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Sie sind so jung, so vor allem Anfang, und i
h m�o
hte Sie,so gut i
h es kann, bitten, lieber Herr, Geduld zu habengegen alles Ungel�oste in Ihrem Herzen und zu versu
hen, dieFragen selbst liebzuhaben wie vers
hlossene Stuben und wieB�u
her, die in einer sehr fremden Spra
he ges
hrieben sind.Fors
hen Sie jetzt ni
ht na
h den Antworten, die Ihnen ni
htgegeben werden k�onnen, weil Sie sie ni
ht leben k�onnten.Und es handelt si
h darum, alles zu leben . Leben Sie jetztdie Fragen. Viellei
ht leben Sie dann allm�ahli
h, onhe es zumerken, eines fernen Tages in die Antwort hinein.Rainer Maria Rilke
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ZusammenfassungDas GRAAL-Experiment (Gamma Ray Astronomy at ALmer��a) benutzt 
a. 2500 m2 Spie-gel
�a
he eines Solarkraftwerkes in S�udspanien als Cherenkov-Teleskop f�ur die Ho
henergie-Gammaastronomie. Der Detektor wurde im Zentralturm der Anlage installiert und mi�t miteiner Gamma-Energies
hwelle von 250 GeV die Lufts
hauer kosmis
her Strahlung innerhalb ei-nes Gesi
htsfeldes von 15000 m2. Hauptaufgabe war die Su
he na
h neuen VHE-Gammaquellen.Diese Arbeit bes
hreibt den Aufbau des Experimentes und die Me�ergebnisse na
h zweij�ahrigerBetriebszeit. Die Methoden der Datenanalyse und die Monte Carlo Simulation werden diskutiert.Besondere Aufmerksamkeit wird den speziellen Problemen gewidmet, die bei der Verwendungvon Solarspiegelanlagen f�ur die Beoba
htung von Lufts
hauern auftreten, z.B. eine Anglei
hungvon Gamma- und Protonsignalen wegen des relativ kleinen �O�nungswinkels.W�ahrend mehr als 250 Stunden wurden auswertbare Daten von 18 vers
hiedenen kosmis
henStrahlungsquellen registriert. Dazu geh�orten u.a. der Krebs-Nebel, der Blazar Mrk 421 undder Gamma Ray Burst GRB010222. Die prinzipielle Verwendbarkeit von Solaranlagen f�ur dieMessung von kosmis
hen Gammaquellen wurde dur
h die Beoba
htung des Krebs-Nebels undMrk 421 na
hgewiesen.
Abstra
tThe GRAAL experiment (Gamma Ray Astronomy at ALmer��a) is the result of the 
onversion ofa solar power plant near Almer��a into a Cherenkov teles
ope with a total mirror area of 2500 m2for very high energy gamma astronomy. The dete
tor is lo
ated in a 
entral solar tower anddete
ts photon-indu
ed showers with an energy threshold of 250 GeV and an e�e
tive dete
tionarea of about 15000 m2. The aim of the experiment was the sear
h for very high energy gammasour
es.This thesis des
ribes the installation of the dete
tor and the results of its operation duringmore than 2 years. The methods developed for the Monte Carlo simulation and the analysisof the data are dis
ussed. A spe
ial emphasis is put on the general problems en
ountered onthe appli
ation of this new te
hnique to the observation of gamma-rays 
ommon to all heliostatarrays. In parti
ular, the e�e
t of a �eld of view restri
ted to the 
entral part of a dete
tedair shower on the lateral distribution and timing properties of Cherenkov light are dis
ussed.Under angular restri
tion the di�eren
es between gamma and hadron indu
ed showers obliterate,making an eÆ
ient gamma-hadron separation diÆ
ult.More than 250 hours of usable data were taken with the GRAAL dete
tor on 18 di�erentsour
es, among them the Crab nebula, the blazar Markarian 421 and the gamma-ray burstGRB010222. Eviden
e for a gamma-ray 
ux from the dire
tion of the Crab pulsar and Markarian421 was found, proving the feasibility of solar arrays for the observation of gamma-ray sour
es.
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Chapter 1Introdu
tionGamma radiation represents the most energeti
 part of the ele
tromagneti
 spe
trum. Energeti
protons and ele
trons in the vi
inity of astrophysi
al obje
ts produ
e high-energy quanta, whi
h
an es
ape if there is less than �1 radiation length of matter surrounding the a

eleration region(the me
hanisms involved in the produ
tion are explained in se
tions 1.2.1-1.2.5). Gamma-rays
an be tra
ed ba
k to their produ
tion sites; thus, observations of very high energy gamma-raysprovide unique insight into the nature of 
osmi
-parti
le a

elerators. Extragala
ti
 sour
esserve as bea
ons that allow us to probe the intervening intergala
ti
 medium and 
onsequentlygive us hints to the 
onditions in the early universe.The energy range of gamma-ray astronomy extends over more than twelve orders of magni-tude (from about 500 keV to 
a. 300 PeV) and has been \mostly" explored, either from spa
ewith satellite-based teles
opes (at the lowest energies of the spe
trum) or from the ground withCherenkov teles
opes and parti
le arrays (at the highest energies)1. However, there is still a partof the gamma-energy band whi
h remains 
ompletely unexplored, � 30-300 GeV. This energygap is parti
ularly interesting due to the fa
t that up to now more than 270 sour
es have beendete
ted at energies below 30 GeV and only 4 above 300 GeV. The absorption of gamma-rays inthe infrared ba
kground of the universe or 
uto�s in the gamma-ray produ
tion sites play verylikely an important role in the intermediate unexplored energy band.The history of gamma-ray astronomy started around 1930, when Millikan and Cameron [159℄realized that the energy density of 
osmi
 rays in spa
e is about as high as that of integratedstar-light. They 
onsidered already the gamma rays in
luded in the 
ategory of 
osmi
 rays.In the 1950s the di�use gamma-ray emission following the de
ay of �0 mesons from 
osmi
-rayinterstellar matter intera
tions was predi
ted by Hayakawa [108℄ and Morrison [167℄, and thegamma-ray emission from 
osmi
-ray bremsstrahlung by Hut
hinson [117℄. Gamma-ray burstswere dis
overed in 1967 by the VELA satellites and point sour
es were found by SAS-II andCOS-B satellites in the 1970s and early 1980s. The major breakthrough 
ame with the laun
hof the Compton Gamma Ray Observatory in 1991: more than 270 sour
es were dis
overedduring its 10 years of life!. From the ground, the �rst gamma-ray dete
tion o

urred in 1989when the Whipple 
ollaboration, by using the atmospheri
 Cherenkov imaging te
hnique pro-posed by Hillas, dete
ted the Crab nebula with high signi�
an
e. Sin
e then, the number ofwell-established TeV sour
es is 
onstantly in
reasing. Up to now 4 TeV 
redible dete
tions ofgamma-ray sour
es have been reported, the 
riterium to 
onsider a gamma-ray sour
e as really1It must be remarked that though teles
opes and parti
le arrays sensitive to the highest energies of the spe
trum(300 GeV to � 300 PeV) exist, this energy region is still "mostly unexplored"in the sense that less than a per
entof the sky has been s
anned with su
h teles
opes. 1




redible being a \5� dete
tion 
oupled with an equally signi�
ant veri�
ation by another exper-iment" [236℄. Nine more sour
es have been dete
ted marginally or need 
on�rmation by otherexperiments [238℄ (see table 1.2).Fig. 1.1 shows the major milestones in observational gamma-ray astronomy and the in
reasein the number of sour
es with time. The gamma-rays of highest energy were dete
ted from theCrab nebula at � 70 TeV by the CANGAROO 
ollaboration [216℄. From 70 TeV up to thehighest energies, no gamma-rays have been dete
ted so far2.
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Figure 1.1: Timeline of the development of gamma-ray astronomy. The energy region of 30-300 GeV remains presently unexplored. No gamma-rays have been dete
ted at energies higherthan 70 TeV.2For 
omparison, the highest energy 
osmi
 ray dete
tion was at about 1020 eV.2



1.1 Me
hanisms of gamma-ray emissionThe most important pro
esses for the produ
tion of high-energy gamma-radiation are:� Pion de
ay: pions are 
reated during strong intera
tion events su
h as 
ollisions of 
osmi
ray protons with ambient-gas nu
lei. Neutral pions de
ay rapidly (with a mean lifetime of10�16
� s, 
� being the Lorentz fa
tor of the pion) into two gamma-ray photons, with anenergy distribution peaking at 70 MeV, half of the rest mass of the pion.Observation of a pion de
ay in a gamma-ray spe
trum provides insight into 
ollisions ofenergeti
 (>135 MeV) protons with nu
lei. The pion de
ay gamma-ray bump is broad-ened as the momentum distribution of the high-energy 
ollision adds a Doppler shift andbroadening.� Inverse Compton S
attering (ICS): ups
attering of photons of lower energy through
ollisions with energeti
 parti
les. If low-energy photons 
ollide with relativisti
 ele
trons,these photons may gain energy in the 
ollisions, thus being promoted in energy, e.g., fromX-rays to gamma-rays.The ICS is important in regions of high photon densities. Considering that the typi
alenergies of the high energy ele
trons whi
h radiate in the radio waveband have Lorentzfa
tors of 
 = 103-104, the s
attering of the photons of the 
osmi
 mi
rowave ba
kgroundgenerates X-rays (� � 
2�0 � 1017 Hz) and the s
attering of opti
al photons produ
es a
ux of gamma-rays (� � 
2�0 � 1021 Hz) [143℄. Some examples of ICS happen in 
ompa
tstars where an a

retion disk is suÆ
iently hot to emit X-ray and the 
ompa
t obje
tgenerates beams of 
harged parti
les in its vi
inity [206℄.If the di�erential spe
trum of the ele
trons follows a power law Ie(Ee) / E��e ; then, theresultant gamma-ray 
ux follows a power law as well: I
(E
) / E�(�+1)=2
 for 
� � me
2(Thomson limit) and I
(E
) / E��
 for 
� � me
2 (Klein-Nishina limit), where � is theinitial energy of the boosted photon [211℄.� Bremsstrahlung: radiation produ
ed by a 
harged parti
le in the Coulomb �eld of anu
leus or ion. The spe
trum of bremsstrahlung radiation remains 
at up to roughly theele
tron kineti
 energy and it drops sharply towards zero above, as e�e
tively all thekineti
 energy of the ele
tron has been transferred to the bremsstrahlung photon. If thebremsstrahlung is produ
ed by high-energy ele
trons, the gamma-ray spe
trum has thesame shape, i.e., the same spe
tral index as the ele
tron spe
trum [211℄. The 
ontributionof bremsstrahlung to the Gala
ti
 di�use emission is important in the energy range < 200MeV.� Syn
hrotron emission: radiation produ
ed by high-energy 
harged parti
les when theyare de
e
ted by magneti
 �elds. Energeti
 ele
trons (1000 MeV) moving in the interstellarmagneti
 �eld radiate syn
hrotron photons, whi
h 
an be observed in the radio regime.However, in order to produ
e gamma-rays by syn
hrotron emission large magneti
 �eldsand/or energeti
 ele
trons are required. This 
an happen e.g. in the surfa
e of neutronstars, where the magneti
 �elds are of O(1012)G [206℄. Alternatively, syn
hrotron radiationmay provide the seed photon �eld for the inverse Compton pro
ess.If the ele
tron spe
trum follows a power law Ie(Ee)/ E��e ; then, the syn
hrotron photonspe
trum will be
ome I
(E
) / E�(�+1)=2
 similar to the 
ase of the inverse Comptonpro
ess [191℄. 3



Me
hanism E
 = 1 MeV E
 = 1 GeV E
 = 1 TeVPion de
ay �0 ! 2
 Ep >� 1010 eV Ep >� 1013 eVAgainst mi
rowave ba
kground� � 7� 10�4 eV � � 7� 10�4 eV � � 7� 10�4 eVEe � 1:7� 1010 eV Ee � 5:3� 1011 eV Ee � 1:7 � 1013 eVAgainst starlightICS � �1 eV � �1 eV � �1 eVEe � 4:4 � 108 eV Ee � 1:4� 1010 eV Ee >�1 TeVAgainst X-rays� � 10 keV � � 10 keV � � 10 keVEe � 4:4 � 106 eV Ee >� 1 GeV Ee >� 1 TeVBremsstrahlung Ee >�2 MeV Ee >�2 GeV Ee >�2 TeVB = 10�4 GEe � 7:7� 1014 eV B = 1 GSyn
hrotron Ee � 7:2� 1012 eV Ee � 2:3� 1014 eV Ee � 7:2 � 1015 eVB = 104 GEe � 7:2� 1010 eV Ee � 2:3� 1012 eV Ee � 7:2 � 1013 eVTable 1.1: Gamma-ray produ
tion parameters. E
 = energy of the gamma-ray produ
ed, Ee =energy of the relativisti
 ele
trons, Ep = energy of the relativisti
 protons, B = magneti
 �eld,� = energy of the initial photons for ICS. Taken from [191℄.Table 1.1 shows the parameters relevant to the produ
tion of gamma-rays by the variouspro
esses.1.2 Sour
es of gamma-raysThe known 
elestial obje
ts dis
ussed in the next subse
tions are assumed or have been dete
tedas gamma-ray emitters in the GeV and/or TeV energy range. Table 1.2 shows the gamma-raysour
es dete
ted up to now. The last 
olumn of the table indi
ates the \
redibility" grade asgiven by Weekes [236℄.1.2.1 PulsarsThe gamma-ray pulsars are sour
es in whi
h the pulsar signals are generated by rotating, mag-netised neutron stars (NS)3, and the radiation luminosity derives ultimately from rotationalenergy4. Two 
lasses of models have been developed to explain the gamma-ray emission inpulsars: polar 
ap and outer gap.In polar 
ap models [213, 199, 102, 61, 10℄ the parti
les are a

elerated by ele
tri
 �eldsindu
ed by rotation near the magneti
 poles and 
lose to the stellar surfa
e. The gamma-3The magneti
 
ux is 
onserved during the stellar 
ore 
ollapse whi
h forms the NS. Then, the redu
tion ofthe star radius during 
ollapse (from the initial 1011 
m to the 106 
m of the NS) implies an in
rease of the typi
almagneti
 �eld of a normal star (� 102 Gauss) to values of the order of 1012 Gauss in a NS [206℄.4The total rotational energy 
ontent of a young NS is of the order of 1051 erg [206℄.4



Sour
e Type Redshift Dis
overy EGRET GradeGala
ti
 sour
esCrab Nebula Plerion 1989([234℄) yes APSR 1706-44 Plerion? 1995([125℄) no AVela Plerion? 1997([244℄) no BSN1006 Shell 1997([217℄) no B-RXJ1713.7-3946 Shell 1999([170℄) no BCassiopeia A Shell 1999([8℄) no CCentaurus X-3 Binary 1999([194℄) yes CExtragala
ti
 sour
esMarkarian 421 XBL 0.031 1992([188℄) yes AMarkarian 501 XBL 0.034 1995([189℄) yes A1ES2344+514 XBL 0.044 1997([41℄) no CPKS2155-304 XBL 0.116 1999([46℄) yes B1ES1959+650 XBL 0.048 1999([173℄) no B-3C66A RBL 0.44 1998([172℄) yes CTable 1.2: Sour
e 
atalogue of dete
ted TeV gamma-ray sour
es. XBL and RBL denote X-rayand radio sele
ted BL La
 obje
ts respe
tively. The last 
olumn shows the grade of \
redibility"of the dete
tion (A = really 
redible to C = least 
redible). Taken from [238℄.ray emission originates as 
urvature radiation5 produ
ed by the ele
trons as they follow the
urvature of the open magneti
 �eld lines [62℄ and/or inverse-Compton s
attering of surfa
ethermal emission and nonthermal opti
al, UV and soft X-ray emission [212℄. The attenuationof gamma-rays near the neutron star surfa
e 
aused by pair produ
tion (resulting from theintera
tion of gamma-rays with strong magneti
 �elds) predi
ts spe
tral 
uto�s at high-energywhi
h depend on the lo
al �eld strength. Harding & de Jager [104℄ make a rough estimate of thespe
tral 
uto� due to magneti
 pair attenuation assuming emission along the polar 
ap outerrim at a 
ertain height above the surfa
e:E
 � 7:1MeV P1=2 �B
rB0 � � RR0�7=2 (1.1)where P, R0 and B0 are the NS period, radius and surfa
e magneti
 �eld and B
r = 4.413 � 1013 Gis the 
riti
al �eld. They �nd 
uto� energies 
onsistent with the derived from experimental datafor the known pulsars (4 MeV-75 GeV, see below). Moreover, they 
on
lude that pulsed emissionabove 1 TeV 
an only be dete
ted from pulsars having a 
ombination of long period, low magneti
�eld or emission at a large height above the surfa
e.In outer gap models [49, 50, 51, 197℄ the primary parti
les are a

elerated in va
uum gaps(free from the 
harged plasma whi
h �lls the magnetosphere) that form between the last open�eld line and the null 
harge surfa
e (
 � B = 0) in the outer magnetosphere. In 
ontrastto the polar regions (whi
h are very 
lose to the star surfa
e), in the outer magnetosphererelativisti
 e�e
ts from stellar gravity are of minor importan
e and magneti
 �elds are lowerby many orders of magnitude. High energy emission results from 
urvature, syn
hrotron andinverse Compton s
attering from the pair 
as
ades, whi
h are initiated by photon-photon pair5The 
urvature radiation is emitted by relativisti
 parti
les moving in intense and bent magneti
 �elds.5



Pulsar Zhang & Harding Rudak & Dyks Romani Cheng & Zhang1932+1059 < 580 � 10�8 90 � 10�8 �0 � 10�8 < 16 � 10�82043+2740 50 � 10�8 30 � 10�8 �0 � 10�8 50 � 10�81803-2137 20 � 10�8 20 � 10�8 30 � 10�8 <16 � 10�81801-2451 15 � 10�8 10 � 10�8 23 � 10�8 < 16 � 10�81453-6151 10 � 10�8 < 2 � 10�8 �0 � 10�8 20 � 10�8Table 1.3: Predi
ted gamma-ray 
uxes (units of ph [E > 100 MeV℄ 
m�2 s�1) from four theo-reti
al models for the gamma-ray emission of 5 pulsars. Taken from [221℄.produ
tion of gamma-rays with soft X-rays from the neutron star surfa
e. Gamma-ray emissionat TeV energies is predi
ted, for example, from inverse Compton s
attering of syn
hrotronphotons by primary parti
les [198℄.Up to now, 7 pulsars have been dete
ted by EGRET: Crab [174℄, Vela [122℄, Geminga[101, 24, 156℄, PSR B1509-58 [155, 137℄, PSR B1706-44 [219℄, PSR B1055-52 [83℄ and PSRB1951+32 [192℄. They show extremely 
at power spe
tra with maximum power often in theGeV energy range (see �g. 1.2). From these experimental results and from upper limits ofground-based observations, limits to pulsed gamma-ray emission are derived. For the knownpulsars, su
h limits lie between 4 MeV and 75 GeV [171, 209℄. Up to now no isolated pulsarhas been dete
ted at TeV energies (see below for dete
tion of pulsars in a binary system), onlyupper limits have been reported, see e.g. [47, 209℄. Therefore, strong 
onstraints limit outer gapmodels. To prove the validity of polar 
ap models, the predi
ted 
uto� in the energy spe
trum(that lies in the unexplored range of energies 30-300 GeV) has to be observed. Table 1.3 shows thepredi
ted gamma-ray 
uxes from the above dis
ussed models for gamma-ray pulsar 
andidates.The predi
tions di�er by more than an order of magnitude for some pulsars. Therefore, adete
tion or non-dete
tion of su
h pulsars would dis
riminate between the prin
ipal models.A parti
ular 
ase in whi
h TeV emission from a pulsar is predi
ted by di�erent me
hanismsfrom the above dis
ussed is 
onstituted by the pulsar B1259-63, the only known system inour galaxy with a radio pulsar orbiting a main sequen
e star (se
tion 1.2.2 explains the main
hara
teristi
s of binary systems). In general, pulsar winds that are 
on�ned by a 
ompanionstar atmosphere produ
e sho
ks that may a

elerate protons [103℄ and/or ele
trons[218℄. The
ontribution of syn
hrotron radiation from the a

elerated ele
trons to soft gamma-ray emissionis 
al
ulated by Tavani & Arons [218℄, having values very 
lose to the EGRET dete
ted upperlimits. In addition, Kirk et al. [129℄ 
al
ulate the gamma-ray emission at TeV energies from theinverse Compton s
attering of the Be-star photons with relativisti
 ele
trons and positrons ofthe sho
ked pulsar wind. The obtained limits for gamma-ray 
uxes at TeV energies are similarto the 
ux sensitivity of the 
urrent Cherenkov dete
tors. However, only a marginal dete
tion(4.8�) of the pulsar B1259-63 has been reported by the CANGAROO 
ollaboration at energieslarger than 3 TeV up to now [200℄.1.2.2 Binary systemsX-ray binaries (XRBs) 
onsist generally of a binary-star system with (at least) one 
omponentbeing a 
ompa
t obje
t at the end of its stellar evolution: a white dwarf, a neutron star or abla
k hole [206℄.The a

retion of matter of the 
ompanion star onto the 
ompa
t obje
t releases gravitational6
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Figure 1.2: Multiwavelength energy spe
tra for the known gamma-ray pulsars. These spe
traemphasize that emission in the X- and gamma-ray region dominates the radiation budget ofthese pulsars. Taken from [220℄.
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energy whi
h is 
onverted into radiation and emitted as X-rays. The spe
tra of XRBs, resultingfrom the a

retion pro
ess, typi
ally 
ut o� at a few tens of keV.A parti
ulary interesting 
lass of XRBs is 
onstituted by the mi
roquasars. Stellar-massbla
k holes in binaries expel bipolar radio jets with relativisti
 speeds [160, 162℄, resembling theones of the quasars (see se
tion 1.2.4) and from whi
h they re
eive their name. The mi
roquasars
an help to understand the nature of jets. Due to the proportionality between the 
hara
teristi
times in the 
ow of matter onto a BH and its mass, variations with intervals of minutes ina mi
roquasar (where the BH has masses of a few M�) 
orrespond to analogous phenomenawith durations of thousand of years in a quasar of 109 M�, not observable by humans. This isfundamental for the gamma-ray astronomy, sin
e jets are observed not only in quasars (see nextse
tion) and mi
roquasars but also there is eviden
e that the most 
ommon 
lass of gamma-raybursts (see se
tion 1.2.5) 
an be 
on
eived as extreme mi
roquasars, sin
e they are afterglowsfrom ultra-relativisti
 jets asso
iated to the formation of bla
k holes at 
osmologi
al distan
es[60℄. Fig. 1.3 shows the multiwavelength observations of the mi
roquasar GRS 1915+105 witha s
heme indi
ating the positions on the jet where the emission at the di�erent wavelengths areoriginated.Although in the 1970s and the 1980s about 10 XRBs had been reported to emit TeV gamma-rays (see e.g. [235℄ and referen
es therein), none of them (ex
ept maybe CenX-3, see below) was
on�rmed by the posterior more sensitive dete
tors. Currently, the question of whether XRBsare high-energy gamma-ray emitters or not is still open. Only a dete
tion of a XRB at TeVenergies, Cen X-3 (whi
h has also been dete
ted by EGRET), has been reported (see table 1.2)but it has not been 
on�rmed by other experiments operating on the ground.Various me
hanisms have been proposed for the emission of X-rays (see e.g. [13, 150, 91℄). Inparti
ular, Atoyan & Aharonian [13℄ explain the produ
tion of gamma-rays by inverse Comptons
attering of syn
hrotron photons by relativisti
 ele
trons in the jets.Atoyan et al. [14℄ have proposed various emission me
hanisms for Cen X-3 
onsidering ex-tended and 
ompa
t sour
e models, and the 
ombination of both. A leptoni
 extended sour
emodel seems to explain the data observed up to now by EGRET and the imaging teles
opeMark-6 (this one at TeV energies), but it 
annot interpret modulations of the gamma-ray emis-sion with the pulsar spin period (whi
h are not yet 
on�rmed). In 
ontrast, there are two
ompa
t sour
e models: hadroni
, that assumes a powerful beam of relativisti
 protons a

eler-ating in the vi
inity of the pulsar that hits a dense plasma 
loud in the jet propagation region[2℄, and leptoni
, the mi
roquasar model of Atoyan & Aharonian [13℄. Both models 
an explainmodulations of the gamma-ray emission but predi
t that this pulsed gamma-ray emission 
anbe only episodi
, with a typi
al duration of no more than a few hours.1.2.3 Supernova RemnantsSupernova Remnants (SNR) are obje
ts produ
ed by the violent explosion (supernova) of massivestars at the end of their life.The SNRs are thought to be one of the 
osmi
 ray generators (mainly the shell-type SNRs,see below) and permit the dispersion of the produ
ts of explosive nu
leosynthesis during thesupernova. Generally, three basi
 types of SNRs are known [206℄: shell-type SNRs, plerions and
omposite SNRs (this is a 
ross type between the �rst two types).Plerions form when the relativisti
 wind from a pulsar is 
on�ned by a more slowly ex-panding (vexp � 
) shell of the surrounding supernova remnant [104℄. The spin-down energyof the pulsar may then be dissipated in a sho
k whi
h a

elerates the parti
les [124℄. Theserelativisti
 parti
les then radiate syn
hrotron emission in the magnetohydrodynami
 (MHD)8
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Figure 1.3: Radio, infrared and X-ray light 
urves for GRS 1915+105 at the time of quasi-periodi
 os
illations on 1997 September 9 [161℄. The infrared 
are starts during the re
overyfrom the X-ray dip, when a sharp, isolated X-ray spike is observed. These observations show the
onne
tion between the rapid disappearan
e and follow-up replenishment of the inner a

retiondisk seen in the X-rays [22℄, and the eje
tion of relativisti
 plasma 
louds observed as syn
hrotronemission at infrared wavelengths �rst and later at radio wavelengths. A s
heme of the relativepositions where the di�erent emissions originate is shown in the top part of the �gure. Thehardness ratio (13-60 keV)/(2-13 keV) is shown at the botton of the �gure. Taken from [162℄.
9




ow downstream of the sho
k. Gould predi
ted in 1965 [97℄ that the syn
hrotron emitting par-ti
les would also produ
e inverse Compton emission at TeV energies (see also [64℄). This is themodel known as SSC (Syn
hrotron Self Compton) and is present in young plerions with strongmagneti
 �elds as in the Crab Nebula [65℄. In the older plerions the inverse Compton emissionwill be due primarily to s
attering of the relativisti
 ele
trons with sour
es of ba
kground pho-tons (mi
rowave 
osmi
 ba
kground (MCB) radiation, gala
ti
 infrared ba
kground radiation orgala
ti
 starlight). Up to now, emission of two plerions has been dete
ted from ground-baseddete
tors at a high 
on�den
e level (see table 1.2)6, but only the Crab Nebula seems to �t the
lassi
 model of a pulsar nebula [65, 4℄ while PSR1706-44 (and also Vela, if the dete
tion is
on�rmed) has more 
ompli
ated morphologies at lower energies and needs more 
ompli
atedmodels to be explained [104℄.In shell-type SNRs (around 80% of all SNRs) the shell (
omposed of hot material) is theresult from the intera
tion of the sho
k wave of the SN explosion and the interstellar medium[206℄.Shell-type SNRs are spe
ially interesting, sin
e they have a suÆ
iently large energy outputto replenish the dominant nu
leoni
 
omponent of the 
osmi
 rays (CR) in the galaxy, althougha high eÆ
ien
y, �10%-30%, for 
onverting the kineti
 energy of the SNR explosions is required(see e.g. [76, 140, 77, 232℄). The a

eleration of those CRs up to 1 PeV by di�usive a

elerationat the remnants' forward sho
ks [18℄ is thought to be the main sour
e of 
osmi
 rays at energiesup to the knee (� 4 � 1015 eV7). This is supported by the fa
t that the energy spe
trum whi
hresults from di�usive sho
k a

eleration follows a power-law dN/dE / E�2:1, whi
h is 
onsistentwith the observed lo
al CR spe
trum dN/dE / E�2:7 after 
orre
ting for gala
ti
 di�usion [215℄.Furthermore, those CRs 
an generate gamma-rays via intera
tions with the ambient inter-stellar medium, in
luding nu
lear intera
tions between relativisti
 and 
old interstellar ions, bybremsstrahlung of energeti
 ele
trons 
olliding with the ambient gas and IC emission of 
osmi
ba
kground radiation (see e.g. [232, 17℄ for a review of re
ent models of gamma-ray emissionfrom SNRs). Detailed modelling of SNR environments together with radio and X-ray observa-tions predi
t TeV gamma-ray emission near the sensitivity of the present Cherenkov experiments[23, 18℄. Therefore, a positive dete
tion from a shell SNR is vital to establish SNRs as sites ofCR produ
tion.Up to now, gamma-ray emission at TeV energies might have been dete
ted (the emissionhas not been 
on�rmed yet by other experiments) from three shell-type SNRs (see table 1.2).However, the main sour
e of gamma-rays for SN1006 seems to be the ICS of photons of theMCB and starlight [152, 187℄, whi
h is supported by the fa
t that syn
hrotron emission in X-rays has been dete
ted by ASCA (
on�rming the a

eleration of ele
trons up to 100 TeV) [133℄.Furthermore, the dete
ted gamma-ray 
uxes are too high in 
omparison with the predi
tedemission from �0 disintegration [152, 78℄. This indi
ates that even if the gamma-ray emissionfrom �0 disintegration exists, it 
onstitutes only a fra
tion of the total gamma-ray output fromthe remnant. The same situation is observed for Cas-A [81℄. In spite of these dis
ouraging results,e.g. Aharonian & Atoyan [5℄ dis
uss di�erent values of the magneti
 �eld in the supernovaremnant SN1006 as a possibility not to rule out yet the hadroni
 
hannel. In parti
ular, theypropose that a magneti
 �eld of order 100 �G, 10 times larger than the one that results fromthe interpretation of gamma-ray emission from ICS, 
ould explain the gamma-ray emission fromsho
k a

elerated protons in the rim through produ
tion and subsequent de
ay of �0 mesons.An adequate sour
e to test the produ
tion of gamma-rays from the �0 disintegration in6A third plerion, Vela, might have also been dete
ted (see grade of 
redibility in table 1.2).7The energy of the knee has been taken from [11℄. 10



SNRs is the Ty
ho Supernova Remnant (see e.g. [37℄ and referen
es therein). First, althoughTy
ho is a young (� 430 years) supernova remnant, proper motion studies indi
ate that theremnant has been de
elerated and is near the Sedov phase of expansion where the maximumof gamma-ray luminosity is expe
ted from di�use sho
k a

eleration models [78℄. Se
ond, theopti
al light 
urve is suÆ
iently well de�ned that it 
an be 
lassi�ed as a type Ia supernova.The well-known 
hara
teristi
s of type Ia supernovae allow the estimation of the distan
e of theSNR. It has been 
on
luded that this SNR is relatively 
lose, at a distan
e of � 2.3 kp
 andhas an small angular size (� 8'), suited for observations with Cherenkov teles
opes. Third, ithas been suggested [196℄ the presen
e of dense material along the eastern side of the remnant.Finally, Ty
ho presents X-radiation dominated by thermal pro
esses (in 
ontrast with the otherdete
ted SNRs) [183℄. For all these reasons, a dete
tion of gamma-rays at TeV energies fromTy
ho would imply a 
on�rmation of the a

eleration of Cosmi
 Rays in SNRs, however, onlyupper limits have been set up to now for a gamma-ray 
ux from this sour
e [9℄.Notwithstanding the 
ontradi
tion of the experimental results with the a

eleration of hadroni

osmi
 rays in SNRs (see above), the energy budget is still in favour of this theory . Therefore,Kirk & Dendy [130℄ have re
ently reviewed previous assumptions and simpli�
ations done in the
al
ulation of expe
ted gamma-ray 
uxes to �t the models within the 
onstraints imposed bygamma-ray observation. In parti
ular, they fo
us on three main \old" problems: the inje
tionof parti
les from a thermal pool up to an energy where they 
an be assumed to di�use, themaximum a
hievable energy and the resultant spe
tral index. Some progress has been a
hieved,whi
h might throw some light on all these problems. For example, taking into a

ount theimportan
e of self-generated turbulen
e at the sho
k front, the maximum energy of the a

el-erated parti
les rises to 1016 eV [144℄. Regarding the inje
tion problem, there are two di�erentapproa
hes for ions and ele
trons. For ions, the inje
tion pro
ess at a parallel sho
k is des
ribedgiven that some fra
tion of the thermal ions 
ounter-stream [145℄. For ele
trons, it has beenshown that energisation 
an o

ur in the turbulen
e driven by a population of re
e
ted ions [73℄.Aharonian et al. have 
onsidered these new aspe
ts of the \standard" theory of the a

el-eration of CRs in SNRs to explain the upper 
ux reported by the HEGRA 
ollaboration forthe Ty
ho SNR [9℄. Although only rough 
al
ulations are performed, the value obtained for theexpe
ted 
ux is still a

eptable in 
omparison with the observed 
ux upper limits.1.2.4 A
tive Gala
ti
 Nu
leiA
tive galaxies 
onsitute a type of galaxy with a bright nu
leus. Thus, A
tive Gala
ti
 Nu
lei(AGN) are the 
entral regions of those galaxies where high-energeti
 pro
esses take pla
e whi
h
annot be attributed to normal (thermal, nu
lear) pro
esses in stars.The "standard model"for AGNs (see left panel of �g. 1.4, [227℄) explains the di�erent types ofAGNs as symply being an orientational e�e
t. The 
entral obje
t is thought to be a supermassivebla
k hole (BH) with masses of the order of 106 � 1010M� . There is a thin a

retion diskaround the BH at several hundreds of S
hwars
hild radii8 surrounded by a thi
k torus lying inthe equatorial plane of the hole. In radio-loud AGNs a well-
ollimated jet of relativisti
 parti
lesemanates perpendi
ular to the plane of the a

retion disk.In the AGN uni�ed model, the 
entral engine is powered by matter a

retion (release ofgravitational energy in a deep gravitational potential). This is a very e�e
tive pro
ess whi
h
an 
onvert � 10% of the rest mass of the a

reted matter into radiation. There is an upperlimit on the mass a

retion rate and therefore on the luminosity resulting from the a

retion8The S
hwarzs
hild radius Rs = 2GMBH
2 is about 10�5 p
 for a 108 M� bla
k hole.11



Jet

Obscuring

Torus

Black

Hole

Narrow Line

Region

Broad Line

Region

Accretion

Disk

Figure 1.4: The left panel shows the s
hemati
 diagram of the uni�ed model for AGNs (see text).Taken from [227℄. The right panel shows the various sour
es of soft-photons in the leptoni
models that explain the emission of gamma-rays in AGNs (see text). Taken from [34℄.pro
ess. The so-
alled Eddington limit is given by the balan
e of the gravitational for
e and theradiation pressure on the a

reting material. If the radiation pressure dominates, the a

retionstops.Regarding gamma-ray emission, blazars are the most important AGN sub
lass. About 60%of the identi�ed EGRET AGN sour
es above 100 MeV seem to be blazars [169℄ and all of thepresently known AGNs at TeV energies are BL La
 obje
ts belonging to this 
lass (see table1.2).The gamma-ray 
uxes of blazars are observed to be highly variable, with variability times
ales from less than an hour (e.g. for Mrk 421 [135℄) to several months (e.g. for Mrk 501 [40, 6℄).The multiwavelength 
ampaigns of Mrk 421 and Mrk 501 reveal 
orrelations of TeV gamma-ray
ares with X-radiation on time-s
ales of hours or less (see e.g. referen
es above and [201, 149℄).In addition, the hardness ratios (2-5 TeV/1-2 TeV) do not show eviden
e for spe
tral variabilityduring the 
are [135℄. In 
ontrast, the variability of quasars, like 3C279, shows di�erent features.In this 
ase there is no 
lear pattern of time 
orrelation, di�erent bands do not always rise andfall together, even in the opti
al, X-ray and gamma-ray bands, and during a high state thegamma-ray luminosity dominates over that at all other frequen
ies by a fa
tor of more than 10[106℄. In addition, a 
onsiderable spe
tral variability, parti
ularly in the gamma-ray band, isfound between di�erent epo
hs for 3C279 and in general for all the 
at spe
trum radio quasars(FSRQ)9 observed by EGRET [169℄.There is a general agreement that the TeV photons are 
reated in the jets of AGNs, butthe me
hanism responsible for the high-energy emission is still un
ertain, although relativisti
sho
ks are the favoured pro
ess (see e.g. [127℄). There are basi
ally two types of models: leptoni
and hadroni
.9BL La
 obje
ts and FSRQs 
omprise the blazar 
lass of AGNs, radio-loud obje
ts with weak or absent emissionlines [227℄. 12



In the former (see e.g. [34℄), ele
trons and positrons are assumed to be the primary a

eler-ated parti
les in the jet whi
h s
atter soft photons to gamma-ray energies via inverse Comptonpro
ess. Depending on where the photon sour
e and the a

eleration site are lo
ated in thejet, various models are distinguished (see �g. 1.4, right panel). In Syn
hrotron Self Compton(SSC) models the ele
trons are themselves the sour
e of the photons by syn
hrotron radiation[148, 29℄. In 
ontrast, in the External Compton S
attering model (ECS), the sour
e of photons isoutside the jet. UV to soft X-ray photons from the a

retion disk either entering the jet dire
tly(External Comptonization of Dire
t disk radiation - ECD) [70, 71℄ or after repro
essing at thebroad line regions (External Comptonization of radiation from Clouds - ECC) [207, 28℄ will beup-s
attered in the jet. Finally, the Re
e
ted Syn
hrotron (RSy) me
hanism assumes that thesour
e of photons is the jet syn
hrotron radiation re
e
ted at the broad line regions [92, 21, 33℄.Combinations of these models have been also proposed [72℄.Conversely, in the hadroni
 models (see e.g. [190℄) the high-energy gamma-rays are initiatedby hot protons intera
ting with ambient gas or low-frequen
y radiation. Two models are distin-guished: Proton-Initiated Cas
ade (PIC) models [146, 147, 20℄ assume that protons are sho
keda

elerated to ultrahigh energies (1010 GeV), intera
t with ambient photons and produ
e neutralpions that de
ay and initiate an ele
tromagneti
 
as
ade. The proton-initiated 
as
ade models
ould be distinguished by the observation of high energy neutrinos produ
ed as a result of photo-produ
tion [147℄ or by the 
onsequen
es of the es
ape of neutrons on the surroundings from thesour
e as well as in the host galaxy [126℄. In 
ontrast, Syn
hrotron Proton Blazar (SPB) models[7, 168℄ assume that extremely high-energy protons (E�1019 eV) emit syn
hrotron radiation,this me
hanism being responsible for the gamma-ray emission at TeV energies. In the leptoni
and hadroni
 models the nature of the a

elerated parti
les is di�erent, but the gamma-rayprodu
tion pro
ess is the same, ICS of soft photons by relativisti
 leptons.Up to now, gamma-ray TeV emission has been dete
ted from two blazars at a high 
on�-den
e level and four more blazars need still 
on�rmation of the dete
tion by other experiments(see table 1.2). EGRET has dete
ted about 90 AGNs at energies > 1 MeV. Multi-wavelengthobservations of Mrk 421 and Mrk 501 indi
ated a 
onne
tion between TeV and X-ray bands(e.g. [135℄) favouring the SSC models, that explain su

essfully the variability and give goodoveral �ts to the spe
tra of Mrk421 and Mrk501 [128, 153, 154℄. However, the 
aring state ofMrk501 is also well explained by Aharonian [7℄ and M�u
ke & Protheroe [168℄ from X-ray to TeVenergies in the 
ontext of SPB models.In 
ontrast, the explanation of the variability of 3C279 is 
ontroversial. Whereas the 1991
are seen by EGRET [131℄ is well �tted with a RSy model a

ording to [92℄, the 1996 
are [239℄
ould rule out su
h model. The reason is that in the 1996 
are, a 
orrelation of the de
linesof X-ray and opti
al 
uxes with the EGRET gamma-ray 
uxes were observed. However, thesyn
hrotron 
omponent is not dire
tly a�e
ted by the re
e
tion pro
ess of RSy models [33℄.Furthermore, Bednarek [21℄ �nds that the shape of the gamma-ray light 
urve for the 1996
are 
an be explained in terms of the RSy model if the density of relativisti
 ele
trons in
reasesexponentially towards the end of the blob, but su
h a distribution is diÆ
ult to motivate in termsof the standard relativisti
 sho
k model moving along the jet. More likely distributions in
ludea maximum of ele
trons on the front of the blob and the trail streaming away from the sho
kon its downstream side [128, 153℄. Other models, like SSC and EC, were not initially 
onsideredto explain the 1996 
are of 3C279 [239℄ due to the non-
onsisten
y with the multiwavelengthobservations of su
h 
are. However, Hartman et al. [106℄ use a 
ombination of SSC, ECC andECD models to �t su

essfully the 3C279 multiwavelength data (from radio to gamma-rays)in
luding the high states of early 1999 and early 2000.13



1.2.5 Gamma-Ray BurstsGamma-Ray Bursts (GRB) are short (from ms to 103 s) and intense (E � 1053 (
=4�) erg, 
being the solid angle into whi
h the energy is 
hannelled) bursts of gamma-rays, whi
h emitmost of their energy in the MeV range.The BATSE dete
tor on board of the CGRO found that GRBs are distributed isotropi
allybut not homogeneously [157℄. This suggested a 
osmologi
al origin, sin
e no known gala
ti
obje
ts had su
h a distribution and no disk models [179℄ produ
ed the mentioned distribution.However, the possibility of gala
ti
 halo distributions, with a halo of at least 50 kp
 in radius,without strong 
entral 
ondensation 
ould still satisfy the isotropy observed by BATSE, thoughit seemed diÆ
ult to populate a halo with neutron stars (the favoured 
andidate for GRBs atthat moment) [35℄. The Beppo-Sax observations of X-rays afterglows of some GRBs [57℄ enableda

urate position determination and the dis
overy of opti
al [229℄ and radio [86℄ afterglows andhost galaxies. The determination of red-shifted absorption lines in the opti
al 
ounterparts ofGRBs set de�nitely the origin of GRBs to 
osmologi
al distan
es, ruling out the gala
ti
 halomodel.BATSE registered 1 GRB per day between 30 and 300 KeV, with 
uxes of 10�7 to 10�5 erg/
m2and durations from ms to 103 s (with several time stru
tures like single-pulse or multi-peaksmooth events). Allowing for the observational sele
tion and 
overage, GRBs are dete
table ata mean rate of � 103 per year down to the limiting 
uxes of 10�7 erg/
m2 [75℄. Lamb & Rei
hart[141℄ 
al
ulated the limiting redshifts dete
table by BATSE [177℄, HETE 2 [112℄ and Swift [214℄for the seven GRBs with well-established redshifts and found that BATSE and HETE 2 wouldbe able to dete
t three of those GRBs out to redshifts of 20 � z � 30. Swift would be ableto dete
t the same three GRBs out to redshifts in ex
ess of z � 70. Therefore, they 
on
ludedthat if GRBs o

ur at very high redshifts, BATSE has probably dete
ted them already. Then,an extrapolation from the observed rate and the dete
table redshifts implies that GRBs o

urroughly at a rate of a few per universe per day [75℄.Many models have been developed to explain the origin of GRBs (whi
h remains unknownup to date). Two types of progenitors of GRBs are preferred nowadays: explosions of verymassive stars (\
ollapsar" [87℄ or \hypernova" [180℄ models) and mergers of 
ompa
t stellarremnants [178, 80℄ (neutron stars, bla
k holes, or even white dwarfs, but with at least onemergee being a NS or BH). In both 
ases the end produ
t is a stellar mass s
ale BH, surroundedby a rapidly rotating torus, whose a

retion 
an provide a sudden release of gravitational energysuÆ
ient to power the GRB. There are several models to explain the dynami
s of the GRB(for a review of GRB models see [158℄ and referen
es therein). The most popular model is the�reball model [42, 95, 178℄, in whi
h the initial a

elerated blast wave produ
es the gamma-raysby intera
tions within out
owing material, the interstellar medium or the stellar wind, or outershell of the 
ompanion in a binary system.The question of jets and beaming in GRBs was really brought into fo
us by the 
ombinedobservations of GRBs and their afterglows. In parti
ular, the redshift measurements [138, 139℄of GRB 971213 and GRB 990123 implied isotropi
 gamma-ray energy releases approa
hing �1054 erg. Su
h a kineti
 energy is larger by orders of magnitude than the maximal plausiblekineti
 energy release in the merger of neutron stars and of neutron stars and bla
k holes, or inthe a

retion-indu
ed 
ollapse of white dwarfs and neutron stars [60℄. This energy 
risis is solvedif GRBs are 
ollimated, sin
e in that 
ase, the total energy emitted by the sour
e is smaller bya fa
tor of 
=4� than if the sour
e were spheri
al (as initially suggested by the �reball model).In addition, some of the observed GRBs present multipeak stru
ture and short time variabil-ity (see e.g. [84℄). It was suggested that 
ollisions between narrow shells moving with di�erent14



bulk Lorentz fa
tors 
an explain the light 
urves of multipeaked GRBs. However, a variable
entral engine must be �ne-tuned in order to arrange for shells to 
ollide only after a distan
ewhere the produ
ed gamma-rays are not readsorbed, whi
h is larger by many orders of magni-tude than the size of the 
entral engine, and even with this �ne tuning, variability on times
ales
omparable to the total duration of the GRB are inferred [204, 60℄.Independent of the spe
i�
 model, the broken power-law spe
tral shapes and the rapid vari-ability of gamma-ray bursts are almost 
ertainly produ
ed by nonthermal parti
les in a syn-
hrotron pro
ess or to some extent in inverse Compton intera
tions [206℄. It has been shown [90℄that syn
hrotron emission from ele
trons or positrons a

elerated in ultra-relativisti
 sho
ks a
-
ounts remarkably well for the observed power-law spe
tra of GRB afterglows. The syn
hrotronnature of the prompt emission is instead 
ontroversial and alternatives have been proposed (see[93℄ and referen
es therein).No high-energy 
uto� above a few MeV has been observed and emission up to TeV energiesis predi
ted by several models. EGRET has dete
ted emission in the range 30 MeV-20 GeV forsome GRBs (see e.g. [205, 208℄) and Milagrito reported the a tentative dete
tion of GRB970417aat TeV energies [12℄. Other dete
tors, like HEGRA, have sear
hed for gamma TeV emissionfrom GRBs (see e.g. [181℄) from the ground. However, no other GRBs have been dete
ted fromthe ground. This might be dew to the 
ombination of the narrow �eld of view of Cherenkovteles
opes and to their delay in slewing to the 
orre
t position, although both assumptions areun
ertain (e.g. EGRET saw GeV gamma-rays up to 90 min after burst).1.3 Absorption of gamma-rays by the Interstellar MediumOn their journey from the sour
e region to the earth, gamma-rays must traverse long pathsof interstellar10 spa
e. Whereas low energy gamma-rays 
an travel through interstellar spa
epra
ti
ally without s
attering or absorption, the universe presents a higher opa
ity for highenergy gamma-rays (for low-energy gamma-rays the opa
ity is very small, see �g. 1.5). Thesour
e of opa
ity is the intera
tion of gamma-ray photons with ambient photons from the 2.7 Kmi
rowave ba
kground radiation �eld (a remnant from the Big Bang) and the extragala
ti
Infrared (IR, from dust emission) to Ultraviolet (UV) starlight photon �eld (produ
ed in thephase of early galaxy formation) to produ
e e�e+ pairs. The e�e+ pair produ
tion from theintera
tion of two photons is only possible above a threshold energy given by the rest mass ofthe pair [206℄: Eth�pp = 2m2e
4(1� 
os�)(1 + z)2E
 � 1�1 + z4 ��2 � 30GeVE
 (eV) (1.2)(for head-on 
ollisions, � is the photon 
ollision angle). From this equation, we 
an see that above30 GeV the energy loss of gamma-rays in interstellar spa
e from s
attering with starlight be
omessigni�
ant and limits the horizon to 500 Mp
 at 1 TeV, while at higher energies s
attering on
osmi
 ba
kground photons e�e
tively 
uts the visibility distan
e to the few nearest galaxies.Sour
es at distan
es above z � 2 
annot be seen dire
tly above 30 GeV. Fig. 1.5 shows theopa
ity of the universe to gamma-rays of all energies11.10Interstellar spa
e denotes the spa
e among stars along the whole universe, also among stars of di�erentgalaxies.11The opti
al depth � is 
al
ulated as: � = 0:061
bh100 R z0 (1 + z)0:5 �(z)�Th dz where �(z) = �[E0(1 + z)℄ is the
ombined 
ross se
tion for all pro
esses, E0 is the photon energy as seen by the observer and �Th is the Thomsons
attering 
ross se
tion [15℄. 15



Figure 1.5: The lines of 
onstant opti
al depth from � = 0.1 to � = 100 are shown in the photonenergy-redshift diagram for 
 = 1. Thi
k line 
orresponds to � = 1. Taken from [15℄.Photon-photon pair produ
tion results in high-energy 
harged parti
les, these will inverse-Compton s
atter the same photons and redistribute the high-energy gamma-ray energy to lowergamma-ray energies a

ording to ([206℄)E
;IC � 10 � �1 + z4 �� Ee30GeV� (MeV) (1.3)thus produ
ing a di�use-
osmi
 
ontinuum spe
trum in the form of a power-law I/ E�� withindex � � 2.There are two ways in whi
h these results 
an be used. For a known intensity and spe
tralindex of the intergala
ti
 IR ba
kground, it 
an be used to predi
t the furthest distan
e fromwhere TeV gamma-rays 
an be expe
ted to be dete
ted. However, the distribution of IR photonsis presently not very well known, and one may use the fa
t that multi-TeV gamma-rays havebeen observed from two extragala
ti
 sour
es (see table 1.2), Mrk 421 and Mrk 501, to limitthe density of the IR photon �eld. Re
ently, the Whipple 
ollaboration presented an energyspe
trum for Mrk 421 
onsistent with a power-law with exponential 
uto� derived from the 
areof January-Mar
h 2001 [136℄. This has important impli
ations, sin
e an exponential 
uto� hadbeen observed already for Mrk 501 at similar energies it might well be that the the 
uto� isdue to the IR ba
kground. One of the main diÆ
ulties of this kind of studies is to separateabsorption in the sour
e of gamma-rays from absorption along the interstellar medium.16



1.4 Motivation for the gamma-ray observation at energies be-tween 30 and 300 GeVAbout 300 
elestial gamma-ray sour
es (ex
luding the more than 2000 gamma-ray burst sour
es)are 
urrently known, of whi
h two thirds are still unidenti�ed. Figs. 1.6 and 1.7 show the gamma-ray sky at two di�erent gamma-ray energy ranges, the low energy range (with an upper energythreshold of 30 GeV) has been observed with satellites and the high energy range (with a lowerenergy threshold of about 300 GeV) has been 
overed by ground-based dete
tors. The di�eren
ein the number of observed GeV and TeV gamma-ray sour
es is obvious, it results from 
ombined
hanges in the instrumental and sour
e 
hara
teristi
s.
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THIRD EGRET CATALOGUE OF GAMMA-RAY POINT SOURCES
E > 100 MeV

Active Galactic Nuclei

Pulsars

Galaxies

EGRET Unidentified SourcesFigure 1.6: Third EGRET sour
e 
atalogue, shown in gala
ti
 
oordinates. The size of thesymbol represents the highest intensity seen for this sour
e by EGRET. Sour
e types: pulsars,pink squares; galaxy (LMC), yellow triangle; AGNs (blazars, with the ex
eption of Cen A), reddiamonds; unidenti�ed sour
es, green 
ir
les.The sensitivity of EGRET was about 4-5 orders of magnitude lower than present imagingteles
opes like Whipple or HEGRA. Extrapolating the power-law spe
trum with average spe
tralindex of about -2 of EGRET sour
es to TeV energies, it was logi
al to expe
t a large number ofdete
tions of gamma-ray sour
es at the energies of the ground-based teles
opes (see e.g. [100℄),not only of the sour
es dete
ted by EGRET but also of new sour
es not dete
ted in spa
e dueto the low sensitivity of the satellites.The non-dete
tion of EGRET sour
es at TeV energies 
an indi
ate two 
uto� me
hanisms:for pulsars and perhaps unidenti�ed gala
ti
 EGRET sour
es an intrinsi
 
uto� at the gamma-ray produ
tion site is likely to o

ur [62, 100℄ whereas for extragala
ti
 sour
es (e.g. EGRETblazars) the 
uto� 
an be intrinsi
 to the gamma-ray produ
tion site or due to the in
reasing17
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Figure 1.7: Catalogue of TeV gamma-ray sour
es. See table 1.2 for a grade of \
redibility" ofthe dete
tion.opa
ity of the universe with extragala
ti
 distan
e s
ales (see previous se
tion). The non-dete
tion of other gala
ti
 sour
es (apart from the mentioned ones) and blazars with redshifthsz � 1 (where the universe is pra
ti
ally transparent for photon energies E � 40 GeV) impliesthat the energy threshold has to be lowered (ideally to the upper energy threshold of EGRET).The new generation of gamma-ray dete
tors are designed to 
over the energy gap existenton gamma-ray observations, on one hand GLAST [132℄ will in
rease the upper energy thresholda
hieved by satellites to 200 GeV and on the other hand large imaging teles
opes like MAGIC[19℄ or arrays of imaging teles
opes like HESS [115℄ and VERITAS [237℄ will lower the ground-based teles
opes energy threshold to � 30 GeV. While waiting for the 
onstru
tion of thesedete
tors, three 
ollaborations (CELESTE [45℄, STACEE [176℄ and GRAAL12) 
hose the riskypath of 
onverting existent solar power plants into huge Cherenkov dete
tors and developing anew te
hnique for gamma-ray observation in order to a
hieve low energy thresholds in a shorttime. The risk was not only due to the new te
hnique to be developed but also to the di�erentrequirements for the elements of a Cherenkov dete
tor in 
omparison with a solar farm (e.g. theangular beam spread of the light re
e
ted in the mirrors or the weather 
onditions). In spiteof this, the 
hallenge was a

epted due to the low 
osts of the 
onversion of the solar farms in
omparison with the exe
ution of the above mentioned proje
ted experiments.The GRAAL experiment is the result of the 
onversion of the Plataforma Solar de Almer��ato a Cherenkov experiment for the dete
tion of gamma-rays and has been reported extensivelyin two theses (see also [98℄ and the GRAAL web-site [99℄ where all the GRAAL 
ontributions12One more 
ollaboration, Solar Two [246℄ has �nished re
ently the 
onstru
tion of a fourth gamma-ray dete
torwith similar 
hara
teristi
s to STACEE. 18



to international 
onferen
es are listed). Borque [32℄ was 
on
erned mainly with the design andsimulation of the experiment as well as with a pilot experiment 'Mini-GRAAL' [30℄, built beforeGRAAL to test the 
apa
ity of the solar power plants as Cherenkov dete
tors. This thesis
omplements the one of Borque [32℄ reporting of the exe
ution of the proje
t, the analysis of thedata taken with GRAAL and the problems derived from a new, not yet established, te
hniquefor the observation of high-energy gamma-rays.1.5 Outline of this thesisThis thesis has been stru
tured to take into a

ount that solar-arrays13 
onstitute a new Cherenkovte
hnique for the observation of gamma-rays and therefore spe
ial attention has been drawn tothe "te
hni
al"aspe
ts of the experiment. In parti
ular, the �rst part (
hapter 2) makes a de-tailed review of the ground-based Cherenkov wavefront sampling dete
tors, espe
ially fo
usingon the novel features of the solar farms as gamma-ray dete
tors with respe
t to other Cherenkovdete
tors.Con
entrating already on GRAAL, the se
ond part 
omprises the te
hni
al des
ription (
hap-ter 3) and the 
alibration (
hapter 4) of the dete
tor.Following with te
hni
al aspe
ts of the data, the third part explains how the Monte Carlosimulation of the dete
tor was done and the fourth part explains the te
hniques whi
h have beendeveloped for the analysis of the data taken with GRAAL 
onsisting of the re
onstru
tion ofthe in
oming dire
tion of the Cherenkov showers (
hapter 6) and the methods whi
h attemptto dis
riminate gamma-ray from hadron generated showers (
hapter 7).The �fth part dis
usses the expe
ted dete
tor performan
e obtained from extensive MonteCarlo simulations (
hapter 8) and 
ompares su
h simulation results with the experimental valuesobtained from the data taken with GRAAL (
hapter 9).It has been mentioned that the heliostat-approa
h is a new te
hnique of gamma-ray dete
tionand therefore problems have been found whi
h, with hindsight, were not treated with enoughdetail in the experiments' proposals. The sixth part deals with a two general problems of theheliostat arrays. First, the restri
ted �eld of view (
hapter 10), that 
aused in
onvenien
es whi
hwere only fully realized after the 
onstru
tion of the experiments and the analysis of the data.Se
ond, the in
uen
e of Night-Sky-Ba
kground (
hapter 11), a problem of all the Cherenkovdete
tors but espe
ially 
riti
al for the heliostat arrays.The seventh and last part presents the results of all the studies performed throughout thisthesis, namely, the analysis of the data taken with the GRAAL dete
tor sin
e its 
onstru
tion,in August 1999 through to Mar
h 2001, aimed at the dete
tion of gamma-ray signals from pointsour
es. The data sele
tion together with the properties of the observed sour
es is explained�rst (
hapter 12) and the sear
h for a gamma-ray signal from the observed sour
es with twodi�erent analysis methods and its results is dis
ussed thereafter (
hapter 13).
13The terms \solar arrays" and \solar �elds" are equivalent and are used without any distin
tion throughoutthis thesis. The �rst term is mostly used by the \astrophysi
s" 
ommunity whereas the se
ond one is used by the\solar power-plants" 
ommunity. 19
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Chapter 2Te
hniques of gamma-rayobservationGamma rays have been observed over a wide energy range (fromMeV to � 50 TeV1). In addition,upper limits for the gamma-ray 
ux from point sour
es have been set up to energies of � 300PeV (see e.g. [1, 56℄). This large range of energies requires the use of several types of dete
torsfor the observation of gamma rays in the �eld of gamma-ray astronomy.The dete
tors 
an be 
lassi�ed into two main groups, satellite instruments and ground-basedexperiments (see �g. 2.1). The �rst group 
overs the energy range between 20 MeV and 30 GeVwhereas the se
ond measures from about 300 GeV up to the highest energies. In this 
haptera short des
ription of the satellite dete
tors and a brief overview of the ground-based dete
torsare given (se
tions 2.1 and 2.2 respe
tively), followed by an extensive dis
ussion of a parti
ular
lass of the latter, the Cherenkov dete
tors (se
tion 2.3).In 1982 it was �rst proposed [59℄ to use solar power plants as Cherenkov dete
tors in orderto 
over the unexplored energy range between � 109 and 1011 eV. Se
tion 2.3.3.1 des
ribes thesteps in the development of the solar approa
h whi
h led to the 
onstru
tion of 3 gamma-raydete
tors (based on this te
hnique) in operation presently2.In se
tion 2.3.3 the di�eren
es between all wavefront samplers have been stated. Some trendsin the performan
e of the heliostat-arrays are already foreseen from the spe
ial 
hara
teristi
s ofthese dete
tors in 
omparison with other wavefront samplers. This is analysed in se
tion 2.3.3.3.The physi
al me
hanisms that determine the performan
e of the heliostat-arrays are studiedthroughout this thesis.2.1 Satellite dete
torsThe satellite experiments dete
t gamma-rays via their 
onversion to ele
tron-positron pairs in alayer of dense material within the dete
tor.The arrival dire
tion of a gamma is determined by tra
king the e�e+ pair with e.g. a spark
hamber (used in the EGRET dete
tor [121℄) or sili
on strip dete
tors (used in GLAST [132℄).The energy of the photon is measured with 
alorimeters whi
h 
ompletely absorb the energyof the parti
le. An anti-
oin
iden
e me
hanism (e.g. plasti
 s
intillators [121℄) dis
riminates1The highest energy gamma-rays were observed at about 50 TeV for the Crab nebula at large zenith anglesby the CANGAROO 
ollaboration [216℄.2A fourth dete
tor has been already built but is not fully in operation yet.21
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against 
harged parti
les arriving to the dete
tor and the gammas produ
ed by hadrons disin-tegration in its body.The satellites SAS-2 and COS-B, laun
hed in the 1970s, inaugurated the era of high energygamma astronomy with the �rst detailed maps of the gamma-ray sky and the dete
tion of 3pulsars, Crab, Vela and the one now known as Geminga. COS-B published in 1981 its se
ond
atalogue of gamma-ray sour
es with 25 positive dete
tions [110℄.More than 15 years later, on April 1991, the EGRET (Energeti
 Gamma Ray ExperimentTeles
ope) dete
tor on board of the satellite CGRO (Compton Gamma Ray Observatory) was
arried into orbit. EGRET 
overed the energy range from 20 MeV to 30 GeV with an angularresolution of 3.5Æ at 100 MeV and 0.35Æ at 10 GeV and an energy resolution of 9-12% (dependingon the energy) until June 2000, when its destru
tion was de
ided after a te
hni
al problem.EGRET was very su

essful with its major a
hievements being a detailed map of the di�useemission of the galaxy and the dete
tion of numerous (271 published up to now [105℄) pointsour
es among whi
h 7 pulsars and 66 blazars were identi�ed with a high level of 
on�den
e.The likely dete
tion of a radio galaxy and 27 sour
es whi
h \may be" AGN were reported.About 170 sour
es remain unidenti�ed (they have not been asso
iated with any sour
e at otherwavelengths).The proje
t GLAST (Gamma-ray Large Area Spa
e Teles
ope) [132℄, s
heduled to be laun
hedin 2005, will 
over the energy range between 10 MeV and 200 GeV with a sensitivity greater bya fa
tor 50 in 
omparison with EGRET thanks to its larger e�e
tive area (8000 
m2) and �eldof view (2.4 sr).2.2 Ground-based experimentsAt very high energies the gamma-ray 
uxes are too small (e.g. for the Crab nebula the gamma-rays di�erential 
ux de
reases with the energy as a power law with index -2.4 [114℄) to bedete
ted by satellite experiments due to the small 
olle
tion area of the dete
tors (see previousse
tion). Therefore, gamma-ray astronomy is done by ground-based instruments. In 
ontrastwith satellites, the dire
t dete
tion of gamma-rays is impossible for ground-based dete
torsdue to the intera
tion of the gamma-rays with the earth's atmosphere. However, at very highenergies, the earth's atmosphere 
an be used as a dete
tion medium, i.e., the gamma rays
an be dete
ted indire
tly through the 
as
ades, or Extensive Air Showers (EAS), of parti
les(se
t. 2.2.1) generated by the gamma-rays and whi
h propagate through the atmosphere. Theground-level instruments 
an dete
t the se
ondary 
harged parti
les and photons produ
ed bythe EAS.There exist several te
hniques of dete
tion of the EAS. If the in
ident gamma-ray has energiesof the order of TeV or higher, a large number of the 
harged parti
les arrive to the ground andare dete
table by the so-
alled \air shower arrays" (see [175℄ for a review). In 
ontrast, for lowerenergies, the parti
les of the generated EAS are less penetrating and the number of parti
leson the ground is too low for suÆ
ient dete
tion. Therefore, the Cherenkov light emitted bythe ultrarelativisti
 parti
les of the EAS when they traverse the atmosphere is used to dete
tthe gamma-ray indire
tly (se
tion 2.3). At the highest energies it is also possible to use theCherenkov te
hnique for dete
tion of EAS.An advantage of the ground-based dete
tors over the satellites is that even with a small
olle
tion area (e.g. a few square metres for the imaging teles
opes) they 
an dete
t the photonsemitted by a shower falling at various tenths of metres of the dete
tor. The e�e
tive area(determined by the number of dete
ted showers, se
tion 8.3) is mu
h larger -for example, about23
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showers.5 times larger for GRAAL- than the 
olle
tion area.On the other hand, the EAS initiated by hadroni
 
osmi
 rays are similar in many aspe
tsto those initiated by gamma rays. Therefore, and due to their large 
ux3, the 
osmi
 rays
onstitute a huge ba
kground for ground-based dete
tors.2.2.1 Extensive Air ShowersAn Extensive Air Shower (EAS) is a 
as
ade of parti
les generated by the intera
tion of a singlehigh energy primary 
osmi
 ray nu
leus or photon near the top of the atmosphere, at altitudesbetween 10 and 15 km (see e.g. [88, 143℄ for an extensive des
ription of EAS me
hanisms). Thenumber of parti
les at �rst multiplies, then rea
hes a maximum and attenuates as more andmore parti
les fall below the threshold for further parti
le produ
tion.Depending on the primary parti
le whi
h originates the EAS, we distinguish between pureele
tromagneti
 air showers (generated by a gamma-ray) and hadroni
 air showers (generatedby a proton or a nu
leon of higher mass) whi
h also have an ele
tromagneti
 
omponent (see�g. 2.2).2.2.1.1 Ele
tromagneti
 
as
adesWhen a very high-energy gamma-ray intera
ts with an air mole
ule in the atmosphere, the e�e+pair produ
ed by the intera
tion initiates an ele
tromagneti
 
as
ade. Photons are generatedvia bremsstrahlung and subsequent pairs are 
reated from the photons. Due to the multiples
attering of the e�, the parti
les that make up the shower move away from the dire
tion ofthe in
ident photon and form a disk of about 1 m thi
kness whi
h travels towards the earth'ssurfa
e with relativisti
 speed. The maximum development of the shower is rea
hed when the3For example, in a 
ir
ular angular bin of radius 0.5Æ the 
osmi
 ray rate above 1 TeV is about 400 timeshigher than the integral gamma-ray 
ux from the Crab Nebula above the same energy [175℄.24



mean energy of the e� of the shower falls below the 
riti
al energy (E
 � 80 MeV [88℄), at thatpoint the energy loss by ionization dominates the energy loss by bremsstrahlung and the numberof 
harged parti
les de
reases exponentially.2.2.1.2 Cosmi
 ray showersA hadroni
 air shower is initiated when a high-energy hadron intera
ts with the earth's atmo-sphere, produ
ing primarily hadroni
 parti
les (nu
lei, pions, et
.). Intera
tions of high energyhadrons replenish the ele
tromagneti
 
omponent via �0 produ
tion as the showers develop. Asa 
onsequen
e, 
osmi
 ray showers are similar in many respe
ts to those initiated by gamma-raysand it is very diÆ
ult to distinguish between the two kinds of shower by looking at the ele
tro-magneti
 
omponent alone. This is one of the major problems of the ground-based dete
torsseeking to dete
t gamma rays (see footnote 3 of this 
hapter).2.3 Atmospheri
 Cherenkov te
hniqueFor energies lower than 50 TeV, the number of parti
les of the EAS generated by a gamma-primary is only � 1000 at 11 km altitude4 (see �g. 2.3) and most of the parti
les do not rea
h theground. As an alternative method to the dire
t dete
tion of the shower parti
les, the Cherenkovlight emitted by the ultrarelativisti
 parti
les in the opti
al and ultraviolet spe
tral range (seebelow) is used by the ground-based teles
opes to dete
t the air showers. The atmospheri
Cherenkov te
hnique is well established in the �eld of gamma-ray astronomy to sear
h for pointsour
es of very high energy radiation from energies of 300 GeV up to the highest energies (se
tion2.3.2).The minimum energy threshold is limited by the fa
t that a Cherenkov teles
ope triggers onthe signal of Cherenkov photons produ
ed in EAS amidst the noise of night sky photons.The energy threshold of a Cherenkov dete
tor is given by:Eth /s
��Ae� (2.1)where Aeff is the e�e
tive area of the dete
tor (se
tion 8.3), 
 � �(fov2 )2 is the solid angle (wherefov is the �eld of view of the dete
tor), � is the value of the night sky light (photons/m2/s/sr)and � is the time during whi
h night sky light is integrated by the dete
tor (this is only arough estimate of the energy threshold, based on the assumption that the angular aperture isbig enough to a

ept all Cherenkov photons). Therefore, the threshold of the dete
tors 
an belowered by in
reasing the mirror area.2.3.1 Cherenkov lightWhen a fast 
harged parti
le moves through a medium at a 
onstant velo
ity v = ��
 whi
h isgreater than the velo
ity of light in that medium (� > 1=n, n being the refra
tion index), it emitsCherenkov radiation (see e.g. [118, 143℄ for 
omplete des
ription of the Cherenkov emission).The pro
ess is the following: the 
harged parti
le loses energy due to Coulomb intera
tion withthe ele
trons of the medium, this energy is absorbed in the vi
inity of the parti
le tra
k andpart of it is emitted as radiation if the parti
le velo
ity is high enough. In the 
ase of materialsof high opti
al transmissivity the emitted energy 
an es
ape from the matter.411 km 
orrespond to an atmospheri
 depth of 
a. 230 g/
m2.25



Figure 2.3: Longitudinal development of air showers initiated by gamma-ray primaries. Theaverage number of parti
les in the shower (shower size) is plotted as a fun
tion of depth in theatmosphere for various primary energies. The depth is de�ned by the number of radiation lengths(r.l.). The radiation length of air is � 37 g/
m2 . Taken from [175℄.The wavefront of the emitted radiation propagates at a �xed angle with respe
t to the parti
ledire
tion sin
e only in this dire
tion do the wavefronts add 
oherently a

ording to Huygens'prin
iple (see �g. 2.4). The Cherenkov angle �
 at whi
h the light propagates is given by �
 =1/(� � n). In the atmosphere, �
 
hanges with the altitude due to the variation of the refra
tiveindex n with the atmospheri
 density, that depends on the altitude.2.3.2 Imaging Atmospheri
 Cherenkov Teles
opesUp to now, the Imaging Atmospheri
 Cherenkov Teles
opes (IACT) have dis
overed most ofthe VHE sour
es. This and the high-level of signi�
an
e a
hieved on the dete
tions 
onvert theIACT into the most su

essful ground-based dete
tors (for a review of the imaging te
hniquesee e.g. [82℄).The Cherenkov teles
opes make use of one or more mirrors to fo
us the Cherenkov lightof an airshower to a 
amera 
omposed of photomultiplier tubes (PMT), so that an image ofthe development of the EAS is obtained by fo
using the light of di�erent altitudes to di�erentpoints in the fo
al plane. This is the well-known \Imaging Te
hnique". The main su

ess ofthis te
hnique has been the hadroni
 reje
tion up to a 99% level. In 1989, the �rst dete
tionof a gamma-ray sour
e, the Crab nebula, with a high signi�
an
e was a
hieved by the Whipple
ollaboration [234℄ thanks to the imaging te
hnique (the reje
tion of the hadroni
 ba
kgroundwas at that moment already higher than 98%).The Cherenkov teles
opes a
hieve an angular resolution of about 0.1Æ. Presently, the IACTshave a mirror area of a few square metres (the Whipple teles
ope has the largest mirror area,75 m2 [43℄), limiting the lowest a
hievable energy threshold to � 300 GeV. Some teles
opes likeCAT [63℄ have a
hieved similar energy thresholds with a lower mirror area (16 m2) by means offaster opti
s and ele
troni
s as well as �ner pixels. The upper energy threshold of the imaging26



Figure 2.4: Huygens 
onstru
tion showing the e�e
t 
aused by a 
harged parti
le in a mediumwhen su
h a parti
le travels faster than the light in that medium (see text).teles
opes is around 100 TeV5.2.3.3 Wavefront samplersWavefront sampling is a te
hnique that uses the variation of parameters like light density andarrival time over the light pool on the ground to infer shower parameters like the dire
tionand energy of the primary parti
le. For the re
onstru
tion of the dire
tion only the arrivaltimes of the showerfront are used. The reason is that they 
an be measured with mu
h morea

ura
y than the light density, in
uen
ed by intrinsi
 
u
tuations of the shower, the smallnumber of photons and indeterminations in the 
onversion of 
harge registered by the dete
torand light density on the ground (se
tion 4.4). Only the re
onstru
tion of the shower 
ore hasbeen attempted by means of the light density information (see remarks in se
tion 2.3.3.3 andse
tion 6.2.3).The wavefront samplers 
an not form an image of the shower development, in 
ontrast tothe imaging teles
opes des
ribed in the previous se
tion. If no imaging is done, a �xed �eldof view has to be 
hosen. The 
hoi
e of the fov has important 
onsequen
es for the dete
torperforman
e whi
h will be explained in 
hapter 10.Table 2.1 summarises the main 
hara
teristi
s of some wavefrontsamplers.The last 
olumn of table 2.1 shows the estimated energy threshold (multiplied by a propor-tionality 
onstant C) a

ording to eq. 2.1. In the estimation of the energy threshold the onlyvalues known with a

ura
y are the area A and the solid angle 
 of ea
h experiment (see refer-en
es in the table). The integration time � has been assumed as 3 ns for all experiments (this isapproximately the length of the Cherenkov pulse) ex
ept for GRAAL, where the integration overthe Cherenkov pulses lasts 200 ns (in this 
ase the trigger integrates various Cherenkov pulses).This introdu
es an un
ertainty in the 
al
ulation in 
ase that � is longer than 3 ns for some ex-periment. We have estimated this un
ertainty as �1 ns. The value of the night-sky-ba
kground� has been taken from [94, 48, 186℄ for CELESTE, STACEE and GRAAL respe
tively. ForTHEMISTOCLE and ASGAT the same value for � as for CELESTE was assumed sin
e theyare lo
ated at the same site. For PACT we ignore the value of � and therefore we have assumeda value similar to the one of a dark mountain [163℄ and we have in
luded an error of 50% for thisvalue (this error is probably too large but sin
e we do not have any referen
e, it is reasonable5The te
hni
al limit depends on ea
h individual experiment. However, gammas and hadrons tend to resembleea
h other more and more up to 100 TeV hindering the hadron reje
tion with the imaging te
hnique.27



Number of Area of ea
h Angular Ethdete
tors dete
tor (m2) FOV resolution (GeV) C�q
��A 6THEMISTOCLE [16℄ 18 0.5 1.2Æ 0.15Æ 2000 0.9095PACT [53℄ 25 4.5 1.5Æ 0.09Æ 900 0.3303ASGAT [96℄ 7 38.5 2.5Æ 0.25Æ 600 0.3759GRAAL 63 39.7 0.3Æ 0.70Æ 250 0.1093STACEE [176℄ 48 37 0.35Æ 0.25Æ 140 0.0292CELESTE [68℄ 40 54 0.3Æ 0.26Æ 50 0.0140Table 2.1: Main 
hara
teristi
s of wavefrontsamplers. The rows have been ordered a

ordingto de
reasing energy threshold. The poor angular resolution of GRAAL in 
omparison with theother solar farms is probably due to the smaller area sampled on the ground (se
tion 2.3.3.2).The last 
olumn shows the estimated energy threshold from eq. 2.1 (see text for details) multipliedby a 
onstant of proportionality C. The 
onstant of proportionality 
omprises the eÆ
ien
y of theexperiments (note that only the area A has been in
luded in the 
al
ulation and not the e�e
tivearea Aeff as in eq. 2.1), whi
h is unknown (usually it has values of � 10%).to 
onsider it). The values of � are similar for all experiments (around 1.9 � 1012 ph/m2/sr/s)ex
ept for STACEE, whi
h has a value (4.3 � 1012 ph/m2/sr/s) higher by more than a fa
tor of2 with respe
t to the other experiments. The errors for � are between 5 and 20% (the same asthose quoted by the referen
es) ex
ept for PACT (see above).Fig. 2.5 shows the energy threshold given by ea
h sampler with respe
t to the estimatedenergy threshold from eq. 2.1. The slope of the grade 1 polynomial whi
h �ts the data givesthe 
onversion fa
tor (
onstant term C in the last 
olumn of table 2.1) from q
��A to energythreshold. From this very rough 
al
ulation we obtain a good agreement for all the experiments
onsidering the estimated un
ertainties.In this 
al
ulation the minimum amplitude required by the trigger above the NSB 
u
tuationshas not been 
onsidered. In prin
iple, an experiment that triggers far from the NSB, e.g.requiring a minimum amplitude for the single Cherenkov pulses of at least 5� above the NSB,will have a real energy threshold above the estimated one. On the other hand the data is lessin
uen
ed by the NSB (see 
hapter 11). This is probably the 
ase for PACT, where the singlepulse rate is only 5 kHz [231℄, indi
ating a trigger threshold at more than 4� above the NSBif a Gaussian probability is 
onsidered7. In 
ontrast, the other experiments are 
loser to the6� = 3 ns (assumed for all experiments ex
ept for GRAAL (see text))� = 200 ns GRAAL (se
t. 3.3.2.2)� = 1.8 � 1012 ph/m2/sr/s THEMISTOCLE same site as CELESTE (see below)� = 1.9 � 1012 ph/m2/sr/s PACT assumed as [163℄ (see text)� = 1.8 � 1012 ph/m2/sr/s ASGAT same site as CELESTE (see below)� = 1.9 � 1012 ph/m2/sr/s GRAAL [186℄� = 4.3 � 1012 ph/m2/sr/s STACEE [48℄� = 1.8 � 1012 ph/m2/sr/s CELESTE [94℄7The 
al
ulation of the trigger level above NSB from the single rate is very rough and 
an only be 
onsideredfor orientation due to the following reasons: �rst, a Poissonian probability should be 
onsidered at least forSTACEE and CELESTE due to the small number of p.e.. Therefore, the 
onsideration of a Gaussian probabilityintrodu
es an un
ertainty in this estimation. Se
ond, we have 
onsidered a time 
oin
iden
e window of 3 ns forsingle pulses. Then, if the time window is di�erent for some experiment, the 
al
ulated probability will varya

ordingly. Finally, the trigger setup 
an also 
hange the 
al
ulated level above NSB if the single pulses are notdis
riminated, e.g. for the 
harge trigger of GRAAL. 28
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Figure 2.5: Energy threshold of the wavefront samplers (from table 2.1) as a fun
tion of theexpe
ted energy threshold (
al
ulated from eq. 2.1). C is a proportionality 
onstant whi
h in
ludesthe eÆ
ien
y of the dete
tors (see text). The error of the estimated energy threshold 
omprisesthe un
ertainty in the integration time � and in the NSB � (see text). The error of the realenergy threshold is only known for the heliostat arrays. For the other three experiments, we haveassumed an error of 18%, similar to the smallest error given by a heliostat-array (STACEE).NSB 
u
tuations, e.g. STACEE and GRAAL have single-pulse rates of 2Mhz [176℄(around 2-3�above NSB) and 100-200 kHz (around 3-4� above NSB) respe
tively. Themisto
le reports athreshold of 4� above NSB 
u
tuations [16℄. For CELESTE, a threshold of 
a. 2� above NSB
an be estimated from [69℄. No information was found for ASGAT about this item.Another fa
tor whi
h has not been taken into a

ount in the estimation of the energy thresh-old is the trigger setup. Chantell et al. [48℄ des
ribe and 
ompare the two types of trigger usedin Cherenkov teles
opes, analogue and digital. Basi
ally, the analogue trigger dis
riminates thesum of the analogue signals from ea
h PMT and produ
es a trigger if the �nal sum ex
eeds a pre-set threshold, whereas the digital trigger dis
riminates ea
h 
hannel individually and generatesa trigger if a minimum number of dis
riminated 
hannels �re within a spe
i�ed time interval.The former type is used e.g. in CELESTE and the latter type in STACEE. The analogue triggerprovides the lowest possible energy threshold. In prin
iple, the digital trigger takes advantageof the high multipli
ity of a gamma shower and enhan
es the gamma-to-hadron showers ratioat the hardware level with respe
t to the analogue trigger. However, this is not 
ompletely true,sin
e the intrinsi
 
u
tuations of the gamma shower, although lower than for hadroni
 showers,still prevent a very high multipli
ity. Therefore, the reason for the high energy threshold of29



STACEE in 
omparison with CELESTE is very likely the di�erent trigger setup.In the 
ase of GRAAL, we have implemented two types of trigger (se
tion 3.3.2.1), thesequen
e trigger is \digital-like", whereas the 
harge trigger is \analogue-like". Both triggersare used in 
oin
iden
e. The energy threshold of GRAAL is determined by the 
harge trigger,whi
h provides the lowest energy threshold of the two triggers.2.3.3.1 History of the heliostat approa
hSystemati
 VHE gamma-ray observations were made in the 1960s by a number of groups [55,142, 222℄. Galbraith & Jelley were the �rst who observed the Cherenkov light produ
ed by EASinitiated by 
osmi
 rays in 1953 [89℄. The �rst serious gamma-ray experiments were 
arried outby Chudakov et al. [55℄, who used a Cherenkov light teles
ope with a solid angle of 3�10�3 sr ande�e
tive area of 5�104 m2 to survey the most probable 
andidates for gamma-ray emission. Theyset the �rst upper limits to gamma-ray 
ux from some potential sour
es at an energy thresholdof 5 TeV. Di�erential timing between separated dete
tors was used by Tornabene [222℄ in 1967.Jelley & Porter [119℄ remark already in their early review of 1963 the ne
essity of redu
ing the�eld of view of the experiments to reje
t part of the isotropi
 hadroni
 ba
kground and theproblem of di�erent night-sky-ba
kground levels in the observed positions.More than two de
ades later, the THEMISTOCLE [16, 74℄ and ASGAT [96℄ experiments,lo
ated in the Fren
h Pyrenees, dete
ted with a signi�
an
e of 5.8� and 5.7� respe
tively gamma-ray emission from the Crab nebula with a similar te
hnique, but in
reasing the number ofdete
tors and redu
ing the �eld of view (see table 2.1), demonstrating the 
apability of wavefrontsamplers for the dete
tion of gamma-rays. We have 
onsidered as wavefront samplers thosedete
tors whi
h make use of the sampling te
hnique (see previous se
tion) with a relativelysmall �eld of view (not large enough to do imaging).In an attempt to lower the existing energy threshold for dete
tion of gamma-rays on theground (
a. 200 GeV in the early 1980s, see table 3 in [233℄), Danaher et al. [59℄ proposedin 1982 the use of large solar mirrors (heliostats) as the primary 
olle
tors in an atmospheri
Cherenkov teles
ope. The basi
 idea was to use the wavefront sampling te
hnique but in
reasingby more than a fa
tor of 10 the 
olle
tion area of the experiment with respe
t to the Cherenkovteles
opes. This was the �rst time the potential of the solar power plants as gamma-ray dete
torswas realized. The solar farms had been built in the 1970s to use the energy of the sun by fo
usingthe solar light on a single furna
e at the top of a high tower. Their large 
olle
tion area wasthe key point whi
h would allow to lower the energy threshold and enhan
e the sensitivity ofground-based Cherenkov dete
tors. However, many te
hni
al limitations had to be solved yet,all of them related to the dete
tor in the 
entral tower. For example, the long transit timespread (
a. 1 �s when integrating the light from all the heliostats) produ
ed a loss of eÆ
ien
yof fa
tor 10 for EAS with duration of about 10 ns. The possibility of using an array of PMTsin the 
entral tower to lower the energy threshold with respe
t to the single dete
tor (sin
e thenight sky ba
kground 
an be integrated over a shorter time) was 
onsidered. However, therewas a major \stumbling-blo
k": the eÆ
ient 
on
entration of light into the photomultipliers.This was not a trivial problem at that time for the following reason. The heliostats are spreadover a large area, i.e., the angles from a point on the tower towards the heliostats di�er by largeamounts (20-30Æ). This implies that the mirrors 
an not be fo
used eÆ
iently at one point (evenif many PMTs are situated at that point). The fo
using of the light to di�erent positions in thefo
al plane of the dete
tor would have been the solution to the problem, but this te
hnique hadnot been proposed yet (the multi-pixel 
ameras had not been born). Danaher et al. 
on
ludedthat \some radi
ally di�erent kind of dete
tor must be used if the potential advantage of the30



large 
olle
tion area of the solar 
on
entrator is to be realised". In addition to the te
hni
alproblems, the use of an existing fa
ility limited the ele
tion of a site for astronomi
al purposes(a study [59℄ presented at this stage showed that most of the solar farms were situated in brightand noisy lo
ations).One de
ade later mu
h progress had been done and ideas to solve many of the te
hni
alproblems had been given. T�umer et al. [223, 225℄ proposed the use of Fresnel lenses or Winston
ones to 
on
entrate the light into an array of PMTs (one per heliostat) in the 
entral tower.This would solve the problem of a large NSB entering the PMTs by separating the imagesof the heliostats and restri
ting the �eld of view of ea
h PMT to ex
lusively one heliostat.The 
apability of imaging with the PMTs array was 
onsidered sin
e at that time the imagingte
hnique had been proven su

essful by Cherenkov teles
opes for gamma-hadron separation[234℄. To operate a power plant like an imager, ea
h of the 300 PMT would be one \pixel" of ahuge 
amera, having the teles
ope mirrors an area of 40 m2 ea
h8.The timing spread would be redu
ed by adjusting the heliostat-to-PMT 
onstant timingdi�eren
e with 
able delays. Taking into a

ount these 
onsiderations and the high samplingdensity (whi
h allowed to 
olle
t about 40% of all the photons rea
hing the dete
tor level), anenergy threshold of 10 GeV was estimated for the solar farms, lower by more than an order ofmagnitude in 
omparison with the Cherenkov teles
opes at that time. A 
apability of hadronba
kground reje
tion would be based in several fa
tors: the more peaked stru
ture on the groundof proton light pools in 
omparison with the smooth gamma-ray-originated showers, the 
ir
ularridges of the gamma-ray showers at about 120 m radius (where the photon densities are nearly50% higher) and the fa
t that at low energies the proton primaries do not produ
e enoughCherenkov light to pass the dete
tor threshold.Finally, in 1996, the CELESTE 
ollaboration made an experiment proposal [45℄ where the�rst detailed study of the te
hni
al details was made. A system of se
ondary opti
s in thedete
tor of the 
entral tower restri
ted the �eld of view seen by ea
h PMT to 0.6 degrees (fullaperture). As explained in 
hapter 10, the restri
ted �eld of view would show up as the majordrawba
k of the solar approa
h after beginning of operation of the three a
tual heliostat arrays(CELESTE, STACEE and GRAAL). A Monte Carlo (MC) simulation of the CELESTE dete
torwas done in the proposal and the showerfront of the EAS were �rst re
onstru
ted using the arrivaltimes of the Cherenkov pulses at several mirrors of the heliostat �eld. The reje
tion of hadron-showers was based on the low light levels and the non-uniform shower illumination of su
hshowers at the trigger level. A 
ut in the \goodness" of the �t of the measured showerfront to aspheri
al front 
ould reje
t a fa
tor of 5 to 10 of the re
orded hadron showers in the simulationand the good angular resolution (see table 2.1) should further improve the 
ux sensitivity.However, the eÆ
ien
y of the \goodness" 
ut was probably based upon a simulation that wasnot pre
ise enough and was not used posteriorly due to the la
k of agreement between thesimulated protons and the real data [68℄.2.3.3.2 Spe
ial features of GRAALThree 
ollaborations, CELESTE [45℄, STACEE [210℄ and Solar-2 [246℄ followed the basi
 designproposed by T�umer of one PMT per heliostat [223℄. The CELESTE 
ollaboration was the �rst8With hindsight, it would be possible to use a wavefront sampler like CELESTE as an imager by pointing withea
h heliostat to one part of the shower (ea
h PMT being the pixel of a huge but 
oarse 
amera, of the order ofthe 
ameras of the �rst imaging teles
opes on the 1980s). However, this would in
rease the energy threshold ofthe experiment. Besides having the mirrors of the teles
ope distributed over a large area would 
ompli
ate theimaging analysis. 31



in presenting a full proposal of experiment solving the te
hni
al problems, followed by STACEE[210℄ one year later. Solar-2 [246℄ has re
ently �nished the mounting of the experiment withpra
ti
ally the same features and 
ommon 
ollaborators of STACEE. In 
ontrast, GRAAL solvedthe te
hni
al problems of the \n heliostats to 1 large-area photomultiplier" approa
h of T�umer[223℄. In parti
ular, the use of time delays to dis
riminate the signals from the di�erent heliostatsmakes GRAAL qualitatively equivalent to CELESTE.The basi
 di�eren
es of the experiments in solar farms with respe
t to the traditional wave-front samplers (like Themisto
le and ASGAT) is a 
olle
tion area larger by more than an orderof magnitude (whi
h permits a lower energy threshold) and a �eld of view lower by more thana fa
tor of 5 (see table 2.1).The major di�eren
es between GRAAL and the other solar approa
hes are des
ribed in thefollowing:� The heliostat-arrays make use of their large 
olle
ting area (see table 2.1) to a
hieve lowenergy thresholds (below 300 GeV). The most important drawba
k of the non-imagingapproa
h of GRAAL in 
omparison with the other heliostat arrays is that the night-skyba
kground is higher roughly by the number of heliostats viewed by one 
one (see se
tion11.1). This results in a typi
al expe
ted ba
kground of 8-10 p.e./ns in GRAAL, 
omparedto 0.7 p.e./ns in CELESTE. The hardware energy threshold for the dete
tion of gammarays, in prin
iple a
hievable with the same mirror area used, is about 4 times higher inGRAAL due to the higher night-sky ba
kground. For pulses far above the threshold theperforman
e of the two approa
hes is not expe
ted to be very di�erent be
ause a similaramount of Cherenkov light is gathered by GRAAL and CELESTE.� The advantage of the non-imaging approa
h is its greater simpli
ity, leading to savingsby about a fa
tor of 5-10 in hardware 
osts. The presen
e of only four data-a
quisition
hannels makes automatization and remote 
ontrol more feasible, leading to 
omparablesavings in operational 
osts. In its present 
on�guration GRAAL normally runs underremote 
ontrol with only a PSA operator on-site, who is present for the maintenan
eof the fa
ilities independently of GRAAL (se
tion 3.17). The small number of 
hannelsallows the use of 
ash-ADCs with a time resolution of 0.5 ns/bin, higher than any otherCherenkov experiment (se
tion 3.3.3).� In CELESTE the angular �eld-of-view in the sky of ea
h PMT is designed to be 
onstant at10 mrad (full angle). In GRAAL this is impossible be
ause the distan
e of the 
ontributingheliostats from the 
olle
ting 
one varies. Therefore, the �eld of view has values between6.5 and 12.1 mrad (
hapter 10).� Be
ause the non-imaging approa
h of GRAAL requires that groups of dire
tly adja
ent he-liostats in the �eld are 
hosen, its 
on�guration is more 
ompa
t. In GRAAL 63 heliostatsthat 
over an area of about 160�80 m2 are used, whereas CELESTE presently uses 40heliostats spread over an area of 240�200 m2, i.e. the sampling density is about a fa
tor of5 lower. From the Monte-Carlo simulations it seems that with a restri
ted �eld of view theirregular stru
ture of the light pool in hadroni
 showers tends to be more pronoun
ed atthe large distan
e s
ales, so a more extended array tends to be advantageous for a possiblegamma-hadron separation (see �gs. 10.5 and 10.6).� In the non-imaging approa
h it is impossible to avoid a temporal overlap of the signalsfrom 
ertain heliostats depending on the pointing dire
tion (see se
tion 9.3.1). This redu
es32



the number of times/amplitudes usable in the re
onstru
tion by about 20%. When thein
ident dire
tion lies northward (this is the 
ase of the sour
e 3EG 1835+35 at the lo
ationof GRAAL), the overlap be
omes stronger leading to a substantial de
rease in the qualityof re
onstru
tion (se
tion 13.1.4.3). On the positive side, 
alibration is easier when signalsfrom several heliostats are measured in the same PMT.2.3.3.3 Comparison of the solar arrays with the other wavefront samplersLooking at table 2.1, there are three striking features whi
h di�erentiate the solar farms fromthe other wavefront samplers. First, the solar farms have huge 
olle
tion mirror areas, of a fewthousand square metres (e.g. GRAAL has 2500 m2 of re
e
tor area), in 
omparison with themodest values of the other wavefront samplers (from the 9 m2 of THEMISTOCLE to the 269.5m2 of ASGAT). This lowers the energy threshold of the solar farms by more than an order ofmagnitude, in the most extreme 
ase, with respe
t to the other wavefront samplers (from the2000 GeV of THEMISTOCLE to the 60 GeV of CELESTE). Se
ond, the solar farms have a verysmall �eld of view, about 0.3Æ, whi
h is mu
h lower than the �eld of view of the other samplers,from 1.2Æ of THEMISTOCLE to 2.5Æ of ASGAT. The �eld of view in the solar approa
h had tobe 
hosen as small as 0.3 degrees (half opening angle) due to spatial restri
tions in the 
entraltower, where the dete
tor is situated. Third, the solar arrays have a poorer angular resolution(ex
ept in the 
ase of ASGAT) and what is more important, the angular resolution is 
omparableto the �eld of view. In 
ontrast, the other wavefront samplers have angular resolution valueswhi
h are mu
h lower (
a. 10%) than the �eld of view.The reason for the worse angular resolution of the solar arrays is very likely a 
ombinationof two fa
tors:� The showerfront is spheri
al for low energy showers (see below). Then, it is ne
essaryto know the impa
t point of the shower to re
onstru
t the shower maximum. In 
on-trast, for other wavefront samplers the 
oni
al timing stru
ture of the showerfront givesautomati
ally the impa
t point on the ground and therefore the shower maximum.� The impa
t point of the shower 
an not be re
onstru
ted. A re
onstru
tion based on thelight density distribution has been attempted without su

ess by the solar arrays (see e.g.se
tion 6.2.3 and [68℄).The showerfront of the EAS has a 
oni
al shape for high energy 
as
ades, this shape is dueto the most penetrating parti
les. In 
ontrast, the wavefront of low energy showers is morespheri
al, sin
e the low energy parti
les are less penetrating, i.e., most of the parti
les areemitted 
lose to the maximum of the shower. Moreover, even if the showerfront of low energy
as
ades had a 
oni
al shape (whi
h might be true to a 
ertain extent), the heliostat approa
hwill \transform" it to spheri
al. The reason is that the dete
tor sees only the part of the showerwhi
h is emitted 
lose to the shower maximum due to the restri
ted �eld of view and the 
oni
alshape is given by the light emitted far from the maximum.Then, sin
e the shower impa
t point 
an not be re
onstru
ted, the angular resolution islimited to larger values than for the other samplers.Moreover, the \real" angular resolution for hadroni
 showers is even worse than the onedisplayed. The reason is that, 
onsidering a hadroni
 shower as a 
olle
tion of sub-showers, thesolar arrays only \see" and therefore re
onstru
t a sub-shower whi
h is emitted in the pointingdire
tion due to the small �eld of view. The e�e
t is a \pile up" of the proton re
onstru
teddire
tions towards the pointing dire
tion. Se
tion 10.2.1 explains this e�e
t in detail.33



In summary, it seems that the solar-arrays 
an not enhan
e the signi�
an
e of a gamma-ray signal by making a 
ut on the in
ident dire
tion of the showers (see se
tion 7.2.2). Thebetter angular resolution of CELESTE and STACEE in 
omparison with GRAAL is of littleimportan
e sin
e the re
onstru
ted dire
tion 
an not be used to reje
t hadron showers in any ofthe solar farms due to the above mentioned reasons.2.3.4 A hybrid Cherenkov te
hniqueSin
e the information 
ontained in the lateral distribution is 
learly 
orrelated with that 
on-tained in the angular distribution, superior reje
tion would be expe
ted by 
ombining the imag-ing and the wavefront sampling te
hniques in a single teles
ope.This has been studied in detail by He� et al. [111℄ for the HEGRA-array of imaging tele-s
opes. A relation between the arrival time of the photons and the position in the image inthe 
amera was studied to sear
h for a hadron reje
tion method in addition to the imagingte
hnique. It was found that the use of various teles
opes helped to re
onstru
t the showerdire
tion, sin
e the re
onstru
tion of the shower impa
t point is improved with respe
t to oneteles
ope. This in
reases the hadron reje
tion with angular resolution methods. For example,the HEGRA system of teles
opes a
hieves a good a

ura
y in the re
onstru
tion of the impa
tpoint of �10 m for showers with energies between 1-10 TeV. The a

ura
y in the impa
t pointre
onstru
tion in
reases rapidly for lower energies, with a mean of �20 m for energies between0.6-0.8 TeV [226℄, whi
h is better than the 20% resolution for showers between 0.8 and 30 TeVfor the HEGRA single teles
ope CT1 [134℄. However, a �ner resolution of the 
amera of theteles
ope 
an in
rease the re
onstru
tion a

ura
y of the impa
t point for single teles
opes. Forexample, CAT re
onstru
ts the impa
t point with 23 m a

ura
y for showers of energy 2 TeVand with 28 m a

ura
y for showers of 0.25 TeV [184℄ (at least at low energies, CAT seemsto be as good as the HEGRA-array for re
onstru
tion of the impa
t point). Therefore, a �neresolution 
amera for a single teles
ope 
ould in prin
iple have the same angular resolution as ateles
ope-array.On the other hand, He� et al. [111℄ �nd that the timing information 
ontributes littleto a further improvement in gamma-hadron separation due to the strong 
orrelation of su
hinformation with the one 
ontained in the images' shapes. The reason for the failure of thetiming information to give an extra hadron reje
tion is that IACT systems sele
t already withtrigger 
onditions and \shape" 
uts a \gamma-ray like" sample of hadroni
 showers, whi
h alsobehave mu
h like gamma-indu
ed showers in their timing properties.The results des
ribed above have dire
t impli
ations for the future of the Cherenkov te
h-nique. The pure sampling te
hnique 
an not 
ompete for the moment with the imaging method,but it is used in most of the next generation of ground-based Cherenkov dete
tors, proposed oralready under 
onstru
tion, like the imaging teles
opes' arrays HESS [115℄ or VERITAS [237℄.Nevertheless, single teles
opes like MAGIC [19℄ 
an in prin
iple a
hieve a similar performan
ein gamma-hadron separation if the 
amera resolution is �ne enough.
34



Chapter 3Te
hni
al des
ription of the dete
tor3.1 The CESA-1 heliostat �eld3.1.1 Lo
ationCESA-1 is a heliostat �eld part of the \Plataforma Solar de Almer��a" (PSA), a solar thermal-energy resear
h 
entre operated by the Spanish \Centro de Investiga
iones Energ�eti
as, Medioam-bientales y Te
nol�ogi
as" (CIEMAT). The PSA is lo
ated in the desert of Tabernas (37Æ.095 N,2Æ.360 W) 
a. 40 km from the 
ity of Almer��a and the Mediterranean sea, at the foothills of theSierra Nevada mountains (height a.s.l. of 505 m) (see �g. 3.1).The PSA was originally 
on
eived as a solar plant, where the heliostats of the �eld re
e
tthe sunlight into a 
on
entrator lo
ated on the top of a 
entral tower and heat a substan
elike water, oil or sodium to produ
e ele
tri
ity via thermal energy. The 
hoi
e of the PSAsite was made a

ording to the requirements of a solar fa
ility, namely, 
lear days and hightemperatures. Wettermark [241℄ reports an average of 182 
lear days/year and less than 10rainy days/year. The main drawba
k of the appli
ation of a solar plant to a Cherenkov dete
torwith respe
t to weather 
onditions has been the high humidity in 
lear winter nights. Fig. 3.2shows the registered average humidity and temperature values for the year 2001. The humidityis 
a. 20% higher during the night than during the day. In addition, there is a summer-wintere�e
t. On winter nights, the humidity is around 10-15% lower than in summer nights. Thehumidity statisti
s are related to the temperature values to a 
ertain extent. An in
rease of the

Figure 3.1: Lo
ation of GRAAL.35



temperature indi
ates usually a de
rease of humidity and vi
eversa. It was found that the lowtemperatures on winter nights produ
e water 
ondensation on the mirrors for the given valuesof humidity. This e�e
t is not observed during the day due to both higher temperatures andlower humidity. On nights with humidity surpassing 85% no data a
quisition is done.
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Figure 3.2: Average humidity(panel a.) and temperature(panel b.) for year 2001 during day(dashed line) and night (full line). During the night the registered humidities are about 20%higher. This is only a problem during winter. At this time of the year the low temperaturesregistered during the night produ
e 
ondensation of water on the mirrors at the given humidities.In general, the site is very dark (se
tion 11.1), with the worst observing 
onditions to theSouthwest, where the s
attered light from the nearest village Tabernas and the nearest large
ity Almer��a brightens the night sky.3.1.2 Des
ription of the �eldThe CESA-1 heliostat �eld 
omprises 300 steerable mirrors to the north of a 
entral tower.GRAAL uses 63 heliostats spread over an area of 200 � 70 m2 and divided in four groups of 13,14, 18 and 18 members respe
tively.Fig. 3.3 shows the heliostat �eld seen from above. The tiled double squares symbolize theheliostats and the ellipses represent the four groups of heliostats used by GRAAL (see also�g. 3.4). 36
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Figure 3.3: S
heme of the dete
tor geometry as seen from above. North is to the top of the page.The small 
ir
le is the tower, the tiled double squares symbolize the heliostats of CESA-1 in the2nd and 7th row of the tower. The light from one of the group of heliostats used in GRAAL-indi
ated by ellipses- is 
on
entrated into one of the four 
ones. The 
one numbering indi
atedis used throughout the text.

Figure 3.4: GRAAL heliostat �eld seen from above. The heliostats used by GRAAL are pointingto the tower (
ompare with the sket
h of �g. 3.3).
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Figure 3.5: GRAAL heliostats.3.1.3 Heliostats3.1.3.1 Des
ription of the heliostatsThe heliostats used for GRAAL have a total mirror area of 39.7 m2 ea
h and 
onsist of 24re
tangular sub-mirrors whi
h are s
rewed to metalli
 frames or fa
ets (see �g. 3.5). Ea
h fa
etsupports 2 sub-mirrors.Within a heliostat, the fa
ets must be aligned (relative to the overall frame) in tangentplanes to a sphere so that the overall fo
al distan
e of the mirror is one spot, whi
h is 
hosento lie on the 
entral tower about 10 m below the GRAAL dete
tor. The pro
ess of alignment is
alled \
anting" and it is done regularly by the PSA sta�. In the 
anting pro
ess the fa
ets areadjusted manually with a wren
h until the images of all the fa
ets of one sour
e of light (the sunor a laser) overlap on the mentioned spot (it is assumed that the heliostat is an opti
ally 
entredsystem, i.e., perfe
tly fo
used at a point along its opti
al axis). In the standard or o�-axismethod, the image of sun near noon (usually on the spring equinox) is used for the 
anting. Analternative method developed in 1995 [166℄, the on-axis method, uses as a referen
e a laser beamatta
hed to the top of the tower. The 
anting o�-axis produ
es better images near noon thanthe on-axis. However, images at large in
ident angles are elongated when the 
anting o�-axishas been done, whi
h does not happen with the 
anting on-axis. In addition, the 
anting on-axismay be done at any time.The mirrors are made of 4 mm glass plates and have a silver 
oating on the ba
k side.The beam spread fun
tion of the heliostats has an RMS of 0.21Æ, taking all errors intoa

ount [36℄. This means that the heliostat array has a limited imaging 
apability for obje
ts of0.6 degrees diameter, whi
h is the typi
al size of an extensive air shower (the maximum re
ordedsize of the shower has been 
hosen as 0.6 degrees due to spatial restri
tions in the 
entral tower).This is one of the limitations of the heliostat approa
h to Cherenkov astronomy, the mirrors havenot been designed for Cherenkov astronomy and therefore a light beam with smaller angular38



spread1 was not ne
essary.3.1.3.2 Light-
olle
tion: eÆ
ien
y of the heliostatsThere are several e�e
ts whi
h lead to a deterioration of light-
olle
tion eÆ
ien
y with time:the dust a

umulation on the mirrors, the \de
anting" of the heliostat fa
ets and the o�sets ofthe shaft en
oder positions. Besides, on 
ertain nights the appearan
e of dew redu
es the mirrorre
e
tivity (this is explained in the next se
tion).The re
e
tivity of the mirrors is above 95%2 in the wavelength range 400-550 nm and fallssteeply towards lower wavelengths [32℄. The mirror re
e
tivity is redu
ed mainly due to dustand under dew 
onditions. The a

umulation of dust leads to a loss of light-
olle
tion eÆ
ien
yof 30% in 4 weeks typi
ally.The pro
ess of \
anting" has been des
ribed in the previous se
tion. After some time moreand more fa
ets deviate from the original 
anting position. As a 
onsequen
e the heliostat doesnot fo
us all the light in a single spot, but various spots 
an be seen on the fo
al plane atthe 
entral tower (ea
h spot 
orresponds to the light re
e
ted by a deviated fa
et). This e�e
tprodu
es light losses. Nevertheless, the pro
ess of \de
anting" is slow and the deviations fromthe original position 
an be �rst noti
ed with the human eye after 
a. 1 year time.Many of the heliostats need to be periodi
ally readjusted in their pointing due to me
hani
aldisorders in the heliostat mountings. The e�e
t of the me
hani
al disorders, that o

ur due tothe 
onstant wear out of the step motors and moving pie
es, is that the image re
e
ted by aheliostat is not at the desired spot in the tower. The PSA sta� 
he
k regularly (usually every 3days) this e�e
t and 
orre
ts it by adding an \o�set" to the step-motor 
al
ulation. However,some heliostats might present an o�set in shorter times, and 
onsequently their eÆ
ien
y isredu
ed.Finally, it 
an happen that a heliostat position 
u
tuates between 2 shaft en
oder positions(ea
h shaft en
oder position 
orresponds to one step movement of the motor or 0.017Æ, seese
tion 3.1.4) during the tra
king of a sour
e. This 
u
tuation redu
es the eÆ
ien
y of theheliostat but the e�e
t is negligible. A serious me
hani
al problem with a heliostat whi
h leavesit 
ompletely out of order for the data a
quisition is registered on �le. Typi
ally 4-10 heliostatsout of the 63 used for GRAAL were inoperational at any given time.3.1.3.3 Dew formation on the heliostatsThe di�eren
e of temperature between day and night in the PSA is large (typi
ally 8ÆC, see�g. 3.2) due to its lo
ation in a desert. In 
lear winter nights this temperature 
hange togetherwith the proximity of the Mediterranean sea -that 
auses an average humidity over 60% (see�g. 3.2)- and the relatively thin glass used for the mirrors (4mm thi
kness) -whi
h leads to alow overall heat 
apa
ity- produ
e dew formation on the mirrors surfa
e. The formation of dew
an redu
e the mirror re
e
tivity from 95% to 10% in less than half an hour.During the 1999-2000 winter period a large per
entage of the nights (
a. 40% of the 
learmoonless nights) were lost due to this problem and a big e�ort was done to solve it. Several\anti-frost" solutions were tested, inspired by the usual appli
ation of solutions used in 
arsagainst window steaming. During the tests of the \anti-frost" solutions we found out that thesolutions \pearled o�" from the mirror glass. The reason was a sili
on layer deposited on the1For example, the imaging teles
opes have a mirror (
omposed by many sub-mirrors) with a beam spreadfun
tion of less than 0.1Æ.2Average over all the sub-mirrors of one heliostat. 39



glass surfa
e whi
h is a 
ommon residue in glass manufa
turing (se
tion 3.1.3.1). We had to treat�rst the mirrors with CERESIT, a produ
t by Henkel with an organi
 sulfur 
ompound thatremoves the sili
on. Only after that pro
edure 
ould we test eÆ
iently the anti-frost solutions.In the end the best method to prevent the mi
ro-drop formation was to spray the mirrors in theevening with one of the solutions.An alternative pro
edure to the \manual" spray had to be found due to the large area of theheliostats (39.7 m2). A 
art typi
ally used to sulphurise trees was adapted to our ne
essities.Two 6.5 m long sti
ks with 13 valves ea
h were atta
hed at both sides of the 
art and a keywas installed to open/
lose the valves. The 
art tank where the sulfates are usually 
ontained is�lled with the \anti-dew" solution, that 
ows through a hose to the valves and sprays the wholemirror area when the valves are opened. Every se
ond day a PSA operator drove the 
art alongthe heliostat lines spraying all the heliostats used by GRAAL.In nights with very high humidity (above 80%) there was still some 
ondensation on themirrors but this was not a big problem be
ause su
h nights were not good for data taking dueto the absorption of Cherenkov light in the atmosphere.3.1.4 Heliostat-tra
king systemAll the heliostats used in GRAAL are steerable via two step motors that 
ontrol an alt-azimuthalmount. The motor movement is 
ommuni
ated to the heliostats in step values (shaft en
oderpositions) for axis, azimuth and elevation. The mirror plane 
an be tilted 180Æ with respe
tto the angle of elevation and 360Æ in an east-westerly dire
tion, i.e., with respe
t to azimuthangle [241℄. The maximum pre
ision in the steering of the heliostats is 1 motor step, whi
his equivalent to 0.044 degrees. Every 3 se
onds the heliostats re
eive an order to 
hange theirposition (\refresh"). Thus, the maximum error introdu
ed by the refreshing of the heliostats,just 0.017 degrees (
hange of the position of the sour
e in the sky in 3 se
onds), is well belowthe 0.044 degrees pre
ision due to the motor steps [32℄.The heliostats are 
onne
ted via a serial line to the 
entral 
ontrol 
omputer (a WindowsPC) whi
h is syn
ronised in time with the data a
quisition Linux PC in the tower. Initiallythe 
ontrol program of the heliostats was designed to tra
k the sun. To adapt the heliostats'movement to Cherenkov astronomy purposes, a new tra
king program has been developed. Thenew program o�ers various tra
king possibilities as well as fo
using strategies (see �g. 3.6 andoperation manual in [99℄).Con
erning the sour
e of observation, the program allows two observation modes. The usualoperating mode is the denominated Star Tra
king. In this mode, the heliostats' positions arerefreshed every 3 se
onds so that they re
e
t the light of the observed obje
t onto the de�nedfo
uses during the tra
king time. An alternative mode to the tra
king is the Fixed Positionmode. In this 
ase, the heliostats' position is �xed in time so that they 
ontinously re
e
t thelight of a given �xed point onto the fo
us at the tower. The �xed point 
an be for example theposition of a laser in the tower (used for 
alibration purposes in se
tion 4.2) or a �xed pointon the atmosphere (e.g. for 
omparison of real 
osmi
 ray showers with Monte Carlo generatedshowers in the same position and dete
tion of systemati
 errors).With respe
t to the Winston 
ones, the program allows di�erent fo
using modes, that 
anbe 
hosen with the option Change of Fo
us. The usual mode fo
uses the heliostats withinthe �eld of view of a 
ertain 
one to that 
one (OF 1). In 
ontrast, sometimes it is desirableto \defo
us" the heliostats. For example, the OF 2 mode fo
uses ea
h group of heliostats to aposition in the hut some metres away from the respe
tive 
one for 
alibration of the night skyba
kground. 40
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Finally, there are various pointing strategies allowed in the Star Tra
king mode to improve thelight-
olle
tion eÆ
ien
y. When all the heliostats tra
k a given 
elestial sour
e, their positionsare parallel to ea
h other (\parallel view"). Due to the restri
ted �eld of view of the 
olle
torsin the tower, the heliostats far away from the impa
t point of the shower on the ground will notsee the shower and a lot of light will be lost. However, the 
olle
tion of light 
an be improved(leading to a lower energy threshold) if the heliostats are pointed to the pla
e in the atmospherewhere the maximum development of the shower takes pla
e (around 11 km a.s.l.) instead ofto the sour
e position at in�nite. This is the so 
alled \
onvergent view" strategy and was�rst proposed by the CELESTE 
ollaboration [45℄. All the 3 heliostat-�eld experiments takingdata presently (CELESTE, STACEE and GRAAL) operate in \
onvergent view" mode. Themajor drawba
k of the \
onvergent view" is that showers generated far away from the pointingposition will not be dete
ted at all, lowering the e�e
tive area and therefore the sensitivity ofthe dete
tor.Two 
ontrol modes are possible in the 
ontrol program. In Manual Control, the physi
iston shift introdu
es through the keyboard the orders for the program. For the ComputerControl, a �le 
ontaining the orders for the whole night and time of exe
ution is written by aphysi
ist and read by the program when it is started. The orders are exe
uted sequentially untilthe stop order is given and the heliostats are sent to rest position. The Computer Control modehas been used regularly in the experiment after O
tober 1999. It was the �rst step towards a
omplete automatization of the experiment (see se
tion 3.4).All the parameters of the tra
king pro
ess (like positions of the heliostats after ea
h step,position of the sour
e at that time in elevation and azimuth and 
oordinates of the tra
kedsour
e in right as
ension and de
lination) are saved to a �le. Any 
hange in the tra
king modeor the sour
e being tra
ked is saved to a se
ond �le. All this information is pro
essed duringdata analysis (see 
hapter 6).3.2 Opti
s3.2.1 Des
ription of the hutThe Cherenkov light from four groups of heliostats (with 13, 14, 18 and 18 members respe
tively)is dire
ted onto four single non-imaging \
one 
on
entrators" (Winston 
ones) ea
h 
ontaininga single large-area photomultiplier tube (PMT). The Winston 
ones are housed in a spe
ialen
losure, a hut of 
a. 5 m height and 4 � 4 m2 area, whi
h is positioned as a \
ange" to the
entral tower at the 70 m level (see �g. 3.7). The 
ones are atta
hed to the ground of the hut(
ones 1 and 2 to a lower level and 
ones 3 and 4 to a higher level) with a mounting that allowstheir movement.The hut has a rolling door (like the typi
al garage doors) whi
h remains 
losed during theday to prote
t the PMTs from sunlight. The door is opened at the beginning of data a
quisitionand 
losed automati
ally under any abnormal running 
ondition (see se
tion 3.4) with a motorsituated in the hut. The motor is a
tivated from a 
ontrol swit
h that 
an be operated manuallyor via 
omputer.A part of the hut 
oor in front of the the lower 
ones (1 and 2) has been removed so that these
ones 
an \see" the heliostats. For safety reasons this hole is 
losed with a highly transparentiron latti
e that redu
es by � 15% the light 
olle
ted by the lower 
ones.The trigger, read-out and 
ontrol ele
troni
s is situated just behind the a

ess hole insidethe tower. Environmental sensors (humidity, temperature and wind speed) have been atta
hed42



Figure 3.7: The sket
h shows the front (upper left panel) and side (upper right panel) views ofthe dete
tor platform at the 70 m level of the 
entral tower. On the side view only two of the fourWinston 
ones pointing towards their respe
tive heliostat sub�elds are sket
hed. The large-areaPMTs are situated at the end of the 
ones. The wall of the 
entral tower is at the left (in theside view) with a manhole to enter the platform. In the view from above (lower panel of thesket
h), all four 
ones are shown, the half 
ir
le is the wall of the 
entral tower. On the rightside a pi
ture of the side view of the hut is shown. The heliostats' images 
an be seen re
e
tedon the window of the upper 
one.
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to the outer wall of the hut.3.2.2 Winston 
onesThe light 
olle
tors used by GRAAL have the shape of trun
ated Winston 
ones. A Winston
one is a re
e
tor whi
h transmits all of the light rays in
ident with a lower angle than thenominal angle 
hara
teristi
 of the 
one and reje
ts all of the rest [240℄.The Winston 
ones used in GRAAL were built in the workshops of the Max Plan
k Institutin Muni
h and have a window diameter of 1.08 m and a length of 2 m. A large-area PMT (witha 
athode of 20 
m diameter) is atta
hed at the end of ea
h 
one. The size of the Winston
ones was limited by the available spa
e. The window diameter of 1.08 m in 
onne
tion withan average fo
al length of 100 m leads to an opening angle of 0.6Æ. This �eld of view does not
over 
ompletely an EAS (see se
tion 10.1).The Winston 
ones 
on
entrate all the light arriving within 10Æ of their opti
al axis ontothe PMT at the end of their body. Ea
h Winston 
one restri
ts the heliostats seen by itsrelated PMT to a number whi
h is determined by the 
hosen �eld of view (angle and dire
tion).Heliostats outside of this �eld of view 
annot 
ontribute, neither to signal nor to noise due tonight sky ba
kground light (NSB).3.2.2.1 EÆ
ien
y of the Winston 
onesThe properties of the Winston 
ones have been 
alibrated before being installed in the PSA.The results are the following:� Fra
tion of light rea
hing the PMT: only a fra
tion of the in
ident light on the
one rea
hes the PMT. To 
al
ulate this fra
tion, the pulse height P of generated pulseswith a Light Emission Diode (LED) (see se
tion 3.2.3.2 for a des
ription of the LED)was measured with and without a diaphragm that stops all the light ex
ept the one thatdire
tly hits the PMT (not re
e
ted on the walls of the Winston 
one). The LED wassituated far from the 
one so that the light beam was almost parallel to the opti
al axisof the 
one. The eÆ
ien
y of light 
olle
tion is given by:EÆ
ien
y of light 
olle
tion = PwithoutdiaphragmPwithdiaphragm � R2dR2
 = �nr (3.1)where R
 is the 
one radius, Rd is the diaphragm radius, � the re
e
tivity of the Mylar foilwhi
h 
overs the interior walls of the Winston 
one at 440 nm (0.92) and nr is the meannumber of re
e
tions whi
h su�ers a photon before rea
hing the PMT. If there would be nore
e
tions in the Mylar foil, the law P � R2 would be 
orre
t. nr was determined as 1.36from a Monte Carlo simulation. The measured value for the eÆ
ien
y of light 
olle
tionwas 0.89�0.04, in perfe
t agreement with the expe
ted value 0.89.� EÆ
ien
y with in
ident angle: the eÆ
ien
y of a Winston 
one depends on the in
identangle of the light with respe
t to the axis of the 
one. Fig. 3.8 shows the a

eptan
e ofthe 
one with respe
t to the in
ident angle. For in
ident angles smaller than 10Æ thea

eptan
e is nearly 100%. This value falls rapidly to zero for larger in
ident angles, inagreement with MC simulations. 44
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Figure 3.8: Cone a

eptan
e as a fun
tion of in
ident angle. The a

eptan
e is 
lose to 100%for angles smaller than 10Æ and falls rapidly to zero for larger in
ident angles. Taken from [32℄.3.2.3 Photomultiplier TubesA photomultiplier is a sensitive dete
tor that 
onverts light into an ele
tri
al signal by thephotoele
tri
 e�e
t and ampli�es that signal in various stages to a useful level by emission ofse
ondary ele
trons. The primary ele
trons are ele
trostati
ally a

elerated and fo
used onto the�rst dynode of an ele
tron multiplier. On impa
t ea
h ele
tron liberates a number of se
ondaryele
trons whi
h are, in turn, ele
trostati
ally a

elerated and fo
used onto the next dynode.The pro
ess is repeated at ea
h subsequent dynode (ea
h ampli�
ation stage) and the se
ondaryele
trons from the last dynode are 
olle
ted at the anode. The ratio of se
ondary to primaryele
trons emitted at ea
h dynode depends on the energy of the in
ident ele
trons and is 
ontrolledby the high voltage (HV) between the dynodes.We have 
hosen a six-stage 8 in
h hemispheri
al PMT optimised for operation under high-ba
kground levels (model 9352KB manufa
tured by EMI). This has been done be
ause theNight Sky Ba
kground (NSB) 
olle
ted by a GRAAL PMT is higher than in other heliostat-array experiments due to the grouping of the light of various heliostats in one PMT and thereforethe 
urrents supported by a PMT are high, of the order of 10-25 �A. The 
hosen PMT modelhas a bialkali photo
athode with a peak quantum eÆ
en
y (QE) of 30% at 350 nm, falling downto 15% at 300 and 490 nm (see �g. 3.9).The gain of a photomultiplier is derived by 
urrent ampli�
ation. Ea
h dynode ampli�es thein
ident ele
tron 
urrent and the overall gain is given by the produ
t of the individual dynode
ontributions, i.e. Ia = G�I
 where Ia and I
 are the anode and 
athode 
urrents respe
tivelyand G is the PMT gain. We 
an also express the gain as:G = Anode Sensitivity (A=lm)Cathode Sensitivity (�A=lm) � 106 (3.2)where Anode Sensitivity = � �HV(V)� Alm (3.3)45
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Figure 3.9: Quantum eÆ
ien
y of the GRAAL photomultipliers. The PMT eÆ
ien
y is � 15%at the wavelength of the 
alibration LEDs (470 nm). Taken from [32℄.for our photomultipliers (� and � are 
onstant terms and HV stands for High Voltage). Themanufa
turer provides the voltages required on ea
h photomultiplier to a
hieve two �xed anodesensitivities (the nominal and the maximum). Then, we 
an infer the gain at a given voltageby 
onstru
ting a gain-voltage 
urve using these two points. However, this 
al
ulation haslarge errors, sin
e only two points of the 
urve are known. Moreover, we need to know thegain experimented by the amplitude of a light pulse, whi
h is not ne
essarily equal to the gainexperimented by the 
urrent (see next se
tion) and this 
an introdu
e an additional error. InGRAAL, the PMTs were typi
ally operated at 1300-1600 V, depending on their individual gain
hara
teristi
s. The average gain was about 8000.3.2.3.1 Non linearity of the PMTsNormally one expe
ts that the ratio of anode 
urrent and pulse height remains 
onstant with
hanging high voltage. Therefore, knowing the 
urrent gain we have automati
ally the pulseamplitude gain. Conversely, we have observed that for our PMTs the pulse amplitude risesfaster than the 
urrent with in
reasing HV.To study this e�e
t we �red the LED pulses (see next se
tion for a LED des
ription) atdi�erent voltages of the PMTs and measured 
urrent and amplitude of the output pulse for ea
hvoltage. To redu
e statisti
al 
u
tuations we performed the measurement 30 times for ea
hvoltage. The amplitude of the pulses was measured right after the PMT, before the ampli�ers.Fig. 3.10 shows the results of this study for the four PMTs. Ea
h point of the 
urve 
orrespondsto a di�erent voltage and was obtained making an average over the 30 pulses 
orrespondingto that voltage. It 
an be observed that the statisti
al 
u
tuation of the intensity is negligiblewhereas the 
u
tuation of the pulses amplitude is quite large (indi
ated by the error bars). Cone1 has a \quasi-linear" behaviour whereas 
ones 2, 3 and 4 are �tted to power laws with indi
esbetween 1.8 and 2.7. Table 3.1 presents the results of the �t.The reason for the non-linear behaviour of the PMTs 
ould be the spe
i�
 model of our46
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urrent of the PMT.PMTs. The GRAAL photomultipliers have a large-area photo
athode (see previous se
tion).It might o

ur that some of the low energy ele
trons whi
h leave the photo
athode are notproperly (in time) fo
used to the �rst dynode (this would happen mainly for the ele
trons onthe edges of the photo
athode) and therefore do not 
ontribute to the short pulse. However, themeasurement of the dire
t 
urrents (DC) is not in
uen
ed. As the high voltage of the PMT isin
reased, the fo
using of the photoele
trons (p.e.) improves. Hen
e, the in
rease in the pulseamplitude is not only given by the 
hange of the gain but it is also due to a better fo
using andtherefore it is higher than the in
rease of the 
urrent.3.2.3.2 Calibrator modules of the PMTs: the LEDsThe Light Emission Diode (LED) is a narrow-pulse (FWHM � 4 ns) generator with a lightoutput that peaks at a wavelength of about 470 nm. The fast-ele
troni
s generator is situatedinside the 
alibration module to avoid the use of 
ables whi
h would widen the pulse.We use blue LEDs (model Ni
hia NSPB 500) for the time and amplitude 
alibration of oursetup (see 
hapter 4). The light pulsers are fastened to the windows of the 
ones.Initially, the light pulsers had the 
on�guration shown in �g. 3.11. A large part of theLED light was emitted in the forward dire
tion, towards the heliostat �eld, and only a smallfra
tion (adjustable with a s
rew) was re
e
ted ba
k into the 
one. This was thought to allow47



Cone a b 
 �2/ndf ndf1 0.20�0.04 1.56 �0.06 2.8�0.4 1.6 152 0.10�0.01 1.87 �0.04 8.2�0.4 2.9 153 0.02�0.00 2.63 �0.06 17.8�0.4 2.9 154 0.01�0.00 2.26 �0.08 9.3�0.2 2.6 15Table 3.1: Values of the parameters obtained in the �t of the 
urves of �g. 3.10. The 
urves havebeen �tted to a power law fun
tion ampl = a � Ib + 
, where ampl is the amplitude of the pulsesand I the DC 
urrent. The goodness of the �ts is given by the �2 parameter and ndf (degrees offreedom of the �t). In a linear relation, the parameter b would be equal to 1.
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TO HELIOSTATSFigure 3.11: S
heme of a LED 
alibrator module. The blue LED inside the box generates lightpulses. The largest fra
tion of the light is transmitted in the forward dire
tion.
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a permanent 
alibration of the heliostats positions (se
tion 4.2).These modules were repla
ed after 3 months of operation with ones whi
h only emit light inone dire
tion sin
e the former mode produ
ed an unstable output of light due to its 
ompli
ateddesign. The amount of light emitted by the LED is determined with a Quanta
on3 RCA C31000(low noise, high sensitivity photomultiplier4) that was previously 
alibrated by determining itssingle p.e. peak and 
u
tuation behaviour. The LED operating voltage is adjusted so that oneLED pulse 
orresponds to about 100 p.e..3.3 Ele
troni
s3.3.1 Des
ription of the ele
troni
sFig. 3.12 shows the s
heme of GRAAL ele
troni
s. Four main bran
hes, departing from thefour PMTs, 
an be distinguished. All of them are 
ompletely equal but for the sequen
e trigger,whi
h has not been implemented for the two lower bran
hes (departing from photomultipliers 3and 4).The PMT signals are sent (with AC 
oupling) via two fast ampli�ers, the �rst dire
tlyadja
ent to the PMT and a se
ond one after the transmitting 
able to the trigger ele
troni
sand the data a
quisition (this is the so-
alled \ampli�
ation stage" in �g. 3.12). The bandwidthof the ampli�ers is � 350 MHz and they have a gain of 15 to 25 ea
h (depending on the inputpulse height). The �nal width of the Cherenkov pulses is about 3.6 ns and mainly determinedby path length di�eren
es within the PMT.In a se
ond stage, the trigger logi
 is 
on�gured with NIM 
oin
iden
e and integrator mod-ules. This is explained in detail in se
tion 3.3.2.1.Finally, the data is read out by a Digital S
ope and re
orded on a PC through a CAMACinterfa
e. One Wiener CC16 
rate 
ontroller is interfa
ed to a PC Pentium II using PC16-TurboISA 
ards. A new driver was developed for the CAMAC interfa
e 
ards. The data readout isexplained in se
tion 3.3.3.3.3.2 Trigger logi
3.3.2.1 Des
ription of the trigger modesThe in
oming light of an air shower is divided into a train of pulses or tra
e. The pulses areusually fully separated by pathlength di�eren
es. The pathlength is determined by the distan
eof the sour
e to the heliostat (dependent on the position of the sour
e) and the distan
e ofthe heliostat to the tower (�xed for ea
h heliostat). Therefore, the time intervals among thepulses depend on the in
oming dire
tion of the shower and it 
an happen that for some dire
tionseveral pulses of the tra
e overlap. In general, the overlap of the pulses has its maximum at the
ulmination of the sour
e and it is larger for sour
es in the north (see se
tion 13.1.4.3). Fig. 3.13shows a typi
al shower event.The trigger logi
 has been 
on�gured to take into a

ount these spe
ial features of the showerevents.The \sequen
e trigger" has been implemented to �lter Cherenkov events from noise attendingto an expe
ted time pattern. It is diÆ
ult to 
on�gure a trigger dependent on time intervals3The name Quanta
on means \able to measure single ele
trons or quanta".4The Quanta
on has an eÆ
ien
y of 
a. 20% in 
omparison with the 
a. 15% eÆ
ien
y of our PMTs (se
t.3.2.3). 49
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Cone4Figure 3.13: The signal height in mV after ampli�
ation re
orded in all four 
ones from onetypi
al airshower is displayed as a fun
tion of time. The trigger o

urs at 500 ns. The y-gaindepends on amplitude, at 100 mV one mV 
orresponds to typi
ally 0.25 photoele
trons. Ea
hpeak 
orresponds to the Cherenkov-light 
ash of the shower re
e
ted by a di�erent heliostat. Thedistribution of light intensity on the ground within the �eld of view of the 
ones is very uneven.among pulses for the reasons mentioned above. A 
hange of the time intervals with the in
omingdire
tion of the shower means that not only a 
hange of sour
e has to be taken into a

ount butalso the 
hange of the sour
e position during the night.The \
harge trigger" is a more simple approa
h whi
h �lters events from noise by sear
hingan in
reased 
harge on a small time interval.If one of the trigger 
onditions (sequen
e or 
harge) is ful�lled, the total trigger is �red. Thisis represented in the ele
troni
s with an OR 
oin
iden
e gate (NIM-module LC 364).3.3.2.2 Trigger implementationFor the implementation of the \sequen
e (seq) trigger" (designed for the pilot proje
t of GRAAL[30℄ where only 2 
ones were used) we simply assumed a minimum of 4 well separated signalswithin 150 ns per event and �eld (13-14 heliostats). This behaviour was taken at �rst fromobservation and later 
on�rmed by 
al
ulation. With respe
t to these 
onditions and for sim-pli
ity of ele
troni
s the following setup was 
hosen: after a dis
riminated signal above 30 mV51
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Figure 3.14: MC simulation of the sequen
e trigger. Taken from [32℄.(NIM-module LRS 623) a gate of 40 ns length is opened (in a 
oin
iden
e NIM-module LRS622) after a delay of 20 ns. If a further signal is dete
ted during gate duration (positive signal inthe AND 
oin
iden
e gate of NIM-module LRS 622), another gate of 40 ns (
oin
iden
e NIM-module LRS 622) is opened with a delay of 20 ns. If a third signal is dete
ted in this se
ondgate an event-trigger gate of 150 ns is opened to look for a 
oin
iden
e with the se
ond 
one(in 
oin
iden
e NIM-module LRS 465). If the 
ones 1 and 2 have a 
oin
ident event-trigger the�nal event trigger is formed. Fig. 3.14 shows the sequen
e trigger simulation.For the \
harge(q) trigger" a timing-ampli�er (NIM-module EG&G579) integrates the signalwith an exponential time s
ale of 100 (200) ns for 
ones 1+2 (3+4). The integrated signal is fedinto a dis
riminator (NIM-module LRS 621) in all four 
ones and opens a 
oin
iden
e gate of200 ns duration if the 35 mV preset threshold is surpassed. The singles rate of this integratedsignal is the \q-rate". A majority 
oin
iden
e of \3 out of 4" 
ones is required for the �nal eventtrigger. Fig. 3.15 shows the 
harge trigger simulation.3.3.2.3 Sensitivity of the trigger modesThe event rate of the \sequen
e trigger" depends on the in
oming dire
tion of the shower but isrelatively insensitive to the level of night-sky indu
ed ba
kground light (NSB). For sour
es lyingin northern positions the probability of overlapping pulses is high and the experimental patterndi�ers from the expe
ted one. Thus, the event rate will be usually dominated by the \
hargetrigger".The \
harge trigger" is more in
uen
ed by the NSB but it is almost independent of thearrival-time stru
ture. The in
uen
e of the NSB leads in general to a lower energy threshold52
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Figure 3.15: MC simulation of the 
harge trigger. A tra
e with high time resolution is integratedin the ele
troni
 
hain of the \
harge(q)-trigger", resulting in the signal labelled \Integratedsignal". On
e this signal surpasses the threshold level a \
one trigger" is initiated. Taken from[32℄.for the 
harge trigger events, sin
e an in
rease of NSB means more 
harge per time interval(independently of Cherenkov pulses).3.3.3 Data readoutAfter the signal has been ampli�ed in the �rst stage of the ele
troni
s (see �g. 3.12) the signal isdistributed with a power divider and sent both to the trigger logi
 and to the analogue readoutele
troni
s.In GRAAL a big e�ort has been made to keep the dete
tor 
on�guration as simple as possiblein order to minimize systemati
 errors and in
rease the time resolution. Only four short 
ables(� 6 m for 
ones 1-2 and � 9 m for 
ones 3-4) 
onne
t the photomultipliers in the dete
tor hutwith the data a
quisition ele
troni
s inside the tower.The four pulse trains are then registered by one Digital Os
illos
ope (Le Croy LC 564A) witha bandwidth of 1 GHz and a time bin of 500 pse
. The time resolution of the os
illos
ope ensuresthat the FWHM of individual pulses (typi
ally � 3.6 ns) is negligibly in
reased by ele
troni
e�e
ts, and is due solely to shower properties, geometri
al e�e
ts in the mirrors and basi
allyPMT properties (se
tion 5.2.1.3). The PMTs are responsible for the largest widening of thepulses, whi
h have already a width of 
a. 2 ns (see e.g. [52℄) as they arrive to the heliostats dueto shower properties. The os
illos
ope is read out in sequen
e mode over a GPIB interfa
e in aCAMAC 
rate to a Linux PC, with a speed of about 130 \waveforms"/s (i.e. 2000 time bins of0.5 ns width with 1 byte/ea
h per se
ond). One byte per time bin is used, i.e. the amplituderesolution is 256 
hannels. In GRAAL we are interested in having a good resolution for small53



showers. This means that, with the given amplitude resolution, the big showers will saturate the
ash ADCs. Presently the maximum pulse amplitude measurable without saturation is 1.6 V.3.3.3.1 Dead timeThe transfer rate of 130 waveforms(tra
es)/s of our readout system means that the total deadtime is about 15% for a trigger rate of 5 Hz and remains below 10% for our typi
al trigger rateof 2-3 Hz.In general, dead-time losses in data a
quisition systems are redu
ed by dumping data intoa bu�er [27℄. In our os
illos
ope up to 30 events (120 waveforms) 
an be re
orded in a bu�er.On
e the bu�er is full, they are saved to disk and the bu�er is emptied.We 
an 
ompare the expe
ted dead-time losses of the setup with the experimental onesin two di�erent ways. The most dire
t way (method 1 in table 3.2) 
onsists of dividing the\master rate" (total number of events whi
h have triggered and have been saved to disk) by the\total rate" (total number of events whi
h have triggered). Both rates are re
orded during dataa
quisition.The se
ond method 
he
ks that the data a
quisition system is working as expe
ted, i.e., thatthe arrival of events follows a Poissonian distribution and that the dead time inferred from thedistribution agrees with the expe
ted value. Fig. 3.16 shows the distribution of the \lost events",i.e., the di�eren
e between the total and the master rate. We have not 
onsidered the eventslost at the moment of emptying the bu�er sin
e they are not Poisson-distributed (the dead timeis higher at that moment). The Poisson distribution of the in
oming events is:P(n) = exp �Æn<n> (3.4)where n is the number of events. Then, we 
an infer the fra
tion of events lost due to dead timeby dividing the number of lost events (integration of the distribution between 1 and 1) by thetotal number of events (integration of the distribution between 0 and 1):Fra
tion of lost events = R11 exp �Æn<n> dnR10 exp �Æn<n> dn = exp �1<n> (3.5)Hen
e, the slope of the �t of the distribution is a dire
t measure of the dead-time losses. Table3.2 shows the 
omparison between expe
ted and experimental dead time. We 
an see that theobserved dead-time losses (5%) are slightly lower than the expe
ted ones (6%). This 
an be dueto the fa
t that the mean rate used to 
al
ulate the expe
ted dead-time loss has been averagedover 150 min and the times with higher rates are not exa
tly 
ompensated in dead time withthe times with lower rates (the dependen
e of rate with dead-time losses is non-linear). On theother hand, from the �t of �g. 3.16 we infer a fra
tion of lost events mu
h lower (2%) than thereal one (5%). This is due to the fa
t that for this method the emptying of the bu�er has notbeen taken into a

ount and a big fra
tion of the dead-time losses appears at that moment. Ifthe events arrived when the the bu�er is being emptied are subtra
ted in method 1, the lossesdue to dead time fall from 5% to 2%, demonstrating that this is the reason for the in
reaseddead time.The dead-time losses of the readout system in
rease with the trigger rate. Therefore, it isimportant to operate the dete
tor far away from random triggers whi
h would in
rease the deadtime losses and prevent the readout of real Cherenkov events.54



Rate (Hz) Fra
tion of lost events Dead time (ms)Expe
ted 2.1 6 % 31Measured (method 1) 2.1 5 % 23Measured (method 2) 2.1 2 % 9Table 3.2: Comparison of expe
ted and measured dead-time losses for a run in January 2001tra
king the Crab during 150 min. The 
al
ulated values are bold fa
ed on the table. The value of31 ms for expe
ted dead time has been estimated by the manufa
turer of the Digital Os
illos
ope.The rest of the values are dire
tly measured during data a
quisition.
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Figure 3.16: Frequen
e of arrival of events to the data a
quisition, following a Poissonian dis-tribution. If �(total event) is bigger than 1, �(total event)-1 events are lost (see text).3.3.4 Environmental parametersAt the lo
ation of GRAAL, near the sea and only at a height of 550 m a.s.l., atmospheri

onditions frequently a�e
t the data a
quisition.The dete
tor 
an not be operated at wind speeds> 35 km/h. Above this value, the os
illationof the heliostats would in
rease the timing 
u
tuations of the showerfront and the angularre
onstru
tion would fail.The data a
quisition is not started if the humidity ex
eeds 85%. Dew is deposited on theheliostats under high humidity 
onditions and a big fra
tion of the Cherenkov light is absorbedin the atmosphere. The dire
t 
onsequen
e is a fall of the rates.55



3.4 Remote operationThe operation of GRAAL has been done sin
e May 2000 by remote 
ontrol. The main ad-vantage of the remote operation is that travel and man-power 
osts are redu
ed. O

asionaldispla
ements to the PSA (approximately every 2 months) for the repair of damaged equipmentor 
alibration work are unavoidable. The rest of the observation nights only the regular night-operator of the PSA is on-site. The automatization of the data a
quisition leaves less \room"to human errors.During remote �eld-
ontrol operation (se
tion 3.1.4) the PSA operator starts the 
ontrolprogram and the �le with the night instru
tions is read. At the end of the night the last orderof the �le stops the program and sends the heliostats to rest position. The status of the �eldduring the night 
an be 
he
ked at any moment by the remote physi
ist on shift, either readingthe log �les whi
h are written every 3 se
onds by the program or exporting the display of thePC to the physi
ist's lo
al 
omputer.The data a
quisition 
omputer situated at the 70 m level of the 
entral tower 
ontrols theele
troni
s and the door of the hut (se
tion 3.2.1). At the beginning of the night the doorof the hut is opened and the ele
troni
s ra
k is swit
hed on from a remote 
omputer. Then,the data a
quisition program is started (also from the remote 
omputer) and swit
hes on thephotomultipliers and sets their high voltages. The program reads a �le whi
h has been writtenin 
oordination with the heliostats 
ontrol �le. Su
h a �le indi
ates the setting for the PMTs,i.e. lowered HV during moon periods or during bright stars tra
king (s
heduled for 
alibrationpurposes), the o�-time of the PMTs due to high light level and the normal HV settings. Thestop of the data a
quisition program is s
heduled at the same time as the swit
h o� of the PMTsand the 
losing of the hut door.Various environmental parameters su
h as humidity, wind speed, ambient light and rates are
he
ked regularly by the data a
quisition 
omputer.In addition, several se
urity systems have been installed to avoid the damage of the dete
torin abnormal 
onditions (see �g. 3.17). To prote
t the photomultipliers from high 
urrents, wehave a
tivated two di�erent me
hanisms. A maximum value of the 
urrent through the PMTs of35 �A has been imposed by hardware. If the 
urrent surpasses this value, the PMTs swit
h o�automati
ally for 15 se
onds. Besides, a light sensor has been installed in the hut. If the sensordete
ts ex
essive light, the PMTs are also swit
hed o�. The light sensor has been installed toprevent the 
ontinuous swit
h on/o� of the PMTs in 
onditions of 
onstant ex
essive light. Ifthe ex
ess of light has a duration larger than 10 minutes (e.g. at dawn) the data a
quisition isstopped, the ele
troni
s and PMTs are swit
hed o� and the door of the hut is 
losed (all theoperations are in this 
ase software 
ontrolled). An infra-red 
amera has been installed in thehut so that the physi
ist on shift 
an 
he
k at any time the status of the door.The data a
quisition is also stopped and the door 
losed under extreme weather 
onditions(humidity over 85% and wind speed over 35 km/h) and high rates. The status of the ele
troni
ra
k 
an be 
he
ked with a web-
am installed at the tower.If for any of the mentioned reasons the data a
quisition is stopped, the physi
ist on shift is
alled by the PC and 
an 
he
k all parameters and images of the 
ameras remotely. In addition,the physi
ist on shift is also 
alled if the Internet 
onne
tion between the PSA and the remote
omputer has been lost. In that 
ase, the PSA operator starts a modem 
onne
tion.For emergen
ies the regular night-operator of the PSA is on-site on all observation nights.
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Figure 3.17: Operational mode of the alarm system for remote 
ontrol in GRAAL (see text).Under extreme 
onditions indi
ated by any of the parameters 
he
ked by the daq program thedata a
quisition is stopped and the door 
losed (red labels). The blue labels indi
ate 
onditionswhi
h 
an be temporary and do not immediately damage the hardware. If these 
onditions areregistered the physi
ist on shift is 
alled and has to 
he
k the parameters.
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Chapter 4CalibrationThis 
hapter explains the full 
alibration of the GRAAL dete
tor. The 
alibration in the heliostatarrays is a diÆ
ult issue. The reason for this is that the dete
tors are spread out over hundredsof metres and 
onsequently shower-front sampling and imaging properties are 
onvoluted in anon-trivial way.Next se
tion gives an overview of all the 
alibrations performed. Following se
tions explainhow ea
h 
alibration was made and the 
orresponding results.4.1 Overview4.1.1 Field geometryIn 
omparison with the traditional Cherenkov teles
opes, where all the mirrors are mounted ina single dish and �xed with respe
t to ea
h other, the mirrors of a heliostat array are spreadover a large area on the ground and are independently steerable. The overall movement of theheliostats must simulate the movement of a big dish with its fo
al point at the 
entral tower.The �eld geometry is tested via 
omparing the signal delay from the di�erent heliostats at theirarrival at the tower with the expe
ted delays (se
tion 4.2).4.1.2 A

eleration of the photoele
trons in the PMTsWe must 
orre
t the systemati
 errors involved in the measurement of the arrival times of theCherenkov pulses to ensure a reliable time sampling of the shower front.The operation of the GRAAL photomultipliers at slightly di�erent voltages 
an introdu
e adelay in the pulses of one PMT with respe
t to the other PMTs, sin
e the voltage of the PMTdetermines the a

eleration of the p.e. through the tube. This is studied in se
tion 4.3.4.1.3 Conversion of p.e. to photons at 
one entran
eThe most important aim of GRAAL is the dete
tion of new gamma-ray sour
es and of knowngamma-ray sour
es at a low energy threshold on the ground. A 
ux determination is verydiÆ
ult sin
e there are many stages in the 
onversion of observed gamma rate to sour
e 
uxwhere the values of the 
onversion fa
tors have large error bars.For the estimation of the energy of a shower the re
orded total 
harge in ADC 
hannels must59



be 
onverted to total number of photons of the Cherenkov shower1 (the energy of a shower isproportional to its number of photons). This involves the 
onversion of p.e. at the PMT anodeto photons at the entran
e of the 
one, whi
h is one of the prime diÆ
ulties for experimentsdete
ting atmospheri
 Cherenkov light (see e.g. [164℄). This 
onversion is explained in se
tion4.4.4.1.4 Re
e
tion in the 
ablesIn general, a re
e
tion in a 
able o

urs if the impedan
e of the 
able is not exa
tly the sameas the impedan
e of the devi
e 
onne
ted at the end of su
h a 
able.In our setup, the 
ables whi
h 
onne
t the fast ampli�ers adja
ent to the PMTs with theampli�ers situated right before the ele
troni
s 
hain (se
tion 3.3.1) have an impedan
e of 50 
.The ampli�ers used are not perfe
tly terminated. As a 
onsequen
e, a fra
tion of the pulseis re
e
ted ba
k and forth at both ends of the 
able and the resultant pulse is then re
ordedby the digital os
illos
ope. The di�eren
e of impedan
e between the 
able and the ampli�ersdetermines the fra
tion of the original pulse whi
h is re
e
ted. For our setup, the re
e
ted pulsehas an amplitude whi
h is less than 15% of the original amplitude. The arrival time of there
e
ted pulse is �xed with respe
t to the arrival of the �rst pulse, the time di�eren
e betweenboth pulses being determined by the length of the 
able (se
tion 4.5.3).The pro
ess of re
e
tion is \re
ursive", i.e., a fra
tion of the pulse originated in the �rstre
e
tion will undergo a se
ond re
e
tion and this pro
ess is repeated in�nitely. We have
onsidered only one re
ordable re
e
tion per primary signal. The reason is that the pulseresultant of a se
ond re
e
tion is too small to be distinguished from the NSB 
u
tuations sin
ethe amplitude is strongly redu
ed in the re
e
tions (see above).The existen
e of spurious peaks is detrimental for the analysis, e.g. the timing re
onstru
tionof the showerfront 
an fail if fake peaks are 
onsidered as real. Moreover, the energy resolution
an worsen if an \extra" 
harge (due to the re
e
ted peaks) is 
onsidered. For these reasonswe are interested in subtra
ting all the pulses generated by re
e
tion. Se
tion 4.5 explains the
alibration performed to quantify and 
orre
t the e�e
t of re
e
tion.4.1.5 In
uen
e of the LED 
alibrator modules in the 
alibrationsFor the 
alibration of the PMTs we have used LED 
alibrator modules (se
tion 3.2.3.2). Forthe 
onsideration of errors indu
ed by the 
alibration devi
e, we have studied the dependen
e ofthe measurement on the position of the LED modules at the Winston 
one. The LED modulesare fastened to the windows of the Winston 
ones, the light emitted by the LED is re
e
ted inthe inner Mylar foil of the 
ones and �nally hits the photo
athode.The position at the window 
an determine the photon distribution at the photo
athode ife.g. the light pulse undergoes one re
e
tion or hits the photo
athode dire
tly. With only onePMT and one LED module, measurements were made for three di�erent positions, in the 
entreand 
lose to the periphery of the window. The di�eren
e in re
orded pulse amplitude within thethree positions was always less than 5%, whi
h is negligible within the statisti
al 
u
tuations.1In satellite dete
tors, the energy of a gamma-ray 
an be obtained dire
tly by measuring the energy depositedin a 
alorimeter by the pair e� 
reated by the gamma (se
tion 2.1).60



4.2 Calibration of the �eld geometryFor the Monte Carlo simulation of the GRAAL dete
tor the heliostats positions on the groundhave been used. This simulation is not 
ompletely realisti
 sin
e the re
e
tion does not o

ur ata �xed position on the ground. Conversely, the 
entre of re
e
tion of the overall mirror (equalto its geometri
al 
entre) is at a height of about 3.4 m above the ground and 
hanges withthe heliostat movement, sin
e the rotation 
entre of the heliostat is not situated at the mirrorsurfa
e. Therefore, it must be 
al
ulated at all times.In the CESA-1 �eld there are two di�erent types of heliostats, CASA and Sener [202℄. Forea
h type a di�erent method is used to 
al
ulate the mirror 
entre. With the 
alibration of the�eld geometry we want to verify that the mirror position 
al
ulated for both types of heliostatsand used in the analysis is 
orre
t.4.2.1 Calibration pro
edure4.2.1.1 Position of the heliostatsFour groups of 6, 5, 11 and 11 heliostats 
ontained in the �eld of view of the Winston 
ones 1,2, 3 and 4 respe
tively were used for the 
alibration. The heliostats were sele
ted so that theminimum time interval between 2 pulses were 30 ns. This was done to prevent an overlap of thepulses, whi
h leads to a wrong identi�
ation of the heliostats and worsens the time resolution.For the measurement, the heliostats were brought into a \ba
k re
e
tion" position, i.e., theywere fo
used to a �xed point whi
h was the 
orresponding Winston 
one in the tower for ea
hgroup.The LED modules were fastened to the windows of the Winston 
ones, so that the forwardtotal light output of the LED module shined onto the heliostat �eld (se
tion 3.2.3.2).4.2.1.2 Trigger modeThe standard trigger of the experiment was used for this 
alibration. In prin
iple, the pulsere
e
ted by the nearest heliostat to the dete
tor �res the trigger and all the re
e
ted pulsesare 
ontained in the 1000 ns tra
e (the �rst pulse 
omes typi
ally at � 200 ns and the largesttime di�eren
e between heliostats of one group is � 450 ns). The situation was di�erent for theheliostats in groups 1 and 2. When the LED is pla
ed on the window of 
ones 1 or 2, a part ofthe light is �rst re
e
ted by the safety grid on the 
oor of the dete
tor hut and triggers mu
hearlier. Fortunately, the di�eren
e in time between the �rst and last heliostat for these groupswas less than 200 ns and even if the �rst re
e
ted pulse arrived 700 ns after the trigger, all thepulses were 
ontained within the tra
e.4.2.2 Analysis method4.2.2.1 Sear
h of the peaksThe standard method of data analysis was used for the determination of the amplitude andarrival times of the pulses (se
tion 6.1.2). The arrival time of the pulses whi
h saturated the
ash-ADC was de�ned as the mean time of the saturated 
hannels of the peak. Sin
e no peakre
onstru
tion is done, the error introdu
ed in the arrival time determination is mu
h higher forsaturated than for non-saturated pulses (se
tion 6.1.2). The saturated peaks are not taken intoa

ount in the usual data analysis to avoid a bias in the angular re
onstru
tion of the showers.61



Heliostat Æt
al
�meas �t/pN Amplitude �ampl/pN(ns) (ns) (ADC units) (ADC units)202 -1.2 0.7 162.4 21.5300 -0.5 0.8 29.8 8.1306 +2.4 1.1 8.0 3.2404 0.0 0.0 24.9 6.8408 +1.4 1.0 6.0 1.7504 +1.0 0.7 74.3 13.9Table 4.1: Heliostat, Æt
al
�meas Di�eren
e between expe
ted time and mean experimental ar-rival time of the LED pulse in ns, �t/pN Statisti
al 
u
tuation of the mean experimental arrivaltime, Amplitude Mean amplitude of the LED pulses, �ampl/pN Statisti
al 
u
tuation of themean pulse amplitude. All the heliostats of this table belong to the group 1.Heliostat Æt
al
�meas �t/pN Amplitude �ampl/pN(ns) (ns) (ADC units) (ADC units)201 -2.2 0.5 254.7 (saturated) 2.3301 -0.4 0.7 64.8 13.4401 -1.1 1.2 5.4 1.4407 0.0 0.0 37.2 10.1503 +1.3 0.9 14.1 5.5Table 4.2: Entries as in table 4.1 but for heliostats of 
one 2.Here, they have been in
luded (see tables 4.2 and 4.3) but a higher systemati
 error in the timedetermination than for the other peaks must be 
onsidered.4.2.2.2 Identi�
ation peak-heliostatThe expe
ted arrival times of the peaks were 
al
ulated and 
ompared with the measured ones.A referen
e pulse was 
hosen for ea
h 
one and the time di�eren
es of the other pulses withrespe
t to the referen
e one within a tra
e were 
onsidered. The referen
e peak is re
ognized intables 4.1-4.3 be
ause the statisti
al deviation �t is zero (the di�eren
e of a peak with respe
tto itself is always zero). The only requirement to 
hoose a peak as referen
e was an amplitude
learly above NSB but not saturated.In the tra
es of 
ones 1 and 2 two 
learly di�erent groups of peaks are seen during analysis,the �rst group is due to the re
e
tion of light at the safety grid (se
tion 4.2.1.2) and the se
ondone to the re
e
tion in the heliostats. The signals arriving at the beginning of the tra
e (
ausedby the re
e
tion at the grid) were not 
onsidered in the analysis.4.2.3 Results: time response of the dete
torThe results of the 
alibration are shown in tables 4.1-4.3.Column 2 of tables 4.1-4.3 shows the deviation of the expe
ted arrival time of a peak withrespe
t to the measured one (Æt
al
�meas). The arrival times of the heliostats 306 (in 
one 1) and201 (in 
one 2) present the largest systemati
 deviations from the expe
ted value, more than62



Heliostat Æt
al
�meas �t/pN Amplitude �ampl/pN(ns) (ns) (ADC units) (ADC units)210 0.0 0.0 80.4 14.3312 -1.3 0.4 254.9 (saturated) 1.8414 -0.2 0.4 137.9 22.7512 -0.9 0.4 47.3 7.7514 +0.1 0.4 4.3 0.0516 0.0 2.9 69.3 40.5616 0.0 0.6 27.1 9.9618 -0.9 0.5 111.3 20.6620 -1.3 0.4 137.0 24.1718 -1.6 0.8 8.1 3.5Table 4.3: Entries as in table 4.1 but for heliostats of 
one 3.2 ns. Column 3 shows the statisti
al error of the experimental value (�t=pN), where N is thenumber of pulses used to 
al
ulate the mean. The statisti
al errors are always smaller than 1 nsex
ept for the heliostat 516 of 
one 3. Cone 2 shows the most signi�
ant (> 2� in some 
ase)deviations from the mean.We 
an observe that the two saturated peaks that have been 
onsidered have a signi�
antdeviation from the mean. This is an expe
ted result, sin
e the pulses are not re
onstru
ted forthe determination of the arrival time. In this way, a variable error is introdu
ed for the saturatedpulses. Su
h peaks are not 
onsidered in the standard analysis. In addition, the pulses near theNSB 
u
tuations, with amplitudes smaller than 10 ADC units, present the largest statisti
al
u
tuations (ex
ept heliostat 516). This is also logi
al, sin
e the pulses are more in
uen
ed bythe ba
kground noise.The systemati
 deviations are distributed around zero, this means that there is not a 
ommonsour
e of error for a whole 
one or for the whole array and rules out a possible error in thepositions of the 
ones as well as in the 
al
ulation of the 
entre of the heliostat mirrors (whi
hwould show up for all heliostats of the same type).In prin
iple, a systemati
 error of 2 ns introdu
es an error of about 0.003Æ in the sour
eposition, whi
h is negligible in 
omparison with other systemati
 errors in the dire
tional re
on-stru
tion (se
tion 10.2.1). Moreover, when all the heliostats are 
ombined, the systemati
 errorsin the arrival times in
rease the lsq2t of the �t to the showerfront, but the re
onstru
ted positionis not a�e
ted unless many heliostats of a group present systemati
 deviations in the \samedire
tion" (with the same sign). Fig. 4.1 shows the time deviation Æt
al
�meas for all the peaksof a sample of real showers for the �nal re
onstru
ted dire
tions. For ea
h 
one the distributionis 
entred around zero and has a width smaller than 0.7 ns. The peaks whi
h fall out of theGaussian are misre
onstru
ted (se
tion 6.2.2). The plot proves that the re
onstru
tion of theshower dire
tion is not being a�e
ted by the systemati
 errors of the individual peaks shown intables 4.1-4.3. An overall systemati
 deviation for the peaks of a single 
one is not observed.4.3 Transmission time of the photomultipliersNot only the gain but also the transmission time (time of 
ight) depend on the HV of thephotomultipliers. A 
alibration of the dependen
e of the transmission time on the voltage is63



0
200
400
600
800

1000

-20 -10 0 10 20

N
u

m
b

er
 o

f 
p

ea
k

s

Cone 1

0
100
200
300
400
500
600

-20 -10 0 10 20

Cone 2

0
100
200
300
400
500
600
700
800

-20 -10 0 10 20

Cone 3

0
100
200
300
400
500
600
700
800
900

-20 -10 0 10 20

Cone 4

Time deviation (ns)Figure 4.1: Time deviation of the experimental peaks from the expe
ted ones, for the �nal re-
onstru
ted dire
tion of a number of real showers for all four 
ones. The 
entral peak has been�tted to a Gaussian, the parameters of the �t are shown in the �gure.ne
essary for ea
h phototube, sin
e su
h a dependen
e is di�erent for ea
h photomultiplier.4.3.1 Calibration pro
edureThe 
alibration des
ribed below was made in De
ember 1999. For the 
alibration of ea
h PMT apulse of light was emitted by the LED pulser into the 
one at di�erent voltages of the phototubeand re
orded by the data a
quisition system.A single LED module was used for the four 
alibrations. This was done in order to preventfalsi�
ation due to di�eren
es on the LED modules. The LED module was fastened at thewindow of the Winston 
one in su
h a way that the light emitted by the LED was dire
ted tothe inside of the 
one. Ele
troni
s and LED were triggered together.The High Voltage of the PMTs was raised in 25 V steps over a total range of 475 V. Thestarting HV for ea
h PMT was 
hosen so that the voltage sweep was 
entred in the nominalHV, whi
h is � 1292, 1255, 1367 and 1155 V for PMTs 1, 2, 3 and 4 respe
tively.64



4.3.2 Analysis methodThirty independent measurements of the arrival time and amplitude for ea
h 
one and voltagestep were made in order to redu
e statisti
al 
u
tuations. A mean arrival time was 
al
ulatedmaking an average over all the re
orded times for ea
h voltage. The same was done for theamplitude. Sometimes it happened that less pulses were available to 
al
ulate the mean be
ausethe LED was not pulsed. In these 
ases the statisti
al 
u
tuations in
reased.4.3.3 ResultsThe results of this 
alibration are shown in �gure 4.2 for all four photomultipliers. The experi-mental points have been �tted to an exponential 
urve. The values of the parameters and �2 ofthe �ts are given in the �gures.
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e of the arrival time of a LED pulse with the PMT high voltage. Theexperimental points have been �tted to the exponential 
urve P1+exp(P2+P3�x). The redu
ed�2 indi
ates a 99% 
on�den
e level for the �ts of the 
ones 1-3. The �t of the 
one 4 has a
on�den
e level of 
a. 40%. 65



4.3.4 Appli
ation to standard analysisDuring the analysis of a standard event the operational voltages of the 4 photomultipliers areread and the di�eren
e in the arrival time of one tra
e with respe
t to the others due to thePMT high voltage are 
al
ulated a

ording to the fun
tions of the previous se
tion. The pulsesof the tra
es 2-4 are then 
orre
ted for the delays with respe
t to the pulses of the �rst tra
e.4.3.5 Regular 
ross 
he
k during data a
quisitionIt might happen that the aging of the PMTs a�e
ts this 
alibration. In order to have a routine
ross 
he
k, four light pulsers (one for ea
h 
one) are �red every 5 minutes during data a
qui-sition. Then, the time relations between the four tra
es are 
ompared with the ones expe
tedfrom the independent 
alibration dis
ussed above in this se
tion.4.4 Conversion of p.e. to photons at 
one entran
eThe 
onversion of re
orded 
harge (in ADC units) to number of photons of a shower 
omprisestwo stages. The �rst one 
onsists of the 
alibration of the ele
troni
s 
hain. The non-lineargain of the ampli�ers is 
alibrated so that a 
onversion fa
tor from 
harge of the shower (in mVor ADC units2) to 
harge of the in
oming pulses (in pC) 
an be obtained. The se
ond stagein
ludes the gain of the photomultipliers from whi
h a 
onversion from 
harge of the PMT pulsesto photons of a shower is inferred. For a detailed treatment of the 
alibration see [32℄.4.4.1 Calibration pro
edureA CAMAC module (model Phillips 7120) that produ
es 
harge pulses with 
hara
teristi
s similarto PMT pulses was used for the 
alibration. The module inje
ted pulses into the preampli�ers,so that information was obtained about the ele
troni
 
hain after the PMTs. The module was�red ten 
onse
utive times, ea
h time in
reasing the 
harge 
ontent of the pulse. The usualtrigger mode of data a
quisition was used. The four 
hannels were �red simultaneously so thatthe response of the 
harge trigger was ensured.4.4.2 ResultsThe sear
h for the peaks was performed with the standard method (se
tion 6.1.2).The value of the non-linear gain of the ampli�ers is obtained from the relation between thepulse amplitude (in mV) re
orded by the digital os
illos
ope and the 
harge (in pC) inje
ted bythe Phillips module (see �g. 4.3). Table 4.4 shows the parameters of the �t for the 
urves of�g. 4.3 (one per 
one) to a se
ond order polynomial V=A � C2 + B � C, where V is the outputvoltage in mV and C is the input 
harge in pC.For the 
onversion from inje
ted 
harge to number of photons the 
alibrated LED pulsers(se
tion 3.2.3.2) were used. Table 4.5 shows the relation between number of photons of theLED pulses (known from a previous 
alibration) and the signal amplitudes at the input of theos
illos
ope.We 
an 
al
ulate the 
harge inje
ted by the LED pulses with the 
urves of �g. 4.3 andinfer dire
tly the 
onversion of p.e. to pC. Due to the relatively low gain of our PMTs, the
onversion of p.e. to pC in the PMT is linear up to a saturation limit whi
h is determined by2One ADC unit is equivalent to 6.25 mV. 66
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Figure 4.3: Non-linear gain 
urve obtained from the 
alibration of the ele
troni
s (see text).Shown is the maximum amplitude in mV as a fun
tion of the initial inje
ted 
harge. Taken from[32℄.the os
illos
ope. Therefore, we 
an apply the 
onversion fa
tor of p.e. to pC in all the range ofthe measurement.4.4.3 Systemati
 errorsThe largest error in the 
onversion of p.e. to mV arises from the �rst fa
tor (photoele
tronsto pC). Besides the statisti
al 
u
tuation of the measured amplitude of the peaks in mV, thelinearity predi
ted for the 
onversion of p.e. to pC (see previous se
tion) might be erroneous atsome stage. This 
onstitutes the �rst systemati
 error.In addition, in the 
onversion fa
tor from pC to mV, the errors in the �t parameters of table4.4 are high (� 15% in the A parameter and � 30% in the B parameter).Cone 1 Cone 2 Cone 3 Cone 4A 0.136 � 0.022 0.137 � 0.027 0.122 � 0.022 0.128 � 0.025B 2.9 � 0.9 3.5 � 1.2 2.8 � 1.0 2.5 � 1.1Table 4.4: Results of the �t of the points of �g. 4.3 to a se
ond order polynomial V=A � C2 +B � C. 67



LED pulse (photons) Maximum amplitude (mV)Cone 1 829 146 � 5Cone 2 690 167 � 5Cone 3 624 179 � 5Cone 4 581 103 � 4Table 4.5: Relation between number of photons of the LED pulses and maximum amplitude ofthe pulses in mV.The 
ombination of the errors introdu
ed in the 
al
ulation of both 
onversion fa
tors makesa pre
ise absolute 
alibration of the ele
troni
s 
hain diÆ
ult. This is translated into large errorbars in the energy estimation of a shower and 
onsequently in the 
ux estimation of a sour
e(se
t. 13.1.4.1).4.5 Re
e
tion in the 
ables4.5.1 Calibration pro
edureDuring the 
alibration performed with the Phillips pulser (see previous se
tion) it was noti
edthat a small pulse, slightly higher than the NSB 
u
tuations, arrived always at a �xed time afterthe Phillips pulse, as a 
onsequen
e of the re
e
tion of the Phillips pulse in the 
able. The timeinterval between both pulses indi
ated the point at whi
h the re
e
tion o

urred, namely, theends of the 
able 
onne
ting the two ampli�ers (se
tion 4.1.4).The Phillips module was used for the 
alibration.4.5.2 Analysis methodIn order to quantify the re
e
tion e�e
t, the arrival time and amplitude of the Phillips pulseand its re
e
tion were re
orded. The time interval between the original and the re
e
ted pulsewas measured �rst for those pulses with an amplitude larger than the NSB 
u
tuations. Then,the 
alibration 
urve was extended to the lowest amplitudes by sear
hing the re
e
ted pulsesnear the NSB 
u
tuations at a �xed time interval after the initial pulse (inferred from the �rstmeasurement).4.5.3 ResultsThe pulse re
e
ted in the 
ables was found to appear at a 67 (99) ns interval (for 
ones 1-2(3-4)respe
tively) from the initial pulse. The di�eren
e in the time interval between 
ones 1-2 and3-4 (32 ns) is due to an extra 
able of 16 ns length between the ampli�ers for 
ones 3-4 (the 32ns 
orrespond to the way into and ba
k into the 
able for the re
e
ted pulse).Fig. 4.4 shows the ratio of original to re
e
ted amplitude versus original amplitude. Thepoints have been �tted to the polynomial fun
tion AmploriginalAmplrefle
ted = a+ b �Amploriginal. Table 4.6shows the parameters of the �t for 
ones 1 and 2. Cones 3 and 4 
ould not be properly �tteddue to the saturation of the original pulses. The �ts of the 
urves for 
ones 1 and 2 agree withinthe errors.A dependen
e of the fra
tion of the initial pulse whi
h is re
e
ted with the amplitude ofsu
h a pulse 
an be observed. This e�e
t is due to the non-linearity of the ampli�er situated68
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Figure 4.4: Dependen
e of the ratio original-to-re
e
ted amplitude in the 
ables on the in
identpulse amplitude for 
ones 1 (panel a.) and 2 (panel b.). Both 
urves are �tted to a polynomialfun
tion of grade 1. The results of the �t are shown in table 4.6.Cone a b �2/ndf ndf1 12.4�1.3 -0.024 �0.006 0.058 22 11.6�0.9 -0.024 �0.004 0.211 2Table 4.6: Parameters of the �t of the 
urves of �g. 4.4 to a polynomial fun
tion of grade 1.before the ele
troni
s. In reality, the fra
tion of the initial pulse whi
h is re
e
ted is 
onstant(and has been inferred from the 
urves of �g. 4.4 as � 5%). However, the gain of the ampli�erin
reases with the amplitude of the pulse and therefore, re
e
ted pulses from large pulses will bemore ampli�ed than those from small pulses. As a 
onsequen
e the fra
tion of initial to re
e
ted(measured, i.e. after the ampli�er) amplitude in
reases for small pulses.4.5.4 Appli
ation to standard analysisThe �nal aim of the re
e
tion studies is to subtra
t the re
e
ted peaks from the tra
es so thatthey do not interfere with the analysis pro
ess (see se
tion 4.1.4 and 
hapter 6). Thus, if apeak is found above the imposed software threshold (se
tion 6.1.2.1), a fra
tion of its amplitude-given by the 
urve of the previous se
tion- is subtra
ted 67(99) ns later for pulses belongingto 
ones 1-2(3-4). The subtra
tion is performed 
hannel by 
hannel for all the time 
hannels ofthe peak. All the subtra
tions are done in the initial tra
e, the re
ursiveness of the re
e
tionpro
ess is not 
onsidered (se
tion 4.1.4). 69
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Chapter 5Monte Carlo simulation of thedete
torThe GRAAL dete
tor 
an be only fully understood with the aid of a simulation. The simulationof the dete
tor is essential to predi
t the behaviour of the Cherenkov EAS of low energy at thedete
tion level and permits the optimization of the dete
tor before 
onstru
tion.The simulation plays a fundamental role in the analysis of the data, where the interpreta-tion of 
ertain parameters, e.g. the integrated 
harge as primary estimator of the energy of ashower (se
tion 8.2), and of di�eren
es between hadroni
 and gamma-ray showers, e.g. the timedeviation of small pulses from the shower front (se
tion 7.2.3), is ex
lusively derived from the
omparison with the Monte Carlo (MC) simulated showers.In 
ontrast with the imaging Cherenkov teles
opes (se
tion 2.3.2), GRAAL and in generalall the heliostat arrays 
an not reprodu
e the \image" of a Cherenkov shower in the sky and itsdevelopment through the atmosphere, sin
e the light re
e
ted by one heliostat is fo
used to onlyone PMT and not to a matrix of PMTs1. Therefore, the heliostat arrays are more dependent onthe MC simulation to \translate" the information about time and density of light on the groundto the shower development 
hara
teristi
s.The simulation 
omprises of two parts. Se
tion 5.1 explains the generation of an airshowerby a 
osmi
 ray and its development through the atmosphere. Se
tion 5.2 explains the path ofthe Cherenkov shower photons through the opti
s and ele
troni
s of the dete
tor until the dataa
quisition system, where they are re
orded.Further details about the simulation pro
ess are given in [32℄.5.1 Generation of the MC showersThe pro
ess of generation of a Cherenkov atmospheri
 shower from a 
osmi
 ray was simulatedwith the program CORSIKA (COsmi
 Ray SImulation for KAskade), version 5.20 [39℄, whi
hin
ludes the loss of energy of 
harged parti
les due to ionization and the modi�
ation of theirtraje
tories due to the intera
tion with the earth's magneti
 �eld (the value of the earth'smagneti
 �eld in 
entral Europe was 
onsidered). For the transport of the parti
les in theatmosphere the absorption due to ozone, Rayleigh and Mie s
attering was in
luded (see e.g.[228℄ for a des
ription of the absorption pro
esses).1It must be remarked that, in prin
iple, a heliostat array 
ould be operated as an imager with a low resolution
amera (see se
tion 2.3.3.1). 71



Azimuth (deg) 0 0 45 45 90 90Zenith (deg) 10 30 10 30 10 30Table 5.1: In
oming dire
tions of the gamma-ray generated MC showers. The proton showerswere generated around the shown dire
tions with a maximum angular deviation of 4 degrees.5.1.1 Chara
teristi
s of the MC generated showersThe generated Monte Carlo library in
ludes showers originated by protons of primary energiesbetween 250 and 4000 GeV and gamma-rays of primary energies between 50 and 1000 GeV in6 di�erent in
ident dire
tions (see table 5.1). The 
ore position of the showers was randomlygenerated up to a maximum distan
e from the 
entre of the array of 150 (300) m for gamma-ray(proton) primaries. While gamma-rays were generated as in
ident from a point-like sour
e inthe observed dire
tion, the in
oming dire
tions of protons were randomly generated around theobserved dire
tion with a maximum angular deviation of 4 degrees.8000 independent showers (with di�erent energy and 
ore position in the 
ase of gammaprimaries and in addition a di�erent in
oming dire
tion around the point-like position of table5.1 in the 
ase of proton primaries) for the two spe
ies were simulated for ea
h of the in
identdire
tions. As a pro
edure to maximize the usefulness of the CPU time, for every simulatedshower the GRAAL response was 
al
ulated for 5 di�erent 
ore positions. A �nal library of 40000(or 8000 
ompletely independent) showers for ea
h spe
ies and in
ident dire
tion is available.The generation of all the showers was performed by Borque [32℄ in various 
omputers, thetotal time of pro
essing being equivalent to one year of CPU in a Pentium III (500 MHz). This\short" pro
essing time was only a
hieved by generating both primaries with 
ore and energydistributions whi
h minimize the CPU time. The di�erential energy spe
trum of both primariesfollows a power law with index -1 instead of the real one. This allows to a
hieve suÆ
ientstatisti
s at high energy without having to produ
e a non-a�ordable (in CPU time) number ofevents at low energies. The distan
e r from the 
entre of the array to the 
ore position followsthe law P (r)dr = Cdr where P (r) is the probability of generation of one event in the di�erentialinterval dr and C is a 
onstant term. Finally, the angular distribution of proton showers is notisotropi
, but follows a law P (�)d� = Cd� where � is the angular distan
e between the realin
oming dire
tion of a shower and the point-like position of table 5.1, P (�) is the probabilityof generation of one event in the interval d� and C is a 
onstant term.5.1.2 Weight of the MC showersAfter the generation of the MC showers, a \weight" (multipli
ation fa
tor) was assigned to ea
hshower to 
onvert the above des
ribed distributions into distributions of 
osmi
 ray showerswhi
h reprodu
e the reality. Figs. 5.1 and 5.2 show the MC distributions before and afterweighting.The overall weighting fa
tor of a gamma-ray shower is the produ
t of \energy" and \
ore"weights whereas for proton showers an additional \angular" weight is applied. The \energy"weighting fa
tor was su
h that the 
orre
ted spe
tral index was -2.7 for protons [242℄ and -2.4 forgamma-rays (taking as referen
e the energy spe
trum of the Crab nebula from [114℄) (see panelsa. and b. of �gs. 5.1 and 5.2). The \
ore" weight 
onsisted of a fa
tor proportional to r andwas assigned to ea
h shower to obtain a radial distribution (see panels 
. and d. of �gs. 5.1 and5.2). Finally, an extra fa
tor was assigned to the proton-originated showers in su
h a way that72
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tor5.2.1 Opti
s5.2.1.1 HeliostatsEa
h heliostat has been simulated as one single spheri
al mirror divided in 2 se
tions of 6.75 m2ea
h. The fo
al length of ea
h heliostat (distan
e from the heliostat to the point where theimage is formed) 
orresponds to the fo
al length of the sub-mirrors of the simulated heliostat.For ea
h Cherenkov photon hitting the heliostat the simulation program [32℄ determines �rstthe position of the mirror where the photon is re
e
ted and then the re
e
tion in the normalplane to the in
ident dire
tion in the point of re
e
tion and in the heliostat system of referen
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Mirror imperfe
tions are simulated by generating random errors in the re
e
tion point and itsderivative.5.2.1.2 Winston 
onesA Cherenkov photon arriving at the outer window of a Winston 
one will undergo some re-
e
tions in the inner walls of the 
one on its way to the photo
athode. For the simulation ofthe Winston 
ones it is not ne
essary to follow the photon path along the 
one. There are tworeasons for that: �rst, all of the light rays in
ident on the 
entre of the 
one have the same prob-ability of a

eptan
e. The Winston 
ones have a 
onstant a

eptan
e of � 100% for in
identangles up to 10Æ (see �g. 3.8), whi
h is the maximum angle between a light ray re
e
ted by aheliostat and the axis of the 
one to whi
h it is fo
used. Se
ond, the mean number of re
e
tionsof a photon in the walls of the 
one has been determined to be 1.36 (se
tion 3.2.2) and this valuehas a small spread.Therefore, the 
one response has been simulated as a fun
tion of three parameters: thediameter of the outer window of the 
one, the angular a

eptan
e 
urve and the mean re
e
tivityof the Mylar foil for the mean number of re
e
tions (all these parameters have been given in
hapter 3).5.2.1.3 Photomultiplier TubesAfter the arrival of a photon to the photo
athode, the probability that the photon is 
onvertedto a photoele
tron by the PMT is simulated. The quantum eÆ
ien
y 
urve of the photo
athodeshows the probability of 
onversion of a photon to a p.e. as a fun
tion of the wavelength of thephoton (see �g. 3.9 in se
tion 3.2.3). Then, a photon will be 
onverted to a p.e. by the PMTrandomly depending on the a

eptan
e probability 
orresponding to its wavelength.In addition, the PMT produ
es a widening of the Cherenkov light pulses whi
h is dominantover the widening of the pulses in the GRAAL fast ele
troni
s. The di�eren
e between the widthof the Cherenkov dete
ted pulses (after being 
orre
ted for the non-linear gain) and the widthof the pulses that arrive at the photo
athode a

ording to our simulation gives the instrumentalwidening of the PMTs. The mean standard deviation is 2.10 ns for the real pulses and 1.28 nsfor the simulated pulses. To 
onsider this e�e
t the simulated signals have been 
onvoluted witha Gaussian of width �instr= 1.84 ns [32℄.Finally, we have to simulate the gain of the PMTs. The manufa
turer provides the gainvalue for DC 
urrent for ea
h PMT but we need the value for fast 
urrent pulses whi
h isnot linearly proportional to the DC 
urrent for our PMTs (se
tion 3.2.3.1). For this reason adi�erent method, that 
onsists of 
alibrating the 
onversion of number of p.e. to 
harge in pCfor ea
h 
hannel with real data (se
tion 4.4), is used to infer the gain of the PMT. The obtainedgain is then in
luded in the simulation.5.2.2 Ele
troni
sThe simulation of the ele
troni
s 
omprises the non-linear gain of the ampli�ers and the triggerlogi
.5.2.2.1 Ampli�ersThe simulation of the PMT gain was explained in the previous se
tion. The gain introdu
ed bythe ampli�ers situated after the PMTs is obtained from the experimental 
alibration of se
tion75



Input OutputMax trise tfall FWHM Max trise tfall FWHMCone (mV) (ns) (ns) (ns) (mV) (ns) (ns) (ns)1 250 6 12 7 145 24 580 982 290 6 12 7 160 24 580 983 260 6 12 7 260 75 750 1604 250 6 12 7 260 75 750 160Table 5.2: Chara
teristi
s of an experimental pulse before (input) and after (output) the inte-grator module.4.4, that provides the amplitude in mV of a pulse originated by a 
harge inje
tion with theshape of the generator (CAMAC-module Phillips 7120) pulse. Thus, knowing the shape of thePhillips pulse the 
harge inje
ted on ea
h 
hannel 
an be inferred. In parti
ular, if an originalPhillips pulse with a Gaussian shape is assumed, the relationship is the following:Ci�t = CPp2��P (5.1)where Ci is the 
harge 
ontained in a 
hannel of width �t and CP is the 
orresponding 
hargeof the pulse of width �P . Sin
e the Phillips pulse is not a Gaussian but an asymmetri
 fun
tion(semi Gaussian plus exponential) a relation has to be inferred between both fun
tions. Borque[32℄ gives a value of Casymmetri
 = 1.32 � CP , i.e., the 
harge inje
ted by the asymmetri
 pulse(Casymmetri
) is 1.32 times the 
harge inje
ted by a pulse with a Gaussian shape (CP ). Usingthe previous results the 
onversion of 
harge to mV for ea
h time bin �t 
an be applied.5.2.2.2 Charge triggerThe logi
 of the 
harge trigger has been explained in se
tion 3.3.2.1. The main 
omponent ofthe trigger is the EG&G579 module whi
h will be the 
entre of the Q-trigger simulation.Previous to the simulation the behaviour of the EG&G579 module was studied with fastsingle pulses in the four 
ones. The 
hara
teristi
s of the signal before and after the integratormodule were used to simulate the module [32℄ and are listed in table 5.2. To simulate theasymmetry of the input signals two semi Gaussians were used. The semi Gaussian 
hara
teristi
swere 
hosen so that they reprodu
e the experimental 
hara
teristi
s, i.e., the FWHM of thepulse is the same as the experimental one and the fall time is double the rise time, as for theexperimental pulses.The integrator module was simulated as a 
onvolution algorithm with an exponential fun
tionVout = A � Vin � e�t=B , where A and B were adjusted until the output fun
tion was similar tothe experimental output. Table 5.3 shows the values 
hosen for the parameters A and B andthe 
hara
teristi
s of the input and output signals of the simulated module. The 
omparisonof this table with the previous one shows that there is a good agreement for most of the signal
hara
teristi
s. The largest disagreement 
orresponds to the rise time of the pulses, whi
h isnot very important for the experiment, and at a lower s
ale the fall time, probably due to thediÆ
ulty of determining the end of the pulse due to the NSB 
u
tuations.During data a
quisition the integrator module is fed with the 1000 ns tra
e of Cherenkovpulses. The total integrated signal is the sum of the output pulses of the integrator during theintegration time (100 (200) ns for 
ones 1-2 (3-4) respe
tively). If the total integrated signal76



Input OutputMax trise tfall FWHM Max trise tfall FWHMCone (mV) (ns) (ns) (ns) (mV) (ns) (ns) (ns)1 250 6 12.5 7 145 13.5 531.5 89.52 290 6 12.5 7 160 13.5 531.5 89.53 260 6 12.5 7 260 14.5 922.5 149.54 250 6 12.5 7 260 14.5 922.5 149.5Table 5.3: Chara
teristi
s of a simulated pulse before (input) and after (output) the integratormodule.surpasses a dis
riminator threshold the trigger for the 
one is �red (see �g. 3.15). It is requiredthat 3 out of 4 
ones trigger within 200 ns to �re the total Q-trigger.5.2.2.3 Sequen
e triggerThe simulation of the sequen
e trigger is simpler than the one of the Q-trigger. The shape ofa pulse and its variation as it passes through the NIM 
oin
iden
e modules is not taken intoa

ount. The trigger logi
 des
ribed in se
tion 3.3.2.1 is followed for the simulation. If a pulsesurpasses the dis
riminator threshold imposed, a se
ond peak is sear
hed in a time window of40 ns after a delay of 20 ns. If the se
ond peak is found, the pro
ess is repeated for a thirdpeak. If the third peak is also found a trigger is generated for that 
one. Hen
e, the trigger fora single 
one is �red with a maximum delay of 120 ns after the arrival of the �rst pulse over thethreshold. The �nal ele
troni
 pulse for one 
one has a length of about 90 ns (see �g. 3.14).If 
ones 1 and 2 have a trigger within 150 ns the sequen
e trigger is �red.5.2.3 Simulation of the NSBAfter the opti
al simulation of the dete
tor, i.e., on
e the p.e. have arrived at the photomultiplieranode, four histograms are generated, one per 
one, where the number of p.e. per 
hannel as afun
tion of time is stored. Ea
h time bin is 0.5 ns, the time resolution of the os
illos
ope. Thenight sky ba
kground is added to the Cherenkov pulses at that moment, following a Poissondistribution of mean N. The value of N has been determined by 
al
ulating the 
ontribution ofea
h heliostat to the number of p.e. N whi
h arrive at one PMT in the time interval �t:N = L � S � 
 �Q �R ��t (5.2)where L is the absolute value of the Light of the Night Sky (measured in photons/m2/s/sr), S isthe heliostat area, 
 is the solid angle seen by the PMT through the heliostat, Q is the quantumeÆ
ien
y of the photo
athode and R is the mean re
e
tivity of the heliostat and of the interiorof the 
one in the 
onsidered wavelength range.L has been measured at the PSA on a very 
lear night using the single photon 
ountingmethod des
ribed in [163℄. A value of 3 � 1012 ph/m2/s/sr was obtained between 300 and 600nm [186℄ (see 
hapter 11). The values of S, Q and R have been already given in 
hapter 3. Thesolid angle has been estimated by Borque [32℄ to be � 1.33�10�3 sr (� 0.87�10�3 sr) for 
ones1-2 (3-4). Substituting all the values in eq. 5.2 a value for N of � 13(9) p.e./ns for 
ones 1-2(3-4)is obtained. 77



5.3 Fine tuning of the simulationThe pro
ess of simulation and the dete
tor intera
t with ea
h other. The 
omparison of realdata with the MC simulation is a 
he
k of the \a

ura
y" of the simulation, 
orre
tions areapplied to the simulation for the parameters known with less a

ura
y so that it �ts better withthe data. Fine tuning of the Light of Night Sky L and of the gain G has been performed so thatthe trigger rate of 
osmi
 rays (� 4 Hz in good nights) and the distribution of amplitudes of theNSB are reprodu
ed.The value of L has been set as 8 ph/m2/s/sr, whi
h is higher than the value measured inthe PSA of 3 ph/m2/s/sr, in a se
ond MC version (the �rst version of the MC simulation usedthe value measured in the PSA). This is be
ause the measured value was obtained on a nightwith ex
eptional weather 
onditions, so the value of L on a typi
al night in the PSA must behigher. Moreover, for the �rst version of the MC simulation (used throughout this thesis) it wasfound that the signal to NSB ratio was higher than for the experimental data. This is the reasonto in
rease the software threshold for MC with respe
t to data analysis in order to obtain theobserved experimental proton rate (se
tion 8.3). In a se
ond version of the MC (used by Borque[32℄) the NSB level was in
reased to the given value of 8 ph/m2/s/sr to solve this problem.An e�e
t whi
h has not been simulated in any of the MC versions is the photomultipliersafterpulsing. The afterpulsing o

urs when an ele
tron from the photo
athode of the PMT,while a

elerating towards the 1st dynode, 
ollides with and ionizes a mole
ule or an atom of arest gas whi
h is 
ontained in the volume or is adsorbed on the surfa
e of the dynode material.Su
h ions are a

elerated towards the photo
athode where they deposit their energy and releasemany ele
trons [165℄. These ele
trons produ
e a \pulse" a few hundred ns \after" the arrival ofthe �rst pulse, the so-
alled \afterpulse". In our setup, the afterpulsing e�e
t is detrimental foranalysis, sin
e the afterpulses 
an be 
onfused with real Cherenkov pulses in the FADC tra
e.This is partially 
orre
ted by allowing the analysis program to reje
t some pulses whi
h do not�t in the expe
ted time pattern (se
tion 6.2.2). However, it 
an happen that some afterpulsesare 
onsidered in the analysis, either be
ause they are 
onfused with real peaks or be
ause themaximum number allowed of peaks has already been reje
ted. Thus, these pulses are one reasonof dis
repan
y between MC simulated and real showers (se
tions 9.2 and 9.4).The �nal gains applied in the simulation are shown in �g. 5.3. The error boxes of the LED
alibration show the indetermination existent in this part of the simulation.
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Chapter 6Event re
onstru
tionThe analysis of the GRAAL data is performed in a two-stage pro
edure.The �rst step (se
tion 6.1, see �g. 6.1) 
onsists of sear
hing for the Cherenkov peaks in theFADC re
orded tra
es and determining their arrival time and amplitude. Pulses above a variablesoftware threshold, dependent on the 
u
tuations of the NSB, are sele
ted (se
tion 6.1.2.1).The se
ond step (se
tion 6.2, see �g. 6.2) 
onsists of the re
onstru
tion of the showerfront.The arrival times of the Cherenkov light are �tted to a spheri
al front whi
h is assumed to beemitted from a point in the atmosphere at about 11 km distan
e in the pointing dire
tion.6.1 Software-trigger threshold6.1.1 Sele
tion of the eventsThe data sample must be \
leaned" before analysis. This in
ludes the reje
tion of periods wheremalfun
tions of the dete
tor are found and to sort out of the Cherenkov events from the wholedata sample, where also events with time 
alibration purposes (se
tion 4.3.4) and periods oftra
king in exploded view mode (see below) are in
luded.Firstly, we want to prove the 
orre
t operation of the heliostat �eld during data a
quisition.The positions of the heliostats have to be refreshed every 3 s in the tra
king mode (se
tion 3.1.4).It 
an happen that the refreshing time is longer than 3 s due e.g. to some 
ommuni
ation problembetween the 
ontrol 
omputer and the heliostats (this o

urs very seldom, 
a. 6 times per year).During analysis a maximum refreshing time of 30 s is allowed on
e during one period ON-OFF.A period 
orresponds to 20 min of tra
king: 10 min tra
king the sour
e (ON) and 10 mintra
king a position whi
h is 10 min away from the sour
e (OFF). A

ording to se
tion 3.1.4,a refreshing time of 30 s introdu
es an error of 0.17Æ, whi
h is still smaller than our angularresolution (se
tion 6.2.2) and 
an be a

epted if it o

urs sporadi
ally. If the refreshing timehas been longer than 30 s during one period ON-OFF, su
h a period of observation is removedfrom the analysis.Se
ondly, we only want to re
onstru
t the dire
tion of the Cherenkov events. The regular
alibration events have a di�erent label in 
omparison with Cherenkov events and are reje
tedat the beginning of the analysis. Besides, there are Cherenkov events whi
h arrived while theheliostats were moving to a new sour
e (typi
ally 30 s between ON and OFF positions of a samesour
e and 30 min between two di�erent sour
es) and are not 
onsidered for analysis. Finally,ea
h night one period ON-OFF of ea
h observed sour
e is tra
ked with fo
using mode OF 2(se
tion 3.1.4). These periods are not taken into a

ount at this level of analysis, sin
e they81
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es or �les whi
h provide theinformation (in bla
k, left side of the pi
ture), the kind of information re
orded (in blue, middleof the pi
ture) and the 
omputer in whi
h the information is stored (in green, right side of thepi
ture).have been re
orded for NSB 
u
tuations and a

identals rate 
ontrol (se
tion 11.2.1.1).Fig. 6.3 explains the organization of the re
orded information into various �les depending onthe origin (heliostat 
ontrol PC or data a
quisition PC) and type of information. The arrivaltime of a Cherenkov event is sear
hed in the heliostat 
ontrol �le to �nd the sour
e observed atthe arrival of the event (given by the right as
ension and de
lination 
oordinates), the sour
eposition in the sky at that time (zenith and azimuth 
oordinates) and the status and positionsof the heliostats. All the information about the event (observed sour
e, position of the observedsour
e, environmental parameters, 
urrents and HVs of the photomultipliers, trigger rates and
ash-ADC re
orded tra
es) is read and all the ne
essary parameters for analysis are written toone single �le.6.1.2 Sear
h for the peaksWe want to sort out the Cherenkov light pulses of the shower from the night-sky ba
kground
u
tuations. This is not a trivial pro
edure for several reasons. Firstly, not only the temporalstru
ture of the tra
e depends on the position of the observed sour
e (se
tion 3.3.2.1), but alsothe arrival times of the Cherenkov pulses 
an be shifted from their expe
ted positions. Su
h ashift 
an o

ur due to either the intrinsi
 Cherenkov timing front 
u
tuations or to the NSB
u
tuations. Se
ondly, it 
an happen that an expe
ted Cherenkov pulse is not re
orded due to aheliostat failure or that its amplitude is too small to be distinguished from the NSB 
u
tuations.It 
an also o

ur that a NSB 
u
tuation is intense enough to be mistaken for a Cherenkov pulse.Therefore, all the pulses above a 
ertain threshold (see next se
tion) are sele
ted independentlyof their position. The pulse arrival time, absen
e of 
ertain peaks and existen
e of \fake" peakswill be taken into a

ount in the next step of analysis (se
tion 6.2.2).84



6.1.2.1 Software thresholdWe are interested in minimizing the di�eren
e in energy threshold between the two observedregions of the sky ON (pointing to a sour
e) and OFF (pointing to a test position) (se
t. 13.1.3)
aused by slightly di�erent levels of night-sky ba
kground. Therefore, a variable threshold,dependent on the NSB 
u
tuations of ea
h tra
e, was 
hosen (se
tion 11.3.2). The softwarethreshold for a Cherenkov pulse amplitude was set at nt � �NSB, where nt is a �xed numberfor ea
h sample of data and �NSB represents the RMS 
u
tuations of the NSB.The �NSB was estimated from the portion of the tra
e where no Cherenkov signals areexpe
ted (in our 
ase, the �rst 40 ns of the tra
e were 
hosen). The �NSB was 
al
ulated forea
h event and 
one individually.The value of nt was typi
ally between 5 and 7 (se
tion 12.1) and it was 
hosen as a value aslow as possible to avoid a large number of NSB indu
ed \fake" signals in the sample. The lowestpossible value of nt was found to depend on the sour
e position due to the varying temporaloverlap of signals in the tra
e (see �g. 6.4).With a variable threshold the events taken on a noisy region of the sky are analysed with ahigher e�e
tive software threshold than the events taken on a region with smaller 
u
tuationsof the night-sky ba
kground. A possible worsening of the re
onstru
tion eÆ
ien
y due to largetime 
u
tuations in the Cherenkov peaks in a noisy region of the sky (the 
u
tuations in
reasewith the level of NSB) is prevented by 
hoosing peaks with larger amplitudes, whi
h are lessin
uen
ed by the NSB 
u
tuations.Se
tion 11.3.2 explains the e�e
ts of a variable threshold in the analysis.6.1.2.2 Determination of the arrival time and amplitude of the Cherenkov pulsesPrevious to the determination of the arrival time and amplitude of the Cherenkov peaks two
orre
tions must be made on the tra
es. The �rst one 
onsists of subtra
ting the amplitudesof the tra
e due to the re
e
tion of pulses in the 
ables (se
tion 4.5). The se
ond one 
onsistsof shifting in time of the tra
es 2-4 with respe
t to the �rst to eliminate the time delay due tothe di�erent high voltages of the 
orresponding photomultipliers (se
tion 4.3). In addition, adelay of 16 ns is applied to 
ones 1 and 2 to 
ompensate for an extra 
able of that length whi
h
ommuni
ates the PMTs of 
ones 3 and 4 to the ele
troni
s.To determine the arrival time of a peak, the 
hannel of maximum amplitude is sear
hedin the 
ash-ADC re
orded full pulse shape. Peaks arriving 
loser to ea
h other than 6 ns areex
luded to avoid a bias from overlapping pulses. The re
onstru
tion of the full pulse shape ofsaturated peaks is ne
essary to determine their arrival time. This is a 
ompli
ated pro
eduresin
e for saturated amplitudes it is diÆ
ult to determine if two or more peaks overlap. Thereforesaturated peaks have not been 
onsidered in the analysis.6.1.3 Determination of the integrated 
hargeThe integrated 
harge (IC) of a Cherenkov shower is related to the energy of the primary parti
lesin
e the energy is proportional to the number of photons of the shower [88℄ and the number ofphotons 
an be obtained from the integrated 
harge a

ording to the 
alibration of se
tion 4.4.The sum of the base-line 
orre
ted amplitudes of all the 
hannel-
ontents in the tra
e between100(200) ns before the arrival of the �rst peak above threshold and 100(200) ns after the arrivalof the last peak above threshold gives the value for the integrated 
harge for 
ones 1-2(3-4)respe
tively. 85



6.2 Re
onstru
tion of in
oming shower dire
tion6.2.1 Cal
ulation of the theoreti
al patternThe expe
ted arrival times for all heliostats in ea
h of the four 
ones were 
al
ulated and stored ina \library" for a 5�5 degree grid. It 
an happen that the showers are re
onstru
ted preferentiallyin the 
entre of the grid. Therefore, if the grid is 
entred on the pointing position there will bean \arti�
ial" bias towards \
orre
t pointing". This is prevented by pla
ing the 
entre of thegrid 1 degree away from the pointing dire
tion of the heliostats. The position of the 
entre ofall the heliostats was 
al
ulated for the pointing position, due to the dependen
e of the mirror
entre on the pointing position and the type of heliostat (se
tion 4.2), and used throughout thegrid.For the 
al
ulation of the expe
ted arrival times of the Cherenkov pulses, a spheri
al showerfront was assumed to propagate from the maximum of a point-like shower at a penetration depthof 230 g/
m2 (the mean penetration of showers indu
ed by a photon of 100 GeV, 
a. 11 km overthe ground) in the pointing dire
tion. Tests with plane and paraboli
al timing fronts showedthat while the former leads to worse �ts to the timing data, the latter does not improve thequality of the �t signi�
antly.As an example, �g. 6.4 shows the 
al
ulated theoreti
al pattern for all 4 
ones in threedi�erent positions.6.2.2 Mat
hing of the theoreti
al and the experimental patternsThe measured arrival times are 
ompared to the 
al
ulated \library" (see previous se
tion). Thetime di�eren
e TIMEDIFF is de�ned asTIMEDIFF = (measured arrival time)�(nearest expe
ted time from the library) (6.1)In ea
h point of the angular grid, the total expe
ted time pattern is shifted in time with respe
tto the experimental pattern. This is done due to the un
ertainty about the time at whi
h theevent was triggered. For example, it might happen that the �rst expe
ted peak is not dete
tedand 
onsequently the �rst experimental peak has to be identi�ed with the se
ond expe
ted peak.The SHIFT parameter is de�ned as the di�eren
e in time between the arrival time of the �rstpeak and the time at whi
h the �rst peak is expe
ted. For ea
h value of SHIFT the TIMEDIFFfor all peaks and a least squares sum \lsq2t " de�ned aslsq2t =Xi (TIMEDIFFi)2 (6.2)are 
al
ulated. For ea
h point of the angular grid the value of SHIFT whi
h gives the minimumlsq2t is 
hosen. The dire
tion (or point of the grid) yielding the smallest \lsq2t " is 
hosen as the�nal re
onstru
ted dire
tion of the shower. The initial resolution of the grid is 0.5 degrees. Forthe �nal dire
tion the resolution is inferred as the position of the minimum of a quadrati
 �t tolsq2t values of the four grid points adja
ent to the one with smallest lsq2t .There is a possibility that spurious pulses indu
ed by the night-sky ba
kground, afterpulsingin the PMTs or due to 
ross talk between the sub�elds manage to pass the software threshold(se
tion 6.1.2.1). These pulses do not �t into the 
orre
t timing pattern and bias the �t. There-fore up to n peaks with TIMEDIFFs above 5 ns were allowed not to be taken into a

ount in the
al
ulation of the lsq2t . The value of n was 
hosen as 5 for all the analyses dis
ussed in 
hapter12. 86
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Fig. 6.5 shows proje
tions of the angular re
onstru
ted dire
tions both for ON and OFFsour
e dire
tions for a large data sample. The origin 
orresponds to the pointing dire
tiondetermined by the heliostat tra
king. A 
ombined �t is performed with a Gaussian for the eventsre
onstru
ted near the 
entre and a linear fun
tion for the \smooth ba
kground" extending tolarge o�-axis angles.The dire
tions of events in this \smooth ba
kground" were found to be systemati
ally misre-
onstru
ted. These events have a systemati
ally lower number of re
onstru
ted peaks (
lose tothe imposed software 
ut of 5 peaks in se
tion 13.1.2) and lower lsq2t than the \
entral" eventsbe
ause the in
orre
t re
onstru
ted dire
tion allowed in
orre
t \heliostat-measured signal" as-signments. A wrong assignment of the signals for showers with a large number of peaks leads tovalues of lsq2t whi
h do not pass the software lsq2t 
ut (lsq2t � 100 from se
tion 13.1.2). Therefore,a stri
ter software 
ut in the number of peaks (e.g. number of re
onstru
ted peaks �10) reje
tsall the showers with misre
onstru
ted dire
tions whi
h lie on the tails of �g. 6.5 (see �g. 8.1 inse
tion 8.1).If the \misre
onstru
ted dire
tions" are ex
luded, the angular resolution �63 (the openingangle within whi
h 63% of the events are 
ontained) is 0.7Æ (see se
tions 7.2.2 and 8.1 for adetailed treatment of the angular resolution).6.2.3 Cal
ulation of the shower 
ore on the groundThe distribution of light of a gamma-ray shower on the ground follows a 
ir
ular stru
ture ofregular intensity up to a radius of � 120 m. At longer 
ore distan
es, the light intensity beginsto fall steeply with the distan
e from the 
ore, independently of the gamma-ray energy (se
tion7.1.4). Then, using the amplitude information re
orded by the 
ash-ADCs it should be possibleto re
onstru
t the position of the shower-
ores of individual showers on the ground.To determine the 
entre-of-gravity of the light distribution, di�erent light-gathering eÆ-
ien
ies of the heliostats due to di�erent distan
es to the tower, mirror quality et
. were �rst
orre
ted via normalizing the amplitudes over many showers. It was veri�ed that the mean ofthe 
entre-of-gravity over all dete
ted showers lies at the geometri
al 
entre of the used �eldwithin 1 m so that the assumption of a \�xed 
ore" (se
tion 6.2.2) at this position introdu
esno bias. This is mainly due to the restri
ted �eld of view of our dete
tor, whi
h sele
ts only apart of the ring (se
tion 10.2.2).From the Monte-Carlo data it was found that the mean deviation of the real shower 
orefrom the shower 
ore re
onstru
ted from the amplitude information for ea
h individual showerwas about 30 m. This deviation is larger than the deviation of the real shower 
ore from the\�xed 
ore" due to the rather 
ompa
t size (se
tion 2.3.3.2) of our �eld, the showers with areal 
ore near the �eld boundaries will not be dete
ted in general due to the \
onvergent view"
on�guration and the restri
ted �eld of view (se
tion 10.2.2). Therefore we assumed that allshower 
ores lie at the \�xed 
ore" in the re
onstru
tion algorithm.
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Figure 6.5: Proje
tions of the number of showers as a fun
tion of shower dire
tions as re
on-stru
ted from the timing data. Shown is the deviation of the re
onstru
ted dire
tion from thepointing dire
tion on the elevation-axis (left two panels a. and 
.) and azimuth-axis (right twopanels b. and d.). The origin then 
orresponds to the pointing dire
tion as determined by theorientation of the heliostats. Two 
omponents are apparent: a peak near the origin, and a \
atba
kground" 
orresponding to events misre
onstru
ted in dire
tion (see text). The data sample
omprises of 32 hours of ON-sour
e time on the Crab pulsar (upper panels a. and b.) and anequal amount of OFF-sour
e time (lower panels 
. and d.) taken under variable weather 
on-ditions in the season 1999/2000. The \Gaussian plus linear fun
tion" �t is performed to ea
hsubsample. The parameters of the �t are indi
ated in the �gure: P1, P2, P3 - height, mean andsigma of the Gaussian; P4, P5 - 
onstant term and slope of the linear fun
tion. It is seen thatthe Gaussian -
orresponding to su

essfully dire
tion re
onstru
ted events - is always 
entredwithin < 0.05Æ. 89
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Chapter 7Gamma-hadron separationAt the lowest energies of the Very High Energy (VHE) ele
tromagneti
 spe
trum (between about10 GeV and 30 GeV) the satellite dete
tors rea
h good sensitivities be
ause they are able to reje
tvery eÆ
iently hadrons with anti-
oin
iden
e 
ounters (se
tion 2.1). However, the satellites arelimited to the dete
tion of relatively high gamma-ray 
uxes due to their small 
olle
tion area.Presently, the ground-based Cherenkov dete
tors, with e�e
tive areas of O(104) m, have provento be the most eÆ
ient dete
tors at energies between 300 GeV and 10 TeV (se
tion 2.3.2). Oneof the main diÆ
ulties in observing gamma-ray sour
es in ground-based Cherenkov experimentsis the large hadroni
 ba
kground (see footnote 3 of 
hapter 2). Sin
e all the 
osmi
 ray parti
lesprodu
e extensive air showers, an e�e
tive gamma-hadron separation te
hnique (that in
reasesthe signal-to-noise ratio) is 
ru
ial to improve the dete
tor sensitivity.Up to now, the most su

essful method to reje
t the hadroni
 ba
kground is the \ImagingTe
hnique" for Air Cherenkov Teles
opes (ACT), �rst proposed by M. Hillas [113℄, developed tote
hni
al perfe
tion by the Whipple 
ollaboration and used sin
e 1989 when the �rst dete
tionof gamma-rays from the Crab nebula at a high signi�
an
e level was presented by the former
ollaboration [234℄. The Imaging te
hnique 
onsists of parametrizing the \image" (2-dimensionallight distribution) of a Cherenkov event (re
orded by an ACT 
amera 
onsisting of a squarematrix of fast PMTs) into the so-
alled \Hillas parameters" - mainly 
lassi�ed in image shapeparameters (
alled \Length" and \Width") and image orientation parameters (
alled Azwidthand Alpha) [113℄. The image that results from a typi
al gamma-ray shower is ellipti
al and
ompa
t (smaller Length and Width) with an orientation that points towards the 
entre of the�eld of view (smaller Azwidth and Alpha) in 
omparison with the hadroni
 
osmi
 ray showers,whi
h are mu
h less regular, extended and randomly oriented in the fo
al plane. Current imaging
ameras are 
apable of reje
ting more than 99.7% ba
kground while keeping 50% of the gamma-ray signal (for a review of the imaging te
hnique, see e.g. [82℄ and [175℄).The wavefront sampling te
hnique has been developed as an alternative to the Imagingte
hnique (see se
tion 2.3.3). The \sampling" of the Cherenkov light is done by multiple dete
-tors using fast timing te
hniques. The ba
kground reje
tion is a

omplished by improving theangular resolution through fast and a

urate timing of the wavefront arrival time at several in-dependent re
e
tors, lo
ated within the Cherenkov light pool of individual showers. In addition,time and amplitude parameters may be used to obtain a partial dis
rimination of the hadronshowers at the hardware level. Experiments using the wavefront sampling te
hnique usuallyhave a \
amera" made up of one photomultiplier for ea
h re
e
tor, and therefore they 
an notapply the Imaging te
hnique.Other hadron reje
tion te
hniques like spe
tral separation, or methods based on fra
tal91



parameters of the Cherenkov images are used or studied by di�erent experiments [195, 107, 203℄.In GRAAL the imaging te
hnique 
an not be reasonably applied and therefore we havestudied the possible exploitable di�eren
es between gamma- and hadron-originated showers forwavefront samplers (se
tion 7.1 and subse
tions) and the methods to pro�t from su
h di�eren
esand obtain an eÆ
ient hadron reje
tion (se
tion 7.2 and 
orresponding subse
tions).7.1 Chara
teristi
s of the 
osmi
 ray showers7.1.1 Time showerfrontThe most promising hadron reje
tion method for the heliostat arrays is the one based on thetemporal 
hara
teristi
s of the showerfront. The reason is that the arrays 
an pro�t from themeasurement of the arrival times of the Cherenkov signals in various points distributed overa large area (� 200�70 m2 for GRAAL) with an ex
ellent time resolution (for example, 1 nsin CELESTE [68℄ or 0.5 ns in GRAAL (se
tion 3.3.3)) whi
h is larger by more than an orderof magnitude 
ompared with the one of the imaging teles
opes (e.g. 8.3 ns in the stereos
opi
HEGRA system [111℄).The wavefront of an ele
tromagneti
 shower has a 
lear spheri
al shape when all the Cherenkovemitted light is re
orded by the dete
tor (se
tion 10.2.3 explains the problems of re
ording onlya part of the emitted light, e.g. for experiments with a restri
ted �eld of view). The moreirregular development of a hadroni
 shower, 
omposed by many sub-showers, 
ompared to agamma-ray shower (see following se
tions) produ
es a large s
atter in the arrival times of theCherenkov light on the ground [52℄ (see also panels b. of �gs. 10.5 and 10.6 in 
hapter 10).Therefore, the di�eren
e between the spheri
al narrow showerfront of a gamma shower and themore 
u
tuating front of a proton shower 
an provide a method for the dis
rimination of protonshowers. Se
tion 7.2.1 des
ribes the study made with MC simulated showers and real data to�nd out the eÆ
ien
y of su
h a method.7.1.2 In
oming dire
tionAn important method to dis
riminate gamma-ray and proton indu
ed showers is given by thein
oming dire
tion of the Cherenkov shower. The un
harged gamma-rays emitted by the sour
esfollow straight lines on their way to earth (we observe only point-like sour
es). In addition, be-
ause of the large energies of the primaries (gamma-rays and hadrons) involved in the produ
tionof Cherenkov airshowers, the se
ondary parti
les are strongly beamed in the forward dire
tionand, on average, retain the dire
tionality of the primary [233℄. Therefore, it is possible to tra
kba
k the path followed by the gamma-rays and infer the sour
e position. In 
ontrast, the 
harged
osmi
 rays (e.g. protons) are de
e
ted by the gala
ti
 magneti
 �elds on their way to earthand the �nal distribution of hadroni
 primaries is isotropi
 (this is re
e
ted in the distributionof the airshowers generated by them).Hen
e, all the showers whi
h do not arrive from the dire
tion of the observed sour
e withinthe angular resolution 
an be reje
ted. The in
rease of the angular resolution of the experimentpermits a stri
ter 
ut in the a

eptan
e of showers a

ording to their in
oming dire
tion andtherefore a higher redu
tion of hadroni
 ba
kground 
an be a
hieved. Se
tion 7.2.2 explains theappli
ation of this hadron reje
tion te
hnique in the 
ase of GRAAL.92



7.1.3 Shape of the Cherenkov pulsesThe shape of the Cherenkov pulses 
an 
arry information about the primary spe
ies. The risetime re
e
ts the longitudinal growth of the 
as
ade in the atmosphere while the de
ay timeexhibits the 
as
ade attenuation past the shower maximum and the FWHM is a measure of theCherenkov photon produ
tion pro�le [52, 79, 85℄. Monte Carlo simulations indi
ate that thepulses from proton showers have longer rise and de
ay times than those from gamma showers. Inaddition, the former 
an present a superimposedmi
rostru
ture due to Cherenkov light produ
edby single muons moving 
lose to the dete
tor system [3, 195℄.Besides all the MC simulations, there is also an experimental work where the dete
tion of theCrab nebula at a 4.35 signi�
an
e level at TeV energies is reported after an analysis of extensiveair showers whi
h utilizes the temporal pro�les of the Cherenkov pulses for gamma-hadronseparation [224℄.If the predi
ted di�eren
es in the pulse shape parameters are measurable for GRAAL, thesignal-to-noise ratio 
an be improved. Se
tion 7.2.3 studies this possibility.7.1.4 Density of light on the groundThe distribution of Cherenkov light from gamma-ray showers at ground level is determinedmainly by the Cherenkov emission angle �
 and by multiple Coulomb s
attering of the 
hargedshower 
omponent over some hundreds of metres from the impa
t point [82℄. The fo
usingof Cherenkov photons from a large range of heights, over whi
h the produ
t of height andCherenkov angle (h�
) is approximately 
onstant produ
es a 
hara
teristi
 hump at a distan
eof about 120 m from the 
ore at the altitude of GRAAL, 505 m a.s.l. (the position of the humpis independent of the gamma-ray energy over a large range of energies). In the 
ase of protonprimaries, the larger parti
le transverse momentum spread and a higher penetration into theatmosphere (the intera
tion length of protons and mesons in the air is 80 g/
m2, 
ompared toabout 38 g/
m2 for photons [82℄) produ
e lateral distributions whi
h show an irregular stru
tureon the ground without any noti
eable hump [193℄. In addition, sin
e the number of 
hargedparti
les whi
h emit Cherenkov light is about 3 times smaller for proton showers in 
omparisonwith gamma showers at the shower maximum, the former must have a greater initial energy sothat they produ
e the same amount of light than the latter.Fig. 7.1 shows the 
ir
ular stru
ture of the light distribution on the ground for gammashowers in 
omparison with proton showers. Three dete
tion 
on�gurations are shown:� Without restri
tions (upper panels (a. and b.) of �gure 7.1): all the Cherenkov lightgenerated by the airshowers is dete
ted, i.e., the e�e
t of the dete
tor is not simulated.� Restri
ted �eld of view and parallel view (middle panels (
. and d.) of �gure 7.1):only Cherenkov photons arriving within a �eld of view of 0.6 deg (full opening angle) aredete
ted. The heliostats point to the sour
e position (parallel view, see �g. 3.6).� Restri
ted �eld of view and 
onvergent view (GRAAL 
on�guration) (lowerpanels (e. and f.) of �gure 7.1): this 
on�guration is similar to the previous one but theheliostats point to the origin of the airshowers in the atmosphere, around 11 km above theground (
onvergent view, see �g. 3.6). The 
onvergent point is the position in the sky fromwhi
h the proje
tion on the ground lies on the 
entre of gravity of the heliostats used.For the gamma-ray shower the mentioned 
ir
ular stru
ture is 
learly seen in the �rst 
on-�guration, when all the Cherenkov photons are dete
ted (see panel a. of �g. 7.1). Three 
om-ponents are apparent, a 
ir
le extending from the impa
t point to a distan
e of about 120 m93
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Figure 7.1: Typi
al distributions of Cherenkov light dete
ted at ground observation level (505m a.s.l. for GRAAL). The showers were MC generated by a gamma-ray (panels a., 
. and e.)and a proton (panels b., d. and f.) verti
ally in
ident with the 
ore situated on the 
entre of thearray. The grey s
ale is linear in number of 
olle
ted photons, the maximum intensity being themaximum number of 
olle
ted photons (the same s
ale is used in all of the panels). See text forexplanation of the di�erent 
on�gurations. Taken from [32℄.94



Con�guration gamma 200 GeV p 500 GeV gamma 1000 GeV p 2000 GeVAll light 0.09 0.34 0.07 0.20GRAAL 0.42 0.63 0.47 0.51Table 7.1: Expe
ted 
u
tuations in the 
olle
ted Cherenkov light when ALL the light is 
olle
ted(�rst row) and for GRAAL dete
tor (se
ond row).with relatively 
onstant luminosity, a disk whi
h is about twi
e as luminous as the internal 
ir
leextending from 120 m to 130 m and a faint distribution of light whi
h extends from the humpto some hundreds of metres but be
omes rapidly undete
table due to the de
reasing luminositywith distan
e. In 
ontrast, the proton shower exhibits an irregular stru
ture (see panel b. of�g. 7.1).The prominen
e of the hump redu
es as the energy of the gamma-ray in
reases sin
e higherenergy ele
trons penetrate deeper into the atmosphere, in
reasing the 
ontribution to Cherenkovradiation from ele
trons at lower altitudes where h�
 starts de
reasing [32℄.Borque [32℄ studied the possibility of using the di�eren
es of the light distribution on theground to dis
riminate gamma-ray and proton originated showers in the GRAAL dete
tor. Forshowers with an impa
t point in the 
entre of the array the 
ir
ular stru
ture of the gammashowers is still seen in the GRAAL 
on�guration (see panel e. of �g. 7.1). However, the 
u
tu-ations in the Cherenkov light among gamma showers in
rease signi�
antly under the 
onditionsof GRAAL approa
hing the 
u
tuations of hadroni
 showers (see table 7.1). This is mainly dueto the restri
ted �eld of view of the dete
tor, that 
onverts in \irregular" the light distributionof showers far from the 
ore (se
tion 10.2.2). In short, the restri
ted �eld of view together withthe 
onvergent view maximize the dete
tion eÆ
ien
y near the aiming point of the heliostats,but for low altitudes the eÆ
ien
y de
reases rapidly sin
e the heliostats far away from the 
oredo not see the light (see se
tion 10.2.2). Therefore, large shower 
ores produ
e an irregulardistribution on the ground also for gamma showers and hamper any eÆ
ient hadron reje
tionfor the GRAAL dete
tor (see �g. 10.4 in 
hapter 10).The hadroni
 reje
tion making use of the light distribution has not been tried with realshowers due to the hopeless results from the Monte Carlo simulation.7.1.5 Muon 
omponentA 
osmi
 ray indu
ed air shower has three 
omponents, hadroni
, leptoni
 and ele
tromagneti
one. During the development of the hadroni
 
omponent lower energy 
harged pions and kaonsde
ay to feed the muoni
 
omponent. Cabot et al. [38℄ proposed to exploit the Cherenkov lightprodu
ed by muons to identify showers indu
ed by hadrons of energies above several TeV. Theidea is that the light from muons observed at a distan
e of a few tens of metres from the EAS
ore arrives several ns before the main signal produ
ed by ele
trons and positrons and thereforeit 
an be identi�ed.GRAAL fa
es two problems when trying to identify hadroni
 showers from their muoni

omponent. The �rst one is the low probability of dete
ting a muon due to both the smallnumber of muons per shower for low energy showers (
al
ulated as less than 10 muons fora 500 GeV shower and less than 2 muons for a 100 GeV shower [68℄) and the small dete
tedfra
tion (5-10%) of the light emitted by a muon due to the restri
ted �eld of view of the heliostatarrays [68℄. 95



Mean SigmaGammas 0.07E-2 � 0.46E-2 0.935 � 0.005Protons -0.37E-2 � 0.42E-2 0.886 � 0.004Experimental data 3.55E-2 � 0.59E-2 1.185 � 0.007Table 7.2: Mean and sigma of a Gaussian fun
tion �tted to the TIMEDIFF distribution for MCsimulated gamma-ray and proton indu
ed showers and for experimental showers for the datasample shown in �g. 7.2 (see text for dis
ussion).De Naurois [68℄ estimates the probability of dete
tion of a muon falling on the heliostatsarray in less than 10% for CELESTE. In GRAAL this probability is somewhat higher than forCELESTE due to the 
ompa
tness of the �eld (se
t. 2.3.3.2) but still too low (less than 20%) toprovide an eÆ
ient hadron reje
tion me
hanism (the probability of muon dete
tion would haveto in
rease to 
a. 90% for an a

eptable quality fa
tor).The se
ond problem is that GRAAL re
ords all the light pulses from the heliostats \seen"by a 
one in one tra
e (see �g. 3.13) and therefore it is diÆ
ult to distinguish the hypotheti
almuon pulse from a 
ertain heliostat from a real Cherenkov light pulse of a di�erent heliostat.These two drawba
ks prevent an eÆ
ient gamma-hadron dis
rimination based on the muoni

omponent of the hadroni
 showers.7.2 Hadron reje
tion te
hniques7.2.1 Time showerfrontGRAAL measures with great a

ura
y the arrival times of the Cherenkov signals to the PMTsdue to both the fast ele
troni
s and the high resolution of the digital os
illos
ope (500 ps). Thisfa
t together with the mentioned properties of the temporal showerfront of Cherenkov EAS(se
tion 7.1.1) should allow an eÆ
ient gamma-hadron separation method. We studied in detailtwo parameters related to the time properties of the showers, namely, the value of lsq2t (whi
hgives a measure of the \goodness" of the �t to a spheri
al showerfront, se
tion 6.2.2) and thedistribution of lsq2t in the angular region around the re
onstru
ted dire
tion.7.2.1.1 Deviation of the experimental shower front from an ideal sphereA

ording to se
tion 7.1.1 and panels b. of �gs. 10.5 and 10.6 the 
u
tuations of the showerfrontwith respe
t to an ideal sphere are mu
h larger for proton- than for gamma-ray indu
ed showers.Then, the deviation of the measured arrival times from the ideal spheri
al showerfront for theoptimal �tted dire
tion (given by the parameter TIMEDIFF of se
tion 6.2.2) 
an be used todis
riminate gamma-ray from proton indu
ed showers. The distribution of the time deviationsmust be broader for protons and thus, a 
ut in the width of the distribution reje
ts a fra
tion ofthe hadroni
 showers. Fig. 7.2 shows the mentioned distribution for MC simulated gamma-rayand hadron indu
ed showers.The �t of the 
entral peak to a Gaussian fun
tion gives the \width" of the showerfront (seetable 7.2). The time deviation peak is well 
entred for MC showers and also for experimentaldata. The width of the peak (given by the sigma of the Gaussian) is slightly higher (0.05 ns)for gammas than for protons, this di�eren
e being 
ompletely negligible for our time resolution.For experimental showers, the peak is 0.3 ns broader, whi
h is again negligible 
onsidering the96
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Figure 7.2: The deviation of measured arrival times from the �nal �tted spheri
al shower frontfor MC gammas (full line), protons (dashed line) and experimental data (dotted line). Thevisible sharp redu
tion of events with a time deviation somewhat smaller than 5 ns is due to thefa
t that the re
onstru
tion program allows the ex
lusion of 3-5 peaks with a deviation from theshower front larger than 5 ns (see se
tion 6.2.2) from the �nal �t. The distributions have beennormalized to the number of peaks of the experimental data.di�eren
es of the simulation with the real dete
tor (
hapter 5). The narrowness of the peakmeans that the times are very 
lose to the theoreti
al sphere, not only for gamma-indu
edshowers (as expe
ted) but also for proton-indu
ed showers. The same e�e
t, narrowness of theshower front, is observed in the lsq2t distribution (see �g. 7.3).We �nd that the predi
ted smooth spheri
al showerfront for the arrival times of gamma-ray showers [52℄ is well reprodu
ed by the MC data. However, the expe
ted showerfront forprotons, irregular and with large 
u
tuations far from the 
ore, is not found in our MC sample.In 
ontrast, the protons have a surprisingly smooth and narrow showerfront, 
aused by therestri
ted �eld of view of the dete
tor (se
tion 10.2.3). Hen
e, a hadron reje
tion by means oflarge 
u
tuations in the arrival times of the Cherenkov pulses with respe
t to a spheri
al frontis not eÆ
ient.7.2.1.2 Lsq2t samplingAlthough the method explored in the previous se
tion fails for gamma-hadron separation (gam-mas and protons have both narrow spheri
al showerfronts), there 
an be still a di�eren
e betweenboth primaries in the \lsq2t map", i.e., in the distribution of lsq2t values around the �nal �ttedshower dire
tion. The hadron reje
tion method explored in this se
tion is 
losely related to the97
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Figure 7.3: Distribution of lsq2t for MC simulated proton (dashed line), gamma (full line) andexperimental showers (dotted line). The total number of showers was normalized to the experi-mental data for 
omparison.pro
edure used for shower re
onstru
tion in GRAAL (se
tions 6.2.1 and 6.2.2) (see below). Theidea is the following: gamma-ray indu
ed showers have a narrow, spheri
al shower front. Then,as we move away from the real dire
tion of the shower, we expe
t a progressive in
rease of thelsq2t values due to the shift of the experimental time pattern with respe
t to the theoreti
alpattern. On the other hand, the time front of proton showers (initially wide) be
omes narrowwith the restri
ted �eld of view (see previous se
tion and se
tion 10.2.3). In this 
ase, sin
e thehadron shower is 
omposed of many sub-showers, it 
an happen that for some dire
tions (apartfrom the real one) a sub-shower is �tted and 
onsequently the lsq2t of the �t is a lo
al minimumin the lsq2t map. In short, we expe
t a lsq2t map with one single minimum for gamma-ray indu
edshowers but some lo
al minima for proton-showers.During the re
onstru
tion of the in
oming dire
tion of a shower, the lsq2t of the �t of thetime front to a spheri
al front is 
al
ulated in all the positions of a 5�5Æ grid 
entred 1Æ awayfrom the pointing position with 0.5Æ resolution (se
tion 6.2.2). The in
oming dire
tion of theshower is 
hosen as the position of the grid with minimum lsq2t . We studied the distribution oflsq2t values around this minimum to �nd di�eren
es between gamma-ray and hadron originatedshowers (see �g. 7.4).In a qualitative way, by looking at many proton and gamma showers, we observed thatthe smoothness1 of the lsq2t map is independent of the shower primary and depends only onthe number of peaks whi
h have been re
onstru
ted. For showers with a large number of1We de�ne the lsq2t map as smooth if there is a gradient of lsq2t towards the minimum, whereas a \non-smooth"map will present a \bumpy" stru
ture, with lo
al minima.98
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Zenith (deg)Figure 7.4: Map of lsq2t for hadroni
 (upper panels a. and b.) and gamma-ray (lower panels
. and d.) showers. Left panels (a. and 
.) show two showers with 10 re
onstru
ted peaks andright panels (b. and d.) show two showers with 50 re
onstru
ted peaks. The blue 
ross indi
atesthe re
onstru
ted in
oming dire
tion and the green 
ross the real in
oming dire
tion. In panelsb. and d. a smooth ellipse with a 
entre in the minimum lsq2t and a gradient of in
reasing lsq2tvalues towards the grid outer limits 
an be seen. Noti
e that the 
olour s
ale indi
ates maximumvalues of lsq2t of 40 for the points of the grid lying far from the 
entre. In panels a. and 
. noregular stru
ture 
an be observed. The 
olour s
ale rea
hes only values of 4, sin
e with few peaksit is possible to �nd a wrong identi�
ation \heliostat-peak" so that the lsq2t is low.
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re
onstru
ted peaks the lsq2t in
reases rapidly as we move out from the minimum, however forshowers with a low number of identi�ed signals, it is relatively easy to �nd a wrong identi�
ationin various positions of the grid with a low lsq2t .The \smoothness" of the lsq2t map is independent of the energy and the shower 
ore. In asense, it is more likely that showers with high energy and 
ores 
lose to the 
entre of the arrayhave more peaks re
onstru
ted and therefore the lsq2t distribution is smoother in general in su
h
ases. However, showers with low energies and 
ores far from the 
entre of the array 
an alsohave the same behaviour if they have many peaks re
onstru
ted.7.2.2 In
oming dire
tionIn order to apply the well known hadron dis
rimination method based on the in
oming dire
tionof the showers (se
tion 7.1.2) we have made a detailed study of the angular resolution for gammaand hadron showers. Fig. 7.5 
ompares the re
onstru
tion of the in
oming dire
tion for gammasand hadrons. The two 
omponents dis
ussed in �g. 6.5 of se
tion 6.2.2 are 
learly visible, apeak at small angular distan
es (< 0.9Æ) and a ba
kground 
omposed by the \misre
onstru
tedshowers".
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Figure 7.5: Monte Carlo simulation of the angular re
onstru
tion of events from a gamma-ray point sour
e (full line, zenith angle 10Æ,azimuth angle 45Æ) and di�use sour
e of protons(dashed line). Shown is the number of showers as a fun
tion of angular distan
e from thepointing dire
tion in degrees. It is seen that the relative fra
tion of showers with misre
onstru
teddire
tions of the total data sample (
at ba
kground in �g. 6.5) is mu
h larger for protons (seetext). The ratio rio=(events with angular deviation < 0.7 degree / all events) is 0.35 and 0.21for gammas and protons respe
tively. The distributions of protons and gammas are normalizedto the same number of showers. 100



Z10 A0 Z10 A45gamma proton gamma protonnt = 5�63 0.6 0.7 0.5 0.7rio 0.26(0.63) 0.18(0.40) 0.35(0.72) 0.21(0.44)nt = 6�63 0.5 0.6 0.5 0.6rio 0.43(0.71) 0.42(0.56) 0.61(0.83) 0.46(0.59)Table 7.3: Angular resolution (�63) and ratio rio for weighted Monte Carlo samples in twodi�erent dire
tions for gamma and proton primaries. The value given in bra
kets 
orrespondsto the ratio rio for the unweighted sample. The analysis has been performed at two software-threshold levels (nt=5, 6).The angular resolution (�63 in table 7.3) is de�ned as the opening angle (in a distributionof the number of showers as a fun
tion of the angular distan
e) within whi
h 63% of the eventsare 
ontained2 (this de�nition will be used throughout this thesis).To 
al
ulate the angular resolution the \misre
onstru
ted" events are not taken into a

ount,i.e., we 
onsider the angular resolution as the opening angle within whi
h 63% of the \wellre
onstru
ted" events are 
ontained. The reason is that the misre
onstru
ted events whi
hpopulate the tails are 
aused by a wrong peak-heliostat assignment in showers with a low numberof peaks (se
tion 6.2.2) and 
an be eliminated from the distribution just by raising the a
tualsoftware 
ut from 5 re
onstru
ted peaks (NREMAIN in appendix A) to 10 re
onstru
ted peaks(see se
tion 8.1). We de
ided to set the threshold at 5 re
onstru
ted peaks to maintain the tailsof misre
onstru
ted events and use them for normalization (se
tion 13.1.3).The most striking feature of table 7.3 is that the values of �63 are similar for gamma andproton showers, with a mean value of 0.52Æ and 0.65Æ respe
tively (the �63 is slightly betterfor gamma-ray showers but the di�eren
e is pra
ti
ally the same as the 
hange of angularresolution for di�erent in
oming dire
tions). Taking all in
oming dire
tions into a

ount a meanvalue of 0.7Æ is obtained. The reason for the similar angular resolution of gammas and protonsis the restri
ted �eld of view of the experiment and it is explained in detail in se
tion 10.2.1.For the moment, the important 
on
lusion of table 7.3 is that, sin
e protons and gammas arere
onstru
ted in the same angular region around the pointing position, it is not possible todis
riminate between both primaries by means of their in
oming dire
tion.The worsening of the angular resolution for solar arrays in 
omparison with the other wave-front samplers, explained in se
tion 2.3.3.3, is obvious in table 7.3: the angular resolution is2The de�nition of angular resolution is not always the same in airshower astronomy [123℄. The angulardistribution is often des
ribed with a 2-dimensional Gaussian distribution: g(x,y)= 12��2 e �(x2+y2)=�2 . Thevarian
e of this distribution is given by <(x2+y2)> = 2�2. The � of the distribution is sometimes used as angularresolution.In 
ontrast, we use the varian
e of the distribution �63 =p< (x2 + y2) > = p2� as the value for the angularresolution. This de�nition has the advantage that it is independent of the shape of the distribution. Insteadof �tting the 2-dimensional distribution in zenith and azimuth to the Gaussian des
ribed above, we de
ided to
al
ulate the \1-dimensional" angular distan
e from the zenith and azimuth values and infer the angular resolutionfrom that distribution. The result is the same as if a 2-dimensional distribution were taken (for us the � of the1-dimensional Gaussian is �0.5Æ, whi
h gives �63 � 0.7Æ (
ompare with the values obtained in this se
tion withthe other method)). 101



bad for both gamma- and proton-showers due to the spheri
ity of the showerfront and 
orere
onstru
tion failure.Improving the angular resolution is a diÆ
ult task for GRAAL. In addition to the abovementioned fa
tors and the afterpulsing (se
tion 5.3), 
ommon to all heliostat arrays, the angularresolution is worsened by the overlapping of Cherenkov pulses (se
tion 9.3.1). However, the
ru
ial point is not to redu
e the angular resolution of the experiment to e.g. 0.1Æ but to avoidthe bias of the re
onstru
ted proton dire
tions towards the pointing position (se
tion 10.2.1).In prin
iple, the mentioned bias 
an only be prevented by in
reasing the �eld of view of thedete
tor (so that the 
omplete shower is seen), but this is impossible for all heliostat arrays dueto te
hni
al reasons (se
tion 10.1). Therefore, an e�e
tive gamma-hadron separation making useof the spatial position of the sour
es (point gamma sour
es against di�use proton ba
kground)is ruled out in the absen
e of new ideas.7.2.2.1 Number of misre
onstru
ted eventsIn �g. 7.5, it 
an be seen that the proton indu
ed showers are more prone to the misre
onstru
tionthan gamma-ray showers and therefore populate the ba
kground preferentially. This 
an be dueto the systemati
 higher 
u
tuation in arrival times of the proton showers and will be used inthe analysis (se
tion 13.1.3) to normalize ON and OFF rates. Another hypothesis to explain thehigher misre
onstru
tion for protons is that for these showers we might be dete
ting the lightof a sub-shower (see se
t. 10.2.1). In that 
ase, the light will be distributed over a smaller areathan for gamma showers, in
reasing the probability of misre
onstru
tion.The parameter rio=(events with angular deviation < 0.7 degree / all events) quanti�es theprobability of misre
onstru
tion for gamma- and proton-showers whi
h is qualitatively seen in�g. 7.5. Table 7.3 shows the value of rio for weighted MC samples (see se
tion 5.1 for weightingpro
edure) of gamma- and proton-showers in 2 di�erent dire
tions. The analysis has beenperformed at two di�erent software-trigger levels (nt of se
tion 6.1.2.1 has values of 5 and 6).Three important features are visible in table 7.3, �rst, the value of rio depends on thein
oming dire
tion of the showers (this is a dire
t 
onsequen
e of the dependen
e of the eÆ
ien
yof the showers re
onstru
tion on the in
oming dire
tion of the shower, see se
tion 9.3.1). Se
ond,the value of rio in
reases when the threshold is raised (from nt = 5 to nt = 6) due to the reje
tionof the peaks between 5 and 6 � 
u
tuations of the NSB, whi
h 
an be still noise peaks. Third,and most important for us at the moment, the ratio rio is in general higher for gamma than forproton showers. Then, sin
e the tails of �g. 7.5 (
onstituted by misre
onstru
ted events) arepreferentially populated by protons, we 
an use them to normalize the ON and OFF regions(se
tion 13.1.3). These results might be a�e
ted by the weighting pro
edure of the MC showers,this possibility is explored in se
tion 9.3.2.7.2.3 Shape of the Cherenkov pulses and afterpulsingIn GRAAL there are four 
ash-ADCs whi
h re
ord the shape of the Cherenkov pulses. Thewidening of the pulses is mainly due to the PMTs (se
tion 3.3.3). The dependen
e of the shapeparameters of the pulses (rise time, fall time and width (FWHM)) with the primary of theshower was studied to sear
h for a hadron dis
rimination method (se
t. 7.1.3). The results ofa study with the 
omplete GRAAL dete
tor simulation are shown below. Similar studies weremade for MC showers without the e�e
t of night-sky-noise [32℄.Based on the results of several simulations (se
tion 7.1.3), it was thought that the moreirregular stru
ture of the pulses from proton showers in 
omparison to those from gamma showers102




ould show up in an ex
ess of tails or small pulses (
lose to the NSB 
u
tuations) for the proton-originated showers. Moreover, an ex
ess of small pulses for proton showers 
ould be also presentdue to an in
reased afterpulsing. Thus, we studied the rise and fall time of the Cherenkov pulsesand the number of \small" peaks (between 3 � deviation of the NSB and the imposed softwarethreshold (se
tion 6.1.2.1)).We found that the rise time is smaller than the fall time for the Cherenkov pulses, but there isno di�eren
e between MC gamma and hadron showers. Likewise, there is no di�eren
e betweenthe pulse width of both primaries.Sear
hing for tails or afterpulses (see above) we found that there is no di�eren
e between thenumber of small peaks per shower between the two primaries (see �g. 7.6, panel a.). However,the nature of the small peaks does not seem to be the same for both primaries. Whereas the timedeviation from the shower front of the small peaks follows the same distribution than the \big"peaks (above threshold) for gamma-ray showers, i.e., a narrow peak 
entred in zero plus tails,the small peaks of proton showers have large deviations with respe
t to the spheri
al showerfront. The distribution of the time deviations of the small peaks for protons is broader thanfor gammas and does not have a 
lear peak in the 
entre (see �g. 7.6, panel b.). This featurewas studied in order to get a reje
tion fa
tor of proton showers. Asking for a time deviationsmaller than 2 ns from the 
entre for a 50% of the small peaks, a 30% of the gamma showersare a

epted and a 91% of the proton showers are reje
ted. The dis
rimination parameter is noteÆ
ient enough to 
onsider it and in addition there remains a doubt of whether the weightingpro
edure (se
tion 5.1) is responsible for the di�eren
e.7.3 Con
lusionThe Monte Carlo simulations of the GRAAL dete
tor indi
ate that the 
hara
teristi
s whi
hdi�erentiate gamma-ray from hadron indu
ed showers obliterate due to the restri
ted �eld ofview. This prevents a hadron reje
tion based on shower parameters like temporal showerfront,distribution of light on the ground and shape of the Cherenkov pulses. Furthermore, the re
on-stru
ted dire
tion of the hadroni
 showers is biased towards the pointing dire
tion invalidatinga hadron reje
tion based on the isotropi
 in
oming dire
tion.As a 
onsequen
e of the la
k of gamma-hadron dis
rimination methods, a 
omparison ofabsolute rates remains ne
essary for the heliostat arrays in order to dete
t a sour
e. Underthese 
ir
umstan
es, the sensitivity of the dete
tors is strongly redu
ed (se
tion 8.6), sin
e theNSB 
u
tuations introdu
e systemati
 e�e
ts whi
h 
an not be 
orre
ted at a high pre
isionlevel (
hapter 11).The dire
tion misre
onstru
tion of events with a small number of peaks is in GRAAL morelikely for protons than for gamma showers. Although this 
an not be used as an eÆ
ient hadrondis
rimination parameter, it 
an be used to minimize the systemati
 e�e
ts introdu
ed by theNSB and therefore to in
rease the sensitivity of the dete
tor by using normalization methods(se
tion 13.1).
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al show-erfront for the pulses plotted in panel a..
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Chapter 8Dete
tor performan
eIn all the se
tions throughout this 
hapter a weighted MC sample at a zenith angle of 30Æ andazimuth angle of 0Æ (se
tion 5.1) was used to infer the 
apability of GRAAL for the dete
tionand analysis of gamma-ray showers. The dete
tion rate of gamma-ray showers is determined bythe e�e
tive area and the energy threshold of the dete
tor, whi
h are des
ribed in se
tions 8.3and 8.4 respe
tively. The analysis of the showers provides the angular and energy resolution thatdetermine the 
ux sensitivity, these fa
tors are examined in se
tions 8.1, 8.2 and 8.6 respe
tively.All the showers surpassing the \software-trigger threshold" in the real data as de�ned inse
tion 13.1.2 were 
ounted as dete
ted in this simulation. A value of nt = 9 was 
hosen toobtain a proton indu
ed rate of 4 Hz in agreement with the typi
al experimentally observedvalue in GRAAL. The 
hosen value of nt is higher than the one used for the experimental data.This is due to the fa
t that the experimental signals seem to be smaller than the ones predi
tedby the MC simulation relative to the level of the NSB for the �rst MC version, used throughoutthis thesis (se
tion 5.3). The e�e
t was 
orre
ted by in
reasing the level of NSB with respe
t tothe Cherenkov signal in a se
ond version of MC.
8.1 Angular resolutionThe 
on
ept of angular resolution has been de�ned with detail in se
tion 7.2.2 and is the samethroughout this thesis. In that se
tion an average angular resolution of 0.7Æ is inferred, withouttaking into a

ount the misre
onstru
ted events. For these events the re
onstru
ted dire
tionis 
ompletely un
orrelated with the true dire
tion of the shower due to a wrong assignmentheliostat-pulse (see se
tion 6.2.2). Therefore a derivation of angular resolution taking into a
-
ount su
h events does not make sense. This is shown 
learly in �g. 8.1, where the samere
onstru
ted events are plotted with a software 
ut of 5 (panel a.) and 15 (panel b.) re
on-stru
ted peaks, 
alled NREMAIN in se
tion 9.2. The misre
onstru
ted events disappear witha stri
t software 
ut, i.e., when a large number (e.g. 15) of re
onstru
ted peaks is required toa

ept an event.The number of peaks used in the re
onstru
tion of the showerfront is the major determinantof the angular resolution (see �g. 8.2). If more than 30 peaks are used in the re
onstru
tion, theangular resolution drops below 0.5Æ. 105
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Zenith angle (deg)Figure 8.1: Deviation of the re
onstru
ted dire
tion from the pointing dire
tion on the elevation-axis for a MC sample of gamma-ray showers, generated with an in
oming dire
tion of 30Æ zenithangle and 0Æ azimuth angle, when 5 (panel a.) and 15 (panel b.) re
onstru
ted peaks are requiredto a

ept an event.8.2 Energy resolutionThe energy resolution of a dete
tor 
an be inferred from the MC simulation. The quality of theenergy estimation for an individual MC shower is de�ned as:�E = Em
 � ErEm
 (8.1)where Em
 is the energy of the primary parti
le (known only for MC simulated showers) and Eris the re
onstru
ted energy.The overall energy resolution of the dete
tor is given by the RMS of the �E distributionand the bias of the energy parameter estimation (or deviation of the re
onstru
ted energy withrespe
t to the real energy) is given by the mean of the �E distribution.Using the integrated 
harge (IC, se
tion 6.1.3) as a primary estimator of the energy of ashower, an overall energy resolution of 71.4% and a bias of 0.006 for MC gamma-ray originatedshowers are found (see �g. 8.3, panel 
.). The 
onversion fa
tor between the integrated 
hargeand the energy has been inferred from the �t of �g. 8.3 (panel a.) to a �rst grade order polynomialIC = a + b � Em
. Hen
e, Er = (IC� a)b (8.2)where a = 26523 and b = 210.04.The great s
atter of the IC values at high energies (>100% at 1000 GeV, see panel a. of�g. 8.3) 
ould be in prin
iple attributed to a saturation e�e
t, i.e. the energy of high energy106
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Figure 8.2: Dependen
e of the angular resolution (�63) with the number of peaks used in there
onstru
tion of the shower front for a MC sample of gamma-ray showers generated with anin
oming dire
tion of 30Æ zenith angle and 0Æ azimuth angle.showers is underestimated due to the saturation of the pulse amplitudes in the os
illos
ope.However, the s
atter of the integrated 
harge for low energy showers is already large (>50%)
ompared to the mean IC value. The middle panel (b.) of �g. 8.3 shows the energy resolutionas a fun
tion of energy. It is observed that the s
atter of all the re
onstru
ted values aroundthe true energy for a 
ertain energy (whi
h gives the energy resolution) is 
onstant. However,the bias with respe
t to the true value is worse for high energies than for the low ones. This isdue to the fa
t that, in the 
al
ulation of the 
onversion fa
tor from IC to energy, the number ofshowers de
reases as a power law with energy. Therefore the low energy showers have a biggerweight and the 
onversion fa
tor is more \adequate" for su
h showers.Fig. 8.4 shows the real 
ause for the poor energy resolution. Due to the observation of thesour
es in 
onvergent view 
on�guration (se
tion 3.1.4) and to the restri
ted �eld of view (see
hapter 10), a large fra
tion of the total light of a shower is not \seen" by the dete
tor forshowers with impa
t point far from the 
entre of the array (the fra
tion ICEm
 de
reases with thedistan
e from the impa
t point to the 
entre of the array).Therefore, if the fa
tors a and b from eq. 8.2 are 
al
ulated for all the \distan
e from theimpa
t point to the array 
entre" intervals (with 10 m distan
e bins), an energy resolution of16% and a bias of -0.07 is obtained for all showers with distan
es up to 60 m (see �g. 8.5, panela.). A 13% of the total number of dete
ted showers has shower 
ores between 60 and 90 m fromthe 
entre of the array. The angular resolution for those showers is 47% and the bias 0.36 (see�g. 8.5, panel b.). No showers are dete
ted at distan
es beyond 90 m. Hen
e, we 
an 
on
ludethat the dominating fa
tor in the energy resolution is the distan
e from the showers impa
t107
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Figure 8.3: Shown is the relationship between integrated 
harge (IC) and energy of a shower(panel a.) and the energy resolution for GRAAL (panel 
.) using the 
onversion fa
tor inferredfrom panel a. to re
onstru
t the energy from the IC (see text). The middle panel (b.) shows theenergy resolution as a fun
tion of the energy of the shower (see text).point (or 
ore) to the 
entre of the array. Fig. 8.4 (panel b.) shows the dependen
e of the energyresolution with the distan
e to the shower 
ore. We 
an observe that the energy resolution isapproximately 
onstant up to 60 m from the 
ore. The in
rease of the energy resolution at 60m is due to low statisti
s. The 
onversion fa
tor from IC to energy has been 
al
ulated for allshowers between 60 and 90 m from the 
entre of the array in one single bin, sin
e the numberof dete
ted showers at su
h distan
es is too low to make 10 m bins. By in
reasing the size ofthe bins, the energy resolution is worsened.8.3 E�e
tive areaThe e�e
tive area of a Cherenkov teles
ope for the dete
tion of a primary Z of in
ident energyE is de�ned as E�e
tive area(Z;E) = 2 � � Z 10 P(Z;E; r) � r � dr (8.3)where P(Z,E,r) is the probability of dete
tion of a shower with an impa
t point on the groundwithin the radial interval (r,r+dr).The weighted MC sample (se
tion 5.1) was used to estimate the e�e
tive dete
tion areafor protons and gamma-rays at a zenith angle of 30Æ and azimuth angle of 0Æ as a fun
tion ofprimary energy (for azimuth 
onvention see appendix B).The probability P(Z,E,r) for a primary Z was 
al
ulated as the fra
tion of showers surpassingthe \software-trigger threshold" (number of re
onstru
ted peaks � 5) with respe
t to the totalnumber of generated showers for ea
h energy interval (see �g. 8.6). The e�e
tive area for gamma-initiated showers in
reases as a fun
tion of energy and has a quasi-asymptoti
 value of 104 m2for energies higher than � 400 GeV. 108
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Figure 8.4: Dependen
e of the fa
tor IC/Energy (panel a.) and energy resolution (panel b.) asa fun
tion of distan
e from the shower 
ore to the 
entre of the array. The energy resolution is
onstant for all energies if the impa
t point of the shower is known with an a

ura
y of 10 m(see text).Fig. 8.7 shows the dependen
e of the dete
tion eÆ
ien
y on the impa
t point of the showers.For energies above 600 GeV the dete
tion eÆ
ien
y is of a 100% for showers with impa
t pointsnear the 
entre of the array (< 60 m) and it de
reases rapidly for larger impa
t points. As theenergy of the shower de
reases, the impa
t point must be 
loser to the 
entre of the array inorder to dete
t a shower.Based on �gure 8.6 and assuming the di�erential energy spe
trum as a power law with index-2.7 (-2.4) for 
osmi
 rays [242℄ (gamma-rays from the Crab nebula [114℄) respe
tively, an eventrate of 4 (0.011) Hz was estimated for proton (gamma) primaries. The proton event rate of4 Hz is obtained experimentally in nights with ex
eptional 
onditions of observation, althoughthe mean value is lower (typi
ally between 1.5 and 2.5 Hz, se
tion 13.2).8.4 Energy thresholdThe energy threshold for dete
tion of gamma-rays is de�ned as the maximum in a plot ofdi�erential 
ux as a fun
tion of the primary energy (see �g. 8.8). The 
urves of this �gure havebeen obtained taking into a

ount the e�e
tive area of the dete
tor (previous se
tion) and theenergy spe
trum of the in
ident sour
e (in this 
ase, we have assumed the Crab nebula energyspe
trum given by the Whipple 
ollaboration [114℄).The energy threshold for GRAAL is derived from �g. 8.8 as 250 � 110 GeV at 10Æ zenithangle and 300 � 130 GeV at 30Æ zenith angle.109
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Figure 8.5: Energy resolution as de�ned in eq. 8.1 for showers with distan
e to the 
ore < 60 m(panel a.) and � 60 m (panel b.). Compare with right panel of �g. 8.3 (see also text).The estimation of the GRAAL energy threshold with the se
ond version of MC -whi
hreprodu
es 
orre
tly the signal-to-noise ratio (se
tion 5.3)- gives similar results [32℄.8.5 Hadroni
 a

eptan
eWe have seen that on
e that a limit for the dete
tion of gamma showers is set, all the gammashowers within this limit are dete
ted. The limit is given mainly by the energy of the showersand in se
ond order by the distan
e to the 
ore of the shower (see �g. 8.7).For proton showers, this limit 
an not be set, in 
ontrast the dete
tor a

eptan
e in
reaseswith the energy of the primary. Fig. 8.9 shows the a

eptan
e of proton showers with the energyof the primary. It is observed that for low energies the spe
trum of the dete
ted protons is 
at,indi
ating that the low 
olle
tion eÆ
ien
y is 
ompensated by a high 
ux of protons at thatenergies.Fig. 8.10 shows the a

eptan
e of protons depending on the distan
e from the shower 
oreto the 
entre of the array. It 
an be seen that the fra
tion of dete
ted showers de
reases withthe distan
e to the 
ore without a visible threshold e�e
t (
ompare with �g. 8.7).8.6 Flux sensitivityIn GRAAL, the dete
tion of a gamma-ray signal 
an only be done by statisti
al 
omparisonbetween the observed region of the sky where the sour
e is expe
ted (ON) and a test region110
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tive dete
tion area for gammas (panel a.) and protons (panel b.) in
oming froman zenith angle of 30 degrees and azimuth angle of 0 degrees.(OFF). Both regions are observed equal periods of time (10 min) under the same dete
tor
onditions.The signi�
an
e of the gamma-ray signal is given by� = ON�OFFpON+OFF (8.4)where ON (OFF) is the number of events re
orded during an ON (OFF) period.The sensitivity of the experiment 
an be estimated from eq. 8.4, taking into a

ount thee�e
tive area for gamma and proton showers (se
tion 8.3). About 459 hours of observation ONthe sour
e are ne
essary to dete
t e.g. the Crab nebula (assuming the energy spe
trum givenby the Whipple 
ollaboration [114℄) with a 5 � signi�
an
e without any kind of analysis. Thisis a mu
h longer time than the initially 
al
ulated for the experiment, 
a. 38 hours for the samelevel of signi�
an
e1. This overestimation of the sensitivity was due to the original MC used inthe proposal and for whi
h the signal-to-noise ratio was mu
h higher than for real data (se
tion5.3). Unfortunately, the error of the MC simulation was realized after the start of operation ofthe experiment and only then 
ould be 
orre
ted.The sensitivity 
al
ulated above refers to raw data. However, the real sensitivity of a dete
toris 
al
ulated for data after analysis, sin
e in general the analysis favours the a

eptan
e ofgamma showers to the a

eptan
e of proton showers in
reasing the sensitivity of the experiment.1Initially (with the �rst version of Monte Carlo), a total rate of 0.068 Hz and 12.739 Hz had been predi
tedfor gamma-rays and protons respe
tively [31℄.At that time it was assumed that all the showers o�-sour
e (with deviation from the observation position largerthan 0.2 degrees) 
ould be reje
ted. This meant an a

eptan
e of 63% of the gammas against 1% of the protons,de
reasing the time needed for a dete
tion of the Crab nebula at a 5� signi�
an
e to only 26 minutes ON sour
e.111
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Figure 8.7: Dete
tion probability of gamma-ray originated showers (P(gamma,r)) as a fun
tionof distan
e of the impa
t point to the 
entre of the array. The showers have been divided in threeenergy intervals: 50-300 GeV (dotted marks), 300-600 GeV (dashed marks) and 600-1000 GeV(full marks).For Cherenkov dete
tors with an eÆ
ient gamma-hadron separation te
hnique2, the sensitivityin
reases signi�
antly during analysis (e.g. the HEGRA CT1 teles
ope dete
ts the Crab nebulaat a 5� level in about 3 hours). In 
ontrast, dete
tors that la
k an eÆ
ient hadron dis
riminationmethod, like the heliostat arrays, 
an only in
rease their sensitivity by means of angular 
uts,requiring high multipli
ity and working as 
lose as possible to the energy threshold of theexperiment (the ratio of gamma to proton showers in
reases with de
reasing energy).In GRAAL the 
ux sensitivity is in
reased during the data analysis that favours the reje
tionof hadrons to the reje
tion of gamma-ray originated showers. For example, taking into a

ount�g. 7.5 in se
tion 7.2.2, where proton showers are more misre
onstru
tion prone than gammashowers, a 
ut that eliminates misre
onstru
ted showers will favour gamma-ray over protonindu
ed showers. As we will see in se
tion 13.1.4.1, a signal of the Crab nebula at a 4.5�signi�
an
e is obtained in GRAAL after analysis in less than 8 hours, indi
ating an importantin
rease of the sensitivity 
ompared to raw data.
2An eÆ
ient gamma-hadron dis
rimination reje
ts more than 99% of the hadroni
 showers and a

epts morethan 50% of the gamma showers (see 
hapter 7). 112
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Figure 8.8: Number of showers dete
ted by GRAAL as a fun
tion of energy. The maxima of the
urves indi
ate the energy threshold of GRAAL for showers in
ident from a zenith angle of 10Æ(250 GeV, full line) and for showers in
ident from 30Æ zenith angle (300 GeV, dashed line).
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Figure 8.9: Shown are the spe
trum of the weighted MC sample of proton showers at zenith =30 degrees and azimuth = 0 degrees (full line), the number of dete
ted showers by GRAAL forthe same sample (dashed line) and the integrated a

eptan
e of the dete
tor (dotted line). Forlow energies, the number of dete
ted showers is quite 
at (
ompare with full line). This meansthat the real spe
trum (full line) is 
ompensated with a low a

eptan
e of the dete
tor for lowenergy showers.
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Chapter 9Comparison MC-real dataWe expe
t from the Monte-Carlo simulation (
hapter 5) that it reprodu
es as a

urately aspossible the dete
tion of the Cherenkov airshowers with GRAAL. This 
hapter des
ribes the
omparison of some basi
 parameters between experimental dete
ted showers and simulatedgamma-ray and proton indu
ed showers. For the 
omparison we have 
hosen the MC samplewith in
ident zenith angle 30 degrees and azimuth angle 0 degrees and a sample of the datataken on the sour
e 3C 454.3 with zenith angle range 25-35 degrees and azimuth angle between310 and 322 degrees.The threshold parameter nt (se
tion 6.1.2.1) was set to 6 for the MC data and to 7 for the
ompared experimental data (se
tion 12.1). The motivation for the slightly lower value of ntfor MC analysis is that experimental signals seem to be somewhat smaller than expe
ted fromthe MC simulation (se
tion 5.3). Some parameters of the re
onstru
tion pro
edure were foundto depend quite sensitively on the signal-to-noise ratio. We 
hose nt=6 in order to reprodu
e
orre
tly the experimentally observed ratio rio as de�ned in se
tion 7.2.2.In all the se
tions whi
h follow the 
omparison between MC simulated and experimentalshowers has been done with those showers whi
h pass the software 
uts (see table A.1 in appendixA). Se
tion 9.1 
ompares the 
harge spe
trum of 
osmi
 ray showers for the real events and theMC simulation whi
h must reprodu
e the power law distribution of the 
osmi
 rays.A

ording to se
tion 8.1 the angular resolution of GRAAL is dire
tly related to the numberof peaks used in the re
onstru
tion pro
edure (see �g. 8.2). Se
tion 9.2 
ompares the number ofdete
ted and re
onstru
ted Cherenkov pulses and se
tion 9.3 and subse
tions 
ompare then theangular resolution for the simulated and the real showers and explain the dis
repan
ies attend-ing to the dependen
e of the angular resolution on the in
oming dire
tion and the weightingpro
edure of MC showers.Finally, se
tion 9.4 
ompares the parameter lsq2t of the timing �t to the showerfront (se
tion6.2.2) for simulated and real showers.9.1 Total-
harge spe
trumThe total 
harge of a shower (se
tion 6.1.3) is a dire
t measurement of the number of photonsof the shower (se
tion 4.4) and 
onsequently of the energy of the primary parti
le (see �g. 2.3).Thus, the total 
harge spe
trum for all showers must reprodu
e the well known power lawenergy distribution of the 
osmi
 rays [242℄. Fig. 9.1 displays the total 
harge spe
trum forthe showers whi
h have passed the software 
uts (see table A.1) both for MC-simulated proton117



and experimental showers. Far above the threshold the experimental spe
trum follows a powerlaw with a di�erential index of about -1.6, whi
h is mu
h larger than the one of the primaryspe
trum of -2.7 [242℄.

Total charge (mV)

10
-3

10
-2

10
-1

10
4

10
5

Figure 9.1: The number of showers as a fun
tion of \total integrated 
harge" per shower. Thedashed line 
orresponds to experimental data, the full line is from the MC simulation. The 
urveswere normalized for the same number of showers. The x-axis is in units of summed 
ash-ADCamplitudes in mV.There are several reasons for this dis
repan
y. The �rst and most important one is thatnon-linear ampli�ers are used in our setup (se
tion 3.3.1), i.e. during the ampli�
ation stage,the large pulses are more ampli�ed than the small pulses. Then, in order to 
ompare the
harge spe
trum with the real energy spe
trum, the signals have to be 
onvoluted �rst with thenon-linear gain. The se
ond reason is the large s
atter between energy and integrated 
harge(se
tion 8.2). The energy of a shower is underestimated for showers far from the 
ore, sin
e onlya fra
tion of the total light is 
olle
ted for those showers (see �g. 8.4, left panel). Then, thefra
tion of showers far from the 
ore will steepen the slope of the total 
harge spe
trum (theymove to lower energies in a plot of number of dete
ted showers as a fun
tion of energy).The Monte Carlo simulated spe
trum looks qualitatively similar to the experimental data butfollows a slightly steeper index of about -1.9. One reason for this is that far above the thresholdthe 
uto� in simulated proton energy at 10 TeV is already expe
ted to have a steepening e�e
ton the MC spe
trum. 118
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Figure 9.2: Number of showers with a given number of peaks registered in all four re
orded timingtra
es. The dashed line is for MC simulated protons, the full line for gammas, and the dottedline for experimental data taken under similar in
ident angles. The total number of showers wasnormalized to the experimental data for 
omparison.9.2 Number of heliostats with dete
ted signalA basi
 parameter in the showerfront re
onstru
tion is the number of Cherenkov 
ashes fromindividual heliostats that have been re
orded (se
tion 6.2.2). Fig. 9.2 shows the distributionof the dete
ted number of pulses over the threshold (nt � �NSB). The mean (RMS) of thedistribution for proton MC is 19.6 (10.0) and for the experimental data 21.7 (10.3). Some peaks
an not be identi�ed as being due to a re
e
tion from a 
ertain heliostat and are not used for there
onstru
tion of the shower timing front (se
tion 6.2.2). Fig. 9.3 shows the distribution of the\remaining" identi�ed peaks that 
ould be atta
hed to individual heliostats (
alled NREMAIN).The mean (RMS) of the distribution for proton MC is 16.3 (10.9) and for the experimental data16.0 (7.5). From this, the fra
tion of identi�ed peaks is 83% for protons in the Monte Carlo and73% in the experimental data.Table 9.1 shows the results of a �2 
ompatibility test between simulated proton and gamma-ray indu
ed showers and between proton-indu
ed and experimental showers. The �2 values forthe number of peaks show a 
ompatibility with identity of the parent distribution for the numberof degrees of freedom between gamma-ray and proton simulated showers. However, the protonand data distribution di�er signi�
antly. The di�eren
e is due in both 
ases to a disagreementnear threshold and for very large showers, whereas for the majority of intermediate showers-with a number of peaks between about 15 and 40- the agreement is satisfa
tory.The reason for the dis
repan
y for very small showers is probably that the dis
repan
y119
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Figure 9.3: Number of showers with a given number of peaks that were atta
hed to individualheliostats and were used in the �nal determination of the shower dire
tion. The dashed (full) linesare for MC simulated proton (gamma-ray) indu
ed showers. The dotted line is from experimentaldata taken under similar in
iden
e angles. The total number of MC showers was normalized tothe experimental data for 
omparison.between data and MC in the ratio of shower sizes and size of the NSB dis
ussed in se
tion 5.3is not 
ompletely resolved by the 
hoi
e of slightly higher nt dis
ussed in the previous se
tion.For very large showers the reason for the dis
repan
y has a di�erent nature. From �gure 9.2it is obvious that there is a tail of showers with large number of peaks (> 55) whi
h is not presentin the MC proton showers. This is due to the e�e
t of afterpulsing in the PMTs whi
h has notbeen MC simulated (se
tion 5.3). An argument in favour of this possibility is that there are someshowers with more peaks than the existent heliostats (63) meaning that some of su
h peaks are
learly fake. In �gure 9.3 the tail at large number of peaks has disappeared, indi
ating that theanalysis pro
edure whi
h permits the reje
tion of some peaks for the showerfront re
onstru
tion(se
tion 6.2.2) is 
orre
t at least at some stage (see se
tion 9.4). In fa
t, it 
an be observed thatthe \real" number of peaks for the largest showers is somewhat lower for the experimental data.This is an expe
ted behaviour sin
e during data a
quisition it was noti
ed that typi
ally 4-10heliostats were inoperational at any given time.Small dis
repan
ies in the intermediate showers (with 15-40 peaks) 
an be due to the slightlydi�erent position in the sky (in the azimuth angle range mainly) of the MC-simulated andthe experimental showers. The MC weighting pro
edure (se
tion 5.1) 
an also introdu
e someadditional 
u
tuation in the simulated showers (se
tion 9.3.2).120



�2red(gamma/p) �2red(data/p) ndofTotal number of peaks (�g. 9.2) 1.05 3.09 70Sele
ted number of peaks (�g. 9.3) 1.2 4.67 70Table 9.1: Results of a 
omparison of the distributions in �g. 9.2 and 9.3. �2red(gamma/p)lists the values from a 
omparison of gamma versus proton indu
ed showers, and �2red(data/p)a 
omparison of proton indu
ed showers and data. �2red values that are a

eptable on the 90%
on�den
e level for the given number of degrees of freedom ndof are bold fa
ed.9.3 Angular resolutionFig. 9.4 shows the angular re
onstru
tion for MC simulated proton showers and experimentalshowers. The angular resolution is 0.8�0.5Æ for proton MC showers and 0.9�0.5Æ for experi-mental showers in this position.
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Figure 9.4: Angular re
onstru
tion of events from MC simulated proton showers (full line) andexperimental showers taken in a similar dire
tion (dashed line). The fra
tion of events withangular deviation <0.7 deg with respe
t to all events (rio) is 0.27 and 0.26 for real and MCproton showers respe
tively.The slight di�eren
e between the angular resolution for MC proton and experimental showers
an be explained taking into a

ount the di�erent in
oming dire
tions of both samples (se
tion9.3.1) and the 
u
tuations of the weighting pro
edure for MC showers (se
tion 9.3.2). The givenvalues for the angular resolution are slightly higher than the ones of se
tions 8.1 and 7.2.2, sin
ein su
h se
tions an average angular resolution was inferred from the angular resolution at several121



in
oming dire
tions.9.3.1 Dependen
e of the angular resolution on the in
oming dire
tion of theshowersThe angular resolution depends strongly on the number of peaks used for the re
onstru
tionof the shower front (se
tion 8.1). In addition, the number of dete
ted peaks depends on theposition of the sour
e whi
h is being tra
ked, sin
e a 
hange in the time pattern of the peaks(see �g. 6.4) entails a di�eren
e in the overlap and 
onsequently in the total number of peaks.This dependen
e of the angular resolution on the position is seen in table 7.3 (se
tion 7.2.2),where the parameter rio (fra
tion of events with angular deviation <0.7 deg with respe
t to allevents) di�ers for the two shown positions.Nevertheless, the number of peaks is not the only fa
tor whi
h determines the angularresolution. The position of the peaks in the theoreti
al pattern (se
tion 6.2.1) 
an produ
e abias in the re
onstru
ted dire
tion if the pattern is regular, i.e. if the time interval between pulsesis very similar. The reason is that a wrong identi�
ation heliostat-pulse may be easily foundby shifting in time the whole pattern. Fig. 6.4 shows the theoreti
al patterns for three di�erentin
oming dire
tions. For example, in the b. 
on�guration it 
an happen that the identi�
ationheliostat-pulse is not 
orre
tly done if some peak is not re
orded, sin
e the pattern for 
ones 3 and4 is very regular. In 
ontrast, for the 
. 
on�guration, a failure in the assignment heliostat-pulseis very unlikely, sin
e a wrong assignment in
reases the lsq2t of the �t to the sphere signi�
antly.Fig. 9.5 shows the deviation of the re
onstru
ted from the pointing zenith angle as a fun
tionof the pointing azimuth angle for a sample of real data taken on the sour
e 3C454.3. The qualityof the zenith angle re
onstru
tion is strongly in
uen
ed by the pointing azimuth angle. Forazimuth angles 
lose to zero (360) degrees the theoreti
al pattern is very regular (see �g. 6.4,panels a. and b.). This worsens the angular re
onstru
tion with respe
t to other pointingpositions.9.3.2 In
uen
e of the weighting of the MC sample on the ratio rioThe MC simulated sample has been weighted (se
tion 5.1) for all the studies done throughoutthis thesis. It might o

ur that the weighting pro
edure a�e
ts some results. If the weightingintrodu
es an additional 
u
tuation to the statisti
al errors of the distribution, the e�e
t ismore likely to be observed for showers with very low statisti
s (namely, at low energies andsmall shower 
ores).In table 7.3 of se
tion 7.2.2 the ratio rio is shown for MC samples in two di�erent dire
tions.The unweighted value (in bra
kets) is shown to study the e�e
t of the weighting in the showers.We have estimated the error introdu
ed by the weighting pro
edure in the value of rio. Forgamma-ray showers, the error is about 5-15% of the rio value. As the threshold from table 7.3is in
reased from nt=5 to nt=6 the error de
reases. For proton showers there is an additionalweight with respe
t to gamma showers, the angular one. This weight is the one whi
h introdu
esthe largest error. Showers from a dire
tion far from the pointing dire
tion (> 2Æ) have a verylow probability of being dete
ted (see �g. 10.1). However, if one of them is dete
ted, it will bestrongly weighted due to its in
oming position. The error introdu
ed by the weighting in thevalue of rio for proton showers has been estimated in about 35-50% (again, the error de
reaseswhen the analysis threshold is in
reased).This estimation indi
ates that we have to be 
areful when 
onsidering \di�eren
es" betweengamma and hadron showers, whi
h might have been indu
ed just by the weighting pro
edure.122
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Figure 9.5: Deviation of the re
onstru
ted from the pointing zenith angle as a fun
tion of thepointing azimuth angle for a sample of real data taken on the sour
e 3C454.3.9.4 Timing propertiesThe distribution of the lsq2t (eq. 6.2) of the timing �t for MC simulated and experimental showershas been shown in �g. 7.3 (
hapter 7).The distributions for MC simulated gammas and protons are remarkably similar (se
tion7.2.1.1). The mean (RMS) values of the distribution are 1.46(1.93) and 0.99(1.37) for experi-mental data and MC proton-indu
ed showers respe
tively. The �2 
ompatibility study of se
tion9.2 has been also made for the lsq2t distribution. In this 
ase, all �2 values are in
ompatiblewith identi
al parent distributions (�2red(gamma/p) = 1.54 and �2red(data/p) = 1.72 with ndof =200). While a di�eren
e between gamma-rays and protons is expe
ted (the former have slightlysmaller deviations from a spheri
al front), the larger deviation of experimental showers from aspheri
al front with respe
t to MC showers is very likely due to the e�e
ts of afterpulsing (se
-tion 5.3). Even if the analysis program has the possibility of reje
ting a given number of pulsesfor the showerfront re
onstru
tion (se
tion 6.2.2), it 
an happen that -due to a higher number of\fake" peaks than expe
ted or to the reje
tion of some real peak- after pulses 
ontribute to theshowerfront re
onstru
tion and therefore to the lsq2t distribution. Sin
e su
h peaks have largerdeviations from the showerfront than the real peaks, the mean of the lsq2t distribution will bein
reased.Fig. 7.2 shows that the time deviation from the shower front for the real pulses is very similarfor MC proton and experimental showers, indi
ating that the \fake peaks" (with deviations largerthan 5 ns from the showerfront) are the responsible for the in
rease of the lsq2t for experimentalshowers with respe
t to MC proton showers. An alternative sour
e of \fake peaks" to afterpulsing123



(e.g. muons) has not been proven.
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Chapter 10Restri
ted �eld of viewIn GRAAL, the �eld of view (fov) seen by one single heliostat has values between 0.42Æ and0.84Æ for the heliostats furthest (146 m) and 
losest (52 m) to the 
entral tower respe
tively (see�g. 3.3). We infer an average �eld of view for all the GRAAL heliostats of approximately 0.6Æfull opening angle. This value is small in 
omparison with the �eld of view of the traditionalCherenkov teles
opes (e.g. 2.4Æ in Themisto
le [16℄, 4.8Æ for CAT [185℄ and 4.3Æ for the HEGRAarray [111℄). Se
tion 10.1 explains the reasons whi
h for
e the ele
tion of su
h a small value inGRAAL.The restri
ted �eld of view has proven to be one of the main drawba
ks of the heliostatarray approa
h for its 
apability to \erase" any existing di�eren
e between gamma- and hadron-indu
ed showers. Se
tion 10.2 and 
orresponding subse
tions explain the e�e
ts of the restri
tedfov on the Cherenkov airshowers.10.1 Reasons to 
hoose a small �eld of viewThe gamma-ray energy threshold s
ales with the �eld of view asEth /r 
�Ae� (10.1)where the solid angle 
 is well approximated by 
 = �(fov/2)2, � is the time during whi
hthe night sky light is integrated by the dete
tor and Aeff is the e�e
tive area. This assumesan angular aperture big enough to a

ept all the Cherenkov photons [45℄. The angular size ofan air shower as seen from the edge of the light pool is several milliradians. Therefore it isadvantageous initially to in
rease the �eld of view in order to in
rease the sour
e signal relativeto the trigger threshold. Patterson & Hillas [182℄ obtain an optimum �eld of view of about 2.5Æfrom their simulations without sky noise for an energy threshold of 200 GeV for gamma showers.The Cherenkov teles
opes have values for the fov 
lose to this optimum. For the heliostat arrays,the situation is very di�erent.To gain advantage of using many large mirrors with only one 
entral dete
tor the heliostatsneed to have a fo
al length longer than 80 m, about a fa
tor 20-30 larger than those of theteles
opes used for the imaging of VHE gamma-ray showers. For spa
e reasons in the 
entraltower (se
tion 3.2.1) the light dete
tor at the fo
us 
annot be s
aled up by su
h enormousfa
tors. Moreover the 
onstru
tion of an imaging 
amera for ea
h heliostat would be prohibitelyexpensive. These two fa
tors for
e a 
ru
ial 
ompromise in Cherenkov dete
tors using heliostat125



�elds: the �eld of view has to be 
hosen about one to two orders of magnitude smaller in solidangle than in traditional Cherenkov teles
opes.Nevertheless, at the low energies of the heliostat arrays a small �eld of view is somewhata

eptable sin
e the showers are less extended spatially (the parti
les are less penetrating dueto their smaller energy). Our MC simulations show that about 60% of the Cherenkov light ofshowers indu
ed by gamma rays with small energies (100 GeV) is 
olle
ted in the GRAAL setup,whi
h means that 
a. a fa
tor 2 of the light is lost due to the restri
ted �eld of view. In 
ontrast,GRAAL has a mirror area (2500 m2) whi
h is larger 
a. a fa
tor 30 in 
omparison with thetraditional teles
opes (e.g. Whipple has a mirror area of 75 m2 [43℄). Besides, the fra
tion oflight lost due to the small �eld of view is larger for hadron than for gamma showers, favouringthe hadroni
 reje
tion [45℄. In spite of all the 
onsidered fa
tors, the disadvantages 
aused bythe restri
ted fov turned out to be numerous (see next se
tions).10.2 E�e
ts of a small �eld of view10.2.1 Re
onstru
ted dire
tion of proton indu
ed showersSe
tions 7.1.2 and 7.2.2 explained the possibility of dis
riminating gamma- and proton-indu
edshowers by ex
luding all showers that do not arrive from the sour
e dire
tion within the angularresolution. In our setup the 
ombination of two fa
tors, namely, poor angular resolution (0.7Æ,se
tion 7.2.2) and restri
ted �eld of view (� 0.6Æ, see beginning of this 
hapter), prevents theuse of this te
hnique for hadron reje
tion.A

ording to our MC simulations, GRAAL 
an dete
t proton showers with in
ident dire
tionstill 2Æ angular distan
e from the observation point (see �g. 10.1). Fig. 10.2 (red line) shows thedistribution of the di�eren
e between true and re
onstru
ted shower dire
tion. From that �gure� 90% of the hadroni
 showers 
ould be reje
ted attending to the re
onstru
ted dire
tion againsta 65% of the gamma-ray showers (a

ording to the ratio rio of se
tion 7.2.2) by a

epting onlythe events whi
h fall within our angular resolution (0.7Æ). Unfortunately, the angular restri
tionof GRAAL produ
es a bias of the re
onstru
ted shower dire
tion towards the sour
e dire
tion(see �g. 10.2, bla
k line) and redu
es the fra
tion of reje
ted protons to less than 80%.In
reasing the software 
ut NREMAIN of table A.1 from 5 to 15 re
onstru
ted peaks, sothat misre
onstru
ted showers are not 
onsidered (se
tion 8.1), we obtain a 85% of a

eptedgamma showers vs. a 27% of reje
ted proton showers within the angular resolution of thedete
tor for the same MC sample as in �gs. 10.1 and 10.2 (this does not allow an e�e
tivegamma-hadron separation). In 
ontrast, if the bias towards the sour
e dire
tion 
aused bythe restri
ted fov is not 
onsidered, the fra
tion of reje
ted proton showers in
reases to 70%.Thus, the angular resolution of our dete
tor is not the main problem for an e�e
tive hadrondis
rimination, although a better angular resolution would still in
rease the 
al
ulated fra
tionof reje
ted proton showers (70%) with respe
t to reje
ted gamma showers (15%). In 
ontrast,the bias of the re
onstru
ted proton dire
tions towards the sour
e dire
tion 
aused by the smallfov is the responsible for the redu
tion of the fra
tion of reje
ted showers to a 27% and thefailure of the method.The reason for the above mentioned bias is sket
hed in �gure 10.3. The �eld of view \sele
ts"a part of the shower whi
h lies towards the shower maximum of a shower arriving from the sour
edire
tion. The timing-�t then �nds the dire
tion of this subpart of the shower, whi
h is biasedtowards the sour
e dire
tion. 126
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Figure 10.1: In
oming dire
tion of the proton showers dete
ted by GRAAL with respe
t to thepointing dire
tion. For the distribution, a weighted MC sample of protons with in
oming dire
-tions from a sphere of 5Æ radius with 
entre in zenith angle of 10 degrees and azimuth angle of 45degrees was used. At distan
es larger than 2Æ from the pointing position the number of dete
tedshowers is negligible.10.2.2 Density of light on the groundThe distribution of light on the ground of a Cherenkov airshower is determined by the develop-ment of the shower through the atmosphere (se
tion 7.1.4). When all the Cherenkov photonsemitted by the airshower are dete
ted, a 
lear di�eren
e shows up between the distributionsoriginated by gamma and proton primaries. Whereas a gamma-ray shower presents an homoge-neous distribution of light on the ground, with a 
hara
teristi
 hump at a distan
e � 120 m awayfrom the shower 
ore (at GRAAL altitude), the hadroni
 showers present a mu
h more irregularstru
ture, 
aused by the larger intera
tion length of protons with respe
t to photons in the airand the large transverse momenta of se
ondary parti
les produ
ed in hadroni
 intera
tions.Borque [32℄ studied the e�e
t of a restri
ted �eld of view in the distribution of light fromairshowers at ground level. A brief summary is exposed below.Fig. 10.4 shows the distribution of light on the ground for showers originated by a 200 GeVgamma-ray and a 500 GeV proton. The same three 
on�gurations of �g. 7.1 (se
tion 7.1.4)are shown, but for a shower falling at 40 m from the 
entre of the array. The imposition of arestri
ted �eld of view modi�es remarkably the distribution of light on the ground, parti
ularlyfor gamma-ray showers falling far from the 
entre of the heliostats array. When all the Cherenkovphotons are dete
ted (panel a. of �g. 10.4), the 
hara
teristi
 light distribution of gamma-rayshowers (
onstant density of light in a 
ir
le of around 120 m radius and a hump more intense at127
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Angular distance (deg)Figure 10.2: Re
onstru
ted dire
tion of the MC proton showers with respe
t to the real (red line)and pointing (bla
k line) position. The same MC sample from �g. 10.1 has been used. There
onstru
ted dire
tions are arti�
ially biased towards the pointing position due to the restri
ted�eld of view of the array (see text).the edge of the 
ir
le) is observed. Under restri
ted fov, if the heliostats are pointing in \parallelview" (panel 
. of �g. 10.4), only those situated 
lose to the 
ore position dete
t a signi�
antfra
tion of the in
ident light, i.e. the fra
tion of light dete
ted de
reases with the distan
e ofthe heliostat to the 
ore. This is 
learly seen in �g. 3.6. The heliostats far from the 
ore of ashower are looking at a region in the sky far from the maximum of that shower. In addition,those heliostats 
an only see the light whi
h is generated near the axis formed by the pointingposition and the heliostat due to their restri
ted �eld of view. Thus, they 
an not see the lightof the shower.In the \
onvergent view" 
on�guration the situation is somewhat di�erent, if the shower fallsin the 
entre of the array the restri
ted fov does not alter signi�
antly the light distribution onthe ground (see panel e. of �g. 7.1), sin
e the heliostats point to the maximum of the shower andall the light generated at that point and above is dete
ted, even at large distan
es from the 
ore.However, if the shower 
ore is far from the 
entre of the array, the radial stru
ture of the lightdensity on the ground is lost (see panel e. of �g. 10.4). In this 
ase, the eÆ
ien
y of ea
h mirrorto dete
t photons depends on the orientation of its opti
al axis with respe
t to the shower axisand on the distan
e to the 
ore. Therefore, the angular restri
tion favours the dete
tion of onlyone part of the ring, the one whi
h lies 
loser to the 
entre of the array1.In the 
ase of hadroni
 showers, the stru
ture of the light distribution on the ground when1The eÆ
ien
y will be higher at the position above the 
entre of the array at whi
h all the heliostats arepointing. 128
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Figure 10.3: Sket
h to illustrate the e�e
t of a small-�eld of view -ne
essitated by the heliostat-�eld approa
h (se
tion 10.1)- on the determination of the timing stru
ture. A gamma-ray indu
edshower is symbolized in the left part of the �gure and a proton indu
ed one with a slightly di�erentin
ident dire
tion on the right. The proton shower is spatially more extended and symbolized asa 
olle
tion of small sub-showers. The restri
ted �eld of view \ proje
ts" out sub-showers in the
entral part of the shower out of the more extended proton shower. Other more penetrating andlaterally extended sub-showers -that in
rease the 
u
tuation in the timing front- do not 
ontributeto the light dete
ted within the restri
ted �eld of view. One sub shower with an in
ident dire
tionbiased towards the pointing dire
tion (symbolized by the label \sub") is preferentially dete
ted andthus biases re
onstru
ted dire
tions towards the pointing dire
tion.
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Figure 10.4: Typi
al distributions of Cherenkov light dete
ted at ground observation level (505m a.s.l. for GRAAL). The showers were MC generated by a gamma-ray (panels a., 
. and e.)and a proton (panels b., d. and f.) verti
ally in
ident with the 
ore situated 40 m away fromthe 
entre of the array. The grey s
ale is linear in number of 
olle
ted photons, the maximumintensity being the maximum number of 
olle
ted photons. See text for explanation of the di�erent
on�gurations (
ompare also with �g. 7.1). Taken from [32℄.130
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Figure 10.5: Time stru
ture of a typi
al gamma-ray initiated shower. b. The arrival time asa fun
tion of distan
e from the 
ore in metres for a typi
al gamma shower. The shading isproportional to the Cherenkov-photon density. 
. Same as b. but only those photons with anarrival dire
tion within 0.3Æ from the dire
tion towards the shower maximum from a positionon the ground are displayed for the same shower. a. Number of Cherenkov-photon emittingele
trons in the shower as a fun
tion of height a.s.l. when all the light is 
olle
ted (red line) andwhen the restri
ted �eld of view is 
onsidered (blue line).all the Cherenkov photons are dete
ted 
hanges as well under restri
ted fov but still maintainingan irregular shape (see panels b. , d. and f. of �g. 10.4). This is an expe
ted result, sin
e we havesaid that the eÆ
ien
y of the dete
tors depends on the orientation of the mirrors with respe
tto the shower axis and on the distan
e to the 
ore in the 
on�guration with restri
ted fov and
onvergent view. Consequently, the stru
ture of the light on the ground is given in this 
ase bya 
ombination of the eÆ
ien
y of the mirrors for ea
h position and the total light generated atthat position.In summary, the di�eren
es whi
h 
hara
terize the distribution of light on the ground ofgamma and hadron originated showers when all the Cherenkov light is dete
ted disappear underrestri
ted �eld of view, turning in 
ompletely ineÆ
ient any hadron reje
tion te
hnique basedon su
h di�eren
es.10.2.3 Temporal stru
ture of the showerfrontThe arrival times of proton-indu
ed showers have a mu
h wider s
atter around the mean arrivaltime than the ones of gamma-indu
ed showers due to the more irregular development in theatmosphere of the former (se
tion 7.1.1).Figs. 10.5 and 10.6 (b. (
entral) panels) show the stru
ture of the shower front for a typi
algamma and proton Cherenkov shower from the MC simulation without simulation of the dete
-tor. The large s
atter of the proton shower in 
omparison with the gamma shower is evident. Inpanels 
. of the same �gures, the shower front is shown with a restri
tion on the in
ident angleof the photon similar to the GRAAL fov. The s
atter at all distan
es from the 
ore is smallerfor both primaries (the showerfront narrows) but the e�e
t is stronger for the protons.Panels a. of �gs. 10.5 and 10.6 demonstrate the reasons for this behaviour. The s
atter ofthe arrival times of proton showers with respe
t to an ideal spheri
al timing-front is mainly dueto the deeply penetrating part of the shower. Gamma-ray showers are less penetrating than131
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Figure 10.6: Time stru
ture of a typi
al proton initiated shower. The panels show the samequantities as in the previous �g. 10.5. Note that the proton emits a mu
h smaller fra
tion oflight within the restri
ted �eld of view be
ause of its larger angular extension.protons and do not produ
e a signi�
ant fra
tion of light at lower altitudes in 
omparison withproton showers (see panel a. (red line) of �gs. 10.5 and 10.6 respe
tively). Therefore the arrivaltimes of the Cherenkov photons present small deviations from an spheri
al shower front (seepanel b. of �g. 10.5). In 
ontrast, the deviations from an spheri
al shower front are large forproton showers (see panel b. of �g. 10.6). Under restri
ted fov the photons emitted far from theshower axis are not dete
ted due to the angular restri
tion (see panels a. of the same �gures,blue line), but the 
onvergent view maximizes the dete
tion eÆ
ien
y at the maximum of theshower and above it. Thus, the total e�e
t is an almost identi
al, narrow and spheri
al showerfront for gammas and protons. The experimental data reprodu
e this narrowness (see �g. 7.2).As in the previous se
tion, the restri
ted fov destroys the di�eren
es inherent to gamma-rayand proton showers. Any gamma-hadron separation te
hnique based on the temporal stru
tureof the showerfront is ineÆ
ient under angular restri
tion.10.3 Con
lusionsAfter the implementation of the solar-experiments, it has been shown that all the methodsproposed for gamma-hadron separation based on di�erent shower properties (
hapter 7) arenot e�e
tive. This is due to the restri
ted fov, that makes proton indu
ed showers look likegamma-ray indu
ed showers.In addition, the reje
tion of hadroni
 showers attending at their arrival dire
tion has a verylow eÆ
ien
y for the heliostat-arrays. This is again a 
onsequen
e mainly of the restri
ted �eldof view (see se
tions 2.3.3.3, 7.2.2 and 10.2.1).The software dis
rimination of the hadroni
 ba
kground, that fails for the solar-arrays dueto the restri
ted fov, is very likely to work for wavefront samplers with a large �eld of view likethe Pa
hmarhi array (PACT). We have seen throughout this 
hapter that the failure of gamma-hadron separation te
hniques based on timing and lateral distributions of the Cherenkov showersfor the heliostat-arrays is indi
ated already by the Monte Carlo simulations. In 
ontrast, the MCresults are very en
ouraging for PACT. For example, Bhat & Chitnis [25, 54℄ report reje
tionfa
tors of more than 95% of the protons retaining about 60% and 27% of the gammas with132



two di�erent methods. These methods have not been applied yet to real data. In addition,Vishwanath [230℄ des
ribes another method for hadron dis
rimination that has been tested withsu

ess on PACT real data (no quality fa
tor is given in this 
ase). Finally, the hadroni
 reje
tionof showers by means of their arrival dire
tion 
an be also applied in PACT. Vishwanath et al.[231℄ report a dete
tion of the Crab nebula at a 12� level signi�
an
e using this method (noquality fa
tor is given).
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Chapter 11Night Sky Ba
kgroundThe e�e
t of the night sky ba
kground is a fundamental problem for all Cherenkov experiments,espe
ially for those with an energy threshold very near the Poissonian 
u
tuations of the NSB,i.e. with a hardware trigger that requires a threshold for the Cherenkov pulse \slightly" abovethe NSB 
u
tuations.This e�e
t be
omes 
ru
ial for experiments whi
h la
k an e�e
tive gamma-hadron separationmethod (see 
hapter 7). Those experiments 
an only dete
t gamma-ray emission from a sour
eby statisti
al 
omparison of the events re
orded in two regions of the sky, a region where thesour
e is expe
ted (ON) and a test region (OFF) (se
tion 13.1.3). Di�eren
es in the NSB betweenthe two observed regions 
an destroy a sour
e ex
ess of gamma-rays or indi
ate the presen
e ofan ex
ess where none exists (se
tion 13.2).GRAAL operates very near the ba
kground level (se
tion 2.3.3) to a
hieve a low energythreshold. The situation is similar for the other solar arrays and some wavefront samplers likeTHEMISTOCLE. In 
ontrast, other experiments like the HEGRA array of teles
opes 
hosemu
h higher dis
riminator levels (near 5� above the NSB 
u
tuations [116℄) to \stay away"from Night-Sky e�e
ts.Se
tion 11.1 gives the mean value of the NSB for GRAAL explaining all the sour
es whi
h
ontribute to su
h value. Se
tion 11.2 explains the systemati
 e�e
ts introdu
ed by the NSBin the re
orded data and se
tion 11.3 and 
orresponding subse
tions (one for ea
h systemati
e�e
t) des
ribe the te
hniques whi
h were applied in GRAAL during data analysis to 
orre
tfor su
h e�e
ts. Finally, se
tion 11.4 gives a 
on
lusion about the NSB e�e
ts that 
an not beproperly 
orre
ted.11.1 Night Sky Ba
kground value for GRAALThe Night Sky Ba
kground (NSB) is the sum of starlight, s
attered man-made light, atmospheri

uores
en
e and ba
ks
attered light from arti�
ial sour
es on the ground.At the lo
ation of GRAAL the brightness on small angular s
ale of the night sky (inferredfrom the wide-angle1 value measured at the zenith by Plaga et al. [186℄) is:� = 3:0 � 1012 photons m�2 s�1 sr�1 (11.1)between 300 and 600 nm wavelength, whi
h is a value 
omparable to the very good Roque delos Mu
ha
hos site at La Palma [163℄ .1The full angular a

eptan
e of the phototube was �23 deg.135



The main 
ontributions to the NSB value of s
attered man-made light at the site of GRAALare the lights of the village of Tabernas (at 5 km from the GRAAL site) and the glow of the
ity Almer��a (40 km away from GRAAL), both in the Southwest dire
tion.Another sour
e of ba
kground is the light re
e
ted on the ground that surrounds the he-liostats. This fa
tor is minimized by adjusting the aperture of the Winston 
ones to the size ofthe heliostats image on the fo
al plane so that one PMT \sees" only the ground between theheliostats (but not around) and the heliostats assigned to the 
orresponding Winston 
one. We
an estimate the 
ontribution of the light re
e
ted on the ground, with an albedo of 
a. 20%, tobe about 10%.The di�eren
es of NSB over the sky are of the order of a few per thousand to a few per
ent.Massey & Foltz [151℄ measured the NSB for di�erent dire
tions (with zenith angles from 1 degto 60 deg and di�erent azimuth angles) in two astronomi
al sites (Mt. Hopkins and Kitt Peak)and found di�eren
es in the NSB ranging from 0.9% to 2.5%. For GRAAL, the di�eren
esin NSB 
an be inferred from the RMS of the night-sky 
u
tuations on
e that the ele
troni
noise has been subtra
ted (shown for the positions of all observed sour
es in 
olumn 3 (numberin bra
kets) of tables 12.4-12.5 (se
tion 12.4)). The largest NSB di�eren
e between 2 observedpositions ON and OFF is � 4% for the 
ase of Mrk421, this is due to the presen
e of a magnitude6 star in the �eld of view of the dete
tor for the ON position and therefore 
an not be 
omparedwith the values observed in [151℄, where the in
uen
e of stars in the �eld of view of the dete
torhas been removed. Ex
luding the extreme value of Mrk421, we �nd di�eren
es in the NSB whi
hrange from 0.2% for the sour
es Crab and 3C273 to 2% for the sour
e 3C454.3, being in generalaround 1%, whi
h �ts quite well with the values given in [151℄.The intensity of NSB falls rapidly to zero at wavelengths below 300 nm due to ozone absorp-tion and in
reases rapidly above 550 nm. However, above this value the quantum eÆ
ien
y ofthe PMT is already very small (see �g. 3.9) and the noise is not dete
ted. We have observed thatthere is a \reddening" of the NSB, i.e. a shift to larger wavelengths, at large zenith angles or innights with high humidity. Both 
onditions entail more light being absorbed in the atmospheredue to more atmospheri
 depth to be traversed or low atmospheri
 transmission respe
tively.The ratio singles-rate to 
urrent is lower under su
h 
onditions. The low atmospheri
 transmis-sion produ
es also a de
rease in the di�eren
e of NSB between two positions of the sky withrespe
t to 
lear nights, we found a 70% 
hange in the di�eren
e between the two positions inthe most extreme 
ase. The value of NSB 
an also 
hange from night to night due to e.g. thepresen
e of 
louds whi
h s
atter light. Nights reported as \bright" (air glow of the nearest 
ityvisible and general brightness on the sky) by the operator on the GRAAL site have typi
allyNSB values �5% higher with respe
t to dark nights, the di�eren
e in two positions of the skybeing usually lower in the brighter night.The NSB re
e
ted by all the heliostats seen by a 
ertain 
one adds in the GRAAL 
on�g-uration, the total ba
kground being � 10 times higher than for the other experiments on solarfarms and produ
ing an in
rease in the energy threshold (se
tion 2.3.3.2). The total number ofphotoele
trons 
olle
ted by a GRAAL PMT only due to the NSB 
ontribution is 13(9) p.e./nsfor 
ones 1-2(3-4) respe
tively2, 
ompared to 0.7 p.e./ns in CELESTE [45℄.2The PMTs of 
ones 3-4 see 18 heliostats ea
h vs. the 13 seen by the PMTs of 
ones 1-2, but the �eld of viewseen by the former is mu
h lower, from 0.2 deg of the last row of heliostats (seen by 
ones 3-4) to 0.4 deg in the�rst row of heliostats (seen by 
ones 1-2). 136



11.2 E�e
ts of the NSB11.2.1 In
uen
e of the NSB on the trigger rateAn in
rease of the night-sky 
u
tuations over the normal level 
an produ
e an in
rease in thetrigger rate, either by 
ausing a

idental events or by lowering the energy threshold of thedete
tor. These e�e
ts are explained in the following se
tions.11.2.1.1 Random eventsIdeally, the trigger rate in a Cherenkov dete
tor has only two 
omponents: the gamma-ray sour
eevents and the hadroni
 ba
kground events. The rate of these 
omponents is proportional toE�Æth where Eth is the energy threshold of the dete
tor for ea
h 
omponent and the index Æ isequal to the sour
e primary energy spe
trum index, i.e., for the hadroni
 ba
kground Æ = 1.7and for the gamma sour
e Æ is dependent on the sour
e (e.g. Æ = 1.4 for the Crab nebula [114℄).This is however only approximate for a real dete
tor, where the various non-linearities in theshower development and the dete
tor (ampli�ers and instrumental e�e
ts) a�e
t the weight ofboth 
omponents on the trigger rate.Moreover, for real dete
tors a third 
omponent might appear, namely, additional ba
kgroundevents originated due to random sky-noise pulses. The a

idental trigger rate is determined bythe NSB level. In general, the threshold of the dis
riminators used in the trigger 
on�gurationof the dete
tor (se
tion 3.3.2.2) is set so that the rate of a

idental events is zero. However,it 
an happen that under abnormal 
onditions of light the NSB level in
reases and a

identalevents are re
orded.In GRAAL, the rate of a

idental events 
aused by the 
harge trigger (se
tion 3.3.2.1) isgiven by the probability of 3 
ones out of 4 triggering simultaneously due to the individualq-rates at ea
h 
one:Rqa

 = 4�2(Rq1 � Rq2 � Rq3 +Rq1 �Rq2 �Rq4 +Rq1 �Rq3 �Rq4 +Rq2 � Rq3 � Rq4) (11.2)where Rqa

 is the total rate of \
harge" a

idental events, Rqn is the q-rate re
orded at 
one nand � is the 
oin
iden
e window time of the 
harge trigger (200 ns, se
tion 3.3.2.2).The rate of a

idental events 
aused by the sequen
e trigger is given by the probabilitythat 
ones 1 and 2 trigger at the same time a

identally and is 
al
ulated from the individualsequen
e trigger rates of ea
h 
one: Rseqa

 = 2�2(Rseq1 � Rseq2 ) (11.3)where Rseqa

 is the total rate of \sequen
e" a

idental events, Rseqn is the sequen
e rate re
ordedat 
one n and � is the 
oin
iden
e window time of the sequen
e trigger (150 ns, se
tion 3.3.2.2).Hen
e, the rate of a

idental events rises with the individual sequen
e and q-rates. An in
reaseof the NSB level a�e
ts mainly the individual q-rates. The high reje
tion of the very sele
tivesequen
e trigger produ
es very small individual sequen
e-rates. Therefore, the q-trigger is themost a�e
ted by the NSB.The probability of a

idental events is 
al
ulated every 2 se
onds, so that peaks of highintensity (e.g. due to the light of a 
ar) 
an be dete
ted.The �rst data taken by GRAAL (during season 1999/2000) were 
ontaminated by a

identalevents. This was due to a setting of the dis
riminators threshold (at the hardware level) very
lose to the 
u
tuations of the night sky -to a
hieve the lowest possible energy threshold- andwhi
h turned out to be very sensitive to NSB variations. With the new settings of season137



2000/2001 the individual rates were lowered so that the total rate of real events was still thesame as for season 1999/2000 but there were no more a

idental events3.11.2.1.2 In
uen
e of the NSB in the energy thresholdThe night sky ba
kground 
u
tuations introdu
e a modulation of the base line and \push" overthe threshold events whi
h would have been reje
ted in the absen
e of NSB. The opposite e�e
t,events over the threshold whi
h do not trigger due to a negative 
u
tuation of the night sky,happens more seldom due to the negative power law dependen
e (with an index of -2.7 [242℄) ofthe 
osmi
 rays rate on energy.Therefore, a di�eren
e in the 
u
tuations of the NSB between two regions of the sky (ONand OFF) produ
es a slightly higher trigger rate in the noisier region due to an ex
ess of verylow energy events (the overall e�e
t is a lower energy threshold for this region).For the GRAAL setup this e�e
t was Monte Carlo simulated by raising the amount ofrandom noise by 5% over its usual value. The dete
tor Monte Carlo models the ele
troni
 pulseshaping and the response of the dis
riminator in detail (se
tion 5.2) and so the e�e
tive 
hangein threshold, due to the in
reased noise level 
ould be dedu
ed to be about 6�2%.For the study of sour
es with low statisti
s and di�eren
es in the NSB of a few per thousand,as most of the sour
es studied throughout this thesis (see 4th 
olumn of tables 12.4-12.5 inse
tion 12.4), the e�e
t is within the statisti
al error. Nevertheless, as the statisti
s grow or ifthe di�eren
e in NSB in
reases to a few per
ent (for example a 2% in the 
ase of Mrk421), a
orre
tion must be made.11.2.2 E�e
t of NSB di�eren
es on re
onstru
tionA di�eren
e in NSB leads to slightly di�erent noise levels in ON and OFF data and 
an introdu
esystemati
 e�e
ts in the re
onstru
tion of the events.Noise peaks 
an surpass the software-threshold (nt � �NSB , se
tion 6.1.2.1) and be 
onfusedwith real Cherenkov peaks by the analysis program under high levels of NSB. Besides, the realpeaks 
an be \masked" by 
u
tuations of the night sky. In general, the timing 
u
tuations ofthe shower front in
rease due to the \deformation" of the Cherenkov peaks. The overall e�e
tis a less e�e
tive angular re
onstru
tion of the showers (se
tion 11.3.3).11.3 Corre
tion pro
edures of NSB e�e
ts11.3.1 Reje
tion of a

idental events at the software levelA

idental events 
an be generated by our dete
tor in 
onditions of high NSB (se
tion 11.2.1.1).We are interested in reje
ting all the a

idental events during analysis, sin
e they 
an 
reate ordestroy a gamma-ray signal.In an analysis of raw events (without re
onstru
tion of the dire
tion of the showers), thenumber of random events 
an be 
al
ulated for a 
ertain set of data (se
tion 11.2.1.1) andsubtra
ted from the total number of events (se
tion 13.2) so that a proper evaluation of theex
ess events in the ON position with respe
t to the OFF position 
an be made.An alternative analysis of the data involves the re
onstru
tion of the shower front (se
tion6.2). In this 
ase, the random events 
an not be subtra
ted from the sample sin
e we know the3This has been 
ross-
he
ked with the events re
orded in OF2 mode (se
tion 3.1.4). Sin
e in that mode all theheliostats are defo
used, the re
orded events will be only a

identals.138



�NSB nt Raw events Re
 evs Central evs1.014 5 5129 31 21.014 7 5129 0 0Table 11.1: �NSB: RMS 
u
tuation of the measured NSB (in 
ash-ADC units) of all eventsin sample, nt: level of software-threshold in analysis (de�ned in se
tion 6.2.2), Raw events:all hardware-triggered events whi
h tra
es were re
orded, Re
. events: number of events afterangular re
onstru
tion and software trigger, Centr. events: number of events in 
entral angularregion (within 0.7 degrees of pointing dire
tion). The number of random re
onstru
ted events is0.6% for nt=5 and 0% for nt=7.number of events 
ontained by the sample (see above) but not \whi
h ones" are the randomevents. However, it is expe
ted that the random events are reje
ted after the re
onstru
tion ofthe showerfront by imposing software 
uts (se
tion 13.1.2) to the re
onstru
tion parameters (seebelow).To prove the validity of this hypothesis, random events were arti�
ially generated. A tungstenlamp was adjusted to give a light intensity similar to the produ
ed by the NSB (
omparetables 11.1 and 12.4) and the generated a

idental events were re
orded by the data a
quisitionprogram. The door of the hut was kept 
losed during the whole measurement to prevent anyin
uen
e of 
hanging light 
onditions in the outside.The data �le was analysed with various threshold values (see table 11.1) similar to the onesused for the real data analysis. It was found that less than 0.6% of the a

idental events passthe analysis 
uts (see table 11.1) and only a 6% of these events are re
onstru
ted in the 
entre(less than a 0.04% of the total number of events) for a value of nt = 5, equal to the 
hosen forthe analysis of Crab data. With a higher value of nt no events are re
onstru
ted.The random events are reje
ted by the analysis program due to the in
orre
t timing patternof the noise peaks. There are two possible reasons for the reje
tion:� The number of peaks used for the re
onstru
tion is lower than the limit value (set as 5in se
tion 13.1.2): this happens when the maximum possible number of peaks is reje
ted(sin
e they do not �t in the expe
ted time pattern) and only few peaks (less than 5)remain.� The values of lsq2t are higher than the imposed limit (set as 100 in se
tion 13.1.2): thishappens if the number of peaks used in the re
onstru
tion (NREMAIN in se
tion 9.2) isstill high (above 5).The re
onstru
ted events for nt = 5 are very noisy events. These events have exa
tly 5re
onstru
ted peaks and the value of lsq2t is lower than the imposed limit due to the fa
t that 5peaks 
an be �tted to a wrong dire
tion with a low lsq2t . They 
an be reje
ted just by raisingthe usual software 
ut of \minimum number of re
onstru
ted peaks" from 5 to 7.In our analysis, the fra
tion of reje
ted events in
reases with the noise (se
tion 11.3.3).Then, the in
rease of the number of a

idental events during data taking does not a�e
t thetotal number of events after analysis but it is still detrimental sin
e it in
reases the dead timeof the setup (se
tion 3.3.3.1). Therefore, the GRAAL dis
riminators were set in the season2000/2001 so that no a

idental events are re
orded.139



11.3.2 Dynami
al thresholdFor all the experiments trying to dete
t a gamma-ray ex
ess by statisti
al 
omparison of tworegions of the sky ON and OFF, it is very important to prove that the di�eren
e in energythreshold between both regions is negligible within the statisti
al errors (se
tion 11.2.1.2). InGRAAL, in order to eliminate this di�eren
e, the sele
tion of the peaks whi
h are used tore
onstru
t the temporal shower front is done with a \dynami
al (variable) threshold". Thismeans that the minimum amplitude ne
essary to 
onsider a peak as a real Cherenkov pulse isnot a �xed number of p.e. (or ADC 
hannels) but a �xed number (nt) of deviations from the
u
tuations of the NSB (�NSB), �NSB being 
al
ulated for ea
h of the four tra
es of a showerand for all the showers independently (se
tion 6.1.2.1).This se
tion demonstrates that the analysis with dynami
al threshold redu
es the di�eren
eof energy threshold between two regions of the sky -
aused ex
lusively by di�erent levels of NSB
u
tuations- to a non-signi�
ant value within the statisti
al errors.To test the eÆ
ien
y of the dynami
al threshold te
hnique we have 
hosen a set of datataken on the unidenti�ed EGRET sour
e 3C454.3 (1.5 hours pointing to the sour
e and anequal amount of time pointing to an OFF position). The reason is that one of the largestdi�eren
e of NSB 
u
tuations between ON and OFF regions (2%) has been observed for thedata taken on this sour
e (see se
tion 12.4). In prin
iple, an ON position where no gamma-raysour
e is expe
ted is more suitable for the test. However, it seems likely that the results of thisse
tion are not in
uen
ed by the fa
t that a sour
e was expe
ted in the ON region when thedata was taken, sin
e no signi�
ant ex
ess was found after 9 h 10 min of ON sour
e observation(se
tion 13.1.4.5) and we are using only 1.5 hours.The data �le has been analysed with two di�erent thresholds:� Dynami
al threshold: the amplitude threshold for the Cherenkov peaks is 
al
ulatedindependently for ea
h event.� Fixed threshold: the amplitude threshold for the Cherenkov peaks is the same for allthe events.The results of the analysis with the two proposed thresholds are shown in table 11.2. Thedi�eren
e in energy threshold between ON and OFF periods (given by the integrated 
harge IC,se
tion 9.1) is 0.6% for the analysis with a �xed threshold at a 2.1� level of signi�
an
e. Afterthe analysis with dynami
al threshold the energy threshold is equal for ON and OFF periodswithin the statisti
al error. The di�eren
e in energy threshold between ON and OFF periodswith the former analysis translates in an ex
ess of events in the OFF region (where the energythreshold is slightly lower), whereas the di�eren
e of number of events between ON and OFFperiods with the se
ond analysis is non-signi�
ant as expe
ted.A �nal 
he
k has been done to prove that the di�eren
e of energy threshold between ON andOFF regions after a �xed threshold analysis is the same independently of the absolute energythreshold. The same data �le has been analysed again, this time with a �xed threshold (
alled\Fix th 1") whi
h is a 2% lower than the �xed threshold used up to now (
alled \Fix th 2").Table 11.3 shows the results of this study. As expe
ted, the di�eren
e between ON and OFFregions is the same for both analyses, but the absolute energy threshold is higher for the \Fixedth 2" and therefore a smaller number of events is re
onstru
ted.140



IC Re
onstru
ted eventsFix th Dynami
al th Fix th Dynami
al thON 3.812�0.007 3.813�0.007 4420 4447OFF 3.791�0.007 3.804�0.007 4621 4551EXCESS 0.021�0.010 0.009�0.010 -201� 95 -104�95Table 11.2: Di�eren
e (EXCESS) in integrated 
harge (IC) and number of re
onstru
ted eventsbetween the ON and OFF regions for two analyses performed with two di�erent thresholds, �xedand variable (see text). IC Re
onstru
ted eventsFix th 1 Fix th 2 Fix th 1 Fix th 2ON 3.803�0.007 3.812�0.007 4488 4420OFF 3.780�0.007 3.791�0.007 4697 4621EXCESS 0.023�0.010 0.021�0.010 -209�96 -201� 95Table 11.3: Di�eren
e (EXCESS) in integrated 
harge (IC) and number of re
onstru
ted eventsbetween the ON and OFF regions for two analyses performed with di�erent �xed thresholds (seetext).11.3.3 Software paddingThe systemati
 e�e
ts introdu
ed by the NSB in the event re
onstru
tion (se
tion 11.2.2) 
anbe studied by adding noise arti�
ially to the re
orded tra
es at the software level. This methodis known as \software padding" and was �rst used by the Whipple 
ollaboration [44℄.There are di�erent methods of adding the noise (see e.g. [44℄ and [68℄). In GRAAL, the�rst 40 ns (80 
hannels) of the FADC tra
e are 
onsidered as a \noise pattern" and this patternis added sequentially along the tra
e 
onsidering the non-linear gain of the ampli�ers (se
tion3.3.1). The 
onversion of the amplitude Ai of 
hannel i to A'i (with the additional noise) isgiven by: A0i = (A1=1:4i + a � A1=1:4j )1:4 (11.4)where j = i�n �80 and n = integer(i=j) (the index j indi
ates the 
hannel of the \noise pattern"whi
h has to be added to ea
h index i; n indi
ates the number of \80 
hannels" intervals thatwe have to go ba
k in the tra
e to �nd the noise pattern). The fa
tor a denotes the fra
tion ofinitial noise whi
h is added and 1.4 is the non-linear gain of the ampli�ers.Fig. 11.1 demonstrates that the fra
tion of events near the sour
e dire
tion (well re
on-stru
ted events) de
reases with in
reasing NSB, but the e�e
t is only signi�
ant at relativelylarge in
reases on the order of a few per
ent.Table 11.4 shows the de
rease of the overall re
onstru
tion eÆ
ien
y with the in
rease of theRMS noise. An in
rease of RMS noise by 1% de
reases the overall re
onstru
tion eÆ
ien
y byabout 0.6% whereas the peak to tail ratio PT (se
tion 12.2.2.2) remains invariable within thestatisti
al errors. It is expe
ted that the re
onstru
tion eÆ
ien
y worsens as the NSB in
reases.With an in
reased level of NSB, the Cherenkov peaks will be deformed by the NSB and noisepeaks will pass the threshold being taken as real ones. The overall e�e
t is an in
reased value oflsq2t , either be
ause the identi�
ation heliostat-signal is wrong or due to the noise peaks whi
hdo not �t in the time pattern of the shower front. In both 
ases the events will be reje
ted by141
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Zenith angle (deg)Figure 11.1: The number of showers as a fun
tion of di�eren
e in angular distan
e to the sour
edire
tion re
onstru
ted with the experimental NSB (full line) and NSB in
reased on the softwarelevel (dashed line) by 0.5% (panel a.), 1% (panel b.), 5% (panel 
.) and 10% (panel d.). In thelower plot a de
rease of the fra
tion of events within the 
entral region is obvious (noti
e thatthis is agreement with table 11.4). The variation of PT is the one shown in table 11.4 (noti
ethat the redu
tion of events in the 
entral region does not ne
essarily entails a redu
tion of thePT parameter).
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a 0 0.005 0.01 0.05 0.1�NSB 0.974 0.978 0.983 1.018 1.064Re
 events 8412 8378 8355 8212 8016Central events 2000 1990 1989 1934 1898Ratio PT 0.460�0.012 0.460�0.012 0.462�0.012 0.456�0.012 0.458�0.013Table 11.4: Number of re
onstru
ted (re
) and 
entral events and ratio PT for di�erent NSBlevels. The �NSB, that indi
ates the in
rease of night-sky from 
olumn to 
olumn, is measuredin the tra
e after having added the noise. The parameter a indi
ates the amount of noise that isadded a

ording to eq. 11.4.the lsq2t software-
ut (se
tion 13.1.2), thus de
reasing the number of re
onstru
ted events in these
ond row of table 11.4.In 
ontrast, we expe
t a small variation in the ratio PT. An in
reased NSB will produ
e amigration of events re
onstru
ted in the 
entre (well re
onstru
ted) to the tails of the distributionshown in �g. 6.5. However it is also very likely that events in the tail of the distribution, whi
hhad a wrong identi�
ation heliostat-pulse but passed the lsq2t 
ut due to their very low numberof peaks (5-6), are reje
ted when the night-sky is in
reased (the noise peaks add to the number ofexistent peaks and the lsq2t in
reases over the limit). In short, the ratio PT does not ne
essarilyworsens with an in
reased night-sky. The 
hange of PT will be determined by the balan
ebetween the number of events in the tails whi
h are reje
ted with an in
reased NSB and thenumber of events whi
h \abandon" the 
entre of the distribution of re
onstru
ted dire
tions(be
ause they are reje
ted or be
ause they migrate to the tails).For the sour
es observed up to now the di�eren
es of the RMS NSB are a few tenths of aper
ent at maximum (see se
tion 12.4) and therefore the e�e
t over the re
onstru
tion has beennegle
ted.11.4 Con
lusionsMu
h work has been already done on the NSB e�e
t by other experiments sin
e the 1960s[55, 66℄.In the wavefront samplers, the time 
orrelations between di�erent dete
tors dis
riminate theCherenkov showers against the night-sky ba
kground. However, the night-sky has still a bigin
uen
e in the re
orded Cherenkov showers when the dete
tors work near the 
u
tuations ofthe night-sky as seen in this 
hapter. Working with a threshold very far above the NSB (like it isdone for example in the HEGRA teles
opes array) has the advantage of eliminating partially thenight-sky e�e
ts but in
reases the energy threshold of the experiment. However, the heliostatarrays were 
on
eived exa
tly to a
hieve a lower energy threshold than the existing Cherenkovteles
opes.In GRAAL, the e�e
ts of the NSB have been 
orre
ted su

essfully for the data analysedup to now (
hapters 12 and 13). The random events have been subtra
ted from the raw datasample. For the analysis of data taken during the period September 1999-July 2000, a�e
tedby a large number of a

idental events, the di�eren
e between ON and OFF sour
e raw ratesde
reases strongly after subtra
tion of su
h events (see table 13.13). In 
ontrast, for the othersour
es no signi�
ant variations are seen, indi
ating a low number of randoms, in agreementwith the 
hange of the dete
tor setup. 143



The software padding is not ne
essary for our data sample due to the small ON-OFF di�er-en
es of NSB involved (less than 1% for all the observed sour
es). However, this method wouldhave to be applied if large (
a. 5%) di�eren
es of NSB are observed for some sour
e.The dynami
al threshold de
reases the di�eren
e in energy threshold indu
ed by di�erentvalues of NSB in ON and OFF positions up to a non-signi�
ant level for the sour
es dis
ussedin this thesis. However, with an in
rease of statisti
s, a di�erent 
orre
tion pro
edure would berequired.
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Chapter 12Sele
tion and properties of the dataGRAAL has been taking data sin
e September 1999. From that date to the end of Mar
h 2001more than 250 hours of data on 18 di�erent sour
es were re
orded (see next se
tion) and morethan 80% of the data were analysed.This 
hapter deals with the pro
ess of sele
tion of \good nights" for analysis (as we will seelater, the term \good" is very subje
tive). Se
tion 12.2 des
ribes the 
riteria used to sele
t asample of \good quality" data and se
tion 12.3 explains the in
uen
e of the data a
quisition
onditions in the sele
tion 
riteria. On
e that a set of data has been 
hosen, it is important toknow the 
hara
teristi
s of the sample, whi
h 
hange for ea
h sour
e, namely, the level of night-sky ba
kground, the PMTs 
urrent, the 
harge trigger rate and the energy threshold (given bythe integrated 
harge parameter, se
tion 8.2). Se
tion 12.4 shows and dis
uss the properties ofthe sele
ted set of data, espe
ially fo
using on the di�eren
e of the properties between ON andOFF positions.12.1 Data sampleTable 12.1 shows the total data set taken with the fully 
ompleted dete
tor from August of 1999until Mar
h of 2001. The only signi�
ant 
hange during this time was the introdu
tion of the
harge trigger in O
tober 1999 in addition to the already existent sequen
e trigger.12.2 Criteria for data sele
tionWe are interested in sele
ting a \good" set of data for analysis. The requirements whi
h mustbe ful�lled by the data are divided in two main parts: 
onditions related to the dete
tor (se
tion12.2.1) and to the weather (se
tion 12.2.2).12.2.1 Dete
tor 
onditionWe must ensure that there were no malfun
tions of the dete
tor, neither of the heliostat �eldnor of the ele
troni
s, during data a
quisition to 
onsider valid a set of data.A 
he
k of the good operation of the heliostat �eld, 
omprising the status of the heliostatsand the 
ommuni
ation between the heliostat 
ontrol 
omputer and the heliostat �eld, is doneat the beginning of analysis (se
tion 6.1.1). Me
hani
al disorders of more than 10 heliostats ora loss of 
ommuni
ation during more than 30 s reveal a �eld malfun
tion. All periods of data145



Sour
e Time (min) Period nt Time sele
ted (min)3C273 230 Jan-Feb 01 5 90320 Apr-Jul 00 - -3C279 390 Jan-Feb 01 5 90470 Sep 99 9 2803C454.3 400 Sep 00 7 2703EG J1835 860 Jul-Sep 00 9 490BL La
 1080 Aug-Sep 00 5 2102380 Sep 99-Mar
h 00 5 430Crab nebula 1630 Sep 00- Mar
h01 5 230GRB980703 500 Sep-O
t 99 - -GRB981220 50 O
t 99 5 0GRB120899 80 De
 99 5 0GRB121699 20 De
 99 5 0GRB010222 1090 Feb-Mar 01 5 730Kuehr0428+20.5 90 De
 00 5 601690 Jan-May00 6 480Mrk421 1110 Feb-Mar
h 01 6 570Mrk501 320 Mar-Apr 00 5 0Pseudo sour
e 1 500 Jul 00 7 250Pseudo sour
e 2 1250 Mar-Jun 00 - -PSRJ1939 310 Sept 99 - -Quasar 1204+281 220 Mar
h 00 - -Table 12.1: Sour
es observed by GRAAL from September 1999 to Mar
h 2001, Time: time ofobservation for ea
h sour
e, Period: period of the year during whi
h the sour
e was observed,nt: threshold used in the analysis of the data (se
tion 6.2.2), Time sele
ted: duration ofthe sele
ted set of data for ea
h sour
e a

ording to dete
tor and meteorologi
al 
onditions (seese
tion 12.2). The sour
es for whi
h nt is not indi
ated (\-") have not been analysed yet.
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where the heliostat �eld was not working properly (for any of the previous reasons) are removedfrom analysis.In addition, the high voltages and 
urrents of the photomultipliers are 
onstantly monitoredtogether with the trigger rates (se
tion 3.17) during data a
quisition. A normal operation of allfour dete
tor 
hannels is required to a

ept a set of data.12.2.2 Meteorologi
al sele
tionThe 
hoi
e of the 
riteria whi
h de
ide the quality of a set of data is a very subtle task. Theper
eption of the weather 
onditions by an observer is highly subje
tive and 
onsequently datataken in nights whi
h were reported as \good" by the night operator of the PSA were reje
tedafter analysis (see below).Besides a \general good quality" of the data, the stability of the weather 
onditions duringa 
omplete period ON-OFF of data a
quisition must be ensured. The reason is that GRAALtries to dete
t a sour
e ex
ess of gamma-rays by statisti
al 
omparison of data taken in the �rstpart of the period (ON or pointing to the sour
e) and the se
ond part (OFF or pointing toa test position) (se
tion 13.1.3) and weather instabilities during data a
quisition 
an 
reate adi�eren
e in the number of the re
orded events.12.2.2.1 In
uen
e of the weather 
onditions on the quality of the dataIn GRAAL, it was found that the quality of the data depends strongly on the atmospheri
transmission. For example, in nights whi
h were visibly hazy with a high relative humidity above80% (a relatively frequent nightly weather 
ondition at the PSA, se
tion 3.1.1), the total triggerrate was low, the ratio of well re
onstru
ted events to events with a misre
onstru
ted angulardire
tion (se
tion 6.2.2)- 
alled \PT" below - was redu
ed by up to a fa
tor 2 and the lsq2t of the�t to the timing front signi�
antly in
reased. This is probably the result of sele
tive absorption,i.e. Cherenkov light from the deeply penetrating part of the airshower, with in
reased temporal
u
tuations, dominates the re
orded signal. As gamma-indu
ed showers develop mainly in theupper atmosphere a sele
tion of data without sele
tive absorption is important.During the �rst winter of operation (O
tober 1999-February 2000) it was found that a se
onde�e
t of a high level of humidity (>80%) was the formation of dew on the heliostats (se
tion3.1.3.3), whi
h 
aused a redu
tion on the total trigger rate of up to a fa
tor 10.The lsq2t of the �t to the timing front in
reased not only with a low atmospheri
 transmissionbut also with high wind speeds (above 30 km/h) due to the \vibration" of the heliostats, that
auses a 
u
tuation in the arrival times of the pulses.Besides the above mentioned 
onditions, s
attered 
louds 
an alter the stability of a periodON-OFF by moving into the �eld of view of the Winston 
ones during a short period of time.12.2.2.2 Parameters used for the sele
tion of the dataThe values of temperature, wind speed and humidity are re
orded 
ontinously during data takingand every 20 min during the day. In addition, images of the Meteosat satellite and several webpages reporting the weather 
onditions in Almer��a were re
orded every 3 hours. A weatherreport was also written by the night operator of the PSA three times during the night. All thisinformation was 
he
ked for ea
h of the nights before beginning data analysis.The data re
onstru
tion was found to be more sensitive to weather 
onditions than the humaneye. The following parameters were 
hosen to \indi
ate" a low atmospheri
 transmission:147



Sour
e3C454.3 3EGJ1835 BL La
 Crab nebulaPT �0.8 �0.21 �0.7 �0.8Rate � 50 � 40 �40 �50RO > 0.95 and < 1.05Mrk421 Mrk501 Pseudo 1PT �0.6 �0.5 �0.5Rate �50 �50 �40RO > 0.95 and < 1.05Table 12.2: Limits imposed on the parameters for the sele
tion of data taken from September1999 to September 2000.� PT = (Number of events with re
onstru
ted dire
tions < 1Æ from pointing dire
tion OFFsour
e) / (Number of events with re
onstru
ted dire
tions >3Æ from pointing dire
tionOFF sour
e)� Rate after all software 
uts in OFF sour
e dire
tionThe previous parameters were 
al
ulated for the OFF sour
e dire
tion, sin
e the ON sour
edire
tion 
an be in
uen
ed by a gamma-ray ex
ess. The reason to use the \rate after all software
uts" instead of the \total trigger rate" (or rate of hardware-triggered events) is that the totalrate 
an be high due to e.g. a

idental events or noisy events in \bright" nights and these eventsare reje
ted by the software 
uts (se
tion 13.1.2).Three more parameters were used to ex
lude unstable weather 
onditions:� Stability of the single peaks rate within a period ON-OFF� Stability of the photomultipliers 
urrent within a period ON-OFF� RO = (Number of events with re
onstru
ted dire
tion > 3Æ from pointing dire
tion ONsour
e) / (Number of events with re
onstru
ted dire
tion > 3Æ from pointing dire
tionOFF sour
e)12.2.2.3 Parameter limits for data sele
tionThe limits for the parameters of previous se
tion were 
hosen su
h that a set of \good" nights-de�ned as showing fairly 
onstant parameter values- was retained. Some of the parameterswere shown to depend on the pointing position, e.g. PT. This is an expe
ted behaviour sin
ethe quality of the re
onstru
tion -indi
ated by the PT parameter- is in
uen
ed by the numberof peaks used in the showerfront re
onstru
tion and the number of peaks is 
learly dependenton the pointing position (se
tion 9.3.1). Therefore, the parameters depending on the pointingposition have di�erent limits for ea
h sour
e (see tables 12.2-12.3).As a �rst quality \
ut" general 
lear skies and humidities below 65% were required for allthe data.Tables 12.2-12.3 summarize the limits imposed on the parameters PT, RO and \rate afterall software 
uts in OFF sour
e dire
tion" (see previous se
tion) for ea
h of the sour
es.1The reason for the small limit of PT is the bad quality of re
onstru
tion for the sour
e 3EG J1835+59 dueto the overlap of the peaks (se
tion 13.1.4.3). 148



Sour
e3C273 3C279 Crab nebulaPT �1.0 �1.0 �0.8Rate �50 �50 �50RO > 0.95 and < 1.05Kuehr0428+20.5 Mrk421 GRB010222PT �1.1 �0.5 �0.5Rate �70 �60 �60RO > 0.95 and < 1.05Table 12.3: Limits imposed on the parameters for the sele
tion of data taken from O
tober 2000to Mar
h 2001.The ratio PT was found to be lower for sour
es near the zenith and in the north dire
-tion in 
omparison with southern sour
es with a large zenith angle (> 30Æ) due to the higherre
onstru
tion eÆ
ien
y of the latter.The total trigger rate is higher for sour
es near the zenith than for those with a large zenithangle. However, the \rate after all software 
uts" does not have to be ne
essarily higher forsour
es near the zenith, sin
e a low re
onstru
tion eÆ
ien
y due to more overlapping peaksredu
es in a larger per
entage the initial number of events (total trigger rate) for these sour
esthan for those far from the zenith. For sour
es whi
h were observed during a long period oftime (and therefore with di�erent positions in the sky) the limits shown in tables 12.2-12.3 area mean value of the limits imposed for ea
h month.The limits for RO were the same for all the observed sour
es, sin
e RO is not a�e
ted bythe position of the sour
e.12.3 In
uen
e of the data a
quisition 
onditions in the sele
tion
riteriaDuring the analysis of the data taken on the Crab nebula during the period 2000-2001 it wasnoti
ed that the quality of the re
onstru
tion was inferior to the one of previous period. Inparti
ular, the ratio PT was smaller by 10% (from a mean PT of 1.0 in 1999-2000 to 0.9 in 2000-2001) and a larger per
entage of data had to be reje
ted than in the previous period despitethe better meteorologi
al 
onditions and the absen
e of dew on the mirrors (this problem wassolved during the 1999-2000 period, se
tion 3.1.3.3).It was found that the worsening of the re
onstru
tion quality was due to a de
rease ofthe number of peaks used in the re
onstru
tion of the showerfront due to some inoperationalheliostats in the period 2000-2001 with respe
t to the period 1999-2000. An in
rease of the time
u
tuations, that would also produ
e a worse angular re
onstru
tion, was not dete
ted.Fig. 12.1 shows the dependen
e of the ratio PT of se
tion 12.2.2 with the number of peaksused in the re
onstru
tion of the showerfront. It is observed that the ratio PT in
reases expo-nentially with the number of peaks. This is an expe
ted behaviour whi
h 
an be derived fromthe dependen
e of the angular resolution with the number of peaks shown in se
tion 8.1. Animprovement of the angular resolution of a sample due to a higher number of peaks produ
esa migration of events from the outer region (>3Æ) to the inner region (<1Æ), so that the ratio149
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Figure 12.1: Dependen
e of the ratio PT de�ned in se
tion 12.2.2 with the number of peaks usedfor the re
onstru
tion of the shower front for data taken on the sour
e Mrk501 ON (open 
ir
les)and OFF (stars) and on the sour
e Kuehr0428+20.5 ON (
rosses) and OFF(�lled 
ir
les). Forthe same number of peaks the ratio PT 
hanges from sour
e to sour
e due to the di�erent positionof the peaks but it does not 
hange from ON to OFF positions of a same sour
e, sin
e the samepart of the sky is tra
ked.PT in
reases due to both e�e
ts (in
rease in the inner region and de
rease in the outer region).Moreover, the relation between the ratio PT and the number of peaks 
hanges from sour
e tosour
e (see �g. 12.1) -sin
e the ratio PT is sensitive also to the position of the peaks- but is thesame for ON and OFF positions of the same sour
e. This is a 
ru
ial point for the sear
h of agamma-ray ex
ess 
omparing the number of re
onstru
ted events in the ON and OFF positions(se
tion 13.1.3), sin
e a di�erent re
onstru
tion eÆ
ien
y in both positions 
an 
reate a signalin the position with a higher eÆ
ien
y.12.4 Properties of the sele
ted set of dataThis se
tion presents the properties of the set of data whi
h has been sele
ted for ea
h sour
efollowing the 
riteria of se
tion 12.2.2. Ea
h of the tables 12.4-12.5 
ontains the 
hara
teristi
sof the data taken on various sour
es while pointing to the sour
e (ON) and pointing to a positionon the sky (OFF) with a right as
ension 2.625 degrees larger than in the ON dire
tion.The di�eren
e of NSB 
u
tuations between the ON and OFF positions (
olumn 3 in tables12.4-12.5) is espe
ially important for all the reasons mentioned in 
hapter 11. For all theobserved sour
es, the maximum di�eren
e between the value of �NSB for ON and OFF is 0.8%for Markarian 421. By measuring the random noise in 
omplete darkness, we determined a150



Sour
e (time) Current (�A) Q-rate (kHz) �NSB (ADC units) log (mean IC)3C454.3 (550 min)ON 17.7 � 0.4 3.1 0.9505 (0.3922) 3.119 � 0.003OFF 20.3 � 0.3 4.1 0.9540 (0.4006) 3.113 � 0.003EXCESS -2.6 -1.0 -0.0035 (-0.0084) 0.006 � 0.0043EGJ1835+59 (490 min)ON 15.5 � 0.6 1.7 0.9528 (0.3977) 3.122 � 0.002OFF 15.8 � 0.6 1.8 0.9519 (0.3956) 3.116 � 0.002EXCESS -0.3 -0.1 0.0009 (0.0021) 0.006 � 0.003BL La
 (210 min)ON 16.3�0.4 1.28 1.0419(0.5796) 2.959 � 0.005OFF 16.2�0.4 1.27 1.0387(0.5738) 2.957 � 0.005EXCESS 0.1 0.01 0.0032(0.0058) 0.002 � 0.007Crab 99-00 (430 min)ON 19.0�0.4 1.35 0.9493 (0.3893) 2.940 � 0.004OFF 19.3�0.3 1.49 0.9497 (0.3902) 2.937 � 0.004EXCESS -0.3 -0.14 -0.0004 (-0.0009) 0.003 � 0.006Mrk 421 00 (480 min)ON 14.9 � 0.3 6.88 0.9744(0.4471) 3.024 � 0.003OFF 13.7 � 0.3 5.47 0.9666(0.4299) 3.031 � 0.003EXCESS 1.2 1.41 0.0078(0.0172) -0.007 � 0.004Pseudo sour
e (250 min)ON 16.6 � 0.5 4.3 0.9564 (0.4063) 2.991 � 0.003OFF 17.3 � 0.5 5.7 0.9588 (0.4119) 2.993 � 0.003EXCESS -0.7 -1.4 -0.0024 (-0.0056) -0.002 � 0.005Table 12.4: Current (mean of 4 
ones), Q-rate: single trigger rate of 
harge integrating 
hannel(mean of 4 
ones), �NSB: RMS 
u
tuation of the measured NSB (in 
ash-ADC units) of allevents in sample, log(mean IC): de
adi
 logarithm of mean net-
harge (in 
ash-ADC units)of all events in the sample. Rows are for the samples with pointing towards the indi
ated sour
e(\ON") and on a sky position (\OFF") with a right as
ension 2.625 degrees larger than in theON dire
tion. The data shown has been taken between September 1999 and September 2000.
151



Sour
e (time) Current (�A) Q-rate (kHz) �NSB (ADC units) log (mean IC)3C273 (90 min)ON 15.9�0.2 1.38 0.9539(0.4005) 2.988 � 0.007OFF 16.5�0.2 1.53 0.9544(0.4015) 2.995 � 0.007EXCESS -0.6 -0.15 -0.0005(-0.0010) -0.007 � 0.0103C279 (90 min)ON 15.1�0.6 1.17 0.9447(0.3780) 2.988 � 0.007OFF 15.4�0.6 1.29 0.9484(0.3871) 2.979 � 0.007EXCESS -0.3 -0.12 -0.0037(-0.0091) 0.009 � 0.010Crab 00-01 (230 min)ON 19.0 � 0.5 3.1 0.9577 (0.4094) 2.977 � 0.004OFF 19.3 � 0.5 3.1 0.9599 (0.4145) 2.983 � 0.004EXCESS -0.3 0.0 -0.0022 (-0.0051) -0.006 � 0.006GRB010222 (730 min)ON 14.4�0.3 1.0 0.9380(0.3609) 2.986 � 0.002OFF 14.7�0.3 1.1 0.9387(0.3628) 2.986 � 0.002EXCESS -0.3 -0.1 -0.0007(-0.0019) 0.000 � 0.003Kuehr0428+20.5 (60 min)ON 18.3�0.0 0.63 0.9309(0.3419) 2.985 � 0.009OFF 18.3�0.0 0.79 0.9298(0.3390) 2.987 � 0.008EXCESS 0.0 -0.16 0.0011(0.0029) -0.002 � 0.012Mrk 421 01 (570 min)ON 15.4 � 0.2 1.97 0.9532(0.3987) 3.063 � 0.003OFF 14.3 � 0.2 1.41 0.9465(0.3824) 3.061 � 0.002EXCESS 1.1 0.58 0.0067(0.0163) 0.002 � 0.004Table 12.5: Entries as in table 12.5 but for data taken from O
tober 2000 till Mar
h 2001.
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onstant night-sky independent noise level with a RMS of 0.8658 (in ADC units). Subtra
tingthis 
onstant noise quadrati
ally from the total noise we get the 
ontribution from the NSBalone (number in bra
kets in third 
olumn of tables 12.4-12.5). For the sour
e with the largestdi�eren
e in noise level the NSB-indu
ed 
omponent di�ers in ON- and OFF-sour
e positionby about 0.8%, so that the di�eren
e in brightness at the two positions 
an be estimated to beabout 4%.The NSB is related to the energy threshold (se
tion 11.2.1.2). Therefore, it is logi
al toexpe
t the largest di�eren
e in energy threshold between ON and OFF 
omponents for Mrk421.This sour
e and 3EG J1835+59 show the most signi�
ant di�eren
e in integrated 
harge, whi
his proportional to the energy threshold (se
tion 8.2), between ON and OFF positions (2� and1.75� signi�
an
e respe
tively) for the data presented in table 12.4. In table 12.5 all the sour
eshave the same energy threshold within statisti
al 
u
tuations.The e�e
t of the di�eren
e in energy threshold for Mrk 421 will be further dis
ussed inse
tion 13.1.4 in 
onne
tion with the observed ex
esses. It 
an be seen that the lowest energythreshold 
orresponds to the data taken on the Crab on period 1999-2000 and analysed withnt = 5. In table 12.5 the highest energy threshold 
orresponds to the data taken on Mrk 421due to the higher software threshold used for analysis (nt = 6) in 
omparison with the othersour
es (nt = 5). In table 12.4 we have to take into a

ount that for the data taken on Craband Mrk 421 the hardware threshold was e�e
tively lower (the hardware settings were slightlymodi�ed in July 2000 to eliminate the random triggers, see se
tion 11.2.1.1). Then, 
omparingthe sour
es analysed with nt = 5, Crab and BL La
, we see that the former has lower threshold,sin
e the BL La
 data was taken after the 
hange of settings. The other sour
es in table 12.4have been analysed with a higher software threshold (see nt in table 12.1) and therefore theenergy threshold is also higher.The se
ond 
olumn of the tables shows the 
urrent of the photomultipliers for the ON-and OFF-sour
e positions. Although the 
urrent has been used traditionally to measure thedi�eren
es in NSB between two regions of the sky, we found that the ratio between 
urrent andsingle rate (number of peaks above the hardware-threshold) depends on the weather 
onditions,i.e., in nights with a high level of humidity (>80%) the ratio single-rate to 
urrent was lowerthan in nights with low humidity (see also se
tion 11.1).
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Chapter 13Sear
h for a gamma sour
eThe primary obje
tive of GRAAL is the dete
tion of gamma-ray sour
es whi
h have not beenobserved yet by the ground-based teles
opes at their lowest energy threshold.To demonstrate the feasibility of the experiment for the dete
tion of gamma rays, we have �rstobserved the Crab nebula, a \standard 
andle" for VHE-gamma experiments. Then, preferen
ehas been given to the observation of possible \
andidates" for VHE-gamma emitters with respe
tto known sour
es.Se
tion 13.1 explains the normalization te
hnique whi
h has been used throughout the lasttwo years to sear
h for gamma-ray sour
es. The results of the analysis of airshowers from theCrab pulsar, the blazar Markarian 421 and other potential sour
es are dis
ussed. Se
tion 13.2explains a se
ond method of analysis, whi
h evaluates the total rate of the same data. Se
tion13.3 
ompares the two methods of analysis and gives a 
on
lusion about the results.13.1 Normalization te
hnique13.1.1 Time 
orre
tionsIn GRAAL it 
an happen that the e�e
tive time of data a
quisition is slightly di�erent for theON- and OFF-sour
e periods. This di�eren
e in time must be 
orre
ted at the beginning ofanalysis, sin
e a statisti
al 
omparison of the number of events taken in both periods 
an onlybe made for exa
tly the same data a
quisition time.During ea
h period of 10 minutes of tra
king a fra
tion of the total time (usually less than a2%) is lost due to regular 
alibrations (se
tion 4.3.5) and to the swit
h o� of the photomultipliersif 
urrents higher than 35 mA are dete
ted (se
tion 3.4). It might happen that the time lostin periods ON and OFF is di�erent by a few se
onds. During data analysis, the e�e
tive timeis 
al
ulated for the ON and OFF positions and the number of events in the OFF position is
orre
ted with a fa
tor equal to \e�e
tive time in the ON position"/\e�e
tive time in the OFFposition".In addition, the dead time of the dete
tor 
an be di�erent for the ON and OFF periodsdue to the di�eren
e in trigger rate between both periods. Thus, the dead time is 
al
ulatedfor ea
h period and the number of events in the OFF position is 
orre
ted with a fa
tor equalto \fra
tion of a

epted events in the ON position"/\fra
tion of a

epted events in the OFFposition", where the fra
tion of a

epted events is given by the dead time of the setup (se
tion3.3.3.1). 155



The number of events in the OFF period was 
orre
ted with overall fa
tors whi
h were alwayssmaller than 5% and usually of the order of 0-3%.13.1.2 Software 
utsTwo main software 
uts have been imposed to the re
orded events after the re
onstru
tion ofthe showerfront with the method presented in 
hapter 6:� Number of peaks used in the re
onstru
tion of the shower front (
alled NREMAIN inse
tion 9.2) � 5.� Value of lsq2t obtained from the �t to the shower front (se
tion 6.2.2) � 100.The value of the 
uts has been 
hosen so that a fra
tion of misre
onstru
ted events, withre
onstru
ted dire
tions more than 2Æ away from the pointing position, are a

epted and 
an beused for normalization (see next se
tion). The misre
onstru
ted events are 
aused by a wrongassignment heliostat-pulse and are 
hara
terized by small NREMAIN (5-10) or large values oflsq2t (2-100).For events with only 5-10 re
onstru
ted peaks, it is relatively easy to shift the time pattern ina way that �ts some wrong dire
tion with a low value of lsq2t . It has been shown that in
reasingthe required number of re
onstru
ted peaks to � 10 the tails of �g. 6.5 be
ome negligible (se
tion8.1).For events with a large number of peaks (> 15), a wrong assignment heliostat-pulse is dueto noise peaks whi
h enter the �t and \
onfuse" the analysis program. These events have largevalues of lsq2t , between 2 and 100, due to the many peaks used in the �t. Less than 10% of theevents that pass the �rst 
ut (in number of peaks) have values of lsq2t larger than 2.A third 
ut has been imposed on the value of the NSB 
u
tuation �NSB (see appendix A).This was done to reje
t a kind of events produ
ed by ele
troni
 noise in the se
ond photomulti-plier (these events o

ur at a rate lower than 0.003 Hz).13.1.3 Cal
ulation of the ex
essIn the heliostat arrays, the dete
tion of gamma-ray sour
es is made by means of statisti
al
omparison of the events re
orded in two positions of the sky: ON (pointing to the positionof the \
andidate" gamma sour
e) and OFF (at a position with a right as
ension 2.625Æ largerthan in the ON position). Then, the signi�
an
e of a signal is given by eq. 8.4 whereEXCESS = ON�OFF (13.1)and ERROR = pON+OFF (13.2)and ON and OFF are the number of events dete
ted in the ON and OFF positions respe
tively.In GRAAL, to avoid the in
uen
e of the NSB in the 
al
ulation of the ex
ess, we 
hose amethod that normalizes any ex
ess to the ratio of ON- and OFF-sour
e events for the resultsreported in the following se
tions.The normalization te
hnique is based on the angular re
onstru
tion of the showers and hasbeen used already by other wavefront samplers like ASGAT [96℄ and PACT [26, 231℄. Tradi-tionally, the number of events in the angular region where the gammas are expe
ted, whi
h isa region around the dire
tion of pointing as big as the angular resolution of the experiment, is156



normalized with a fa
tor that a

ounts for the di�eren
e in time exposure and threshold of theON and OFF samples. Thus, the normalized ex
ess EXCESSn is 
al
ulated a

ording to thefollowing equation: EXCESSn = ONin �OFFin� ONOFF�out (13.3)Here (ON,OFF)in stands for the number of events within \x degrees" from the sour
e, resp. o�sour
e dire
tion, where \x" is the angular resolution of the experiment. (ON,OFF)out stands forthe number of events with dire
tions deviating more than \y degrees" from the sour
e dire
tion,\y" being an angular distan
e where no more gamma rays are expe
ted. The statisti
al error ofEXCESSn, ERRn is 
al
ulated a

ording to:ERRn =  ONin +OFFin �� ONOFF�2out + ��1 +� ONOFF�out�ONout � OFF2inOFF2out �!0:5 (13.4)For GRAAL, the situation is somewhat di�erent to ASGAT and PACT. As stated in se
tion10.2.1, the restri
ted �eld of view prevents a good re
onstru
tion mainly of the hadroni
 showers,i.e., they are arti�
ially re
onstru
ted towards the pointing position (the array sees only a sub-shower within the �eld of view of the dete
tor for showers far from the pointing dire
tion).Therefore, the gammas and hadrons are 
ontained mainly in the same angular region (0.7Æ forGRAAL) around the pointing position and the tails to angular distan
es larger than 2Æ aremisre
onstru
ted showers (se
tion 6.2.2).Nevertheless, we 
an pro�t of the misre
onstru
ted showers and make the normalization
onsidering the region where su
h showers are 
ontained as the out region of eq. 13.3. Wefound (se
tion 7.2.2) that a larger fra
tion of gamma-ray than proton events is re
onstru
tedin the \
entral angular region", within 0.7Æ from the pointing dire
tion (the ratio rio of se
tion7.2.2 is a fa
tor 1.5 larger for the former). Then, we expe
t a small hadron reje
tion fa
torwhen 
onsidering only the ex
ess in the 0.7Æ region. Moreover, we assume that the number ofmisre
onstru
ted showers must be the same in ON and OFF regions under equal 
onditions ofNSB (the possible arguments against this hypothesis are dis
ussed in se
tion 13.1.5). Then,the normalization eliminates 
ompletely the in
uen
e of a di�erent NSB in the ON and OFFpositions.We must take into a

ount that some gammas are indeed put into the outer region dueto misre
onstru
tion. Therefore, a possible gamma signal will be de
reased, both be
ause theevents in the outer region are not 
ounted for the ex
ess and be
ause the fra
tion of the gammasin the outer region enters the normalization fa
tor.13.1.3.1 Ex
ess in the lsq2t distributionThe gamma-ray showers have a time showerfront narrower than the hadroni
 showers and 
onse-quently the lsq2t of the �t of the showerfront to an spheri
al front must be smaller for the former(se
tion 7.1.1). Therefore, we 
an sear
h a gamma-ray ex
ess by subtra
ting the distributions oflsq2t in ON and OFF positions with a normalization to the outer region1. No signi�
ant ex
esswas found for any of the analysed sour
es at low values of lsq2t , in
luding those sour
es whi
hshowed a signi�
ant ex
ess from the dire
tion of the sour
e with the 
omparison of trigger rates.This is an expe
ted result for our dete
tor (se
tion 7.2.1.1), sin
e the lsq2t distributions ofMC gamma and hadron showers are equal within the errors due to the restri
ted �eld of view.1This method, but without normalization to the outer region, has been previously applied by the CELESTE
ollaboration [67℄. 157
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Figure 13.1: The upper plot (a.) shows the number of events as a fun
tion of angular distan
eof re
onstru
ted dire
tion from sour
e dire
tion for ON-sour
e events (full line) and OFF-sour
eevents (dashed line). No normalization of any kind was applied to this plot. The lower plot(b.) shows the di�eren
e ON-OFF, normalized to the number of events in the outer angularregion, a

ording to eq. 13.3. Data of the Crab pulsar taken under good meteorologi
al 
onditionsa

ording to the 
uts dis
ussed in se
tion 12.2.2 was used. The statisti
al errors of the individualbins are shown.13.1.4 Results13.1.4.1 Observation of the Crab pulsarTable 13.1 shows the results of the observation of the Crab pulsar during the period 1999/2000.We �nd EXCESSn = 737 � 165 
al
ulated a

ording to eqs. 13.3, 13.4. This 
orresponds toa 4.5 � ex
ess and a mean ex
ess rate EXCESSnr = 1.7/min. Fig. 13.1 shows the number ofevents as fun
tion of angular distan
e from the sour
e dire
tion, both for ON- and OFF-sour
edire
tion and the normalized di�eren
e ON-OFF. The 
al
ulated ex
ess is 
learly seen in theangular region expe
ted from the Monte-Carlo simulations (se
tion 7.2.2). Fig. 13.2 displays theex
ess as a proje
tion onto zenith and azimuth axis (panels a. and b. respe
tively).An integral 
ux �int is 
al
ulated from this ex
ess a

ording to:�int = (EXCESSnr=r
)(rp=robs)t
�Whipple (13.5)Here �Whipple = R1Ethresh 3.3 � 10�7 E�2:4 m�2 se
�1 TeV�1 dE is the integral gamma-ray
ux from the Crab above a threshold energy Ethresh as observed by the Whipple 
ollaboration[114℄. r
 is the gamma-ray rate expe
ted in GRAAL from the MonteCarlo simulated e�e
tivearea for gammas of �g. 8.6 based on this 
ux (0.011 Hz). Note that the absolute Whipple158



0
100
200
300
400
500

-8 -6 -4 -2 0 2 4 6 8

a)

Zenith (deg)

E
xc

es
s e

ve
nt

s

-50
0

50
100
150
200
250
300
350
400

-8 -6 -4 -2 0 2 4 6 8

b)

Azimuth (deg)

E
xc

es
s e

ve
nt

s

Figure 13.2: Di�eren
e of the number of events in ON sour
e dire
tion and OFF sour
e dire
tionfor the Crab data sample shown in �g. 13.1 as a fun
tion of deviation of the zenith (upper plota.) resp. azimuth angle (lower plot b.) from the sour
e dire
tion.
ux 
an
els in eq. 13.5 and we only adopt the spe
tral index from ref. [114℄. rp is the protonrate expe
ted in GRAAL on the basis of the known proton 
ux �ref and the e�e
tive areafor protons of �g. 8.6 (4.0 Hz). robs is the observed 
osmi
-ray rate in the �nal re
onstru
tedsample, 
orre
ted for dead time (1.6 Hz). The fa
tor (robs/rp) is an empiri
al 
orre
tion for thefa
t that our Monte Carlo 
al
ulated proton e�e
tive area predi
ts a somewhat higher protonrate than observed. t
 is a 
orre
tion fa
tor for the fa
t that some photons are expe
ted in the\outer angular region" and was determined as 2.2(1.4) from weighted(unweighted) Monte Carlodata. The weighted value was 
hosen for the �nal result. The �nal integral 
ux above thresholdassuming a di�erential spe
tral sour
e index of -2.4 is:�int = 2.2 � 0.4 (stat) +1:7�1:3 (syst) � 10�9 
m�2 s�1 above threshold.The systemati
 error of our 
ux determination is dominated by the un
ertainty in abso-lute light-
alibration (se
tion 4.4). The relative di�eren
e: ((predi
ted ADC 
hannel MC) -(predi
ted ADC 
hannel LED))/(predi
ted ADC 
hannel MC) was 21%, -31%, -13%, 29% for
ones 1-4. From this, we estimate a systemati
 error of 30% for this 
onversion. We estimate asimilar error due to un
ertainties in the Monte Carlo simulations between the primary and theentran
e of the 
ones whi
h in
rease the error in the absolute light 
alibration to about 42%,
orresponding to a 
ux error of about +81�60%. Another important sour
e of overall systemati
error is the systemati
 error of tp (35%, se
tion 9.3.2) in whi
h un
ertainties in the spe
tralweighting pro
edure and the detailed simulation of the trigger enter and whi
h was added inquadrature. The �nal adopted systemati
 error is +88�69%.Table 13.2 shows the results of the observation on the Crab pulsar during the period159



Raw events Re
. events Centr. eventsON 68702 33384 9415OFF 75198 33056 8678EXCESS -6496 � 379 328 � 258 737 � 165Table 13.1: Raw events: all hardware-triggered events whi
h tra
es were re
orded, Re
.events: number of events after angular re
onstru
tion and software trigger, Centr. events:normalized number of events in 
entral angular region (within 0.7 degrees of pointing dire
tion),
al
ulated as explained in se
tion 13.1.3. Rows are for the samples with pointing towards theCrab pulsar (\ON") and on a sky position (\OFF") with a right as
ension 2.625 degrees largerthan in the ON dire
tion. The total data-taking time ON was 430 minutes with an equal amountof OFF time. Raw events Re
. events Centr. eventsON 29953 21472 7920OFF 29817 21486 7850EXCESS 136 � 244 -14 � 207 70 � 125Table 13.2: Entries as in table 13.1 but for the data on the Crab pulsar taken in period 2000/2001.The total data-taking time ON was 230 minutes with an equal amount of OFF time.2000/2001. In spite of the absen
e of dew in the mirrors (whi
h ruined most of the data ofthe period 1999/2000, se
tion 3.1.3.3) during this period, a smaller fra
tion of the taken datawas sele
ted due to the worse angular re
onstru
tion of the showers. This is probably due to thefailure of some heliostats between both years (se
tion 12.3). It is remarkable that the fra
tionof re
onstru
ted events (whi
h pass the software 
uts) with respe
t to the total number of rawevents is about 70%, mu
h larger than the � 50% of the previous year. The reason for that is thenumber of random events, whi
h was large in the period 1999/2000 and is negligible thereafter(se
tion 11.2.1.1). No signi�
ant ex
ess is found for the data of this period. This is due verylikely to the bad angular re
onstru
tion of period 2000/2001, that 
an produ
e a failure of thenormalization pro
ess and therefore a de
reasing of an already small (due to the short time ofdata taking) expe
ted signal (see se
tion 13.1.5).13.1.4.2 Observation of Markarian 421The blazar Markarian 421 has been observed by GRAAL during two 
aring states, the �rst oneo

urred in February-Mar
h 2000 and the se
ond one in February-Mar
h 2001. Tables 13.3 and13.4 show the results of the observation for both periods. In both years an ex
ess is observedboth in the raw data and in the re
onstru
ted events.The ex
ess in the re
onstru
ted events, shown in the se
ond 
olumn of tables 13.3-13.4 (1.9�and 5.2� respe
tively), is 
onsiderably redu
ed when the normalization pro
ess is applied. Inprin
iple, a redu
tion of the ex
ess is expe
ted after re
onstru
tion, sin
e the NSB is higherin the ON position (see tables 12.4-12.5). The observed redu
tion seems reasonable for year2000, where a di�eren
e in integrated 
harge of 1.7 signi�
an
e is observed in table 12.4 and thenormalization fa
tor of eq. 13.3 is >1 (in
reasing the number of events in the OFF region andtherefore redu
ing the ex
ess). However, it seems that the redu
tion is too high for year 2001.160



Raw events Re
. events Centr. eventsON 56751 33000 9775OFF 55600 32513 9873EXCESS 1151 � 335 487 � 256 -98 � 180Table 13.3: Entries as in table 13.1 for the samples with pointing towards the blazar Mrk421(\ON") and on a sky position (\OFF") with a right as
ension 2.625 degrees larger than in theON dire
tion. The total data-taking time ON was 480 minutes with an equal amount of OFFtime. Raw events Re
. events Centr. eventsON 83321 43202 11161OFF 80239 41675 10903EXCESS 3082 � 404 1527 � 291 258 � 183Table 13.4: Entries as in table 13.3 for the 2001 period of observation. The total data-takingtime ON was 570 minutes with an equal amount of OFF time.Table 12.5 shows an integrated 
harge that is equal within statisti
al 
u
tuations for ON andOFF regions. In spite of that, the normalization fa
tor is > 1 and redu
es the ex
ess.Sin
e a 
lear ex
ess is seen in the ON-sour
e position before the normalization is applied,we have made a daily 
omparison between the preliminary data of the HEGRA experiment andthe GRAAL data for the samples taken during the 
are of February-Mar
h 2001. The resultsare shown in se
tion 13.2.1, in
luded in the analysis of total rates.13.1.4.3 Observation of 3EG J1835+59: the problems of a \northern" sour
eFrom July to September 2000 the unidenti�ed EGRET sour
e 3EG J1835+59 was observed.The data was taken during a total time of 860 min pointing towards the sour
e and the sametime pointing to the 
orresponding OFF position.This sour
e is situated at a right as
ension of 278.87 deg and a de
lination of 59.32 deg. Atthe lo
ation of GRAAL, 3EG J1835+59 lies northwards from the heliostat �eld. This positionis problemati
al for the re
onstru
tion pro
ess and therefore no more northern sour
es wereobserved.The number of peaks used in the re
onstru
tion of the shower front determines the qualityof the re
onstru
tion (se
tions 8.1 and 9.3.1). The angular resolution in
reases with the numberof peaks, e.g. an angular resolution of 0.6Æ is a
hieved with 30 re
onstru
ted peaks (see �g. 8.2).On the other hand, showers with only 5 peaks are usually misre
onstru
ted (se
tions 6.2.2,8.1). GRAAL uses a total of 63 heliostats, therefore it seems reasonable to require 30 peaksfor a good re
onstru
tion (
a. 50% eÆ
ien
y). However, during the analysis of 3EG J1835+59we found that only 11.6 peaks (mean value) were re
onstru
ted (see �g. 13.3, panel a.). Thereason for the smaller number of re
onstru
ted peaks in 
omparison with other dire
tions (seee.g. 9.2) is the overlap of two or more peaks. The overlap is espe
ially 
riti
al for northerndire
tions, sin
e the light path is short(long) from the sour
e to the heliostats and long(short)from the heliostats to the tower for heliostats far(near) from the tower respe
tively. In short,the pathlengths of the light-rays are very similar for all the heliostats and therefore an overlap161



o

urs2. A rough estimate of the overlapping 
an be made by looking at the fra
tion of eventsthat pass the sequen
e trigger (se
t. 3.3.2.1). For example, only a 6% of the events pass thesequen
e trigger for 3EG J1835+59 in 
omparison with a 25% for the Crab nebula. The reasonis that the sequen
e trigger requires well di�erentiated peaks.
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Azimuth (deg)Figure 13.3: Distribution of the number of identi�ed peaks (panel a.), lsq2t of the �t of theshowerfront to an sphere (panel b.) and the proje
tion of the deviation of the re
onstru
teddire
tions from the pointing position for zenith (panel 
.) and azimuth (panel d.) for a sampleof data taken on the sour
e 3EG J1835+59. The pointing position was zenith around 10 degand azimuth around 180 deg (see appendix B for azimuth 
onvention). The small number ofre
onstru
ted peaks (
ompare e.g. with �g. 9.3) is the reason for the bad angular re
onstru
tion(
ompare with �g. 6.5).Several values for the parameters of the analysis program were tested in order to improve theangular re
onstru
tion. For example, we tried di�erent values for the number of reje
ted peaksduring re
onstru
tion (MAXIMUM REJECTED PEAKS, see appendix C). Allowing from 6 to9 peaks to be reje
ted, the program tended to reje
t the maximum number of peaks to improvethe lsq2t of the �t, produ
ing still a higher number of misre
onstru
ted showers. On the otherhand, allowing only 1 to 3 peaks to be reje
ted, some \fake" peaks (noise peaks, afterpulses)entered the �t and in
reased the lsq2t value over the required limit (see table A.1 in appendix2For southern sour
es the opposite happens. For heliostats near to the tower both paths (sour
e-heliostat andheliostat-tower) are shorter than for heliostats far from the tower.162



Raw events Re
. events Centr. eventsON 45984 21639 -OFF 46431 21772 -EXCESS -447 � 304 -25 � 212 -Table 13.5: Entries as in table 13.1 for the samples with pointing towards the unidenti�edgamma-ray sour
e 3EG J1835+59 (\ON") and on a sky position (\OFF") with a right as
ension2.625 degrees larger than in the ON dire
tion. The total data-taking time ON was 490 minuteswith an equal amount of OFF time. The result for the 
entral region is not given for this sour
ebe
ause the quality of the angular re
onstru
tion was strongly de
reased for its dire
tion pointingtowards the north (see text).A). Then, the allowed time within peaks was redu
ed from 6 ns (se
tion 6.1.2.2) to 3 ns, inorder to in
rease the number of peaks. Only fake peaks were introdu
ed with this method,thus worsening the angular re
onstru
tion. Another trial 
onsisted of 
onsidering only the Nbiggest peaks for the re
onstru
tion (see BIG PEAKS in appendix C) where N took valuesfrom 8 to 15. The motivation was that big peaks are less in
uen
ed by NSB 
u
tuations andhave a small 
han
e of being noise peaks or afterpulses. The result was again disappointing.The 
on
lusion was that no matter how good the peaks are, a suÆ
ient number (around 15) ofpeaks is ne
essary to have a good re
onstru
tion. On the other hand, if fake peaks enter there
onstru
tion, a wrong identi�
ation \heliostat-peak" 
an o

ur. Other parameters were testedto restri
t the 
han
e of the program to �nd a wrong solution. For example, the grid were theshower dire
tion is sear
hed (se
tion 6.2.2) was redu
ed from the usual 5�5Æ to 3�3Æ withoutsu

ess.The best results were obtained analysing the data with a software threshold level of nt = 9,whi
h is quite high in 
omparison with the analysis threshold of other sour
es (see table 12.1).In addition, the TIMEDIFF parameter (se
tion 6.2.2) was in
reased from the usual 5 ns to 20ns. The values of the other parameters were the standard ones (see appendix C).Table 13.5 shows the results of the analysis. No signi�
ant ex
ess is found in the dire
tionof the sour
e. Other results of the analysis of the showers taken on 3EG J1835+59 like the lsq2tof the �t of the showerfront to an sphere and the angular re
onstru
tion are shown in �g. 13.3.Given the failure of the \normalization te
hnique" (se
tion 13.1.3) for this sour
e, this is agood 
andidate for an analysis with the \total rate method" (se
tion 13.2).In general, sour
es near from the zenith will have more overlapping than southern sour
esat zenith angles of e.g. 30Æ. See for example the di�eren
e in the ratio PT (indi
ator ofre
onstru
tion quality) in tables 12.2-12.3 between the sour
es Mrk421 and GRB010222 (nearthe zenith) and 3C273 and 3C279 (southern sour
es at 
a. 30Æ zenith angle).13.1.4.4 Observation of 3C454.3: the problems of an analysis with a signi�
antnumber of noise peaksDuring September 1999 and September 2000 the radio sour
e 3C454.3 was observed. The datawas taken during a total time of 870 min pointing to the sour
e (ON) and an equal amount oftime pointing to a test region (OFF). The �rst set of data (September 1999) was taken onlywith the sequen
e trigger, whereas in September 2000 both the sequen
e and the 
harge triggerwere already operational (see se
t. 3.3.2.1 for a des
ription of the trigger modes). This is thereason for the di�erent threshold of analysis (see table 12.1).163



Raw events Re
. events Centr. eventsON 42516 30570 7525OFF 44949 30889 7625EXCESS -2433 � 296 -319 � 248 54 � 141Table 13.6: Entries as in table 13.1 for the samples with pointing towards the radio sour
e3C454.3 (\ON") and on a sky position (\OFF") with a right as
ension 2.625 degrees largerthan in the ON dire
tion. The total data-taking time ON was 550 minutes with an equal amountof OFF time.When the data on this sour
e was analysed for the �rst time, an ex
ess in the ON position wasfound. While examining the reliability of the ex
ess, we found out that the software thresholdused at that time (nt = 5, as for the Crab nebula) was too near the NSB 
u
tuations for theanalysis of 3C454.3. A de�nitive analysis at a higher threshold nt = 9(7) for data taken onSeptember 1999(2000) showed no signi�
ant ex
ess (see table 13.6).With an analysis software threshold too near to the NSB 
u
tuations many noise peaks area

epted for analysis.A 
he
k was made on the data of 3C454.3 to prove that this sample had more noise peaks thanthe other sour
es if the analysis threshold used for most of su
h sour
es was applied (see table12.1). The number of peaks that surpass the initial software threshold (nt=5) was 
ounted inthe last 200 
hannels (100 ns) of the tra
e, where no more Cherenkov pulses are expe
ted. Then,we extrapolated this value and found that 
a. 3 \noise" peaks passed the software threshold forea
h event and that there were more peaks in the OFF than in the ON position (� 3.6 (OFF) vs.3 peaks (ON)). To prove that the dete
ted peaks were really noise and not originated by some\external" sour
e like muons, we 
he
ked the sample of data taken with the hut door 
losed andthe tungsten lamp (se
t. 11.3.1). For this set of data the 
urrents and NSB 
u
tuations agreedwithin 
a. 1% with the 3C454.3 data. We found a similar number of peaks for the tungstenlamp data, proving our hypothesis of noise peaks (with the door 
losed, an external sour
e forthe peaks 
an be ruled out).The e�e
ts of a software threshold too 
lose to the NSB 
u
tuations was �rst noti
ed for3C454.3 due to the large di�eren
e of NSB between ON and OFF positions (for 
omparison seetables 12.4-12.5).13.1.4.5 Other potential sour
esTables 13.7-13.12 present the results of the observation of potential gamma-ray sour
es for whi
hno signi�
ant ex
ess has been found. The data was taken under similar 
onditions to the datapresented up to now.The gamma-ray burst GRB010222 is a spe
ial 
ase (see table 13.12). This gamma-rayburst was dete
ted by BeppoSAX on February 22.3073484 UT. Among the GRBs dete
ted onBeppoSAX, GRB010222 ranked se
ond in 
uen
e and third in 
ux [245℄. A redshift of z = 1.477was reported (see e.g. [120℄). GRAAL began observations on this gamma-ray burst as soon asit was in the �eld of view of the dete
tor, about 18 hours after its dete
tion by BeppoSAX. Thesele
ted data sample is the largest of all observed sour
es with ex
eption of Mrk 421. In theraw data a 1.6� ex
ess is found whi
h enhan
es to a 2.2� e�e
t after re
onstru
tion. Table 12.5indi
ates the se
ond lowest NSB for this sour
e (after the Kuehr0428+20.5 obje
t), a di�eren
ebetween the NSB of ON and OFF positions of 0.07% and a zero di�eren
e between the integrated164



Raw events Re
. events Centr. eventsON 24119 13136 2295OFF 26911 13272 2299EXCESS -2792 � 226 -136 � 136 -7 � 76Table 13.7: Entries as in table 13.1 for the samples with pointing towards a \pseudo sour
e" atright as
ension = 330.68 degrees and de
lination = 40.28 degrees (\ON") and on a sky position(\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion. The total data-taking time ON was 250 minutes with an equal amount of OFF time.Raw events Re
. events Centr. eventsON 7827 6394 2081OFF 7792 6251 2017EXCESS 35 � 125 143 � 112 64 � 83Table 13.8: Entries as in table 13.1 for the samples with pointing towards the 3
273 at right as-
ension = 187.28 degrees and de
lination = 2.05 degrees (\ON") and on a sky position (\OFF")with a right as
ension 2.625 degrees larger than in the ON dire
tion. The total data-taking timeON was 90 minutes with an equal amount of OFF time.
harge of ON and OFF positions. Although the ex
ess is found in all the pro
esses of analysis(raw data, re
onstru
ted events and after normalization) in a 
onsistent way, it is not signi�
antenough to 
laim a dete
tion.13.1.5 Drawba
ks of the normalization te
hniqueThe normalization te
hnique 
an fail due to a \bad" angular re
onstru
tion and/or to a \di�er-ent" angular re
onstru
tion in ON and OFF positions.� If the angular re
onstru
tion of events is bad (given by a large number of misre
onstru
tedevents and a small ratio PT) an existing gamma-ray signal 
an be eliminated with thenormalization, even if the ratio PT is the same for ON and OFF positions. First, as thegamma-ray events are very similar to the hadrons, a poor hadroni
 angular resolutionmeans also a poor resolution for the gammas. Consequently, only a small fra
tion of thegammas will remain in the \
entral region" where the ex
ess is 
al
ulated. Se
ond, sin
ethe most part of the gamma-ray events will be in this 
ase in the \outer region" usedRaw events Re
. events Centr. eventsON 7221 5820 1818OFF 7250 5889 1920EXCESS -29 � 120 -69 � 108 -102 � 80Table 13.9: Entries as in table 13.1 for the samples with pointing towards the 3
279 at rightas
ension = 194.046 degrees and de
lination = -5.789 degrees (\ON") and on a sky position(\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion. The total data-taking time ON was 90 minutes with an equal amount of OFF time.165



Raw events Re
. events Centr. eventsON 5616 4387 1309OFF 5556 4365 1400EXCESS 60 � 106 22 � 93 -91 � 68Table 13.10: Entries as in table 13.1 for the samples with pointing towards the sour
e Kuehr0428+20.5 at right as
ension = 67.77 degrees and de
lination = 20.63 degrees (\ON") and on asky position (\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion. Thetotal data-taking time ON was 60 minutes with an equal amount of OFF time.
Raw events Re
. events Centr. eventsON 14784 11308 3636OFF 14691 11173 3589EXCESS 93 � 172 135 � 150 47 � 83Table 13.11: Entries as in table 13.1 for the samples with pointing towards the BL La
 atright as
ension = 330.68 degrees and de
lination = 42.28 degrees (\ON") and on a sky position(\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion. The total data-taking time ON was 210 minutes with an equal amount of OFF time.
Raw events Re
. events Centr. eventsON 99938 65051 15966OFF 99218 64287 15673EXCESS 720 � 446 764 � 359 293 � 178Table 13.12: Entries as in table 13.1 for the samples with pointing towards the gamma-ray burstGRB010222 at right as
ension = 223.05 degrees and de
lination = 43.018 degrees (\ON") andon a sky position (\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion.The total data-taking time ON was 790 minutes with an equal amount of OFF time.
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for normalization, the gamma-ray events will 
ontribute to the normalization fa
tor, thuseliminating any existing signal. Moreover, the normalization is expe
ted to work if the
onsidered di�eren
e in the ratio rio between gammas and protons is true, but for somedire
tion this di�eren
e is very small (see table 7.3) and in addition the error introdu
edby the weighting pro
edure must be taken into a

ount (se
tion 9.3.2).� If the ratio PT of se
tion 12.2.2 is di�erent for the ON and OFF positions (even if it islarge for both positions), an existent gamma-ray signal 
an be eliminated, but also a signal
an be faked. In prin
iple, and sin
e exa
tly the same part of the sky is tra
ked during ONand OFF position, we expe
t the same re
onstru
tion eÆ
ien
y (se
tion 9.3.1). However,if some heliostat fails only when observing one of the positions (ON or OFF) or if the NSBis very di�erent between both positions, a slight di�eren
e in the ratio PT 
an appear (seese
tions 12.3 and 11.3.3 respe
tively). If this happens, the normalization fa
tor 
an 
reatea signal or eliminate an existent ex
ess. To minimize the possible e�e
t of di�erent PTvalues, we have required normalization fa
tors between 0.95 and 1.05 (parameter RO ofse
tion 12.2.2).13.2 Te
hnique of 
omparison of total ratesIn order to 
he
k the 
onsisten
y of the normalization method (previous se
tion) the number of\total events" (hardware-triggered) before analysis has been 
ompared for ON- and OFF-sour
eperiods.Before the 
omparison two 
orre
tions must be made: �rst we must ensure that the e�e
tivetime of data a
quisition is exa
tly the same in both periods (se
tion 13.1.1). Se
ond, the numberof a

idental events has to be 
al
ulated and subtra
ted for ea
h period (se
tion 11.2.1.1). Thesubtra
tion of the a

idental events is not applied in the analysis with re
onstru
tion of theairshower dire
tion sin
e su
h events are reje
ted with the software 
uts (se
tion 11.3.1).The fa
tor whi
h 
orre
ts for the di�erent ele
troni
 dead time of the dete
tor in periods ONand OFF (se
tion 13.1.1) must not be taken into a

ount for the analysis of the total 
ountingrate sin
e su
h a rate is not biased by the DAQ-dead time.Then, there are two di�eren
es between the \total 
orre
ted rate" analysed in this se
tionand the \raw" rate shown in tables 13.1-13.12, namely, the ele
troni
 dead time of the setup(whi
h in
uen
es only the raw rate) and the rate of a

idental events (whi
h is subtra
ted onlyin the analysis of total rates).Tables 13.13-13.14 show the total number of events as registered by the 
ounters of GRAAL(�rst 
olumn) and after all the above mentioned 
orre
tions (se
ond 
olumn) for ea
h of theobserved sour
es.At this level of analysis it is expe
ted that sour
es whi
h have a signi�
ant di�eren
e in thelevel of NSB between ON- and OFF-sour
e positions (see tables 12.4-12.5) show an ex
ess ofevents in the noisier position. The signi�
an
e of the ex
ess depends on the di�eren
e of NSBand on the statisti
s a

umulated for ea
h sour
e. It is diÆ
ult to de
ide what is a \signi�
antdi�eren
e" in the level of NSB. We have seen (se
tion 11.2.1.2) that an in
rease in the NSB ofa 5% produ
es an in
rease in the trigger rate of a 6%. This 
hange in rate is high, but for theobserved sour
es the maximum NSB di�eren
e between ON and OFF is 0.8% for Mrk421 andfor the rest of the sour
es stays below 0.4% (see tables 12.4-12.5). This means that, assumingthat the in
rease of NSB and rate is linear3, we 
an expe
t a signi�
ant di�eren
e in the trigger3This assumption is in fa
t very rough and we would need to make a detailed study at various NSB levels to167



Sour
e Total events Total 
orre
ted events3C454.3ON 49141 46566OFF 51982 46909EXCESS -2841 � 318 -343 � 3063EG J1835+59ON 50264 49499OFF 50914 50323EXCESS -650 � 318 -824 � 316BL La
ON 17337 17255OFF 17222 17158EXCESS 115 � 186 97 � 185Crab 00ON 79194 58107OFF 86428 58550EXCESS -7234 � 407 -443 � 341Mrk421 00ON 64011 62907OFF 63665 62365EXCESS 346 � 357 542 � 354Pseudo sour
eON 28808 26010OFF 31993 26549EXCESS -3185 � 246 -539 � 229Table 13.13: Number of hardware-triggered events (labelled \total events") and number of eventswith subtra
tion of the expe
ted number of a

idental events and a 
orre
tion for the di�erenttime of data a
quisition in ON and OFF periods (labelled \total 
orre
ted events"). The datashown has been taken in the period September 1999-September 2000.
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Sour
e Total events Total 
orre
ted events3C273ON 8170 8170OFF 8164 8144EXCESS -6 � 128 -26 � 1283C279ON 7534 7534OFF 7579 7584EXCESS -45 � 122 -50 � 123Crab 01ON 30957 30259OFF 30635 30136EXCESS 322 � 248 123 � 246GRB010222ON 109071 109071OFF 108066 107926EXCESS 1005 � 466 1145 � 466Kuehr0428+20.5ON 5920 5920OFF 5885 5939EXCESS 35 � 109 -19 � 109Mrk421 01ON 89529 89529OFF 86411 86631EXCESS 3118 � 419 2898 � 420Table 13.14: Entries as in table 13.14 but for data taken from O
tober 2000 till Mar
h 2001.
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rate due to the di�erent NSB only for Mrk 421. For the other sour
es, the di�eren
e will bewithin the statisti
al 
u
tuations unless the statisti
s are in
reased by more than a fa
tor 10with respe
t to the existent ones.Looking at the tables 13.13-13.14 it 
an be observed that the di�eren
e in number of eventsbetween ON and OFF positions is non-signi�
ant for all the sour
es of the period O
tober 2000-Mar
h 2001 (in whi
h the number of random events was negligible) ex
ept for Mrk 421 and forGRB010222. These two sour
es present an ex
ess also after re
onstru
tion (see tables 13.4 and13.12). This means that, if there exist only very small di�eren
es of NSB and if no a

identalevents are re
orded, the analysis of total rates is a reliable method to dete
t a sour
e, providedthat the sour
e 
ux is not very faint (see below).In 
ontrast, signi�
ant negative ex
esses in the total number of re
orded events are observedfor some sour
es of the period September 1999-September 2000 (see �rst 
olumn of table 13.13).For these sour
es (3C454.3, 3EGJ1835, Crab and Pseudo 1) the negative ex
ess is 
ompletelydominated by the a

idental events. Sin
e the NSB level is higher in the OFF position withrespe
t to the ON position, the number of a

idental events will be also higher in OFF. In these
ond 
olumn of table 13.13 the a

idental events have been subtra
ted and the only signi�
antex
ess is observed for the sour
es 3EGJ1835+59 and the Pseudo sour
e with 2.6� and 2.3�ex
ess in the OFF position respe
tively. This ex
ess is �nally redu
ed to non-signi�
ant withthe analysis presented in the previous se
tion (see tables 13.5 and 13.7).To evaluate the eÆ
ien
y of the \total rate" analysis we have to take into a

ount �rst, thepossibility of indu
ing a fake signal with the analysis and se
ond, the feasibility of the methodto dete
t a sour
e.In the absen
e of a

idental events and provided that the di�eren
e of NSB between ONand OFF positions is \very small", the analysis of total rates 
an indi
ate a gamma ex
ess.The maximum di�eren
e of NSB levels required to 
onsider this method valid is very diÆ
ult todetermine, given the faintness of the gamma 
uxes. For example, for the time of measurement onthe Crab nebula during the 1999/2000 period and extrapolating the Whipple 
ux for su
h sour
e[114℄, only 355 ex
ess events are expe
ted. A di�eren
e in the energy threshold of 
osmi
-rayprotons between ON and OFF of only 5 GeV at an energy threshold of 2 TeV already produ
esa di�eren
e of 550 events for the same time of measurement and using the known 
osmi
-rayproton 
ux and a 
onstant e�e
tive area of 8000 m2.The \total rate" analysis method turns out as 
ompletely useless when trying to dete
t agamma ray 
ux from a faint \
andidate sour
e" (with faint it is meant already a 50% of theCrab 
ux), sin
e the 
ux sensitivity of the experiment at the \total rate" level of analysis is verylow. For example, about 460 hours of measurement in the ON-sour
e position and the sametime in the OFF-sour
e position are needed to dete
t an ex
ess of the Crab nebula at a 5� levelof signi�
an
e (using the equation 8.4) without 
onsidering NSB e�e
ts and � 1152 hours toin
rease the signi�
an
e to 8� under the same 
onditions.13.2.1 Comparison of the ex
esses obtained by the GRAAL and HEGRAdete
tors for Mrk421The problems of using the normalization te
hnique for the analysis of the Mrk421 data werepointed out in se
tion 13.1.4.2. In this se
tion a daily 
omparison between the preliminary dataof the HEGRA experiment and the GRAAL data (analysis of total rates) for the samples takenduring the 
are of February-Mar
h 2001 is made. The results are shown in table 13.15.give 
on
lusive results, but this is diÆ
ult taking into a

ount the smallness of the 
onsidered e�e
ts.170



GRAAL (raw data) HEGRA CT1 HEGRA CT SystemDate Flux [Crab units℄22-23.02.01 2.1 1.1 1.418-19.03.01 0.9 0.6 0.722-23.03.01 2.4 1.8 2.923-24.03.01 2.6 5.1 5.324-25.03.01 3.2 1.5 2.327-28.03.01 8.0 (0.8) no obs.30-31.03.01 0.8 2.1 2.3Table 13.15: Comparison of the night ex
esses in the dire
tion of Mrk 421 re
orded by theHEGRA experiment, both by the CT1 single teles
ope and the by the CT System (taken from[109℄), and GRAAL.The ex
esses reported by GRAAL are slightly larger than the ones given by the HEGRA
ollaboration in four of the nights. Considering the lower energy threshold of GRAAL in 
om-parison with HEGRA and the magnitude of the di�eren
es between the HEGRA single teles
opeand system of teles
opes, a good agreement is observed. For one of the nights, 23-24.03.01, theex
ess observed by GRAAL is smaller than for the HEGRA teles
opes. For the night of 27-28.03.01 there is a 
omplete disagreement between the ex
ess reported by GRAAL and the onereported by the CT1 teles
ope. This 
an be due to bad weather 
onditions in the HEGRA site,sin
e the system of teles
opes did not make observations on that night and the single teles
opeCT1 reports the ex
ess between bra
kets, indi
ating a non-
ompletely normal operation. Afa
tor whi
h 
an in
uen
e the 
omparison is the large error involved in the 
ux 
al
ulations ofGRAAL (se
tion 13.1.4.1).13.3 Con
lusionsWe have developed a dedi
ated analysis method for the GRAAL data. It 
ompares the eventsre
orded in two positions of the sky (ON and OFF) after the re
onstru
tion of the shower dire
-tion and taking into a

ount the di�eren
e of Night-Sky-Ba
kground between the two positions.This method is valid for analysis of sour
es with a good re
onstru
tion eÆ
ien
y (PT � 0.8) andwith a small di�eren
e of the NSB level between ON and OFF positions (< 0.5%). With thismethod an ex
ess of 4.5� signi�
an
e for the Crab pulsar has been obtained. In 
ontrast, forsour
es with low re
onstru
tion eÆ
ien
ies (PT � 0.6) the normalization te
hnique redu
es (oreven destroys) a possible gamma ex
ess by introdu
ing a large fra
tion of the gamma events inthe normalization fa
tor. This is very likely the 
ase of the sour
e Mrk 421. Thus, the reliabilityof the normalization method is limited.An alternative method 
onsists of 
omparing the number of re
onstru
ted events in ON andOFF positions without a normalization, as in 
olumn 2 of tables 13.1-13.12. With this kind ofanalysis we dete
t a signi�
ant ex
ess signal from the dire
tion of the Crab nebula and fromMrk 421. With this method it remains doubtful whether the di�eren
e of NSB between ON andOFF positions is a�e
ting the results. However, it in
reases the sensitivity of the dete
tor andit is therefore preferred.A di�erent method of analysis 
onsiders the number of hardware-triggered events after sub-tra
ting the a

idental events and 
orre
ting for di�erent a
quisition times. This method is171



good to 
he
k the 
onsisten
y of the normalization method, but it 
an not be used as the uniqueanalysis. The reason is the in
uen
e of the di�eren
e of NSB in the energy threshold of the ONand OFF positions, whi
h is not 
orre
ted at this stage. A di�eren
e in the energy threshold ofON and OFF regions of 
a. 5 GeV 
an produ
e a signal as signi�
ant as the one of the Crabnebula (se
t. 13.2). Moreover, even if a detailed study of the in
uen
e of the NSB in the triggerrate is made to make a 
orre
tion at this level, the sensitivity of the experiment remains low(se
tion 13.2).The la
k of eÆ
ient methods of gamma-hadron dis
rimination (
hapter 7) for
es the ele
tionof analyses based on the 
omparison of rates between two positions of the sky to dete
t agamma-ray ex
ess. The problems derived from su
h analyses have shown up all throughout this
hapter. The dete
tion of strong (e.g. Mrk 421 or Crab) sour
es is possible with both a totalrate analysis and after re
onstru
tion of the events. However, for the dete
tion of faint sour
esthe re
onstru
tion of the showers is mandatory. The in
uen
e of the NSB 
an not be negle
tedin this kind of analyses, although its e�e
ts 
an be 
orre
ted for samples with a very smalldi�eren
e in NSB levels and low statisti
s. The normalization method gives results independentof the NSB di�eren
e but is limited by the angular re
onstru
tion eÆ
ien
y.A 
ux determination for the sour
es observed by GRAAL is diÆ
ult. The reason is that thetotal rate and the re
onstru
tion eÆ
ien
y in the dire
tion of the sour
e have to be 
onsidered forea
h sour
e and 
ompared with the Monte Carlo simulations (systemati
 errors are introdu
edby the limitations of the Monte Carlo itself like the 
onversion of p.e. to mV (se
tion 4.4),but also by the weighting pro
edure (se
tion 9.3.2) and by the fa
t that we have only MonteCarlo data in 6 in
oming dire
tions in 
omparison with the range of dire
tions for the observedsour
es).

172



Con
lusions and outlookGRAAL �nished operation in September 2001 and was dismantled in January 2002. During itstwo years of operation, GRAAL took reliably data following the planned te
hni
al spe
i�
ations.It has been proven that the use of a heliostat array as a low 
ost Cherenkov teles
ope with amirror area of a few thousand square metres is a feasible alternative to the use of dedi
atedCherenkov teles
opes.The 
apital 
osts of the experiment in a fa
ility used for solar-energy resear
h during daytimerepresent only a few per
ent of the budget of dedi
ated teles
opes like the proje
ted MAGIC orHESS. Other solar-farm dete
tors, like CELESTE and STACEE, have 
osts 
a. 10 times higherthan GRAAL. This is due to the fa
t that GRAAL uses only 4 photomultipliers, vs. the 40 and48 PMTs used by CELESTE [69℄ and STACEE [58℄ respe
tively, and a mu
h simpler triggerele
troni
s. In addition, the remote night-time operation implies a redu
tion of human resour
esand travelling 
osts with respe
t to all other experiments.The Monte Carlo simulation has been an essential tool for the evaluation and 
orre
tionof the systemati
 errors and for a 
omplete understanding of this new te
hnique of gamma-ray observation. The properties of experimentally dete
ted showers -while showing statisti
allysigni�
ant deviations from Monte-Carlo simulated proton showers- agree in some importantparameters to within 10% typi
ally.The re
onstru
tion of the in
oming dire
tion of the Cherenkov showers based on their timefront was done for all the observed sour
es. Whereas the showers dire
tions of all the southernsour
es were 
orre
tly re
onstru
ted (within 0.7Æ from the real dire
tion a

ording to our MonteCarlo simulations), the re
onstru
tion of northern sour
es like EG J1835+59 was ineÆ
ient forGRAAL due to the overlap of the signals from di�erent parts of the showerfront. A de
rease ofthe re
onstru
tion eÆ
ien
y is also partially seen for sour
es at the zenith due to a \moderate"pulse overlap, like Markarian 421. The average angular resolution of GRAAL is 0.7Æ. Thisrelatively large value in 
omparison with the other heliostat arrays is very likely due to thehigher 
ompa
tness of our heliostat �eld; our heliostats are spread over an area (160�80 m2)mu
h smaller than the ones of CELESTE (240�200 m2) or STACEE (300�150 m2).One of the main drawba
ks of the heliostat approa
h has been the night-time weather 
on-ditions at the relatively low elevation of the heliostat �eld. The disadvantages of using a siteinitially 
hosen for solar-energy generation for the dete
tion of gamma rays were already broughtto attention at the early days of the solar-farms history. We found that the fra
tion of time(total duty 
y
le) with weather and moon-light 
onditions suÆ
ient for the dete
tion of gammaradiation was about 3-4% at the PSA, about a fa
tor 5 lower than at astronomi
al sites. This ismainly due to the fa
t that the site-sele
tion 
riteria for solar-fa
ilities do not mat
h the 
riteriaof an astronomi
al site. For example, the latter require dark sites and preferentially at highaltitudes, 
onditions whi
h are irrelevant for a good operation of the solar power plants.Regarding the sensitivity of the experiment, the la
k of an eÆ
ient gamma-hadron separa-173



tion te
hnique has been the \major enemy" of all the heliostat arrays, in
luding GRAAL. Thereje
tion of hadron showers is a
hieved in other experiments by a 
omparison of the shower\shape" 
hara
teristi
s between gammas and hadrons together with the re
onstru
tion of theshower arrival dire
tion (isotropi
 distribution of hadrons vs. point dire
tion of gammas). InGRAAL, the �eld of view restri
tion was shown to lead to a very similar time stru
ture of theshower front in proton and gamma indu
ed showers. Likewise, the light distribution of gammaand proton indu
ed showers are hardly distinguishable. These two fa
tors prevent a reje
tionof the hadroni
 ba
kground based on the shower 
hara
teristi
s. In addition, it was found thatthe restri
ted �eld of view biases the dire
tion re
onstru
tion of proton showers towards thepointing dire
tion, so that a reje
tion of hadroni
 ba
kground based on its isotropi
 distributionagainst the point gamma signals fails to a great extent. Then, the la
k of hadron reje
tionmethods for
es (for all heliostat arrays) a 
onsideration of absolute rates between two regions ofthe sky (ON- and OFF-sour
e) to dete
t a gamma sour
e. This implies that the heliostat arraysneed 
a. a fa
tor 5-10 more time to dete
t e.g. the Crab nebula with respe
t to the existingteles
opes with gamma-hadron dis
rimination methods, i.e. the sensitivity is strongly de
reased.In addition, when absolute rates are 
onsidered, the NSB introdu
es systemati
 e�e
ts whi
h 
annot be 
orre
ted at a high pre
ision level.The large s
atter in the energy re
onstru
tion of the showers was also found to be a 
on-sequen
e of the small �eld of view, whi
h prevents the dete
tion of a fra
tion of the light forshowers falling far from the 
entre of the array.The heliostat arrays are dete
tors optimized to a
hieve low energy thresholds. There is onlyone experiment (CELESTE) with a 
learly lower energy threshold (60 GeV) than the one ofGRAAL (250 GeV). The GRAAL value is however higher than initially expe
ted due to fakesignals from afterpulsing of the PMTs and a small signal-to-noise ratio in 
omparison withMonte Carlo simulations. A low energy threshold requires �rst a large mirror area. GRAALhas the largest mirror area (� 2500 m2) of all existing or planned Cherenkov dete
tors. Totake advantage of the large light 
olle
ting area, the heliostat arrays must be operated near the
u
tuations of the NSB. In the absen
e of gamma-hadron separation te
hniques, the di�eren
e ofnight-sky-ba
kground between ON and OFF positions is 
ru
ial. The reason is that a di�eren
eof e.g. 10% in NSB 
an already produ
e a signal of the Crab intensity in the noisiest region.Consequently, an existent gamma-ray signal 
an be \eliminated" (if the OFF position is noisier)or, alternatively, a signal 
an be faked (if the ON position is noisier). The e�e
t of di�erentnight-sky ba
kgrounds in the ON- and OFF-sour
e region is small after 
orre
tion with softwarete
hniques for the relatively small event numbers dis
ussed in this thesis and the observedmaximal di�eren
e of NSB intensity of 4%. Nevertheless, this e�e
t be
omes a prin
ipal diÆ
ultyfor the determination of absolute 
uxes in somewhat larger samples.In re
ent years, the �eld of the gamma-ray astronomy has experien
ed a big development.The ground-based dete
tors have in
reased their sensitivity more than a fa
tor 10 (estimatedas the time needed to dete
t the Crab nebula) during the last 10 years, opening the possibilityof dete
tions of faint gamma-ray sour
es. However, up to now only 4 point sour
es have beenreliably proven (� 5� dete
tion of at least two experiments) to emit gamma-rays at TeV energiesand upper limits for the 
ux of many other 
andidate sour
es have been set, indi
ating small (lessthan � 33 milliCrab for some sour
es) or perhaps inexistent gamma 
uxes at the observationenergies.The 
onversion of existent solar farms to Cherenkov astronomy raised the hope of a rapiddete
tion of more gamma-sour
es from the ground by lowering the energy threshold to theunexplored energy region between 30 and 300 GeV. However, the problems exposed above,174



unfortunately inherent to all heliostat arrays, have redu
ed the sensitivity of the experimentsmu
h below the expe
tations (e.g. CELESTE needs 
a. 6 hours to dete
t the Crab nebulaat a level of 5 � signi�
an
e in 
omparison with the 20 min estimated in the proposal of theexperiment). It seems that the dete
tion of new gamma-ray sour
es with low 
uxes will haveto wait until the next generation of imaging Cherenkov teles
opes is in operation. The otherpossibility is that the heliostat arrays solve the problems derived from the restri
ted �eld ofview in order to in
rease their sensitivity. In this dire
tion, CELESTE has tried a new pointingstrategy, that 
onsists in dividing the heliostats in two groups and fo
using ea
h group to adi�erent part of the shower development (one of the parts being the maximum of the shower).This step towards imaging may help to in
rease the sensitivity of the solar dete
tors, but it willbe at the expense of an in
rease in the energy threshold. Solar-2 might eventually pro�t fromthis idea given the hundreds of mirrors available in its heliostat �eld.
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Appendix ASoftware 
utsTable A.1 shows the software 
uts applied to the MC and experimental data in order to obtainthe di�erent results of this thesis. The value of nt used in the analysis of MC simulated andreal data is also indi
ated. However, this is not a software 
ut, but a parameter of the analysisprogram (see appendix C). The main two software 
uts are NREMAIN, de�ned as the numberof re
onstru
ted peaks, and lsq2t , whi
h determines the goodness of the �t of the showerfront toan sphere. For all the standard analyses these two 
uts have been applied. In addition, a third
ut on the value of the NSB 
u
tuations (�NSB) has been imposed. This 
ut has been onlyin
luded to reje
t a kind of events produ
ed by ele
troni
 noise in the se
ond photomultiplier.The rate of these events has been inferred from OF 2 observations to be less than 0.003 Hz.We have used the logarithm of the integrated 
harge as an indi
ator of the energy threshold(see tables 12.4 and 12.5). Therefore, it has been mandatory to impose a limit on the integrated
harge to a

ept only positive values. However, this 
ut is not really stri
t, sin
e events withnegative IC are most likely noise events, where the NSB negative 
u
tuations have more weightthan the positive ones. Those events are reje
ted in the standard analysis already with theNREMAIN 
ut.
MC simulated data Real dataE�e
tive area For 
omparison MC-real data:Energy threshold # of total/re
onstru
ted peaks ICTrigger rate lsq2t , angular resolutionnt (se
t. 6.1.2.1) 9 6 5-9NREMAIN (se
t. 9.2) � 5lsq2t (se
t. 6.2.2) - � 100 - � 100�NSB (se
t. 6.1.2.1) - � 4 - � 4IC (se
t. 6.1.3) - - > 0 -Table A.1: Software 
uts imposed on the data after analysis.177
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Appendix BCoordinate system
North

East

South  = 0

= 180

= 90

North

East

South

= 0

 =180

= 90West= 270 West = 270

Coordinate system used for MC Technical system (e.g. Xephem) - clockwise

Figure B.1: The 
onvention for the azimuth 
oordinates used throughout this thesis is shown(left panel). The right panel indi
ates a standard te
hni
al system, like the used for example inXephem [243℄.
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Appendix CParameters of the analysis programThe parameters used by the analysis program, with a short de�nition, are listed below. Thestandard values are indi
ated in bra
kets. The use of di�erent values for the analysis of somesour
e is indi
ated throughout the thesis.� nt (5): software threshold. nt indi
ates the minimum amplitude (in NSB 
u
tuations units)of a peak to be 
onsidered for analysis (see se
tion 6.1.2.1 for a detailed des
ription).� FIX THRESHOLD (\not-de�ned"): if de�ned, this parameter indi
ates an analysis with a�xed software threshold. Instead of imposing a variable threshold (dependent on the NSB
u
tuations), an amplitude above a �xed number of ADC units (see below) is required to
onsider a peak for analysis (se
tion 11.3.2).� ADC THRESHOLD (
a. 5-7 ADC units): if a �x software threshold is 
onsidered (seeabove), this parameter gives the minimum amplitude (in ADC units) required to a

ept apeak. The limit depends on ea
h sour
e.� WAITING TIME (6 ns): peaks arriving 
loser to ea
h other than WAITING TIME areex
luded to avoid a bias from overlapping pulses (se
tion 6.1.2.2).� MAXIMUM REJECTED PEAKS (5): number of peaks above software threshold that 
anbe reje
ted by the program during analysis (se
tion 6.2.2).� FWHM (10 ns): maximum allowed pulse width (Full Width Half Maximum) to 
onsider apulse as a Cherenkov pulse. This limit is set to 10 ns to avoid the �t of many overlappedpeaks as a single wide pulse. If overlapped pulses are to be 
onsidered this limit must havea large value.� GRID SIZE (5�5 deg): size of the spatial grid where the position of a 
ertain shower issear
hed for (se
tion 6.2.2).� GRID BIN (0.5 deg): initial binning of the grid where the position of a shower is sear
hedfor.� GRID FINE BINNING (0.01 deg): �nal binning of the grid where the position of a showeris sear
hed for. This binning is only used to obtain the �nal re
onstru
ted position of ashower. The �nal position is sear
hed with this binning in the adja
ent bins to the onesele
ted from previous binning (see above).181



� SATURATED PEAKS (1): indi
ates if the program 
onsiders saturated peaks for theanalysis. The parameter value 0(1) means a

eptan
e(non-a

eptan
e) of saturated peaksrespe
tively.� SHIFT (0-400 ns): di�eren
e in time between the arrival time of the �rst peak and thetime at whi
h the �rst peak is expe
ted (se
tion 6.2.2).� SHIFT STEP (5 ns): initial bin width of the SHIFT parameter (see above).� SHIFT FINE STEP (0.25 ns): �nal bin width of the SHIFT parameter (see above).� TIMEDIFF (5 ns): maximum allowed time deviation between a measured peak and itsexpe
ted position. Peaks with TIMEDIFF>5 ns are reje
ted by the program until thelimit \MAXIMUM REJECTED PEAKS" (see above) is rea
hed. Then, the peaks mustbe a

epted even if TIMEDIFF > 5ns (these peaks will in
rease the value of lsq2t ) (se
tion6.2.2).� BIG PEAKS (0): if set to 1 only the N (N is also a variable parameter) largest peaks areanalysed.
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2.3 Longitudinal development of air showers initiated by gamma-ray primaries. Theaverage number of parti
les in the shower (shower size) is plotted as a fun
tionof depth in the atmosphere for various primary energies. The depth is de�ned bythe number of radiation lengths (r.l.). The radiation length of air is � 37 g/
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e
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3.13 The signal height in mV after ampli�
ation re
orded in all four 
ones from onetypi
al airshower is displayed as a fun
tion of time. The trigger o

urs at 500 ns.The y-gain depends on amplitude, at 100 mV one mV 
orresponds to typi
ally0.25 photoele
trons. Ea
h peak 
orresponds to the Cherenkov-light 
ash of theshower re
e
ted by a di�erent heliostat. The distribution of light intensity on theground within the �eld of view of the 
ones is very uneven. . . . . . . . . . . . . . 513.14 MC simulation of the sequen
e trigger. Taken from [32℄. . . . . . . . . . . . . . . 523.15 MC simulation of the 
harge trigger. A tra
e with high time resolution is inte-grated in the ele
troni
 
hain of the \
harge(q)-trigger", resulting in the signallabelled \Integrated signal". On
e this signal surpasses the threshold level a \
onetrigger" is initiated. Taken from [32℄. . . . . . . . . . . . . . . . . . . . . . . . . 533.16 Frequen
e of arrival of events to the data a
quisition, following a Poissoniandistribution. If �(total event) is bigger than 1, �(total event)-1 events are lost(see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553.17 Operational mode of the alarm system for remote 
ontrol in GRAAL (see text).Under extreme 
onditions indi
ated by any of the parameters 
he
ked by the daqprogram the data a
quisition is stopped and the door 
losed (red labels). The bluelabels indi
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h 
an be temporary and do not immediately damagethe hardware. If these 
onditions are registered the physi
ist on shift is 
alled andhas to 
he
k the parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 574.1 Time deviation of the experimental peaks from the expe
ted ones, for the �nalre
onstru
ted dire
tion of a number of real showers for all four 
ones. The 
entralpeak has been �tted to a Gaussian, the parameters of the �t are shown in the �gure. 644.2 Dependen
e of the arrival time of a LED pulse with the PMT high voltage. Theexperimental points have been �tted to the exponential 
urve P1+exp(P2+P3�x).The redu
ed �2 indi
ates a 99% 
on�den
e level for the �ts of the 
ones 1-3. The�t of the 
one 4 has a 
on�den
e level of 
a. 40%. . . . . . . . . . . . . . . . . . 654.3 Non-linear gain 
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alibration of the ele
troni
s (see text).Shown is the maximum amplitude in mV as a fun
tion of the initial inje
ted
harge. Taken from [32℄. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 674.4 Dependen
e of the ratio original-to-re
e
ted amplitude in the 
ables on the in
i-dent pulse amplitude for 
ones 1 (panel a.) and 2 (panel b.). Both 
urves are�tted to a polynomial fun
tion of grade 1. The results of the �t are shown in table4.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 695.1 Top (panels a. and b.): energy distribution for a MC gamma sample of 20000showers (4000 independent). Bottom (panels 
. and d.): number of gamma show-ers as a fun
tion of distan
e to the 
ore. The plots on the left (a. and 
.) showthe original simulated sample. The plots on the right (b. and d.) show the MCsample after weighting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 735.2 Top (panels a. and b.): energy distribution for a MC proton sample of 40000showers (8000 independent). Middle (panels 
. and d.): number of proton showersas a fun
tion of distan
e to the 
ore. Bottom (panels e. and f.): number of protonshowers as a fun
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e from the point sour
e position. Theplots on the left (a., 
. and e.) show the original simulated sample. The plots onthe right (b., d. and f.) show the MC sample after weighting. . . . . . . . . . . . 743



5.3 Final gain 
urves of the ele
troni
 simulation. The re
tangles represent the errorboxes of the experimental values of the LED 
alibration. . . . . . . . . . . . . . . 796.1 S
heme of the �rst step of the GRAAL analysis (see se
tion 6.1). . . . . . . . . . 826.2 S
heme of the se
ond step of the GRAAL analysis (see se
tion 6.2). . . . . . . . 836.3 Organization of the data into �les. Shown are the devi
es or �les whi
h provide theinformation (in bla
k, left side of the pi
ture), the kind of information re
orded(in blue, middle of the pi
ture) and the 
omputer in whi
h the information isstored (in green, right side of the pi
ture). . . . . . . . . . . . . . . . . . . . . . . 846.4 Theoreti
al arrival times of the Cherenkov pulses for 3 di�erent in
oming dire
-tions: a) zenith = 10 degrees, azimuth = 0 degrees, b) zenith = 30 degrees, azimuth= 0 degrees and 
) zenith = 30 degrees, azimuth = 45 degrees (see appendix Bfor azimuth 
onvention). For the 
on�gurations a. and b. the pattern is quasi-symmetri
 with respe
t to the north-south dire
tion (see very similar pattern for
ones 1 and 2, and 3 and 4 respe
tively). In addition, there is a 
hange in thepattern when going from zenith = 10 degrees (a.) to zenith = 30 degrees (b.).The situation is 
ompletely di�erent for panels 
., where all the 
ones have verydi�erent time patterns (having the same zenith angle as the dire
tion of panels b.). 876.5 Proje
tions of the number of showers as a fun
tion of shower dire
tions as re-
onstru
ted from the timing data. Shown is the deviation of the re
onstru
teddire
tion from the pointing dire
tion on the elevation-axis (left two panels a. and
.) and azimuth-axis (right two panels b. and d.). The origin then 
orrespondsto the pointing dire
tion as determined by the orientation of the heliostats. Two
omponents are apparent: a peak near the origin, and a \
at ba
kground" 
or-responding to events misre
onstru
ted in dire
tion (see text). The data sample
omprises of 32 hours of ON-sour
e time on the Crab pulsar (upper panels a. andb.) and an equal amount of OFF-sour
e time (lower panels 
. and d.) taken undervariable weather 
onditions in the season 1999/2000. The \Gaussian plus linearfun
tion" �t is performed to ea
h subsample. The parameters of the �t are indi-
ated in the �gure: P1, P2, P3 - height, mean and sigma of the Gaussian; P4,P5 - 
onstant term and slope of the linear fun
tion. It is seen that the Gaussian-
orresponding to su

essfully dire
tion re
onstru
ted events - is always 
entredwithin < 0.05Æ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 897.1 Typi
al distributions of Cherenkov light dete
ted at ground observation level (505m a.s.l. for GRAAL). The showers were MC generated by a gamma-ray (panelsa., 
. and e.) and a proton (panels b., d. and f.) verti
ally in
ident with the
ore situated on the 
entre of the array. The grey s
ale is linear in number of
olle
ted photons, the maximum intensity being the maximum number of 
olle
tedphotons (the same s
ale is used in all of the panels). See text for explanation ofthe di�erent 
on�gurations. Taken from [32℄. . . . . . . . . . . . . . . . . . . . . 947.2 The deviation of measured arrival times from the �nal �tted spheri
al showerfront for MC gammas (full line), protons (dashed line) and experimental data(dotted line). The visible sharp redu
tion of events with a time deviation somewhatsmaller than 5 ns is due to the fa
t that the re
onstru
tion program allows theex
lusion of 3-5 peaks with a deviation from the shower front larger than 5 ns(see se
tion 6.2.2) from the �nal �t. The distributions have been normalized tothe number of peaks of the experimental data. . . . . . . . . . . . . . . . . . . . . 974



7.3 Distribution of lsq2t for MC simulated proton (dashed line), gamma (full line) andexperimental showers (dotted line). The total number of showers was normalizedto the experimental data for 
omparison. . . . . . . . . . . . . . . . . . . . . . . 987.4 Map of lsq2t for hadroni
 (upper panels a. and b.) and gamma-ray (lower panels
. and d.) showers. Left panels (a. and 
.) show two showers with 10 re
onstru
tedpeaks and right panels (b. and d.) show two showers with 50 re
onstru
ted peaks.The blue 
ross indi
ates the re
onstru
ted in
oming dire
tion and the green 
rossthe real in
oming dire
tion. In panels b. and d. a smooth ellipse with a 
entre inthe minimum lsq2t and a gradient of in
reasing lsq2t values towards the grid outerlimits 
an be seen. Noti
e that the 
olour s
ale indi
ates maximum values of lsq2tof 40 for the points of the grid lying far from the 
entre. In panels a. and 
. noregular stru
ture 
an be observed. The 
olour s
ale rea
hes only values of 4, sin
ewith few peaks it is possible to �nd a wrong identi�
ation \heliostat-peak" so thatthe lsq2t is low. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 997.5 Monte Carlo simulation of the angular re
onstru
tion of events from a gamma-raypoint sour
e (full line, zenith angle 10Æ,azimuth angle 45Æ) and di�use sour
e ofprotons (dashed line). Shown is the number of showers as a fun
tion of angulardistan
e from the pointing dire
tion in degrees. It is seen that the relative fra
tionof showers with misre
onstru
ted dire
tions of the total data sample (
at ba
k-ground in �g. 6.5) is mu
h larger for protons (see text). The ratio rio=(eventswith angular deviation < 0.7 degree / all events) is 0.35 and 0.21 for gammas andprotons respe
tively. The distributions of protons and gammas are normalized tothe same number of showers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1007.6 Panel a. shows the number of peaks with an amplitude between 3��RMS and6��RMS for MC simulated gamma-ray showers (full line) and proton showers(dashed line). Panel b. shows the time deviation of the measured arrival timesfrom the �t to an spheri
al showerfront for the pulses plotted in panel a.. . . . . 1048.1 Deviation of the re
onstru
ted dire
tion from the pointing dire
tion on the elevation-axis for a MC sample of gamma-ray showers, generated with an in
oming dire
tionof 30Æ zenith angle and 0Æ azimuth angle, when 5 (panel a.) and 15 (panel b.)re
onstru
ted peaks are required to a

ept an event. . . . . . . . . . . . . . . . . 1068.2 Dependen
e of the angular resolution (�63) with the number of peaks used in there
onstru
tion of the shower front for a MC sample of gamma-ray showers gen-erated with an in
oming dire
tion of 30Æ zenith angle and 0Æ azimuth angle. . . . 1078.3 Shown is the relationship between integrated 
harge (IC) and energy of a shower(panel a.) and the energy resolution for GRAAL (panel 
.) using the 
onversionfa
tor inferred from panel a. to re
onstru
t the energy from the IC (see text). Themiddle panel (b.) shows the energy resolution as a fun
tion of the energy of theshower (see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1088.4 Dependen
e of the fa
tor IC/Energy (panel a.) and energy resolution (panel b.)as a fun
tion of distan
e from the shower 
ore to the 
entre of the array. Theenergy resolution is 
onstant for all energies if the impa
t point of the shower isknown with an a

ura
y of 10 m (see text). . . . . . . . . . . . . . . . . . . . . . 1098.5 Energy resolution as de�ned in eq. 8.1 for showers with distan
e to the 
ore < 60m (panel a.) and � 60 m (panel b.). Compare with right panel of �g. 8.3 (seealso text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1105



8.6 E�e
tive dete
tion area for gammas (panel a.) and protons (panel b.) in
omingfrom an zenith angle of 30 degrees and azimuth angle of 0 degrees. . . . . . . . . 1118.7 Dete
tion probability of gamma-ray originated showers (P(gamma,r)) as a fun
-tion of distan
e of the impa
t point to the 
entre of the array. The showers havebeen divided in three energy intervals: 50-300 GeV (dotted marks), 300-600 GeV(dashed marks) and 600-1000 GeV (full marks). . . . . . . . . . . . . . . . . . . 1128.8 Number of showers dete
ted by GRAAL as a fun
tion of energy. The maxima ofthe 
urves indi
ate the energy threshold of GRAAL for showers in
ident from azenith angle of 10Æ (250 GeV, full line) and for showers in
ident from 30Æ zenithangle (300 GeV, dashed line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1138.9 Shown are the spe
trum of the weighted MC sample of proton showers at zenith= 30 degrees and azimuth = 0 degrees (full line), the number of dete
ted showersby GRAAL for the same sample (dashed line) and the integrated a

eptan
e ofthe dete
tor (dotted line). For low energies, the number of dete
ted showers isquite 
at (
ompare with full line). This means that the real spe
trum (full line)is 
ompensated with a low a

eptan
e of the dete
tor for low energy showers. . . . 1148.10 Fra
tion of proton dete
ted showers as a fun
tion of the distan
e to the 
ore ofthe shower. The a

eptan
e of the dete
tor de
reases with the distan
e to the 
ore.No threshold e�e
t is observed (
ompare with �g. 8.7). . . . . . . . . . . . . . . . 1159.1 The number of showers as a fun
tion of \total integrated 
harge" per shower.The dashed line 
orresponds to experimental data, the full line is from the MCsimulation. The 
urves were normalized for the same number of showers. Thex-axis is in units of summed 
ash-ADC amplitudes in mV. . . . . . . . . . . . . 1189.2 Number of showers with a given number of peaks registered in all four re
ordedtiming tra
es. The dashed line is for MC simulated protons, the full line forgammas, and the dotted line for experimental data taken under similar in
identangles. The total number of showers was normalized to the experimental data for
omparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1199.3 Number of showers with a given number of peaks that were atta
hed to individualheliostats and were used in the �nal determination of the shower dire
tion. Thedashed (full) lines are for MC simulated proton (gamma-ray) indu
ed showers.The dotted line is from experimental data taken under similar in
iden
e angles.The total number of MC showers was normalized to the experimental data for
omparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1209.4 Angular re
onstru
tion of events from MC simulated proton showers (full line)and experimental showers taken in a similar dire
tion (dashed line). The fra
tionof events with angular deviation <0.7 deg with respe
t to all events (rio) is 0.27and 0.26 for real and MC proton showers respe
tively. . . . . . . . . . . . . . . . 1219.5 Deviation of the re
onstru
ted from the pointing zenith angle as a fun
tion of thepointing azimuth angle for a sample of real data taken on the sour
e 3C454.3. . . 12310.1 In
oming dire
tion of the proton showers dete
ted by GRAAL with respe
t to thepointing dire
tion. For the distribution, a weighted MC sample of protons within
oming dire
tions from a sphere of 5Æ radius with 
entre in zenith angle of 10degrees and azimuth angle of 45 degrees was used. At distan
es larger than 2Æfrom the pointing position the number of dete
ted showers is negligible. . . . . . . 1276



10.2 Re
onstru
ted dire
tion of the MC proton showers with respe
t to the real (redline) and pointing (bla
k line) position. The same MC sample from �g. 10.1 hasbeen used. The re
onstru
ted dire
tions are arti�
ially biased towards the pointingposition due to the restri
ted �eld of view of the array (see text). . . . . . . . . . 12810.3 Sket
h to illustrate the e�e
t of a small-�eld of view -ne
essitated by the heliostat-�eld approa
h (se
tion 10.1)- on the determination of the timing stru
ture. Agamma-ray indu
ed shower is symbolized in the left part of the �gure and a pro-ton indu
ed one with a slightly di�erent in
ident dire
tion on the right. Theproton shower is spatially more extended and symbolized as a 
olle
tion of smallsub-showers. The restri
ted �eld of view \ proje
ts" out sub-showers in the 
en-tral part of the shower out of the more extended proton shower. Other morepenetrating and laterally extended sub-showers -that in
rease the 
u
tuation inthe timing front- do not 
ontribute to the light dete
ted within the restri
ted �eldof view. One sub shower with an in
ident dire
tion biased towards the pointingdire
tion (symbolized by the label \sub") is preferentially dete
ted and thus biasesre
onstru
ted dire
tions towards the pointing dire
tion. . . . . . . . . . . . . . . . 12910.4 Typi
al distributions of Cherenkov light dete
ted at ground observation level (505m a.s.l. for GRAAL). The showers were MC generated by a gamma-ray (panelsa., 
. and e.) and a proton (panels b., d. and f.) verti
ally in
ident with the
ore situated 40 m away from the 
entre of the array. The grey s
ale is linearin number of 
olle
ted photons, the maximum intensity being the maximum num-ber of 
olle
ted photons. See text for explanation of the di�erent 
on�gurations(
ompare also with �g. 7.1). Taken from [32℄. . . . . . . . . . . . . . . . . . . . . 13010.5 Time stru
ture of a typi
al gamma-ray initiated shower. b. The arrival time asa fun
tion of distan
e from the 
ore in metres for a typi
al gamma shower. Theshading is proportional to the Cherenkov-photon density. 
. Same as b. but onlythose photons with an arrival dire
tion within 0.3Æ from the dire
tion towardsthe shower maximum from a position on the ground are displayed for the sameshower. a. Number of Cherenkov-photon emitting ele
trons in the shower as afun
tion of height a.s.l. when all the light is 
olle
ted (red line) and when therestri
ted �eld of view is 
onsidered (blue line). . . . . . . . . . . . . . . . . . . . 13110.6 Time stru
ture of a typi
al proton initiated shower. The panels show the samequantities as in the previous �g. 10.5. Note that the proton emits a mu
h smallerfra
tion of light within the restri
ted �eld of view be
ause of its larger angularextension. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13211.1 The number of showers as a fun
tion of di�eren
e in angular distan
e to the sour
edire
tion re
onstru
ted with the experimental NSB (full line) and NSB in
reasedon the software level (dashed line) by 0.5% (panel a.), 1% (panel b.), 5% (panel
.) and 10% (panel d.). In the lower plot a de
rease of the fra
tion of eventswithin the 
entral region is obvious (noti
e that this is agreement with table 11.4).The variation of PT is the one shown in table 11.4 (noti
e that the redu
tionof events in the 
entral region does not ne
essarily entails a redu
tion of the PTparameter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1427



12.1 Dependen
e of the ratio PT de�ned in se
tion 12.2.2 with the number of peaks usedfor the re
onstru
tion of the shower front for data taken on the sour
e Mrk501 ON(open 
ir
les) and OFF (stars) and on the sour
e Kuehr0428+20.5 ON (
rosses)and OFF(�lled 
ir
les). For the same number of peaks the ratio PT 
hanges fromsour
e to sour
e due to the di�erent position of the peaks but it does not 
hangefrom ON to OFF positions of a same sour
e, sin
e the same part of the sky istra
ked. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15013.1 The upper plot (a.) shows the number of events as a fun
tion of angular distan
eof re
onstru
ted dire
tion from sour
e dire
tion for ON-sour
e events (full line)and OFF-sour
e events (dashed line). No normalization of any kind was appliedto this plot. The lower plot (b.) shows the di�eren
e ON-OFF, normalized tothe number of events in the outer angular region, a

ording to eq. 13.3. Data ofthe Crab pulsar taken under good meteorologi
al 
onditions a

ording to the 
utsdis
ussed in se
tion 12.2.2 was used. The statisti
al errors of the individual binsare shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15813.2 Di�eren
e of the number of events in ON sour
e dire
tion and OFF sour
e dire
-tion for the Crab data sample shown in �g. 13.1 as a fun
tion of deviation of thezenith (upper plot a.) resp. azimuth angle (lower plot b.) from the sour
e dire
tion.15913.3 Distribution of the number of identi�ed peaks (panel a.), lsq2t of the �t of theshowerfront to an sphere (panel b.) and the proje
tion of the deviation of the re-
onstru
ted dire
tions from the pointing position for zenith (panel 
.) and azimuth(panel d.) for a sample of data taken on the sour
e 3EG J1835+59. The pointingposition was zenith around 10 deg and azimuth around 180 deg (see appendix Bfor azimuth 
onvention). The small number of re
onstru
ted peaks (
ompare e.g.with �g. 9.3) is the reason for the bad angular re
onstru
tion (
ompare with �g. 6.5).162B.1 The 
onvention for the azimuth 
oordinates used throughout this thesis is shown(left panel). The right panel indi
ates a standard te
hni
al system, like the usedfor example in Xephem [243℄. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
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List of Tables1.1 Gamma-ray produ
tion parameters. E
 = energy of the gamma-ray produ
ed, Ee= energy of the relativisti
 ele
trons, Ep = energy of the relativisti
 protons, B= magneti
 �eld, � = energy of the initial photons for ICS. Taken from [191℄. . . 41.2 Sour
e 
atalogue of dete
ted TeV gamma-ray sour
es. XBL and RBL denote X-ray and radio sele
ted BL La
 obje
ts respe
tively. The last 
olumn shows thegrade of \
redibility" of the dete
tion (A = really 
redible to C = least 
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onstant of proportionality C.The 
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al
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al
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s of an experimental pulse before (input) and after (output) theintegrator module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 765.3 Chara
teristi
s of a simulated pulse before (input) and after (output) the integratormodule. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 777.1 Expe
ted 
u
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kets
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on�den
e level for the given number of degrees offreedom ndof are bold fa
ed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12111.1 �NSB: RMS 
u
tuation of the measured NSB (in 
ash-ADC units) of all events insample, nt: level of software-threshold in analysis (de�ned in se
tion 6.2.2), Rawevents: all hardware-triggered events whi
h tra
es were re
orded, Re
. events:number of events after angular re
onstru
tion and software trigger, Centr. events:number of events in 
entral angular region (within 0.7 degrees of pointing dire
-tion). The number of random re
onstru
ted events is 0.6% for nt=5 and 0% fornt=7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13911.2 Di�eren
e (EXCESS) in integrated 
harge (IC) and number of re
onstru
ted eventsbetween the ON and OFF regions for two analyses performed with two di�erentthresholds, �xed and variable (see text). . . . . . . . . . . . . . . . . . . . . . . . 14111.3 Di�eren
e (EXCESS) in integrated 
harge (IC) and number of re
onstru
ted eventsbetween the ON and OFF regions for two analyses performed with di�erent �xedthresholds (see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14111.4 Number of re
onstru
ted (re
) and 
entral events and ratio PT for di�erent NSBlevels. The �NSB, that indi
ates the in
rease of night-sky from 
olumn to 
olumn,is measured in the tra
e after having added the noise. The parameter a indi
atesthe amount of noise that is added a

ording to eq. 11.4. . . . . . . . . . . . . . . 14310



12.1 Sour
es observed by GRAAL from September 1999 to Mar
h 2001, Time: time ofobservation for ea
h sour
e, Period: period of the year during whi
h the sour
ewas observed, nt: threshold used in the analysis of the data (se
tion 6.2.2), Timesele
ted: duration of the sele
ted set of data for ea
h sour
e a

ording to dete
torand meteorologi
al 
onditions (see se
tion 12.2). The sour
es for whi
h nt is notindi
ated (\-") have not been analysed yet. . . . . . . . . . . . . . . . . . . . . . . 14612.2 Limits imposed on the parameters for the sele
tion of data taken from September1999 to September 2000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14812.3 Limits imposed on the parameters for the sele
tion of data taken from O
tober2000 to Mar
h 2001. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14912.4 Current (mean of 4 
ones), Q-rate: single trigger rate of 
harge integrating
hannel (mean of 4 
ones), �NSB: RMS 
u
tuation of the measured NSB (in
ash-ADC units) of all events in sample, log(mean IC): de
adi
 logarithm ofmean net-
harge (in 
ash-ADC units) of all events in the sample. Rows are for thesamples with pointing towards the indi
ated sour
e (\ON") and on a sky position(\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion.The data shown has been taken between September 1999 and September 2000. . . 15112.5 Entries as in table 12.5 but for data taken from O
tober 2000 till Mar
h 2001. . . 15213.1 Raw events: all hardware-triggered events whi
h tra
es were re
orded, Re
.events: number of events after angular re
onstru
tion and software trigger, Centr.events: normalized number of events in 
entral angular region (within 0.7 degreesof pointing dire
tion), 
al
ulated as explained in se
tion 13.1.3. Rows are for thesamples with pointing towards the Crab pulsar (\ON") and on a sky position(\OFF") with a right as
ension 2.625 degrees larger than in the ON dire
tion.The total data-taking time ON was 430 minutes with an equal amount of OFF time.16013.2 Entries as in table 13.1 but for the data on the Crab pulsar taken in period2000/2001. The total data-taking time ON was 230 minutes with an equal amountof OFF time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16013.3 Entries as in table 13.1 for the samples with pointing towards the blazar Mrk421(\ON") and on a sky position (\OFF") with a right as
ension 2.625 degrees largerthan in the ON dire
tion. The total data-taking time ON was 480 minutes withan equal amount of OFF time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16113.4 Entries as in table 13.3 for the 2001 period of observation. The total data-takingtime ON was 570 minutes with an equal amount of OFF time. . . . . . . . . . . 16113.5 Entries as in table 13.1 for the samples with pointing towards the unidenti�edgamma-ray sour
e 3EG J1835+59 (\ON") and on a sky position (\OFF") witha right as
ension 2.625 degrees larger than in the ON dire
tion. The total data-taking time ON was 490 minutes with an equal amount of OFF time. The resultfor the 
entral region is not given for this sour
e be
ause the quality of the angularre
onstru
tion was strongly de
reased for its dire
tion pointing towards the north(see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16313.6 Entries as in table 13.1 for the samples with pointing towards the radio sour
e3C454.3 (\ON") and on a sky position (\OFF") with a right as
ension 2.625degrees larger than in the ON dire
tion. The total data-taking time ON was 550minutes with an equal amount of OFF time. . . . . . . . . . . . . . . . . . . . . . 16411



13.7 Entries as in table 13.1 for the samples with pointing towards a \pseudo sour
e"at right as
ension = 330.68 degrees and de
lination = 40.28 degrees (\ON") andon a sky position (\OFF") with a right as
ension 2.625 degrees larger than inthe ON dire
tion. The total data-taking time ON was 250 minutes with an equalamount of OFF time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16513.8 Entries as in table 13.1 for the samples with pointing towards the 3
273 at rightas
ension = 187.28 degrees and de
lination = 2.05 degrees (\ON") and on asky position (\OFF") with a right as
ension 2.625 degrees larger than in the ONdire
tion. The total data-taking time ON was 90 minutes with an equal amountof OFF time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16513.9 Entries as in table 13.1 for the samples with pointing towards the 3
279 at rightas
ension = 194.046 degrees and de
lination = -5.789 degrees (\ON") and on asky position (\OFF") with a right as
ension 2.625 degrees larger than in the ONdire
tion. The total data-taking time ON was 90 minutes with an equal amountof OFF time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16513.10Entries as in table 13.1 for the samples with pointing towards the sour
e Kuehr0428+20.5 at right as
ension = 67.77 degrees and de
lination = 20.63 degrees(\ON") and on a sky position (\OFF") with a right as
ension 2.625 degrees largerthan in the ON dire
tion. The total data-taking time ON was 60 minutes with anequal amount of OFF time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16613.11Entries as in table 13.1 for the samples with pointing towards the BL La
 at rightas
ension = 330.68 degrees and de
lination = 42.28 degrees (\ON") and on asky position (\OFF") with a right as
ension 2.625 degrees larger than in the ONdire
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