
Carlomethods.Theenergy of theprimaryparticlesis not measureddirectly: primaryparticlesenteringthe
atmosphereinitiate a shower of secondaryparticles,e.g. Cherenkov photons,which canbeusedto estimate
theenergy of the former. Measurementwith IACTs is a calorimetricone,wheretheatmosphereservesasa
calorimeter.

Currently, existing IACTshave a lower detectionenergy of � 200
�����

. In our earlierworks((Gonźalez,
1997)and(Gonźalez,1997b))we have shown for thefirst time thatonecandesignlargeIACTswhich allow
usto dramaticallylower theenergy thresholdandto measuresuccessfullyat energiesabove 10

�����
(Barrio,

1998).TheMAGIC Telescopeis dedicatedto Gamma-rayAstrophysicsin theentireenergy range10
�����

–
50 � ��� (see(Martinez,1999),in theseproceedings).It is scheduledto seethefirst light with thebeginning
of thenew millennium,its primarygoalbeingto investigatetheunexploredenergy rangebetweentheupper
energy detectionlimit of satellitebornexperimentsandthe lower detectionthresholdof thecurrentground-
basedCherenkov telescopes,i.e. 20–200

�����
. In thiscontributionwereporttheresultsfromourstudiesabout

theenergy resolutionof TheMAGIC Telescope.

2 Simulations
2.1 Monte Carlo data: A new library of MonteCarloeventsbasedonseveralimprovementscompared
to the one usedin (Gonźalez, 1997) hasbeengeneratedusing the version4.52 of CORSIKA air shower
simulationprogram(Knapp& Heck,1995),with somemodificationsto makeit suitablefor ourpurposes.The
simulationsincludetheatmosphericabsorptionandscatteringprocesses:Rayleighscattering,Mie scattering
andOzoneabsorption(Gaisser, 1990). The effect of the Earthmagneticfield is alsoincluded. In addition,
sincethe atmosphericmodelusedin CORSIKA is plane-parallel,we have modified it using a local-plane
atmospheremodel in eachpoint of the developmentof the shower. We usedthe wavelengthrange290–
600 	
� to simulateCherenkov light from air showers,saving theposition,direction,relative time of arrival
andthewavelengthof eachsinglephotonhitting thereflector. Theshowerswheresimulatedwith a primary
energy from 1

�����
upto 30 � ��� . Wesimulatedoureventsusingdifferentialspectralindex of 1.5for gammas

(in orderto provide enoughstatisticsfor high energies),2.75for protonsand2.62for Helium, accordingto
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thecompilationgiven in (Wiebel,1994). Our eventsweregeneratedcontinuouslyin thezenithanglerange
5� –25� .

For this paper, a total of 80000 gammashowers hasbeenprocessed.Sincemostof the sub-100
�����

hadronicshowersdid not fulfill thetriggercondition,we hadto simulatea hugeamountof them,but without
leaving out thehighenergy ones.This is achievednaturallyby usinga realisticspectralindex over thewhole
energy range.

2.2 Data processing: All theshowerswereprocessedthrougha ray-tracingsimulationof thereflector
and a camerasimulationprogram. We apply the atmosphericattenuationof Cherenkov light prior to the
reflectorsimulation.In this simulation,theeffectsof reflectivity, possiblemisalignment,irregularitiesof the
mirrorsanddifferencesin thefocal lengthsof the920squarespherical-shapedmirrors(dueto designandto
possibleimperfections)areall takeninto account.Also,by usingaray-tracingmethodweensureall aberration
effectsproducedby thesegmentedreflectorof MAGIC.

In this paperwe areinterestedin thecharacteristicsof theMAGIC telescopewith thephaseI photomulti-
pliers(PMTs)camera.Therefore,arealisticsimulationof theQuantumEfficiency (QE)andothereffectshave
beentaken into account.For thePMTssimulationwe have usedthemeasurementsobtainedfor thebialkali
PMT EMI-9083A.ThisQEhasbeenusedasabasisto generateseparatedQEcurvesfor eachindividualPMT
in thecamera.TheLight of theNight Sky (LONS) hasbeenimplementedusingthemeasurementsgiven in
(Mirzoyan& Lorenz,1994).Theintensityof theLONSwasmeasuredin La Palma,at thesiteof theHEGRA
experiment.For a narrow angledetector(acceptanceanglelessthat1� ) in our wavelengthrange,this inten-
sity wasmeasuredto be ��
������������������! "���$#&%('*)+�,�.-*%0/1-+#
/32�-+# . By folding theCherenkov spectrum(which
follows,afteratmosphere,analmostinverse-squarelaw of thewavelengthof theemittedlight) with theQEof
our PMTs,we obtaineda meanvalueof 0.5photo-electrons(ph.e.s)perpixel ans10 	
/ �54 time-window. This
valueis usedasthemeanfor apoissoniandistribution,whichdescribesverywell theLONS.A moredetailed
descriptionof thedetectorsimulationcanbefoundin (Gonźalez,1997)or (Barrio,1998).

The triggerconditionfor thePMTscamera“any 4 neighbour channels in a close pack above the pre-set
threshold of 4 ph.e.s” hasbeenappliedboth for gammasandhadrons.The sub-100

�����
hadronsproduce

severaltimeslessCherenkov light thangammasof similarenergies(WeekesandTurver, 1977).Therefore,we
will gettriggersfrom gammashowersbelow thisenergy, while only thosehadronicshowerswith theirenergy
well above100

�����
producesufficientlight to passthetriggerthreshold.Also, thistriggerconditionallowsus

to rejectefficiently hadronicshowers,dueto theirmorediffusedistributionof light in thecamera,aswell asto
triggerefficiently on gammashowers,to suppresstheaccidentaltriggersdueto LONSandafter-pulsing,and
to lower thetriggerthreshold.In thecamerawe have useda triggerareaof 0.8� radius.Restrictingthetrigger
areato 0.8� thoseshowerswith primaryenergiesabove 100

�����
will readilytriggerthecamera(dueto large

imagesandexcessive light). Ontheotherhand,sincethesub-100687:9 gammashowersdevelophigherin the
atmospherecomparedto TeV ones,they areseenby MAGIC atsmallerangles,andthereforetherestrictionin
thetriggerareawill notaffect them,while therateof hadronicshowerswill bestronglyreduced.

2.3 Filtering of data: Theimagecutsappliedto thedatawherethoseusedbeforein our analyses(see
for example(Gonźalez,1997),(Gonźalez,1997b)or (Barrio,1998)).However, thesecutswereoptimisedfor
theuseof hybridphotomultipliers,not for PMTs.In thissense,our resultscanbetakenasconservative.

Our studieswheredoneusing the following slicesin the DISTANCE parameter:0.4� – 0.5� , 0.5� – 0.7� ,
0.7� – 0.9� , 0.9� – 1.1� . In addition,wemixedsomeof theseslices:0.5� – 0.9� , 0.5� – 1.0� , 0.6� – 1.0� . Slightly
differentcutswhereusedin eachslice. Theuseof severalsmallslicesin DISTANCE is necessarybecauseof
the differentbehaviour of the lateraldistribution of showerswith distinct energies for the primary particle.
For 1 TeV showers,for instance,thelateraldistribution of light is ratherflat from ; 20 metersaway from the
showeraxistill thehump,atourdetectorlevel. But thisdistributioncanevolvesto anincreasingor decreasing
tendency dependingon theenergy of theprimary. Smallsliceson DISTANCE (which is a goodestimatorfor
theimpactparameterof theshower) provideanalmostflat light densityprofilewithin a givenbin.
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Figure1: Total amountof light in the cameraof MAGIC as a function of the energy of the primary, for
thoseeventspassingthecutsappliedfor the DISTANCE range0.5� – 0.9� , andfor thezenithangleranges:a)41? /*@BAC���ED�F (approx. G ��H @ H �5F � ); andb)

41? /*@BIC���ED�F (approx. �5F ��H @ HCJ G � ).
In orderto estimatethe energy of the primary of an atmosphericshower, several parametershave to be

taken into account,beingthemostimportantthe impactparameterandzenithangleof theshower, the total
amountof light, andthepositionof themaximumdevelopmentin theatmosphere,KMLONQP :

R 
 R � SIZE S3T"U LWV�N�XZY S,@\[^]&_ U Ya`�b K LONQP b WIDTH S LENGTH S������c� (1)

We usethetotal amountof light in thecameraof MAGIC asanobservabledirectly correlatedwith thetotal
amountof light, andhencewith theenergy of theshower. In our studies,a simplificationof this modelhas
beenused: R 
 R � SIZE S DISTANCE d U _1e S,@�d U _1e[^]^_ U Yf` � (2)

Additional, second-orderparametersarealsocorrelatedwith theenergy of theprimary, but thesefine effects
arenotyet takeninto account.Furtherstudiesarein progress.

3 Results
In Fig. 1 weshow theamountof light in thecameraof MAGIC for oneof thestudiedslicesin DISTANCE,

namely0.5� – 0.9� , after all the cuts were applied. We can seethat the amountof light measuredis not
univocally determinedby theenergy of theprimary. First, thedensityof light not exactly constantwith the
impactparameter;second,thebinningin zenithangle(

41? /*@.Ag���ED�F and
41? /*@.Ih���ED�F in this case)affectsin

thesameway; alsoareimportanttheeffectsof a restrictedtriggerregion in thecamera,andthefinite camera
sizeitself; andlast,but not least,thefluctuationson theshower itself, which arecompletelyunavoidable:for
afixedimpactparameter, zenithangleandenergy of theprimary, still theshowercandevelopdeeperof earlier
in theatmosphere,andthis resultsin a fluctuationin theamountanddensityof light in thedetectorlevel.

As we can seein Fig. 1, however, in the meanthe amountof light is stronglycorrelatedover almost
threeorderof magnitudein energy with theenergy of theprimary(underthenecessaryrestrictionsin impact
parameter, i.e. DISTANCE, andzenithangle).Thiscorrelationallowsoneto estimatetheenergy of theprimary.
Theenergy resolution,i.e.,themeanerrorthatwecanmake in thispredictionof theprimaryenergy, is shown
in Fig. 2, werewe plot theenergy resolutioni RBjkR obtainedfor thesamesetsusedin Fig. 1. As we see,
for the caseof

41? /l@hAm���ED�F , MAGIC reachesa value of about H 15% at energies above 300
�����

. This
valueis worse,around30%,for low energies,nearthe threshold(around30-40

�����
for thePMTscamera),
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Figure2: Calculatedenergy resolutionfor thecasesa)andb) of theFig. 1.

whereweareaffectedby thetriggerbias(eventstriggerdueto positivefluctuations),but improvesto less15%
aroundseveral � ��� , gettingcloseto 10%for energiesof tenthsof � ��� . Ourstudiesindicatethatfor thecase41? /*@oIp���ED�F a meanvalueof 20%is easilyreachable.Note that theseresultsareobtainedwith the simple
approachexpressedby Eq. 2.

4 Conclusions
MAGIC will beapowerful instrumentfor gamma-rayAstrophysics.In theestimationof theenergy of the

primary, we get energy resolutionsof around15%over morethantwo ordersof magnitudein energy. This
resolutionis evenbetter(closeto 10%) for the caseof near-to-zenithobservationsandshowersin the � ���
range.Furtherstudiesareneededto performabetterestimationof thedependenceof theresolutionof MAGIC
with the energy of the primaryparticle,the impactparameter, the zenithangleandthepositionof K
LONQP , as
well asto includeseveralsecond-orderparametersin thedeterminationof theenergy.
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