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THE MAGIC TELESCOPE PROJECT�V. Fonse
afor the MAGIC CollaborationyDpto. Fisi
a Atomi
a. Fa
ultad Cien
ias Fisi
asUniversidad Complutense, 28040 Madrid, Spain(Re
eived April 30, 1999)Up to now the 20�300 GeV energy range has been ina

essible togamma-ray astronomy. Here we report on a design for a 17-m � air�erenkov teles
ope, dubbed MAGIC teles
ope, whi
h will have a thresholdof 20 GeV, a large 
olle
tion area of > 105 m2 and a high gamma/hadronseparation power. It is estimated that the hardware investments would beabout 3.5 M$ and 2.5�3.5 years would be needed for the 
onstru
tion.PACS numbers: 95.30.Cq, 95.35.+d, 95.55.Ka, 97.60.Bw1. Introdu
tionAstronomi
al exploration is driven by 
uriosity and pro
eeds in two di-re
tions. Firstly, towards the most distant and weakest sour
es whi
h requirean ever-in
reasing sensitivity. Se
ondly, towards sour
es of ele
tromagneti
radiation at all frequen
ies. Te
hni
al developments have so far allowed toobserve the Universe from radio waves to 
-rays up to about 10 GeV andfrom about 300 GeV up to 100 TeV. A gap has remained unexplored between10 GeV and 300 GeV whi
h the MAGIC 
ollaboration intends to investigatefor the �rst time with the 
onstru
tion of a 17 m diameter teles
ope dubbedMAGIC (Major Atmospheri
 Gamma Imaging �erenkov Teles
ope). Detailsof its design and te
hnology, the s
ienti�
 motivation for it, the feasibilityof the proje
t, and other issues have been dis
ussed in detail in the MAGIC� Presented at the XXVII International Meeting on Fundamental Physi
s, SierraNevada, Granada, Spain, February 1�5, 1999.y parti
ipant institutions: U. Autonoma Bar
elona (Spain), U. Complutense Madrid(Spain), Crimean Astrophysi
al Observatory (Crimea), U. Goettingen (Germany),U. �ód¹ (Poland), I.N.R. Russian A
ademy of S
ien
e (Mos
ow), MPI Muni
h(Germany), U. Padova (Italy), U. Sienna (Italy), U. Pot
hefstroom (South Afri
a),U. Wuppertal (Germany), Yerevan Phys. Inst. (Armenia), R.B.I. Zagreb (Croatia).(2331)
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aTeles
ope Design Study [1℄. In this paper the major physi
s goals, the inno-vative te
hnologi
al developments allowing the MAGIC Teles
ope to rea
hsu
h a low energy threshold and high sensitivity are addressed.2. General overviewWith the all-sky survey of the Compton Gamma Ray Observatory satel-lite (CGRO) a large number of gamma extragala
ti
 sour
es (e.g. A
tiveGala
ti
 Nu
lei (AGN), Gamma Ray Bursts) has been dis
overed at highgala
ti
 latitudes, with photon energies up to 10 GeV. The ground-basedimaging air �erenkov te
hnique (IACT) with an e�e
tive photon 
olle
tionarea of typi
ally 30,000 m2 has only very re
ently a
hieved maturity aftermany years of pioneering studies led mainly by the Whipple 
ollaboration.In spite of an energy-�ux sensitivity superior to CGRO (for energy spe
traextrapolated to higher energies), a mu
h smaller number of sour
es has beendis
overed with the IACT te
hnique above 300 GeV implying that most ofthe CGRO sour
es have spe
tra turning over between 10 GeV and 300 GeV.Very likely, pair-produ
ing intera
tions of the gamma rays with low en-ergy photons from the di�use isotropi
 ba
kground radiation (far-infraredto ultra-violet) are responsible for this attenuation [2℄. This �ux of isotropi
ba
kground is poorly known from dire
t measurements. By measuring theturn-over energies in the spe
tra of sour
es with the MAGIC Teles
ope wewill be able to infer the low-energy ba
kground �ux in a manner 
ompletelyindependent of 
onventional methods.The MAGIC Teles
ope introdu
es major innovations 
ompared to 
ur-rent te
hnology IACTs: (i) a rigid light-weight 
arbon-�bre spa
e framemount yielding a very large light 
olle
tion area and low inertia, (ii) light-weight, heated diamond-turned all-aluminium mirror elements, (iii) an a
-tive mirror 
ontrol to 
ountera
t residual frame sagging, (iv) high quantume�
ien
y hybrid photomultipliers (HPD) for the se
ond phase of the exper-iment, (v) analog signal transmission from the 
amera to the ground stationfor low inertia, low dispersion, and noise immunity, and (vi) ultra-fast FADCreadout of the 
amera. These will dramati
ally in
rease the potential of 
-astronomy by providing a low energy threshold. A threshold of 25�30 GeV
an be rea
hed in the �rst phase by using a 
amera based on photomultiplierswith 
onventional bialkali photo
athodes.The very high light 
olle
tion power of the MAGIC Teles
ope will signif-i
antly improve the sensitivity in the energy domain of 
urrent and plannedIACTs (i.e. 100 GeV to about 50 TeV). The new te
hnology employed inthe MAGIC Teles
ope proje
t 
omplies with quality standards 
ommon ina

elerator physi
s and most of whi
h have been tested in preprodu
tion orprototype versions sin
e 1995.



The MAGIC Teles
ope Proje
t 2333An e�ort 
omplementary to the MAGIC Teles
ope proje
t is the Gamma-Ray Large Area Spa
e Teles
ope (GLAST). In the energy region of 10 GeVto 300 GeV GLAST will perform an all-sky survey and measure the di�use
-ray �ux, whereas MAGIC with its mu
h larger 
olle
tion area will fo
us onhigh-sensitivity observations of individual sour
es. This is important, sin
emost of the sour
es are strongly variable and require short integration timesto measure their light 
urves. Targeting the MAGIC Teles
ope and GLASTon the same sour
es will for the �rst time provide the possibility of an ab-solute 
ross 
alibration of both te
hniques. In addition the identi�
ation ofthe physi
al me
hanisms responsible for the produ
tion of the non-thermalradiation of the AGNs requires extensive multi-wavelength observation 
am-paigns in parti
ular with X-ray satellites, e.g. AXAF, ROSAT, RXTE, andXMM. 3. Key s
ienti�
 problemsOpening a broad, unexplored band in the ele
tromagneti
 spe
trum withthe high-sensitivity MAGIC Teles
ope promises to turn into a fas
inatingand ri
h era of dis
overy tou
hing fundamental problems in astrophysi
s,
osmology, and parti
le physi
s. A number of key problems where we 
on-sider the low 
-ray energy threshold of the MAGIC Teles
ope to be 
ru
ialare brie�y dis
ussed below.3.1. A
tive Gala
ti
 Nu
leiMost of the AGNs of the so-
alled blazar type whi
h have been dete
tedby CGRO below 10 GeV must exhibit 
uto� features below 300 GeV. This isillustrated by the fa
t that of the more than 60 blazars observed by EGRETbelow 10 GeV only 3 have been dete
ted by the ground-based dete
tors,although their extrapolated power law spe
tra typi
ally would have been wellwithin the sensitivity range of the IACTs. Both 
overage of the observationalgap and the improvement of the sensitivity at 
urrent energies is thereforeneeded for the investigation of blazar-type AGNs.3.2. Pulsed 
-ray emission from pulsarsOf the more than 800 known radio pulsars EGRET has revealed 7 toemit pulsed 
-rays up to � 10 GeV. No steady pulsed emission from pulsarshas yet been dete
ted by ground-based IACTs above 300 GeV. To 
larifythe produ
tion me
hanism, measurements in the 10 GeV to 100 GeV energydomain are 
ru
ial. In some models no pulsed emission is expe
ted beyondsome tens of GeV. The polar 
ap model for pulsed emission [3℄ explains thisfa
t by the predi
ted sharp 
uto� in the 
-ray spe
tra above a few GeV due
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ato absorption in the strong magneti
 �eld. Later detailed phase resolvedmodelling, however, showed that we expe
t the bridging emission betweenthe two pulses to have harder spe
tra [4℄. This predi
tion was re
ently
on�rmed by phase resolved spe
tros
opy of the Crab, Vela and Gemingapulsars [5℄. For the harder bridging emission in the polar 
ap model thesuperior MAGIC Teles
ope sensitivity in 
ase of the EGRET pulsars willlead to phase resolved rates above 10 GeV of up to more than 100� perhour per 0.1 phase interval (after image analysis), or more than � 10� if noba
kground 
uts are made.3.3. Gamma-ray Supernova RemnantsSupernova remnants (SNRs), possible sites of 
osmi
 ray a

elerationfavoured in most models of the 
osmi
 ray origin, seem to be more 
omplexthan previously believed [6℄. Although four SNRs have been observed above300 GeV (Crab nebula, Vela, PSR1706-44, and SN1006), the question of theorigin of 
osmi
 rays is far from answered. More sensitive measurementsat lower energies will be of great importan
e in identifying the spe
tral
omponent measured above 300 GeV in the four sour
es already dis
overed.With the low energy threshold of the MAGIC Teles
ope it may be possibleto observe a two 
omponent 
-ray spe
trum, whi
h should then allow us tode
ouple the predi
ted leptoni
 and hadroni
 
omponents in SNR shells.3.4. Cosmologi
al stru
ture formation and di�use ba
kground radiationRe
ent data from the Hubble Spa
e Teles
ope (HST) and the W.M. Ke
kteles
ope have shown star forming galaxies to be present at large redshift(z > 3), 
orresponding to a very early epo
h of stru
ture formation in theUniverse. These data are 
orroborated by the density of absorption lines(Lyman-alpha forest) in distant quasars whi
h require the Universe to behighly ionized due to a high density of star light already at z � 5. Inredshift distributions extra
ted by photometri
 methods from the HubbleDeep Field (HDF) exposure, even large-s
ale stru
tures like super
lustersof galaxies seem to be present already at z � 3 [7℄ requiring both earlyand rapid stru
ture formation. These data are in a

ord with 
osmologi
almodels dominated by Cold Dark Matter (CDM) or models 
hara
terizedby a non-zero 
osmologi
al 
onstant � plus CDM (�CDM). However, it isimportant to �nd eviden
e for the bulk of galaxy-s
ale stru
ture formationto have o

urred at high redshifts to support the s
enario. The Hubble DeepField analysis has shown that galaxies visible at opti
al wavelengths havetheir maximum star formation rate at a redshift of 1:5, but most galaxies
ould hide their star forming regions behind large dust 
louds re-radiatingthe stellar light in the infrared band. The total �ux of infrared-to-ultraviolet



The MAGIC Teles
ope Proje
t 2335radiation produ
ed by early galaxies during their formation emerges as adi�use isotropi
 radiation ba
kground. Knowledge of this ba
kground �uxallows to infer the redshift of the bulk of galaxy formation. Number 
ounts inthe near-infrared and opti
al wavelength ranges, as well as a dire
t COBEmeasurement of the far-infrared ba
kground from the residual �ux aftermodel-dependent foreground subtra
tion have been a
hieved [8℄, but overmany passbands the �ux of the di�use ba
kground due to galaxy formationis virtually unknown.Ground-based 
-ray astronomy 
an 
ontribute to this area of 
osmologythrough an indire
t measurement of the infrared-to-ultraviolet ba
kgrounddensity by measuring absorption e�e
ts on high energy 
-rays. In this 
asethe infrared-to-ultraviolet ba
kground photons a
t as a s
attering target.An instrument with a low 
-ray energy threshold like the MAGIC Teles
opemay also aim at determining its evolution with redshift whi
h is 
losely re-lated to the question of galaxy evolution. The measurement relies on theobservation of a 
ut-o� in the 
-ray spe
tra of extragala
ti
 sour
es dueto the pro
ess 

 ! e+e�. To determine pre
isely the 
ut-o� energy it isne
essary to measure the 
-ray spe
tra extending over about an order ofmagnitude around the 
ut-o� energy. With expe
ted 
ut-o� energies for thebulk of the extragala
ti
 sour
es at z �2 around 50 GeV [9℄, it is there-fore ne
essary to also perform high-sensitivity measurements in the energyregime well below 100 GeV. As an illustration, �gure 1 shows the e�e
t of in-tergala
ti
 absorption on high-energy 
-ray spe
tra for a few blazars lo
atedat various 
osmologi
al distan
es. The density of the infrared ba
kgroundassumed in this 
al
ulation is determined by Salamon & Ste
ker [10℄ basedon an estimate of stellar emissivity as a fun
tion of redshift.The low 
-ray energy threshold requirement is imposed by the energydependen
e of the 
-ray horizon, whi
h is de�ned as the distan
e 
orre-sponding to an opti
al depth � = 1 due to 
 absorption on the di�use ba
k-ground �eld (equating the mean free path to the 
osmologi
al distan
e ofthe sour
e). The 
-ray horizon is shown in �gure 2 for a model distributionof the di�use isotropi
 ba
kground density in the photon energy range from3� 10�3 eV to 1 eV, based on a model of stru
ture formation and evolutionin the Universe [11℄.Although 
urrent measurements are limited to energies in the few hun-dred GeV to TeV energy range, they have already 
ontributed signi�
antlyto limiting the infrared photon density. Figure 3 shows the result of an anal-ysis based on the observation of an unabsorbed energy spe
trum extendingto at least 10 TeV for the blazar-type AGN Mkn 501 at a distan
e of z =0.034. The non-observation of a quasi-exponential 
uto� feature was trans-formed into a stringent upper limit on the di�use infrared photon densityaround 3�10�2 eV [13℄. As also shown in �gure 3, the existing dire
t upper
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Fig. 1. Power-law spe
tra of sele
ted blazars attenuated by absorption in the ex-tragala
ti
 di�use infrared ba
kground �eld as 
al
ulated from stellar emissivity asa fun
tion of redshift [10℄.

Fig. 2. The 
-ray horizon for the averaged di�use ba
kground radiation model fromMa
Minn and Prima
k [11℄. Solid line: Hubble expansion parameter H0 = 100 kms�1 Mp
�1; dotted line: H0 = 50 km s�1 Mp
�1. The di�use photon ba
kgrounddensity (dashed line), has been added to the �gure with an inverse energy s
ale.
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Fig. 3. Energy density of the extragala
ti
 di�use ba
kground radiation. Solid line:average model from Ma
Minn & Prima
k in
luding the CMBR [11℄, dashed line:average model from Fall, Charlot & Pei added to the CMBR [12℄, dotted line:upper limit derived in [13℄.limits were improved by more than an order of magnitude. Provided a largenumber of extragala
ti
 sour
es 
an be observed and that the energy spe
trawill be understood (e.g. by 
orrelating measurement at lower energies withthe 
-ray data), a
tual measurements of the infrared photon density andpossibly of its evolution with redshift 
an be envisaged.The additional high sensitivity requirement for a dete
tor is imposed bythe rapid time variations observed in the 
-ray �uxes emitted by the knownblazars. As an example �gure 4 shows the light 
urve of Mkn 501 as observedin 1997 with the HEGRA teles
opes and as observed in the X-ray, the opti
aland the radio energy bands. In spite of the fa
t that most of the energy �uxresides in 
-rays, the number of high-energy photons is still rather low when
ompared to that in lower energy bands. Only ground-based IACTs withe�e
tive 
olle
tion areas of more than 10,000 m2 are able to re
ord the 
-raylight 
urves with the required temporal resolution.
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Fig. 4. The light 
urves of the a
tive gala
ti
 nu
leus Mkn 501 from Mar
h toSeptember 1997 in the energy bands:>1TeV, 2�10 keV, opti
al and radio (22 GHz).3.5. High-energy 
ounterparts of Gamma Ray BurstsThanks to the a

urate position determinations of GRBs by the Italian-Dut
h BeppoSAX satellite [14℄, our knowledge of the properties of GRBshas grown 
onsiderably during the last year. X-ray, opti
al, and radio 
oun-terparts have been identi�ed for several GRBs. The most prominent resultswere extra
ted from the opti
al 
ounterparts of GRB970508 (with the nota-tion GRByymmdd to spe
ify the date of �rst observation) and GRB971214through the observation of opti
al absorption lines and by the determinationof the redshift of the host galaxy, respe
tively. The absorption lines observedin the opti
al spe
trum of GRB970508 put the event at a 
osmologi
al dis-tan
e of z > 0:835 [15,16℄. Even more spe
ta
ular is the re
ent dis
overy of
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ope Proje
t 2339the host galaxy of GRB971214 whi
h has a redshift of z = 3:42 [17℄. Figure 5shows the opti
al 
ounterpart obtained with the W.M. Ke
k teles
ope twodays after the burst (left pi
ture) and the faint host galaxy observed abouttwo months after the burst (right pi
ture).

Fig. 5. Opti
al 
ounterpart of GRB971214 as observed by the W.M. Ke
k 10 m-teles
ope on Mauna Kea, Hawaii two days after the GRB (left pi
ture). Abouttwo months later the faint host galaxy of GRB971214 
ould be identi�ed (rightpi
ture) and its redshift subsequently determined to z = 3.42. Image 
redit: S.G.Djorgovski and S.R. Kulkarni.The identi�
ation of the GRB with the opti
al 
ounterparts in both
ases is now beyond any doubt as the three identi�ed opti
al afterglows(GRB970228 [18�21℄, GRB970508 [22�24℄, GRB971214 [25℄) rapidly fadedover typi
ally two week periods.The 
-ray energy released in GRB971214, assuming isotropi
 emission,is about 3�1053 ergs, 
orresponding to about 16% of the rest mass of thesun 
onverted into 
-rays alone. These re
ent data have thus not only an-swered the question of gala
ti
 halo versus 
osmologi
al origin of GRBs, butare also for
ing astrophysi
ists to look for even more energeti
 events thanthe hitherto favoured neutron star 
oales
en
e models. The eviden
e thatGRBs are among the most energeti
 phenomena in the Universe strengthensthe 
ase for one of the main design 
hoi
es of the MAGIC Teles
ope, therapid positioning 
apability of the teles
ope. This will allow to sear
h forhigh energy GRB 
ounterparts within typi
ally 30 s after burst noti�
ation.Clearly this will be one of the most ex
iting �elds of investigation of theMAGIC Teles
ope.The very latest development is related to GRB980425 whi
h appearsto be a GRB in 
onjun
tion with a supernova explosion. This event wasobserved by the BeppoSAX Gamma-Ray Burst monitor [26℄ and was lateridenti�ed to be in a nearby galaxy (distan
e � 44 Mp
) and apparently
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orrelated with a supernova explosion in a star forming region [27℄. To-gether with the enormous distan
e of GRB971214 this development mightbe an indi
ation of the existen
e of �hypernovas� whi
h were put forward byPa
zy«ski as a model for GRBs [28℄.The EGRET dete
tor on board CGRO re
orded a number of GRBs typ-i
ally lasting approximately 10�200 s. This gives a fair 
han
e of dete
ting aburst with the MAGIC Teles
ope if the position of the burst 
an be rea
hedwithin 10�30 s and if the possible high energy 
omponent would be emit-ted 
on
urrently to the low energy (keV) 
-rays. We 
on
lude that themovement should be as fast as possible, however the 
apability to turn theteles
ope through 360Æ in one minute appears adequate. A burst warningfrom measurements in the 100 MeV region does not seem to be ne
essary asall EGRET bursts also showed very strong signals at lower energies. For anenergy spe
trum of E�2 the sensitivity of the MAGIC Teles
ope will be 75(190) times better at 10 GeV (100 GeV) than that of EGRET at 100 MeV. Anespe
ially interesting GRB was observed on De
ember 8, 1997 (GRB971208),where the duration of the single-peaked burst was 800 s, about an order ofmagnitude longer than previously observed bursts of this type. This diverse
hara
ter of the GRB time stru
tures shows that the MAGIC Teles
ope hasa real 
han
e to observe GRBs, provided that the spe
tra extend towardshigher energies.One EGRET burst had a delayed high energy 
omponent about onehour later. No 
orresponding additional a
tivity at lower energies was de-te
ted. The observation of this delayed 
omponent does not demand spe
ialteles
ope features, ex
ept the ability to be sensitive at large zenith angles,thus in
reasing the time window. With its red-sensitive photo-sensors, these
ond-stage MAGIC Teles
ope (using the HPD 
amera) will be ideal forobservations at large zenith angles.Note that due to the e�e
ts of 
-ray attenuation in the 
osmi
 di�useradiation ba
kground and the putative 
osmologi
al distribution of GRBs,the MAGIC Teles
ope's low 
-ray threshold energy represents an absolutelyne
essary prerequisite to make a major 
ontribution to GRB resear
h. Otherair �erenkov teles
opes with thresholds above � 100 GeV 
an observe onlythe very 
losest GRBs whi
h are extremely rare [29℄ This argument is 
or-roborated by the fa
t that the identi�ed bursts have rather large redshifts.3.6. Sear
h for a 
old dark matter 
andidateExperimental eviden
e for large amounts of dark matter in the Universeis found in a variety of astronomi
al data. Examples are the velo
ity dis-persions of 
lusters of galaxies [30℄, the �at rotation 
urves of spiral galax-ies [31, 32℄, bulk �ows on large s
ales [33℄, the ex
ess of mass density in the
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t 2341Universe over that visible in galaxies [34℄, i.e. 
dyn � 
gal, and lens massesin gravitational lensing phenomena [35℄.In order to explain the �at rotation 
urves of spiral galaxies like theMilky Way, dark matter halos are expe
ted to be des
ribed by 
entrallypeaked density pro�les�(r) / 1(r=a)
 [1 + (r=a)�℄(��
)=�with a 
ore radius a and model parameters �; �; 
. Within supersymmetri
extensions of the Standard Model with R-parity 
onservation, the neutralino(the lightest stable supersymmetri
 parti
le) appears as a promising 
olddark matter 
andidate. Being Majorana parti
les, neutralinos would annihi-late into pairs of 
-rays through the rea
tions ��! 

 [36℄ or ��! Z
 [37℄.These 
-rays would prevalently 
ome from the Gala
ti
 Centre, and wouldbe observable by the MAGIC Teles
ope provided that the neutralino massis above 10 GeV (50 GeV) for a southern (northern) site.In a re
ent 
al
ulation Bergström, Ullio and Bu
kley [38℄ 
al
ulated de-te
tion rates for the upgraded Whipple teles
ope, a generi
 Southern Arrayof IACTs, and the planned GLAST dete
tor using a number of halo densitypro�les, e.g. (�; �; 
) = (2,3,0.2), (2,3,0.4), (2,2,0). This 
al
ulation showsthat the MAGIC Teles
ope would be sensitive to a large fra
tion of theSUSY parameter spa
e. If the MAGIC Teles
ope is pla
ed at a northernsite, due to its improved �ux sensitivity at large zenith angles, it will besensitive to �uxes from neutralino annihilation whi
h are about an order ofmagnitude lower than for a generi
 Southern Array of 10 m-
lass teles
opes.Note that e.g. from the Canary Islands the Gala
ti
 Centre is observed undera minimum zenith angle of 57Æ.4. Basi
 dete
tor 
onsiderationsExtensive Monte Carlo simulations of air showers (energy above 10 GeV)for the MAGIC teles
ope in order to optimize the design and to get perfor-man
e 
hara
teristi
s have been done. Whereas an energy of a few GeVis su�
ient to produ
e air showers that 
ontain many ele
trons above the�erenkov threshold, a large fra
tion of the �erenkov photons is lost dueto Rayleigh and/or Mie s
attering and ozone absorption in the atmosphere.This e�e
t is most pronoun
ed in hadron showers due to the higher �erenkovthreshold of hadrons and muons 
ompared to ele
trons. The resulting aver-age �erenkov photon density within the light pool of an air shower is shownin �gure 6 for an observation level of 2200 m above sea level (asl). Only for
-ray indu
ed air showers the �erenkov photon density is almost linearly
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Fig. 6. Photon density (300-600 nm) at 2000 m asl as a fun
tion of in
ident energyand parti
le. The photon density is averaged over an area of 50 000 m2.dependent on the in
ident 
-ray energy down to the envisaged thresholdenergy of the MAGIC Teles
ope.Current IACTs, for example the 10m ø Whipple teles
ope in Arizona[39℄, have a photon sensitivity of about 35 photons/m2 
orresponding to a
-ray energy threshold of about 300 GeV. As hadron indu
ed air showersprodu
e less �erenkov light than 
 indu
ed ones, a natural 
/hadron sepa-ration at the threshold is provided in all IACT appli
ations. This inherenthadron suppression fa
tor in
reases at lower energy. A teles
ope sensitiveat �10 GeV will therefore have ex
ellent intrinsi
 hadron reje
tion 
apabili-ties already at the threshold. The 
onstraints on hadron reje
tion e�
ien
ybased on image analysis 
an thus be less demanding in this energy domain.On the other hand, the low absolute photon density within the light pooleven for 
-ray indu
ed air showers leads to the main requirements for theMAGIC Teles
ope: a large light 
olle
tor, red sensitive light sensors, redu
-tion of ex
ess noise and improved photoele
tron 
olle
tion e�
ien
y.5. The teles
opeThe teles
ope is modelled after a 17m solar 
olle
tor. The main mirrorsupport dish 
onsists of a three layer spa
e frame made from 
arbon �ber-epoxy tubes, whi
h are both lightweight and rigid. One essential requirement
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t 2343is that the inertia of the teles
ope must be low so that it 
an be repositionedfor GRB sear
hes within 30�60 s at any position in the sky. A �nite elementanalysis of the frame has shown that deformations 
an be held below 3.5 mmwith respe
t to the nominal 
urvature at any position for a 
ombined frame-and mirror-weight of less than 9 tons.Figure 7 shows a 
omputer generated image of the teles
ope. The tele-s
ope has a tessellated mirror with a basi
 element size of 50 � 50 
m.The elements are lightweight sandwi
h aluminium panels, equipped withinternal heating to prevent dew and i
e deposits. A high quality re�e
t-ing surfa
e, with a surfa
e roughness of < 10 nm, is a
hieved by diamondturning. A preprodu
tion series showed high opti
al quality with a typi
alfo
al spot diameter of 6 mm. We plan to use a novel te
hnique for makingmirror adjustments and small 
orre
tions during teles
ope turning in orderto 
ountera
t small residual deformations of the 17 m frame. Four mirrorelements at a time will be preadjusted on a lightweight panel together witha swit
hable laser pointer. The panel 
an be tilted by two stepping motorswhile being monitored by a video
amera that 
ompares on demand the a
-tual laser spot position on the 
asing of the 
amera with the nominal one.A prototype has been shown to work su

essfully. The teles
ope will have a3.6Æ � 
amera with a pixel size of 0.1Æ in the 
entral region of 2.4Æ � anda 
oarser one of 0.2Æ in the outer part. As photon dete
tor we intend touse a novel hybrid PM from INTEVAC with a high QE (45%) red extendedGaAsP photo
athode 
ombined with an avalan
he diode as se
ondary am-pli�
ation element. At present the photosensor is 
onsidered as the most
riti
al 
omponent and we will use a 
onventional PM 
amera from one of

Fig. 7. A model of the 17m � MAGIC teles
ope.
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athe HEGRA teles
opes as a substitute in the beginning. We may de
ideto use sili
on avalan
he photodiodes (APD) with about 80% QE but majordevelopments are needed in order to redu
e the 
urrent noise from � 20photoele
trons to below 2 and to 
on
entrate the light onto small diame-ter APDs by so 
alled light traps (Chiemte
 patent). The 
amera will be
onne
ted to the ele
troni
s ground station by 100 m opti
al �bres workingin the analog mode for the transfer of the fast PM signals. Signals will bedigitized by 8-bit F-ADCs of � 300 MHz. This allows for noise minimiza-tion, good timing measurements, bu�ering for the multilevel trigger systemand possible the opportunity of atta
hing more teles
opes for quasi-stereoobservations. It should be mentioned that all the novel 
omponents haveeither already been tested or are in use in other resear
h �elds.We estimate a hardware-pri
e of about 3.5 M$ and a 
onstru
tion timeof 2.5�3.5 years. The details of these features 
an be found in the MAGICDesign Study [1℄. 6. Performan
eMC simulations show that the teles
ope has a trigger threshold (= max-imum di�erential 
ounting rate) of slightly below 10 GeV, i.e. a thresholdfor high quality data around 20 GeV and a rather large 
olle
tion area inthe zenith position plateauing to � 105 m2 (at 
a. 100 GeV) when usinga trigger area of 1.6Æ � in the 
amera. Opening the trigger area to thefull 
amera diameter in
reases the 
olle
tion area to > 3 � 105 m2 for TeVsignals. Figure 8 shows the 
olle
tion area as a fun
tion of energy E whileFigure 9 shows the di�erential rate (after image quality 
uts) for a hypo-theti
al gamma sour
e with an integral �ux of 10�11 
m�2 s at 1 TeV anda slope of �1:7, together with the 
harged 
osmi
 ba
kground. For largezenith angle observations the 
olle
tion area will in
rease 
onsiderably butat the expense of a higher threshold. The quality fa
tor obtained by usingonly image-shape parameters rises from about 3 in the sub-100 GeV regionto at least 8 above 1 TeV. Simulations using new 
=h separation algorithmsare ongoing.The sensitivity of the MAGIC Teles
ope using the HPD 
amera (phase 2)is shown in �gure 10 together with that of a few 
urrent IACTs and for theEGRET dete
tor. For the 
lassi
al PMT 
amera used in phase 1 the �uxsensitivity above �50 GeV is similar to the �ux sensitivity obtained for theHPD 
amera. Also it is shown the sensitivity as quoted for the planned9-teles
ope VERITAS array and the planned satellite dete
tor GLAST.
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Fig. 8. Colle
tion area as fun
tion of E. In bra
kets: radius of trigger area.

Fig. 9. Di�erential 
ounting rates as fun
tion of E.
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a

Whipple

VERITAS

VERITAS (large Z.A.)

HEGRA CT System

MILAGRO

MAGIC

MAGIC (large Zenith Angles)

GLAST (1 month)

EGRET (1 month)

CELESTE

(Sensitivities for 50 hours observation time)Fig. 10. Comparison of the point-sour
e sensitivity of the MAGIC Teles
ope at0Æ zenith angle and at zenith angles of about 75Æ (labelled MAGIC (large ZenithAngles)) to the point-sour
e sensitivity of existing (HEGRA CT system, MILA-GRO, Whipple) or planned ground-based installations (CELESTE, VERITAS) andto the sensitivity in 1 month observations for the existing (EGRET) and planned(GLAST) spa
e-borne high energy 
�ray experiments. Above approx. 50 GeV thesensitivity of the MAGIC Teles
ope using the 
lassi
al PMT 
amera will be similarto the sensitivity shown for the HPD 
amera.7. Comparison to other IACTsTable I shows a 
omparison of a few existing air �erenkov dete
tors interms of sensitivity and 
orresponding physi
s energy thresholds for 
-rays,and the minimum number of photoele
trons (ph.e.s) that have to be re
ordedfor a su

essful image analysis. The trigger thresholds are usually 15�30%lower than the physi
s thresholds.Note that the minimum number of ph.e.s per image required for a su
-
essful image analysis is a fun
tion of the pixel size, the noise level, and thespeed of the 
amera whi
h ultimately is limited by the degree of iso
hroni
-ity of the mirrors. The pixel size and to a 
ertain extent the 
amera speedhave e.g. been optimized by the CAT 
ollaboration in order to a
hieve a
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t 2347TABLE ISensitivity of operating, upgraded, and planned �erenkov teles
opes in terms ofthe minimum number of photons/m2 in the �erenkov light pool. In addition therequired number of photoele
trons for re
onstru
tion of the image parameters isgiven. Physi
s energy thresholds are also given; trigger thresholds generally arelower by 15 to 30%. We added the numbers for the planned CELESTE solar arrayexperiment for 
omparison; here N stands for the number of heliostats used inthe experiment. For some of the quoted numbers we 
ould not rely on publishedmaterial but had to infer the numbers from other known teles
ope parameters andwe thus list approximate numbers. For the MAGIC Teles
ope the three light sensoroptions, PMTs, HPDs, and APDs are listed. ThresholdTeles
ope Mirror size Sensitivity Ethres ph.e./image(m2) (Ph./m2) after 
utsOperating Teles
opesHEGRA CT1 5 120 1.5 TeV � 60HEGRA CT3-6 8.4 50 - 70 � 500 GeV � 60CAT 18 � 35 � 300 GeV � 60WHIPPLE 74 35 300 GeV � 300Planned Teles
opesVERITAS 9 x 74 16 (?) � 100 GeV � 100HESS 16 x 80 (?) 14 (?) � 100 GeV � 100MAGIC (PMT) 236 4-5 25�30 GeV � 80MAGIC (HPD) 236 1.1 12�14 GeV � 80MAGIC (APD) 236 0.6 � 7 GeV � 120CELESTE N� 40 1�3 30�50 GeV �low threshold with a 
omparatively small mirror area. In the 
ase of theMAGIC Teles
ope, however, the very low photon densities 
ause the �rstand se
ond fa
tors to dominate; hen
e the requirement of at least 80 ph.e.sfor su

essful MAGIC Teles
ope image analysis.8. SiteThe MAGIC Teles
ope will dete
t �erenkov light produ
ed in extensiveair showers in the 290�700 nm range. Important 
riteria for possible sitesfor su
h an instrument are:(1) dry maritime 
limate (stable atmosphere with low aerosol 
ontent);(2) good visibility (low Rayleigh and Mie s
attering);
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a(3) low natural light (e.g. aurorae) and man-made light pollution (allowingobservations to at least 80 degrees from the zenith);(4) 
loud 
over less than 15 % (maximizing the observation time);(5) a large, preferentially �at area (allowing to build additional teles
opes);(6) low atmospheri
 water 
ontent (minimizing absorption in the blue).All these 
riteria 
an be met by 
hoosing a high-altitude site in a dry 
limate.Su
h a site would also satisfy the general 
onditions for a good astronomi
alsite. A site in or 
lose to Europe would be preferable from logisti
al and�nan
ial points of view. Also essential would be good a

ess roads, ele
tri
ity(about 30 kW) and water supplies (2 
ubi
 meter per month for mirror
leaning alone) as well as buildings for laboratories. The rent paid for thesite and the 
orresponding travel 
osts to it should not be a major fra
tion ofthe operating expenses. Taking all fa
tors together the preferred site wouldbe on the Canary Islands within the European Northern Observatory, i.e.La Palma or Tenerife.Herewith I want to thank my 
olleagues from the MAGIC design groupfor providing information. Part of the development work for 
omponentstudies has been supported by the German BMBF and the Spanish CICYTfunding agen
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