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ATLAS DETECTOR SYSTEM � SELECTED TOPICS�Piotr MalekiH. Niewodniza«ski Institute of Nulear PhysisKawiory 26a, 30-055 Kraków, Poland(Reeived November 4, 1999)Overview of the ATLAS magnet system and transition radiation trakeris presented.PACS numbers: 29.40.Gx 1. IntrodutionATLAS is designed and onstruted as a general purpose pp experimentat the Large Hadron Collider at CERN. It is the projet of the ATLASCollaboration of about 1700 physiists and engineers from 144 universitiesand researh institutes.Its high disovery potential in large range of interesting physis questionshas already been shown many times. It requires superb detetor performaneeven at highest luminosities and energies delivered by the LHC. Resultsof many years of thorough detetor and physis simulations and analyseshave reently been olleted in [1℄. They are also summarized in anotherontribution to this Shool [2℄.In addition, ATLAS (and CMS, another general purpose proton-protonexperiment at LHC) assure preision measurements in many physis han-nels what will signi�antly improve results obtained by 2005 at other ma-hines [3℄.Suh preision measurements depend on many experimental oneptsand tehnial perfetions. In this short leture for the Shool of TheoretialPhysis I will onentrate on two detetor aspets of the ATLAS experimentwhih ontribute signi�antly to the overall detetor performane and whihalso make ATLAS very distint from other �typial� ollider detetors. Anexeptional solutions for ATLAS magnet system and the transition radiationtraker � part of the inner detetor � will be haraterized.� Presented at the XXXIX Craow Shool of Theoretial Physis, Zakopane, Poland,May 29�June 8, 1999. (3921)



3922 P. Maleki2. ATLAS Magnet SystemATLAS, the aronym forA Toroidal LHC ApparatuS draws the atten-tion to the partiular form of the ATLAS magnets.A thik oat of the toroidal 4 T magneti �eld surrounds inner layersof the detetor system: hadron and eletromagneti alorimeters and innertraking detetors. This �eld is provided by the set of super-ondutive oilswhih is shematially shown1 in Fig. 1. A small ylinder in the enter ofthe system indiates the entral solenoid, desribed below.

Fig. 1. 3-Dimensional view of the bare winding of the ATLAS Magnet System: theCentral Solenoid, the 8 oils of the Barrel Toroid and 2 x 8 oils of the End-CapToroids. 2.1. MagnetsThe ATLAS Magnet System onsists of� the air-ore barrel toroid� two air-ored end-ap toroids� the entral solenoidThe barrel toroid as well as eah of two end-ap toroids onsists of 8oils. Their relative positions are shown in Fig. 2. All oils of barrel andend-ap toroids are air ore super-onduting magnets normally operating1 Majority of �gures shown in this note ome from ATLAS Collaboration TehnialDesign Reports listed in the bibliography
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Fig. 2. Side and longitudinal view of the toroids showing their spatial positions.

Fig. 3. Three-dimensional view of the super-onduting air-ore toroid magnetsystem. The right-hand end-ap magnet is shown retrated from its operatingondition.at 4.50K. Detailed informations on the fabriation of super-ondutive oils,on ryogenis, refrigeration plant, magnet power system and ontrol an befound in series of the ATLAS Collaboration Tehnial Design Reports [5�7℄.The barrel toroid oils have individual ryostats taking up fores betweenoils. Eight end-ap oils are assembled and housed in one large ryostat.Note the overlap in radial diretion leading to the orrugated shape of theend-ap toroid ryostats seen on Fig. 3



3924 P. MalekiThe toroidal struture is then built up with 8 ryostats and various link-ing elements providing mehanial stability. These sti�eners, struts, vous-soirs and pillars have to arry not only the self-weight of the magnet systembut � in fat the main omponent � enormous magneti fores whih tendto deform the struture. For information about the sale: the ompressivefore between Barrel and End-Cap Toroids is 240 tons per End-Cap. Stresslevels and deformations in the struture are studied in great details takinginto an aount not only normal onditions but also exeptional loads whihmay ome e.g from a seismi aeleration, magneti fault of one of the eightoils et. It is assumed that the maximum deformation should not exeed20 mm. Taking the dimensions of the System summarized in Table I oneobviously adds this onstrution to the long list of ATLAS hallenging tasks.Another harateristi solution of the ATLAS magnet system is super-onduting entral solenoid. It is plaed inside alorimeters. Suh positionof the solenoid in front of the eletromagneti alorimeter required the min-imization of the material. In onsequene, the solenoid is housed in theliquid argon alorimeter ryostat and the oil is designed to be as thin asTABLE IMain parameters and operating onditions of the magnet systemUnits Barrel 2 End-Cap CentralToroid Toroids SolenoidNo. of oils 8 2 x 8 1Inner diameter m 9.4 1.65 2.44Outer diameter m 20.1 10.7 2.63Axial length m 25.3 5 5.3No. of turns per oil 120 116 1173Nominal Current kA 20.5 20 8Ampere-turns MAt 19.68 18.5 9.4Peak �eld T 3.9 4.1 2.6Ciruit resistane m
 0.160 0.244 0.413Indutane H 5.5 2.0 1.3Current ramp rate A/s 2.3 5.6 5.0Ramp-up time minutes 135 60 30Max dI/dt A/s 8 5.5 6Run-down time minutes 130 140 30Fast disharge time s 77 37 29Stored energy MJ 1080 410 39Cold mass tons 365 214 5.5



ATLAS Detetor System � Seleted Topis 3925possible without sarifying the reliability and safety. In e�et the solenoidontributes to the material budget less than 1 X0 at normal inidene. Itprovides 2 T �eld in spae �lled by the ATLAS inner detetor. Iron of thehadron alorimeter serves as the return yoke for this �eld.2.2. System performaneThe performane of the toroid magnet system in terms of bending poweris haraterized by the R Bdl, �eld integral where B is the azimuthal �eldomponent and dl is taken over the straight line trajetory between theinner and outer radius of the toroids. The �eld integral is funtion of thepseudorapidity and depends also on the initial azimuthal angle as the �elddensity has ertain angular struture. Suh struture is illustrated in Fig. 4where magneti �eld map is shown for the plane normal to the beam axis,in the middle of the end-ap toroid.

Fig. 4. Magneti �eld map in the transition region. The �eld lines are shown ina plane perpendiular to the beam axis and loated in the middle of the end-aptoroid. The interval separating onseutive lines is 0.1 Tm. Individual barrel andend-ap oils are visible. The sales are in entimeters.



3926 P. MalekiThe �eld integral values for pseudorapidities from the range 0�2.7 andfor azimuthal angles in range 0��=8 are shown in Fig. 5. The barrel toroid(0 < � < 1:3 ) provides 2�6 Tm while in the region of end-ap toroids�eld integrals are 4�8 Tm. These alulations are still simpli�ed. For thereonstrution of real partile trajetories with full preision the in�ueneof the solenoid �eld and magnetized iron of hadron alorimeters has to beinluded as well as details of the muon hamber layout.
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Fig. 5. Field integrals vs pseudorapidity �.The toroid magnet system and sets of muon hambers form the ATLASmuon spetrometer whih provides fast muon triggers and serves as preisionmuon traker. This is skethed on Fig. 6 whih also shows geometrialproportions of the muon spetrometer, alorimetry (shaded areas) and theinner detetor region.Many di�erent e�ets ontribute to the momentum resolution of themuon spetrometer. At high momentum (pT above 300 GeV) the intrinsidetetor preision dominates the resolution. At the range of 30 < pT < 300GeV the resolution is limited by multiple sattering while at low momentum,below 30 GeV, energy loss beome dominant, partiularly in entral regionof the detetor. This is shown in more details on Fig. 7Measurements of multi-muon �nal states are essential for many newsearhes. The mass resolutions and reonstrution e�ienies of the muon
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Fig. 6. The LVL1 muon trigger sheme in the barrel and in the end-ap. The low-pT trigger is based on two double layers of trigger hambers; the high-pT triggeruses an additional double layer in the barrel and a triple layer in the end-ap. Theshaded area represents the alorimeters and the absorber. Trajetories for positiveand negative muons are shown.
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Fig. 7. Contributions to the momentum resolution in the muon spetrometer, av-eraged over j�j < 1:5.



3928 P. Malekispetrometer were arefully evaluated with full detetor simulation and re-onstrution for a sample of seleted benhmark proesses [4℄ (W 0� !�� + X for single muon �nal states; dimuon �nal states were generatedin MSSM proess A0 ! �+�� forM�� < 800GeV, and the Extended GaugeModel proess Z 0 ! �+�� for M�� > 800GeV.For the four muon �nal states results ome from the extensive studies ofthe deay proess H0 ! ZZ ! �+���+��. Here, the typial reonstru-tion e�ienies are �88% when the geometrial aeptane for single muonis 97%. Four-muon invariant mass is reonstruted with resolution whihranges from 1.8% to 2.6% for the mass range of 100 to 800 GeV.The reonstrution e�ieny for dimuon �nal states is typially 93%in the wide range of M�� from 100 to 1000 GeV. The reonstruted massresolution shows ertain dependene on the reonstruted mass above 800GeV. It ranges from 2.4% to 3.4% below 800 GeV and from 4.2% to 13% forhigher masses (1 TeV�5 TeV).Clean identi�ation of muon harges is another essential feature for manyphysis topis. Results of present studies show that the probability of themuon harge misidenti�ation is in the range of 0.2% to 0.9% for a W 0 of1TeV and does not exeeds 4% for W 0 of 6 TeV (W 0� ! ��� events wereused for these studies). More detailed results are reported reently in [1℄.3. Transition Radiation TrakerThe Transition Radiation Traker is undoubtfuly another distintive el-ement of the ATLAS detetor system. Reently, one observes an inreasingnumber of experiments using transition radiation detetors. But the geo-metrial sale, more than 400 000 eletronis hannels and heavy radiationenvironment makes the ATLAS TRT onstrution exeptional.Transition radiation e�et has been desribed by Frank and Ginzburgin 1946 [9℄. When a harged relativisti partile passes boundary of mate-rials of di�erent dieletri onstants it emits an eletromagneti radiationwith ertain frequeny range and angular distribution, narrow and peakedin forward diretion. The e�et depends on  of the partile and it wasearly realized that it may serve for partile (mass) identi�ations at highenergies. Nevertheless, about 35 years passed before developments of exper-imental onepts and tehnology allowed for the �rst suessful appliations.I believe that the important breakthrough ame only in 1981 with the propo-sition [10℄ to detet TR by ounting rates of energy lusters above few keVin relation to the low energy ionisation depositions. Certain material anddetetor optimizations allow to limit the small but signi�ant bakgroundoming from the Æ eletrons.



ATLAS Detetor System � Seleted Topis 3929In pratial realizations TR detetor onsists of repeating struture:radiator-detetor, where radiator provides numerous material transitionsand detetor (�lassial�, often gas hambers) should e�iently respond both,to the low energy ionisation depositions and to the energeti lusters(� 5 keV), harateristi for the transition radiation.3.1. Continuous traking and eletron-pion identi�ationIn ATLAS detetor TRT serves two funtions. It provides many o-ordinate measurements for traks of harged partiles passing through thedeteting elements, straws. These straws are gas drift narrow tubes 4mm indiameter. The gas mixture (70% Xe + 20% CF4 + 10% CO2) is seleted forthe good e�ieny in TR luster absorption. Every tube is equipped withthe readout eletronis whih allows to measure the distane from a trakto the entral anode wire by measuring the time it takes eletrons reatedalong the trak to drift in to the entral wire. The eletronis is also ableto reord low threshold (200 eV) rossings orresponding to the minimumionizing passages as well as high threshold rosses of 5 keV orresponding tothe transition radiation andidates.Proper understanding of detetor response required areful simulationsand prototype measurements. Measurements and model alulations of en-ergy depositions by high energy pions an eletrons are shown in Fig. 8.Comparison of this distributions for pions and eletrons shows a signi�anttail for eletrons at high depositions, oming from TR photons.
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Fig. 8. Ionisation energy deposition olleted on a straw from pions with pT = 20GeV (left) and ombined ionisation and TR energy deposition olleted on a strawfrom eletrons with pT = 30 GeV (right).
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Fig. 9. Number of TR hits for eletron and pions with pT = 20 GeV and 0 < j�j <0.8 (left) and 1.6 < j�j < 2.2 (right).Another manifestation of the TR performane of the ATLAS TRT aresimulation results shown in Fig. 9. The identi�ation e�ieny is determinedby the size of the overlapping region and is often expressed by the pionrejetion (the reiproal of the e�ieny) for a hosen eletron e�ieny of90%.TRT detetor Fig. 10 has barrel setion whih ontains about 50 000straws, eah divided at the enter to redue the oupany and read outat eah end. The end-aps ontain 320 000 straws. The total number ofeletronis hannels is 420 000.The barrel straws are assembled in modules ontaining from 329 to 793axially oriented straws. Barrel modules over radial range from 56 to 107m. High oupany of straws in the six innermost layers is redued bymaking its entral 80 m inative.The two end-aps onsist of 18 wheels with radial straws. The 14 entralwheels over the radial range from 64 to 103 m. The outer four wheelsextend to an inner radius of 48 m. The wheels 7 to 14 have half as manystraws per m in z (beam) diretion as other wheels to maintain onstantnumber of hits per trak over whole rapidity range. This is one prinipalonepts of the ATLAS inner detetor layout.Many detailed physis simulations have shown that ombination of pre-ision traking provided by pixel and miro-strip detetors and ontinuoustraking in TRT is very robust. Also eletron identi�ation is a valuabletool for physis [11, 1℄.
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