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Constrution, assembly and tests ofthe ATLAS eletromagneti barrelalorimeterATLAS Eletromagneti Barrel Liquid Argon CalorimeterGroup�

AbstratThe onstrution and assembly of the two half barrels of the ATLAS entraleletromagneti alorimeter and their insertion into the barrel ryostat are de-sribed. The results of the quali�ation tests of the alorimeter before installa-tion in the LHC ATLAS pit are given.
(submitted to Nul. Instrum. Methods A)
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1 IntrodutionThe eletromagneti barrel alorimeter of the ATLAS experiment at CERN'sfuture proton-proton ollider, the LHC, is a lead-liquid argon sampling alorime-ter with aordion shaped absorbers and eletrodes. Calorimetry will be a ru-ial tool for the understanding of proton-proton ollisions at the LHC, sinemany physis proesses will manifest themselves through �nal states with ele-trons or photons: W and Z prodution, H ! , H ! 4e, H !WW . Preisemeasurements of the properties of the eletrons and photons is of utmostimportane, and dynami range, resolution and uniformity are the main pa-rameters to be optimized. From physis simulations[1℄, it has been determinedthat the eletromagneti alorimeter should meet the following requirements:� For a Higgs boson deaying to two photons or to four eletrons, in the massrange from 90 to 180 GeV/2, ATLAS should measure the Higgs mass with1% preision using the alorimeter system alone. This translates into therequirements of a sampling term of less than 10%=pE, assoiated with aonstant term better than 1%.� The alorimeter must be able to separate the two photons from a �0 deayup to transverse energies of 60GeV.� The dynami range has to over 30MeV up to 1TeV, i.e. from the typialnoise level in one single ell up to the single ell energy deposition expetedin the ase of the deay of a heavy Z 0 or W 0 with masses up to 6TeV=2.Liquid argon alorimetry has been hosen for ATLAS beause of its intrinsilinear behaviour, stability of the response over time and radiation tolerane.The aordion geometry has been hosen beause it allows a very high gran-ularity and a very good hermetiity, sine the high voltage and signal ablesrun only at the front and bak faes of the detetor. In addition, the aordiongeometry minimizes indutanes in the signal paths, allowing the use of thefast shaping needed for operation with 25 ns bunh intervals between ollisionsat LHC.The �rst studies of liquid argon alorimetry for LHC date bak to 1990[2{5℄.A \2 meter" long prototype was built by the R&D ollaboration RD-3, toevaluate the performanes of liquid argon alorimetry for a LHC experiment.After the hoie of the liquid argon tehnology by the ATLAS ollaborationfor its eletromagneti alorimetry in 1995, the geometry of the detetor and1 Corresponding authors: sauvage�lapp.in2p3.fr, shwemli�lpnhep.in2p3.fr.5



the design of its elements (absorbers, eletrodes, G10 bars, rings, et.) werereassessed in view of assembly line prodution, using the experiene gainedwith the 1992 prototype. The assembly line prodution onept was validatedby the onstrution in 1998 and extensive testing of a seond prototype, alledModule 0, using �nal or lose to �nal series elements for its onstrution. Thefabriation of some of the elements of the alorimeter, like the absorbers,started in the beginning of 2000, and the staking of the modules took plaebetween 2001 and mid-2003. During the staking, four modules were studiedin beam tests.The paper is organized as follows. In Setion 2, a general desription of thebarrel alorimeter is given and the onstrution of the main elements ne-essary to assemble a barrel module is desribed. The staking of the barrelmodules is the subjet of setion 3. The old eletronis and the abling of amodule are desribed in setion 4. The di�erent monitors assoiated with thealorimeter are detailed in setion 5. A desription of the barrel ryostat andassoiated feedthroughs is given in setion 6. The assembly of 16 modules ina half barrel is desribed in setion 7. The insertion of the two half barrels inthe barrel ryostat and the quali�ation tests performed at room and liquidargon temperature on the entire alorimeter are the subjet of setion 8. Themain results of the alibration of the 4 modules tested with an eletron beamare summarized in setion 9. Finally, the onlusions are given in setion 10.2 Calorimeter desriptionThe ATLAS eletromagneti barrel alorimeter, shown in Fig. 1 and desribedin detail in [6℄, is made of two half barrels, entered around the z-axis (ATLASbeam axis). One half barrel overs z > 0 (pseudorapidity � > 0) and theother one z < 0 (� < 0), from j�j = 0 to j�j = 1:475; the length of eah halfbarrel is 3.2m, the inner and outer diameters are 2.8m and 4m respetively.The alorimeter is loated behind the superonduting solenoid, in the sameryostat and weighs 114 ton. Sine the material in front of the alorimeteramounts to about 1.5X0 on average, the barrel alorimeter is omplementedwith a liquid argon presampler detetor plaed in front of its inner surfae,over the full � range.A half barrel is made of 1024 aordion shaped absorbers, interleaved withreadout eletrodes. The eletrodes are kept in the middle of the gap by spaers.The drift gap on eah side of the eletrode is 2.1mm, whih orresponds to atotal drift time of about 450 ns for an operating voltage of 2000V.One assembled, there is no disontinuity along the azimuthal angle�; butfor ease of onstrution, a half barrel is divided into 16 modules. The total6



thikness of a module is at least 22 radiation lengths (X0), inreasing from22X0 to 30X0 between j�j = 0 and j�j = 0:8, and from 24X0 to 33X0 betweenj�j = 0:8 and j�j = 1:3.A module (Fig. 2) has three ompartments in depth (front, middle, bak).The readout granularity of the di�erent ompartments is shown in Table 1for � < 1:3. In total there are 3424 readout ells per module, inluding thepresampler ells.Table 1Readout segmentation and depth (in X0) of the ompartments of a barrel moduleand its assoiated presampler setors for � < 1:3.Compartment �� �� X0Presampler 0:025 2�=64 0.08 to 0.15Front 0:025=8 2�=64 2.5 to 4.5Middle 0:025 2�=256 16.5 to 19Bak 0:050 2�=256 1.4 to 7
2.1 Module omponentsThe main omponents of a module are listed below:� Absorbers: the absorbers (Fig. 2 and 3) are made of lead plates (thikness1.53mm for � < 0:8, 1.13mm for � > 0:8), glued between two 0.2mmthik stainless steel sheets by resin-impregnated glass �ber fabri. The twolead thiknesses have been hosen to ensure a depth of at least 22X0 2 forthe alorimeter. The derease in lead thikness after � = 0:8 limits the de-rease of the sampling fration at high �. The �ber fabri ompensates forthe di�erene in thikness of the two types of lead plates so that the nom-inal thikness of an absorber is 2.2mm. The stainless steel sheets providemehanial strength to the absorber.� G10 preision bars: at the inner and outer edges, eah absorber is enasedinto the groove of a preision mahined G10 �berglass-epoxy ompositebar. The purpose of these bars (Fig. 4) is to position eah absorber withrespet to its neighbours, and also to provide spae for the onnetors ofthe eletrodes. The ultimate geometrial auray of the assembled ylindersis a diret onsequene of the preise mahining of the azimuthal ontatsurfaes of the bars.2 Inluding the material in front, the minimal depth is 24X0.7



� Outer and inner rings: 7 stainless steel outer rings support and give rigidityto a half barrel. Eah ring (Fig. 5) is made of 16 ring-piees orrespondingto the 16 modules. Similarly, 8 omposite inner rings help to de�ne theinner geometry of a half barrel. Eah inner ring (Fig. 6) is also made of 16ring-piees.� Eletrodes: the readout eletrodes (Fig. 7) onsist of three ondutive opperlayers separated by insulating polyimide sheets. The two outer layers are atthe high voltage potential; the inner one is used for reading out the signalthrough apaitive oupling. Eah gap between two absorbers is equippedwith two eletrodes: typeA (� < 0:8) and typeB (� > 0:8).� Spaers: the spaers keep the eletrodes entered between two onseutiveabsorbers. Eah spaer (Fig. 8) onsists of strips of honeyomb laid on theat setions of the aordion absorber.2.2 PresamplerThe presampler is needed to orret for the energy lost upstream of thealorimeter, espeially at low energy. For this purpose a separate liquid ar-gon presampler, providing shower sampling in a thin liquid argon layer (11mm in depth), is plaed in front of the eletromagneti alorimeter inside theommon barrel ryostat. It is made of 64 idential azimuthal setors (i.e. 32for a half barrel). Eah setor is 3.1m long and 0.28m wide thus overing thehalf barrel length and giving a overage in � and � of 1.52 and 0.2 respetively.It is omposed of eight di�erent sized modules with a length inreasing with� to obtain the same � overage of 0.2 for eah module exept the one at theend of the barrel whose � overage is redued to 0.12. The eight modules ofa setor are housed in an external envelope whih onsists of a 0.4mm thinglass-epoxy shell. Details of the ontrution an be found in ref.[7℄.The modules are made of interleaved athode and anode eletrodes gluedbetween FR4 3 plates. The eletrode spaing slightly varies with presamplermodule type from 1.9 and 2.0mm. The athodes are (270 � 30)�m thik,double-sided printed iruit boards while the (330�3040)�m thik anodes have3 ondutive layers separated by nominally 150 and 130�m FR4 layers. Therequired granularity (�� = 0:025, �� = 2�=64) for eah module is obtainedby putting together the appropriate number of anodes in the � (or z) diretionand by subdividing (i.e. ething) eah anode into two halves in the �-diretion.A +2kV high voltage potential is applied to the outer layers of the anodesand the signal is readout through apaitive oupling to the entral layerat ground potential. Eah anode has four 1M
 surfae-mounted resistors tofeed the high voltage. Quality assurane tests of the anodes prior to module3 Fiberglass epoxy omposite. 8



prodution inlude a > 24 hour HV test at 3 kV, a measurement of the leakageurrent at this voltage and a RC-measurement to verify the onnetivity of thedi�erent layers and the soldered resistors. The anode prodution and qualityis doumented separately [8℄. Fig. 9 shows a presampler module.A mother board whih is a �ve layers printed iruit is mounted on eahmodule. The mother boards, whih ome in eight di�erent sizes to maththe modules, ollet signals from the readout ells. In addition the motherboards are equipped with a set of aurate surfae-mounted resistors (0.1%and 25 ppm/ÆC) for the injetion of alibration pulses.The same type of HV, alibration and signal ables (see subsetion 4.2.1) asfor the alorimeter are used. Two separate HV lines per pair of modules,onneted to the two sides of the anodes, are used to prevent the ompleteloss of a module in ase of short-iruits.Two assembly sites were used, eah equipped with a station for testing se-tors in liquid nitrogen. Eah setor was �rst measured at room temperaturewith a test benh where the response to a low frequeny, 10 kHz, sinusoidalsignal injeted through eah of the HV ables was registered (alled TBF testlater). To eliminate deviations due to di�erent read out ampli�ers being usedfor di�erent signal hannels, the response was also measured when the samesinusoidal signal was injeted through the alibration ables. This allowed theveri�ation of the onnetivity of all ables and anodes, inluding the 4 re-sistors on eah anode. The test also inluded registering the response to atriangular test pulse injeted through the alibration ables. The same testswere then repeated at liquid nitrogen temperature. Any failed onnetivitywas, if possible, repaired and the old test repeated. Prior to the old test, avoltage of 1 kV was applied to the anodes, for at least one night. Finally eahsetor was tested at 2 kV in liquid nitrogen for at least 24 hours.A total of 66 setors, inluding 2 spares, have been produed and validated.The validated setors were stored in dry nitrogen gas inside a box made of ananodized extruded aluminium pro�le into whih the setor ould slide. Thislimited the humidity until installation on the barrel alorimeter.2.3 Absorbers2.3.1 Lead sheet produtionThikness variations of the lead plates used to build the absorbers indueloal variations of the alorimeter response, whih ontribute to the onstantterm. Typially, an inrease of 1% of the lead plate thikness leads to a 0.5%derease of the measured signal. 9



The at lead sheets (1.53 and 1.13mm thik) were produed by a rolling millin industry. The thikness tolerane that the manufaturer was ready to guar-antee, was �30�m (rms of 17�m). This would translate into a ontributionof about 1% to the onstant term in the worst ase, when neighbouring ab-sorbers had orrelated thikness utuations. To avoid suh ontributions tothe onstant term, two steps were taken:� An X-ray measurement system was set up and used during the rolling oper-ation to help the manufaturer in reduing the dispersion of lead thiknesseswithin the allowed tolerane interval. With this real time monitoring of thethikness, the operator ould reat very fast to drifts observed in the sheetthikness. In addition, the measurement system provided the possibility torejet out-of-tolerane lead. In this way, the lead sheets delivered to theollaboration had a thikness r.m.s variation of 6.6�m.� An ultrasound measurement system, with an auray of a few �m wasused to produe detailed thikness maps (on a 5� 5 m2 grid) for eah leadplate. Using the fat that a typial shower develops, on average, in �veonseutive absorbers, the detailed thikness maps of the plates have beenused to optimize the arrangement of onseutive absorbers, by ensuringthat neighbouring absorbers have opposite thikness utuations. It wasestablished [9℄ that the onstant term ould be estimated from the r.m.s.variation of the normalized thikness of the lead plates, averaged over 5onseutive plates. From the thikness measurements, it an be estimatedthat the residual ontribution to the global onstant term arising from thelead thikness utuations has been redued to 0.19% (Fig. 10).2.3.2 Absorber fabriationFirst, a at sandwih of stainless steel, resin-impregnated glass �ber fabriand lead plates was assembled from the separate parts. Then the at sandwihwas bent to an aordion shape, using a bending mahine with the followingpriniple: the upper and lower bending knives of the mahine were positionedwith a preision of 0.1mm with respet to eah other and to the entral topknife, whih was �xed. The other knives ould be freed to move laterally. Thesandwih �rst got pinhed between the two sets of knives. At this stage, theknives were freed, and the upper knives were pushed down by the press, whilesimultaneously all the knives moved laterally towards the �xed knife in theenter. The driving fore was the frition between the surfae of the sandwihand the tips of the knives. After bending, the sandwih was ured at 125ÆCin a heating press whih onsisted of two single-piee steel matries mahinedwith a 0.02mm tolerane with respet to the absorber shape at 125ÆC. Thisheating press applied a programmable pressure on the �nished sandwih, upto 7 bars, using mehanial jaks, and followed a omputer-ontrolled uringyle. Sine the �nal shape of the absorber was de�ned by the parameters10



of the heating press rather than the bending press, it had been hosen touse only one heating press (Fig. 11) to produe all the absorbers, to ensurethe best possible reproduibility of the �nished absorber shape. After uringand ooling down to room temperature, the G10 bars were glued to eahabsorber, using rotating stands, that allowed the aordion to ompress orextend slightly to bring it to its nominal span. The uring of the glue wasdone at room temperature and took one day.Final ontrol of the geometry of the absorber was done using a 3D oordinatemeasurement mahine. The measured geometrial quantities were : distanebetween bars, length of folds, thiknesses at several plaes, absorber width andangles between folds. Over the whole prodution period, typial measurementslike distanes between bars, absorber width, et., whose stability was essentialto ensure trouble-free staking of the absorbers, have shown stability of theorder of 0.1%, whereas the stability of the absorber thikness 4 (Fig. 12) mea-surement was at the level of 1%. In a manner similar to the lead plates, it waspossible to dedue from the utuations of the absorber averaged thikness,whih indue orrelated gap variations, a ontribution to the onstant termof 0.07% (Fig. 13). The absorber thikness has also shown a onsistent pat-tern over time, with the middle of the absorbers being typially 40�m thikerthan the extremities. The orrelated gap variation indues a 0.29% maximalvariation of the signal along � diretion whih an be orreted for in the dataanalysis.2.4 G10 preision barsOn both sides, at small (inner) and large (outer) radii, eah absorber is glued,over its full length, to a G10 preision bar (Fig. 4). A detailed drawing ofthese inner and outer bars an be found in [6℄. These bars are azimuthally inontat with eah other and de�ne the exat ylindrial geometry of the wholealorimeter at warm temperature. Their role is multiple: they maintain theread-out eletrodes at their orret z-position, they protet and hold the signalonnetors, they fasten the embedded absorbers radially ensuring a minimalsagitta under gravity.The material of the bars is �berglass-epoxy, but with quite spei� require-ments on the temperature expansion oeÆients. The external and internalbars must ideally have the same longitudinal ontration as the absorbers(3�10�3, i.e. 3mm/m going from room temperature to liquid argon tempera-ture). In addition, the external bars must have the same ontration oeÆientin � as the outer rings whih are stainless steel (2:5� 10�3) whereas a smallerontration oeÆient for the inner bars is needed in order to keep them in4 The nominal thikness is 2.21 mm. 11



ontat when old. This has been ahieved by industry, produing large sheetsof material made out of numerous tissue layers, eah woven with symmetri-ally plaed glass �bers. With an angle of 60Æ between the two diretions,values of (3:01 � 0:05)� 10�3 and (2:25 � 0:10)� 10�3 respetively for thelongitudinal and the transverse oeÆients, have been ahieved. The thermalondutivity of the bars, important for the ool down and for the temperatureuniformity of the alorimeter was measured to be 0:35Wm�1K�1 at roomtemperature.To get the best-possible geometrial auray of the ylinder, the thiknessof the bars as well as the projetive angles of both faes had to be reti�edwith high auray. After mahining, the umulative thikness of the 3m longG10 preision bars was ontrolled for eah bath of 16 bars. Fig. 14 shows,as an example, the distribution of 60 bathes of 16 bars. A preision betterthan 0.02 mm for 16 bars (typially 5 �m per bar) has been ahieved. Thebars are positioned in z and radius with respet to eah other by pins passingthrough preision holes drilled in the bars. A preision better than 0.01mm inradius and 0.03mm in z has been ahieved. The signal outputs of the read-outeletrodes [12℄ pass through grooves mahined radially in the bars. Cut-outswere mahined on the outside faes (inner and outer radius of the detetor)to �t the onnetors. The two eletrodes, type A and type B, were positionedby means of preision holes (0.1mm auray) drilled into the eletrodes andthe bars.After a pre-prodution order to qualify the bars on the Module 0 [28℄ the �nalorder for the full bath of 4096 bars was plaed to industry. The manufaturingof the raw material, the retangular raw bars preparation, the groove for gluingthe absorber, the preise hole drilling and the mahining of the nothes and ofthe ut-outs were performed by industry. The grinding of both faes has beendone at CERN with an in-house developed grinding mahine. The produtionof the raw material and mahining of the bars has taken two years.2.5 Outer and inner rings2.5.1 Outer ringsThe 1024 absorbers making one half barrel alorimeter are srewed onto sevennon-magneti stainless-steel 5 rings [6℄. The aim of these supporting rings isto give the neessary rigidity to the entire half barrel and to de�ne preiselyits geometry. These rings stand on the ryostat rails.One ring is made of 16 ring-piees, 22:5Æ in �, a ring-piee orresponding to5 INOX 316LN. 12



one module of 64 absorbers. The 16 ring-piees are srewed together withCu-Be bolts to form a omplete irle (the Cu-Be alloy has a slightly higherthermal oeÆient than stainless steel, suh that the ring-piees are even moretightened at old). The 16 ring-piees are idential and have a ross-setionalshape of an I-beam (Fig. 5) exept for the two ring-piees at the level of theryostat rail (see setion 6). The dimensions have been hosen so that thedeformation under the weight of the alorimeter is tolerable, i.e. less than4mm (see Fig. 15).The rings are spaed approximately 0.2 units of rapidity apart to ease theabling of the eletronis. The weights supported by the seven rings are intons, respetively, 5.8, 6.7, 8.3, 9.1, 8.6, 9.1, and 9.4 from � = 0 to � = 1:2,the weight of a half barrel being 57 ton. The ross-setional shape of the �rstring, lose to � = 0, has been modi�ed to give the neessary learane for themiddle ange of the old outer wall of the barrel ryostat.For the assembly phase, the inner radius of the ring was the referene radiuson whih the external G10 bars of the 1024 absorbers were mounted. Speialare has been taken to get a referene radius as lose as possible to its nominalvalue (+0:0�0:1mm) in order to avoid any learane between the external G10 bars.To assemble a module, the ring-piees of the 6 rings from � = 0:2 to � = 1:2were �xed onto a module assembly bakbone. The role of this bakbone wasto give rigidity to the ring-piees, to give a referene in � and to allow themounting of a half barrel with 16 modules. In order to maintain the refereneradius, the outer radius of the ring-piee and the inner radius of the bakbonesupporting part were mahined to the same auray as the internal ring ra-dius. To have a unique � referene for the 16 modules of a half barrel, a blankassembly of the 16 bakbones and of the 6 � 6= 0 rings resting on them wasperformed. A dowel pin going through eah ring-piee and the orrespond-ing supporting part of eah bakbone maintained the referene in � duringstaking.A speial jig to measure the deformation and the stresses of a ring under theweight of the alorimeter has been built. The radial deformations under a loadof 10 ton (5 ton) of the 12 � 6= 0 rings (2 � = 0 rings) have been measured [11℄.The maximal deformations were observed at the top (dereased radius) and atthe bottom (inreased radius) of the ring. The averaged values and the rms forthe 12 � 6= 0 rings were respetively (-2.00 � 0.15) mm and (3.20� 0.15)mm.The upper plot of Fig. 15 shows the radial deformation measured at the middleof eah ring-piee of the prototype ring ompared to the results of the �nite-element alulation. 13



2.5.2 Inner ringsThe internal rings [6℄ ful�l four funtions. During the assembly phase theyensured the mehanial rigidity of the module at the internal radius level.At old they provide a small tension of the absorbers in suh a way thatall absorbers are in extension, even those whih are loated at the bottomof the alorimeter. At old, also, they index the absorbers so that the gapsappearing at old are equally distributed between absorber G10 bars. Finallythey support the presampler rails.The 8 rings of one half barrel are plaed lose to every � = 0:2 to ease theabling of the eletronis. They are also made of 16 ring-piees, 22:5Æ in �.Bumps at the inner fae allow the �xing of the presampler rails. These ring-piees (Fig. 6) are 40mm wide and 10mm thik, exept at the level of thebumps where the thikness is 20mm. The ring lose to � = 0 has a width of20mm only. The spae between the presampler and the rings, about 10mmin radius, allows the passage of the eletroni ables onneting the motherboards to the path panel mounted at the end of the module. The gear-wheelshape of the ring at its outer fae allows the indexing of the absorbers. Everyseond absorber is srewed on this internal ring. The ring-piees are madeof omposite material. Two titanium dowel pins are inserted at both ends toallow the juntion of two ring-piees with titanium losing links.The di�erent thermal expansion oeÆients of the stainless-steel externalrings, of the absorbers, of the internal G10 bars and of the inner ring-pieesare suh that a small gap (0.024mm) appears at old between two onseu-tive inner G10 bars. The gear-wheel shape of the inner ring at outer radiusensures a regular sharing of these gaps. Furthermore, the inner rings are inextension to avoid the ompression of the absorbers loated at the bottom ofthe alorimeter. To ful�l the preeding onditions, the inner ring-piees aremade of unidiretional G10. A speial jig has been built to qualify eah innerring-piee at their nominal tension: 2.3 ton for � > 0 ring-piees and 0.8 tonfor � = 0 ring-piees. The tolerane on the teeth of the ring-gear, 15�m, hasto allow the mounting of the module and has to be as small as possible, sinethis tolerane ontributes diretly to the gap variation.2.6 EletrodesThe readout eletrodes, 275�m thik, onsist of three ondutive opper layersseparated by insulating polyimide sheets. The two outer layers are at the highvoltage potential and the inner one is used for reading out the signal throughapaitive oupling. The granularity of the alorimeter in � and in depth isobtained by ethed patterns on the di�erent layers (Fig. 7). Eah gap between14



two absorbers is equipped with two eletrodes: typeA (j�j < 0:8) and typeB(j�j > 0:8).The three longitudinal ompartments have the following harateristis:� The �rst ompartment has been optimized for =�0 identi�ation. Its depthis around 6X0, inluding about 1.6X0 of dead material in front of the ativepart of the alorimeter. It is very �ne grained in �, with a granularity of�� = 0:025=8.� The seond ompartment, from 6 to 24X0 has been optimized to ontainphoton showers up to 50 GeV. Its granularity is �� = 0:025.� The third ompartment has an additional 2X0 or more and has a granularityof �� = 0:05. This ompartment helps to reonstrut high energy showersand to disern between hadroni and eletromagneti showers.Seven di�erent types of eletrodes would have been needed to over the entire� range of a half alorimeter, if the eletrodes were to be within \industrystandard" dimensions (' 100� 60 m2). To avoid diÆulties with the preisionmounting of the eletrodes and to redue the number of transition regions, wehave hosen to develop and produe \large" eletrodes of about 200�100 m2,to over the alorimeter with only two eletrode types.The distribution of the high voltage to the outer layers of the eletrodes isdone by means of resistive silk-sreened pads of arbon-loaded epoxy ink. Thelayout of the resistors and the properties of the ink have been de�ned withthe following main onstraints in mind:� Avoid ross-talk between alorimeter ells in depth and protet the inputof the preampli�ers in ase of aidental disharges.� Avoid more than one per mil voltage drop due to ion build up in the liq-uid argon at high luminosity. To meet these two opposite onstraints, theresistivity of the ink has to be between 0.1 and 1M
/2.� Provide some redundany in the high-voltage distribution, where possible.Flat eletrodes were produed in industry. The eletrodes were �rstly hekedvisually for misalignment between the layers, bad ething and gluing, silk-sreening defets, mis-manipulation during fabriation. Then the resistane ofall the resistive pads and the apaitane of all the ells were measured usingautomated test benhes. These measurements were also used to searh forshort-iruits, open onnetions and other anomalies. Finally, eah eletrodehad also to pass a high-voltage test.Flat eletrodes have to be bent to aordion shape. The �rst tehnique usedimplied bending the eletrode bend-by-bend, with vertial knives ativatedone after the other to form folds at inreasing radii, pushing the eletrode intoa mould made to the �nal shape of the bent eletrode. However, the elastiity15



of the eletrode material tends to inrease the fold angles after bending. Toompensate for this, the eletrodes were ured a few hours in elastomer mouldsat a temperature of 140ÆC.Later on, a di�erent tehnique was applied. A press with a single knife wasused. The knife was pressed against the eletrode, with the eletrode lying ona hard rubber base. In this way, the folds ould be overbent, so that one theknife was removed, the required �nal shape was obtained without uring. Itturned out that this seond method was better adapted to a good bendingthan the �rst one.After bending, eletrodes were equipped with grounding springs, and the sameeletrial measurements as the ones performed on at eletrodes were redone,to hek for any damage during bending, espeially on the silk-sreened resis-tors. Inreases in the resistane value were indiations that the resistor hadstarted to rak. Suh raked resistors were repaired using silver ink. Finally,high voltage tests were again performed, inluding a long duration test at2.5 kV, before shipping the eletrodes to the three staking sites. More detailson the design, prodution and testing of the eletrodes an be found in [12℄.2.7 SpaersThe eletrodes are kept entered in argon gap by the spaers. Nomexr 6paper impregnated with phenol-formaldehyde resin and with a honeyombstruture was produed and ut into sheets by Hexel Composites (Belgium).The sheets, (1:75 � 0:1)mm thik, were then ut into strips, to be put on theat parts of the aordion straight setions, on both sides of the eletrodes. Thehoneyomb ells are 3/8 inhes wide for most strips, but we used honeyombwith 3/16 inhes wide ells for the strips in the �rst and last half folds ofthe aordion. The strips were assembled into aordion shaped sheets withthe help of 14 glue impregnated glass-�ber threads, put on one side of thehoneyomb (Fig. 8). A sheet is about half the module length, and two sheetsare juxtaposed in z in a half gap. To avoid damaging the eletrodes, thethread is always put on the absorber side during staking. Thus, two types ofspaers (\A" and \B" types, with thread at the \top" or at the \bottom")were needed. The threads were put in plae by the use of the tool shown inFig. 16. To reet the 0.16mm opening of the gap along a fold, the tool hadan opening gap geometry, and the thread was more or less pressed into thehoneyomb. Four suh tools were put together in an oven to polymerize theglue in the threads. This allowed four spaers (2 As and 2 Bs) to be built in onethermal yle of 2 hours, leading to a typial rate of 16 spaers manufatured6 Nomexr is a registered trademark of DuPont Company.16



per day 7 . The thikness of one spaer out of ten was inspeted on 28 spots onthe threads. This allowed us to monitor small (around 0.1 mm) drifts in thethikness and to readjust the tools. The averaged density of the spaer (or itstranspareny) is about 32 kg=m3.While staking the �rst prodution module, high voltage problems were ex-periened, whih ould be attributed to surfae ontamination of the spaers.We thus deided to lean spaers individually in the laboratories by blowingdry nitrogen and by vauum leaning, and to test all of them at 3 kV beforestaking. In parallel, the fabriation in industry was transferred to a leanerenvironment. The high voltage test was performed as follows: eah spaer wasput individually between two half-absorbers. The high-voltage was raised to3 kV and the spaer was given four hanes to sustain this voltage during 3minutes. About 90 to 95% of the spaers were aepted with this riteria andput in the modules. The remaining 5 to 10% were then ured by being heldat 3.5 kV for ten minutes. A large number of sparks was observed, but withno degradation of the spaer quality (no arbon deposit). After uring, thespaers underwent a new 3 kV test, and most of them (95%) were aepted.With these proedures, the number of gaps not holding 2 kV whih had to berestaked was down to a few per module.3 Module assembly3.1 CleaningUpon reeption at the assembly site, the absorbers were thoroughly leanedand stored in a lean area. Just before staking, absorbers and eletrodes wereleaned again. The spaer leaning desribed in the preeding setion was alsorepeated just before staking. All the staking took plae in a lass ISO8lean room, temperature ontrolled ((20 � 1)ÆC) and humidity ontrolled (<50%).3.2 Staking benhThe staking benh allowed for a relatively easy staking, a preise mehanialassembly, and a number of mehanial and eletrial ontrols. The benh basereeived the bakbone onto whih the modules were to be assembled. Thebenh ould be rotated by 90Æ around the longitudinal axis: in the horizontal7 This fabriation was done in Bretagne Composite, Frane.17



position one ould present a new absorber (or a new spaer or eletrode)and plae it naturally on top of the previously staked piees. The vertialposition was used to perform mehanial measurements and to tighten the�xation srews, so that the geometry of the module was minimally a�etedby the sagging of the absorbers and by the fat that the module was notyet omplete. The ontrol of the thikness of the stak is essential for thedetetor uniformity and for the �nal assembly of modules in a half barrel.Eletrial tests were performed during staking. The typial assembly ratewas 4 gaps/day for eah benh.3.3 ProedureThe external ring piees were �rst bolted to the bakbone. Their position in� was �xed by a hole-and-pin in the bakbone and the ring piee as desribedabove in setion 2.5.1. Nevertheless a areful inspetion and adjustment wasperformed before �xing (� 0:2mm). The bakbone was installed on the base ofthe benh, and adjusted in all diretions (� 0:2mm). The z stop was adjusted,whih de�ned the z loation of the absorbers. These adjustments were donewith the help of preision jigs whih gave the theoretial shape of a module.The �rst absorber was plaed on the benh (horizontal), then the bottomspaers, then the eletrodes A and B, then the top spaers; the elasti pinswere put in plae, then the seond absorber. The �xation srews, between theabsorber G10 bars and between the ring-piees and the external G10 bars,were set in plae. The benh was rotated to vertial. Two rows of pneumatijaks pressed on the external and inner bars of the stak. The �xation srewswere tightened at a ontrolled torque. The proess was repeated 64 times. Inaddition in gap 32, 6 temperature probes were glued on the absorber. In thelast gap, whih would be later opened for the �nal half barrel assembly, thespaers were speially �xed.3.4 Mehanial and eletrial ontrols during stakingThe sagitta of the last staked absorber was measured at 3 z positions. Every4 absorbers, the thikness of the stak was measured at the inner and externalbars, at 3 positions along z, using jigs as a referene (�0:02mm). If the stakwas too thin by more than 0.05mm, the next gap was shimmed with 0.05mmthik kapton piees put on G10 bars.One a new gap was staked, the high voltage was set to 2.2 kV for a shortduration and the onnetivity was heked with the TBF test: a low frequenysinusoidal signal was fed to the HV lines and read out on the signal lines. Theresponse was heked against a referene pattern. Every night, the HV was18



set to 2.2 kV on the gaps staked during the day (typially 4). The urrentswere reorded and heked in the morning. Eah week-end a longer HV testat 2 kV on the gaps staked during the week (typially 16) took plae. Onea module was fully staked, a longer HV test at 2 kV of at least 3 days on the64 gaps of the module took plae.3.5 Complete stak equipment and testOne the 64 gaps were staked, the geometry of the module was measured.As there was still some elastiity of the inner radius thikness, it was �xedto the nominal value by external means. The inner rings were brought in. Toensure a preise loation of the absorbers in the full detetor, there must be noplay between the indexing teeth of the inner rings and the absorber loations.Sine the rings ould not be mahined with teeth to the needed preision, theteeth were �rst set in plae separately, then the inner ring was set in plaeand glued to the teeth.The gap apaitane was measured in eah setor of �� = 0:2. The uniformityof gap thiknesses was heked (Fig. 17). Using the observed dispersions of thesliding average over 5 onseutive gaps, whih were in the range 0.5% to 0.7%depending on the module, a global ontribution to the onstant term of 0.16%was estimated, using the 0.3 proportional fator between gap thikness vari-ation and response variation[10℄. Table 2 summarizes the di�erent mehanialontributions to the onstant term.Table 2Contributions to the onstant term of the di�erent mehanial non-uniformitieslead thikness absorber thikness gap thikness0.19% 0.07% 0.16%
4 Cold eletronis and abling4.1 Summing boards and mother boardsThe front setion of the EM barrel alorimeter is read out at the inner radius,whereas the middle and bak setions are read out from the bak (outer ra-dius). The readout is aomplished by several interonneted boards. Theseinlude summing boards that generate analog sums from adjaent alorimeter19



gaps and mother boards for analog sums readout and for alibration pulsesdistribution.The summing boards are onneted to the eletrode onnetors grouping thesignals in � to the desired readout granularity (Table 1). Eah summing boardservies 16 eletrodes (��=0.1). In the front setion all 16 eletrodes aresummed into one readout ell while the sums in the middle and bak have�ner granularity (��=0.025, or 4 adjaent eletrodes). The boards are 10layer PCBs with low-impedane 15
 strip-lines whose lengths are equalizedin � in order to ensure a low, lose to uniform, indutane of 25 nH aross allreadout setions of a summing board.A mother board provides readout for a �� � �� of 0:2 � 0:2 zone. It anover anywhere between 4 summing boards (typially in the bak setion) to16 summing boards (in the high rapidity region of the front setion). Sineeah mother board reads out a onstant rapidity region, the physial size ofthe mother board inreases with rapidity. There are 7 di�erent sizes varyingin rapidity for the bak setion, and 8 for the front setion, for a total of 14bak and 16 front mother boards for eah barrel module.The reeptales at the output of the summing board and the input of themother board are onneted via pins mounted on 2 thin PC-boards. Eahhannel is then onneted twie. Eah pin requires an insertion/exertion foreof over 100 grams and there are over 100 pin onnetions between eah motherboard and summing board. For the outer radius, one out of every two PC-boards also houses a low apaitane transient voltage suppressor (TVS) [13℄with a turn-on at 6V to protet against aidental disharges that may damagethe alibration resistors mounted on the mother board. A thin G10 boardeletrially separates the summing board and the mother board.The mother boards route the outputs to the readout ables through a \low pro-�le" onnetor designed to minimize ross-talk between readout hannels. Themother boards also inlude 0.1% at 90K preision tantalum nitride alibrationresistors (non-hygrosopi with a temperature oeÆient of 70 � 5 ppm=ÆC)to distribute alibration pulses to all readout hannels. The value of the al-ibration resistor in various parts of the detetor are hosen to math the ex-peted urrents from partile showers: the strip setion uses Rinj = 3k
, thebak setion uses Rinj = 1k
 while the middle setion uses 1 k
 for � < 0:8and 500
 at higher rapidities. The alibration pulse is injeted at the ana-log input to the mother board, the losest point to the origin of the analogsignals from the eletrodes. The length of the traes from the preision resis-tive network to the injetion point are equalized for timing and terminatedwith 50
 to avoid any reetions. The di�erenes in the time-of-ight of par-tiles oming from the vertex to di�erent rapidity points in the alorimeterare ompensated by adjusting the path lengths of the alibration signals on20



the mother board. This ensures that the relative timing between the triggersystem and the signal are the same for alibration and for partiles.4.2 Cables and onnetors4.2.1 Signal ablesIn order to ope with the 25 ns interval between bunh ollisions of the LHC,a fast shaping of the alorimeter signals is neessary. For this purpose, thetime onstant of the CR-RC2 shaping ampli�er following the preampli�er onthe same eletronis board was hosen to be 15 ns. At this frequeny, the a-ble between the detetor ell (a apaitane) and the preampli�er behavesmainly as a transmission line. This means, in partiular that its apaitanedoes not ontribute signi�antly to the noise, even for able lengths of sev-eral meters. Taking advantage of this fat, it was deided, for better reliabil-ity, to put preampli�ers in the warm, in front-end rates loated on ryostatfeedthroughs.A areful optimization of the able and preampli�er, for the di�erent detetorell apaitanes and able lengths (up to 4m) lead to the hoie of two groupsof able impedane and preampli�er: 50
 for the presampler and alorime-ter strip setion and 25
 for the middle and bak setions. Cables of 50
impedane are also used to arry alibration signals produed on dediatedboards, in the Front-End rates, down to the preision resistors loated on themother boards.For pratial matters, the hoie was made to use mini oaxial ables, groupedin bundles of 64, alled harnesses hereafter, with a onnetion at the moduleend on path panels. Harnesses A go from mother boards to path panels, andharnesses B from path panels to ryostat feedthroughs. The feedthroughsthemselves inlude short setions (' 25 m) of at ables of 33
 impedane(a ompromise allowing a single type to be used for both the 25
 and the50
 ables) whih are desribed in subsetion 6.2.4.2.2 Cable designThe main onstraints imposed on the ables were:� Compatibility with liquid argon operation: mehanial exibility at low tem-perature, no pollution of the liquid argon.� Resistane to radiation: stable eletrial performanes, orret mehanialbehaviour and absene of liquid pollution up to 10MRads and 5x1015 n=m2.� Small diameter. 21



� Low attenuation, low ross-talk, negligible pik-up.� Impedane uniform to better than � 10%.� Propagation speed onstant so as to indue less than 2 ns time dispersionsfor 6m ables.� A�ordable ost.After several tests, the hoie was made to use Cu-Ag oaxial ables with rolledpolyimide as dieletri. For both 25
 and 50
 ables, the external diameter is1.2mm with a braided outer ondutor of 63�m wires. The entral ondutoris a single wire 200�m in diameter for 50
 ables, and a bundle of 7 wires,127�m diameter eah for the 25
 ables.4.2.3 ConnetorsThe end of A harnesses onneted to mother boards is a low pro�le onnetor,5 mm thik, this hoie minimizing the dead liquid argon thikness in front ofthe module. At the other end, at the path panel, the A and B harnesses areonneted through a male-female pair of 100-pin miro-D onnetors 8 . While64 pins are used for signal transmission, ground onnetions are grouped by 2on one pin. All grounds are anyhow ommon at the mother board and at thefeedthrough, (see subsetion 6.2). Miro-D onnetors were hosen for theirsmall size and proven reliability. The last onnetor, between harness B andthe feedthrough is an ATI ustom developed onnetor. Two rows of 32 pinsarry the signals, while the ground is hannelled on eah side of the onnetorby a spring blade, to the pin arrier of the orresponding feedthrough slot. Allontat surfaes and pins are gold plated.4.2.4 Quality ontrolAn automated test benh [14℄ at the able prodution plant 9 monitored thequality of all ables. Cable oils and=or harnesses not ful�lling the riteria wererejeted. Fig. 18 shows the impedane of eah able oil and Fig. 19 shows thedistributions obtained for the propagation time along 4m long ables. Radia-tion resistane was assessed by measuring the eletrial properties of a givenharness before and after irradiation at the Dubna IBR2 reator. Absene of liq-uid argon pollution under irradiation was veri�ed using a dediated setup [18℄exposed to a neutron beam at CERI (Orl�eans, Frane).8 Miro-D twistpin onnetors from ITT/Cannon.9 Axon' able SA. 22



4.2.5 High voltage ablesIn order to avoid possible HV disharges or Corona e�ets in oaxial ables,single ondutor, PEEK insulated ables were seleted for HV onnetions(see subsetion 6.3). HV ables were grouped in harnesses of 8. Eah HV ablewas soldered to dediated HV boards at the module level. At the path panellevel, an 8-point ustom developed ATI onnetor 10 was hosen.4.3 Cabling proedure and eletrial testsThe inner radius fae of eah module was abled �rst [15℄. To start the sum-ming boards were plugged into the eletrode onnetors. There are 64 sum-ming boards for the region 0 < � < 0:8, 96 for the region 0:8 < � < 1:4 and8 for the region 1:4 < � < 1:475. This gives a summation of 16 eletrodesin � leading to a �� = 0:1 granularity. An eletri ontinuity test ensuredthat no signal hannel was grounded. Thin (0.3mm) G10 boards (one for eahmother board) ompletely overing the summing boards were installed. Theaim of this board is to protet the ables from the ontat of the numeroussolderings on the summing boards. They were bored with holes for signal andground onnetions between the summing and the mother boards. The motherboards were installed by plugging pin arriers going through the mother tothe summing boards via the G10 boards. The able harnesses for signal read-out and alibration were installed, the low pro�le onnetors plugged into themother boards on one end, the other end being mounted on a metalli pathpanel loated in the large jzj region on the module. The ables were �xed tothe thin G10 boards using polyethylene able ties.As the alibration pattern shows regularity and periodiity, a onnetor per-mutation might not be seen by the eletrial tests desribed below. To elimi-nate this problem whih has onsequenes on the trigger summation for physissignals, a ontinuity test was performed, heking that any low pro�le onne-tor was at its expeted position. After the tests were performed (desribedbelow), thik (2mm) G10 overs were srewed on the internal rings to main-tain and protet the front ables.The outer radius was abled after putting the module into a manipulationframe and rotating it around the � axis. 56 summing boards were installed,summing 4 eletrodes in � whih leads to a �� = 0:025 granularity. Thiswas followed by a shorts-to-ground test. 14 high voltage buses were installed,grouping 32 eletrodes in � (orresponding to a �� � �� = 0:2 � 0:2 zone)with 2 lines supplying independently the 2 sides of eah eletrode. Then 14thin G10 boards were positioned followed by as many mother boards onneted10 ATI Tehnologies In. 23



to the summing boards by pin arriers with TVS to protet the alibrationresistors against sparks. Six metalli able trays were plaed into the holes inthe external rings and �xed in one point using a G10 piee to ensure eletri-al insulation. In addition they were isolated from the 6 external rings usingkapton foil piees. Signal and alibration ables were plaed in the able traysbetween the mother boards (Fig. 20) and the path panels [15℄. High voltageables were installed similarly and were soldered on eah high voltage bus.The zero potential of the alorimeter (absorbers) and the ground of the ringsand of the ryostat are onneted at the feedthrough level [16℄. The ryostatin ATLAS is eletrially insulated from its support and from the ryogenilines.At this stage three eletrial tests were performed [17℄:� A �rst test (alled TPA) onsisted in pulsing suessively eah alibrationline with a step pulse (rise time 1 ns, amplitude 40V) and reading all signallines expeting a signal aording to the alibration sheme. Exponentialtype shaped signals orresponding to the harge of the detetor apaitorsthrough the alibration injetion resistors were reorded. The analysis of themaximum of the signal shaped with an CR-RC2 funtion with 13 ns shapingtime [6℄ tested the integrity of the whole iruitry, e.g. the alibration resistorsystem or the onnetion of the detetor apaitor to the mother board. Inpratie the step signal was generated by merury relays followed by a (2�64) multiplexer to pulse all alibration lines of half a module. The signal lineswere also multiplexed (25�64) and read out by a digital osillosope with anautomati proedure. Fig. 21 shows the results of this test for one module.Several types of problems ould be deteted: no signal showing a break in thereadout path, a too high signal showing a redued detetor apaitane dueto the detetion ell being disonneted from the readout system. Finally atoo low signal orresponded usually to a slow rising signal, likely assoiatedwith a hannel where the braid of the able was not onneted to the detetorground. All these problems were repaired during the abling steps.� The seond test (alled TBF) onsisted in injeting a sinusoidal signal intothe high voltage line and reading out the signal in the middle layer whihhas a large detetor apaitane. This test heks the onnetion of the highvoltage from the high voltage onnetor to the eletrode high voltage layer.A frequeny between 1 and 20Hz was shown to be sensitive to one missingeletrode out of 4 in one middle ell [17℄. Fig. 22 shows the results of thistest. The two high voltage lines show di�erent amplitudes due to di�erentvalues of the deoupling apaitanes for the two eletrode high voltagesides [12℄, useful for �nding inverted abling. For setors ut in 2 parts in �the e�et on the TBF test is very lear. The ase of one isolated eletrodeis also learly detetable.� The third test onsisted in applying high voltage to the module. As the24



alibration resistanes are sensitive to sparks, this test was performed foronly 5minutes at 1 kV when the readout lines were open at the end and1.4 kV when they were onneted to their harateristi impedane (in or-der to absorb the spark energy). During the ramping up of the high voltage(2V/s) the urrents were � 10�A and the leakage urrents � 100 nA after-wards. A high voltage line might show a trip or a short. If it happened atwarm, the faulty eletrode setor (�� = 0:2) ould be isolated and put ontwo separate high voltage lines (for the two eletrode faes). If a problemappeared during the old test and disappeared at warm, a high voltage of2 kV was applied on this zone (shorting the alibration resistors to protetthem) to attempt to burn the ause of the problem. To redue the size of thepotentially problemati HV zone, the latter was divided in two independanthigh voltage zones in �, whih required two additional spare lines for thetwo eletrode sides.4.4 Module old test.After having passed the eletrial tests performed during the abling phase,the module performane was veri�ed under old onditions in liquid argon.Four modules, out of 32, had gone through beam tests in a liquid argon �lledryostat at CERN. The results are reported in setion 9. All other moduleshave been tested in liquid argon at the three assembly sites. The old testswere performed on dediated test stations omposed of a vertial ryostat withfeedthroughs to onnet all HV, signal and alibration lines of the module.Unlike the other sites, the test station at CERN used the test-beam ryostatwithout a beam, with the module in a horizontal position. The tests inluded:� High voltage at 2 kV for at least 3 days.� Eletrial ontinuity veri�ation with a sinusoid wave sent through the HVlines with signal readout (TBF test).� Calibration iruit veri�ation with a square signal sent through the ali-bration lines with signal readout (TPA test).The liquid argon test started with the ool-down at a rate of 2K/hour per-formed by irulating liquid nitrogen in a ooling iruit. This limited thetemperature gradient to 40K over the whole module. During the tests in liq-uid argon, all HV urrents and test waveforms were reorded. The purity of theargon bath was measured during the test with an ATLAS-type purity monitor(see subsetion 5.1), to hek against an aidental pollution of the module.The warm-up operation was performed with heaters at a rate of 2K/hourfrom 90K to 300K. After the test, repairs were done, as explained in the pre-vious setion, before shipping the module to CERN, where it was stored inontainers permanently ushed with dry nitrogen.25



5 Monitoring instrumentsThe old monitoring omponents on the barrel alorimeter are of several types:purity monitors, temperature probes, strain gauges and position gauges.
5.1 Monitoring of the purity of the liquid argonAlthough the sensitivity to eletronegative impurities in the argon is reduedby the fast shaping 11 , they an still redue the amplitude of the olletedharge and degrade the performane of the alorimeter. In order to ontrolthe argon purity, 10 purity monitors have been installed on the outer radiusof the alorimeter between the support rings. They are loated in the medianazimuthal plane and at the top and the bottom of the half barrels.The impurity measurement is based on the energy deposition by radioativesoures in the liquid argon. The ionisation harge is olleted by an eletri �eldand measured by a old pre-ampli�er. Eah devie onsists of two radioativesoures: an 241Am soure emits 5.5MeV �-partiles and a 207Bi soure 1MeVonversion eletrons. The setup of the monitor is shown in Fig. 23. It onsists ofsignal gaps for the two soures, whih are made out of polyimide, high voltage�lters and distribution iruits and a single harge sensitive pre-ampli�er.Both signals (in the range 2-4 fC) are read out by this pre-ampli�er at thesame time. The distintion of the ell is done by the polarity of the signal.In order to extrat the absolute oxygen ontent in the liquid argon, the ratioof the measured harges QBi=QAm is used. This is possible beause the depen-dene of the harge on the impurity level is di�erent for the two soures. Anempirial alibration of the signal ratio of the two soures has been performedand the result is shown in Fig. 24. The obtained parametrization as a funtionof the temperature and the �eld strength has a total error of 15% on theabsolute level of the oxygen ontent. Relative hanges an be measured witha preision of better than 10 ppb O2-equivalent ontamination. More detailsabout the methods used and the performane of the devies an be foundin [19℄.
11 A variation of �0:1 ppm around 0.5 ppm 02-equivalent purity and a shaping timeof 20 ns translates in a �0:05% signal variation.26



5.2 Other monitorsTemperature probes (PT100 platinum resistors) are loated in the liquid ar-gon gap, glued on the G10 bar and the absorber in order to measure theliquid argon temperature where the ionisation takes plae. There are 6 suhalibrated [20℄ (�T = 10mK) probes per module loated in its median az-imuthal plane, 3 at R = 1500mm and 3 at R = 2000mm regularly distributedin z, for a total of 192 probes for the whole barrel. In addition 40 probesare loated on the able trays in order to measure the temperature outside ofthe alorimeter and 32 probes are loated on the two rings at largest jzj tomeasure their temperatures during the ooling proess. Finally, 8 probes havebeen installed on the 4 rails supporting the two barrels to monitor the oolingproess.Strain gauges (16 in total) are glued on the external rings 2 and 5 at azimuthalpositions j��j = �=8 apart from the horizontal plane where the maximume�et is expeted. These gauges are monitored when a half barrel is rotatedfrom the vertial to the horizontal position.In eah half barrel, 4 LVDT type position monitors are �xed on the � = 0external ring. They allow to measure the distane of this external ring tothe ryostat middle ange. They have been beforehand adjusted in suh away that one is able to position the beginning of the absorber G10 bars atjzj = 2mm. They are used while the half barrels are being inserted into theryostat and also during the ooling proess and during the transportationtowards the experimental zone.6 Cryostat and feedthroughs6.1 Barrel ryostatThe barrel ryostat 12 (Fig. 25) [21℄ an be desribed as a ring dewar made outof 4 nested aluminium ylinders named respetively outer warm, outer old,inner old and inner warm ylinder 13 . Aluminium 14 has been hosen in orderto redue the total number of radiation lengths.12Overall length � 6:80m, the diameter of the inner and outer warm ylinders arerespetively � 2:30m and � 4:50m.13 The inner warm ylinder supports in addition the entral solenoid on its exterior,i.e. the entral solenoid is housed in the insulating vauum of the ryostat. Theinner warm ylinder will also support the ATLAS inner detetor in its inner bore.14 Aluminium 5083. 27



The outer and inner old ylinder are losed at both ends with a bulkheadreating the so-alled old vessel. In the same manner the outer warm ylinderand inner warm ylinder are losed with two bulkheads reating the surround-ing warm vessel. All bulkheads are irular shaped plates with passage holesto allow the insertion of the inner detetor into the inner warm ylinder bore.The old bulkheads are bolted and welded 15 to the old ylinders, whereasthe warm ones are bolted and vauum sealed with O-rings. All four bulkheadsand the inner old vessel have tapered walls to minimize the material betweenthe interation region and the eletromagneti alorimeters.The old vessel rests on four feet made out of G10 providing eletrial andthermal insulation. They will shrink during ool down ausing the old vesselto sag by about 4 mm eventually. Three keys, two ating laterally and oneating longitudinally maintain its position. Clearanes between keys and key-ways were neessary to allow the assembly of the ryostat. These horizontallearanes will shrink during ryostat ool down but there will be remainingplays of about �1:5mm - they must be regarded as position unertainties.Therefore, position sensors have been installed between warm and old vesselto measure possible movements of the old vessel, allowing to eliminate theseposition unertainties for the alignment in ATLAS. In order to redue radia-tive heating of the old mass and thus the required ooling power, a multi-layerinsulation system is installed on the old vessel walls.In ATLAS, the barrel ryostat will be ollinearly entred in the inner bore ofthe tile barrel alorimeter. Beause the barrel ryostat must not touh the tilebarrel alorimeter for mehanial and eletrial reasons, the design inludes asurrounding gap of about 30mm. With the aim to ahieve an optimal foretransmission for a 4-point support, the outer warm ylinder is equipped atthe lower half of its two ends with four support interfaes at �45Æ, providingsliding surfaes at �45Æ. The entire barrel ryostat load 16 is transferred viathese interfaes and four support plates (Fig. 26) diretly to the saddles thatsupport the tile barrel, so that no load is applied to the tile barrel itself.The ryostat was subjeted to numerous tests. Several leak heks and pressuretests have been performed, among them a 3.5 bar (25% above the maximumoperating value) test for the old vessel. The measured bulkhead and ylinderdeetions were all found to be in agreement with �nite element alulations.The ryostat was ooled down to 80K and �lled half-way with `N2. No oldspots were found, demonstrating the e�etiveness of the insulation in partiu-lar at the level of entring keys and feet. The heat ondutane was estimatedto be no more than 1W=m2.15 For old testing however, the old vessel was sealed with provisional Omega seals.16 The overall weight is about 206t - ryostat � 25t, 2 half barrel alorimeters� 2� 57t, liquid argon � 56t, entral solenoid � 6t and inner detetor � 5t.28



6.2 Signal feedthroughs64 signal feedthroughs bring 122 880 signal, monitoring, alibration and sparelines through an insulating vauum, out of the liquid argon environment, intothe warm one. To have onnetion lines as short as possible, there are 32signal feedthroughs for eah half of the barrel alorimeter, distributed radiallyaround eah end of the barrel ryostat. They have been designed to minimizeheat ondutane, to aommodate a � 1.5 m displaement during ooldownand to minimize the able lengths as well as the ross-talk level while ensuringan exellent ground return.A feedthrough, Fig. 27, onsists primarily of a warm ange and a old ange,with a exible bellows welded between them and pumped down to about10�3 mbar vauum. Eah ange houses 4 pin arriers with a total of 30 insu-lating glass rows, with 64 gold-plated pins per row, providing a total of 1920signal onnetions per feedthrough. Heaters (15W) 17 loated on the warmange prevent ondensation and frosting. Both anges are interonneted withat, polyimide strip-line exible 33
 ables. Speial monitoring and ontrollines for the feedthroughs, whih do not enter the ryostat volume, are passedthrough a �lter and follow strit grounding protools, to prevent noise frombeing introdued to the signal readout. The feedthrough design is robust inthat a few feedthroughs with substantial leaks in their bellows volume an beaommodated without ompromising the operation of the alorimeter.Eah signal feedthrough was old-yled and thoroughly leak-tested. A fullset of eletrial tests was performed during these test yles as well as dur-ing the entire assembly and installation proess: the eletrial ontinuity andharateristis of eah line were tested with ommerial ontinuity and time-domain-reetometry testing equipment. More details on the onstrution andthe tests of signal feedthroughs an be found in [22℄.6.3 High voltage feedthroughsA single HV feedthrough port [23℄ is mounted on eah end of the barrel ryo-stat, lose to its highest point. Eah port holds about 840 HV wires, dividedover four wire feedthroughs. Of these, 714 wires serve the standard HV lines 18 ,the remainder is spares and used to supply single eletrodes or split setors(see Setion 4.3). Eah port onsists of a single warm bulkhead ereted on17 Up to 200W an be provided in ase of a leaking feedthrough.18 The half barrel segmentation is 32 � 7� 2 = 448 hannels (�� � � 2 eletrodesides), the orresponding preshower segmentation is 32� 4� 2 = 256 hannels andthe purity monitors need 10 HV lines. 29



the warm vessel from whih the wire bundle leads to the alorimeter via atube onneted to the old vessel by stainless steel bellows, whih provide thebulk of the heat resistane. The bellows aommodate the relative � 1.5 mdisplaement of the ryostat vessels during ooldown. The liquid rises up tothe bellows followed by a 70 m high olumn of argon gas at 1.25 bar. Underthese onditions, the heat leak is alulated to be 1 W per port. Warm O-ringsand RF gaskets between the ports and the warm vessel ensure gas-tightnessand lose the Faraday age at the level of the HV �lters mounted on top ofthe HV feedthrough ports.The HV wire onsists of a solid 0.41 mm diameter onstantan ondutor 19with a 0.30 mm thik PEEK (PolyEther-Ether-Ketone) ladding 20 , hosen forits radiation hardness. All wires are stripped inside the wire feedthroughs andpotted, insuring a full wire ontinuity between the warm onnetors 21 andthe old onnetors on the alorimeter path-panels. As there is no groundreturn on the HV wires, great are has been taken in ertifying the wire forabsene of orona.The wire feedthroughs have been extensively tested, in partiular with argonat standard temperature and pressure on the old side and � 60% RH air onthe warm side of the wire feedthrough. 3 kV was applied at eah individualHV wire in turn, keeping all other wires at ground. Wires showing more than2 nA of leakage urrent were either repaired or rejeted (less than 5 suh wiresper feedthrough found). After assembly, the feedthrough bulkheads were fullyHe leak heked. After installation, the wiring was tested again at 2.5 kV, andheked for orret mapping and eletrial ontinuity. More details on the HVfeedthroughs an be found in [23℄.7 Half barrel assembly7.1 From the modules to the �nal half barrel16 modules are required to assemble a ylinder, also named 'half barrel'. Theassembly was done in vertial position inside a lean room 22 that providedsuÆient spae for module+bakbone manipulation, for ylinder assembly ona speial table and for storing a half barrel on a support stand after rotatingit into horizontal position.19 The resistor is 3
/m.20 Habia Cable, S�oderfors, Sweden.21 REDEL Kft S-series 51-hannel 3kV onnetors, model SLA.H51.LLZG, LemoSA, Switzerland.22 Class ISO8, temperature (20 � 1)Æ C and humidity (< 50%) ontrolled.30



To ensure the losing of the ylinder, a geometrial survey in R; r; z; � (largeand small ylinder radii, ylinder axis and azimuthal angle) was put in plae.The �rst step onsisted in the materialization of the ylinder axis by reatinga set of referene points in the lean room. Then referene points were alsoplaed on the external and internal ring-piees of eah module to be able toposition eah module to a preision better than 0.3mm in spae.Before rotating the module+bakbone set to the vertial position, spuriousgroundings were searhed for and eliminated, and an HV test at 1000V wasperformed. The �rst module+bakbone set was put in vertial position andseured on the assembly table. This table is made of 2 half stands, one was�xed on the oor and the other was mobile to allow the opening or losingof the ylinder. The next module+bakbone set was prepared and just beforebeing put vertial, the 65th absorber of the preeding module was removed,opening the gap ommon to the two modules (Fig. 29). Elasti dowel pins wereinserted in the G10 bars and stainless steel dowel pins were inserted in theexternal ring-piees in order to blok the radial translation of one module withrespet to the other. The positions in R and z were given by the indexation ofdowel pins ommon to two onseutive bakbones. The bakbones have beenindexed during their mahining in the fatory. The two modules were joinedinside the lean room using a rane and the hinges on the rear fae of thebakbones. When the hinges were in ontat, they were used as a rotationaxis, the losing plane going from the bakbone rear diameter towards theinternal radius of the module, then �tting in regularly the aordion zigzag.The srews linking the bakbones were tightened and the Cu-Be bolts linkingthe external ring-piees were put in plae. The linking of the internal ring-piees was left free and the learane at small and large radius, r and R, wasmeasured and registered. An additional HV test at 1000V was performed tohek that the gap between the two modules whih had been opened still heldthe high voltage.The diÆulty was to lose the ylinder with a minimal learane at the internalradius r. This learane was due not only to the mounting learane (varyingwith z) but also to the variation of the absorber span due to the old test inthe test ryostats and to the bulging in vertial position. These parametershad been arefully measured after the old test. Furthermore, one a newmodule+bakbone set was added to the ylinder, the learane with respetto the preeding module and the position of the new module was measured.Taking into aount all these parameters the position of the next module wasde�ned. The �rst 15 modules were assembled as de�ned above. For the lastmodule (beause of aordion shape), one needed to reopen the ylinder (8modules on the �xed half stand and 7 on the mobile half stand) in order to beable to position the last module. One done, the mobile half stand was movedto lose the ylinder again. 31



When fully assembled, the srews between bakbones and those between ex-ternal ring-piees were tightened to the desired torque. A general map of thelearanes at small radius was measured. Jigs installed on the internal ring-piees ensured that the learanes were equally shared between modules. These�nal learanes were measured and the titanium links between internal ring-piees were mahined aordingly and then �xed on the ring-piees. The lastoperation done with the ylinder axis vertial was the installation of presam-pler rails. The mounting rails for the presampler were srewed on vertiallyto the internal rings of the alorimeter with a learane of 0.1mm. Sine therails are made of a material whih has a lower shrinkage oeÆient than theabsorber bars, all mounting holes exept the one at � ' 0 are oblong to letthe rails shrink di�erently than the alorimeter.Before rotating the ylinder, it was hermetially sealed for dust protetion.The roof of the lean room was opened to use the hall ranes. To rotate theylinder, a jig �xed to the lateral bakbones was used (Fig. 30). The ylinderwith its axis horizontal was put on a dediated stand.To insert the presampler, an adjustable platform was built. The position andthe height of the platform were adjusted in front of the half barrel. The alu-minium pro�le ontaining a presampler setor was then installed onto an in-sertion tool plaed on the platform (Fig. 31). The position, alignment and tiltof the insertion tool and the pro�le, i.e. the setor, was adjusted using a laserpointing system. The presampler setor was pulled out of the aluminium stor-age pro�le with a able attahed to a winh and thus pushed onto the railsat the internal fae of the alorimeter like a drawer. Finally, the presamplersetor was attahed to the alorimeter at � = 0. The gap between neighbour-ing setors is nominally 0.4mm at room temperature and it turned out tobe neessary to adjust the shell tightly around eah presampler to maintainsuÆient learane.After the insertion of eah presampler setor, its eletrial onnetions weresystematially tested by injeting low frequeny sinusoidal signals and testpulse signals in a similar way as for the validation tests at the produtionsites. An insulation test at 1.4 kV was also performed for at least 1/2 hour. Ina few instanes when problems were found (three HV short iruits and onebroken solder joint), the setor was removed and repaired or replaed by aspare one.The last operations onsisted in the installation of the heat exhangers throughthe � > 0 external rings, of the � = 0 external ring equipped with positionmonitors and of the sliding rails needed for the insertion of the alorimeterinside the barrel ryostat. The � = 0 ring (very lose to the plane z = 0) was�xed to the sliding rails, whereas the other rings, thanks to oblong holes, areallowed to slide on the sliding rails during the ool down. As the sliding rails32



were made of the same aluminium alloy as the ryostat itself, one an �x themat the end of the ryostat and have a negligible displaement of the � = 0ring with respet to plane z = 0 during the ool down. The alorimeter wasdeoupled from the 10 bottom bakbones before being transported.
8 Detetor insertion into the ryostat - warm and old tests8.1 Half barrel insertion, onnetion and testIn order to insert a half barrel into the ryostat an insertion stand was setup in front of the open ryostat - a massive support struture with rails ofsimilar shape as the support rails inside the ryostat. Stand and rails werealigned with respet to the ryostat rails. The half barrel was lifted out of theassembly lean room with an overhead rane (one wall and the eiling had tobe dismounted therefore) and plaed on the insertion stand. The remaining 6bakbones were then removed. A temporary lean room was ereted enlosingthe insertion stand, the half barrel and the ryostat opening.Before pushing the half barrel inside the ryostat several tests have been ar-ried out. At �rst a high voltage test was performed applying up to 1000Vto the EM alorimeter and Presampler. High voltage problems whih had o-urred during the half barrel assembly, rotation and transportation were thentreated with the tehniques desribed in setion 4.3 for one single module.Finally the eletrial insulation of the alorimeter ground (absorbers) relativeto the external rings was veri�ed. The half barrel and its assoiated aluminiumsliding rails were inserted inside the ryostat by sliding them onto the ryostatrails. The half barrel was positioned at 2mm from the z = 0 plane thanks tothe position monitors and the sliding rails were �xed on the ryostat rails atz = 3200mm.Di�erent geometrial measurements were then performed. Using the referenepoints plaed on the external and internal absorber G10 bars during the halfbarrel assembly, the irularity of the half barrel at the inner and outer radiusand at z=0mm and at z=3200mm was measured. The deformation due tothe weight of the alorimeter was learly seen (Fig. 32) and is in a fair agree-ment with a �nite element alulation as shown in Fig. 15 for the outer radiusfor both half barrels. The enters of the �tted inner and outer irles oinideto better than 0.5mm. Finally the sagging of the absorbers was measured asa funtion of the azimuthal angle, with a maximal value of 2.5mm near thehorizontal plane. 33



Due to diÆulties in the positioning of the half barrels inside the ryostat, bothhalf barrels will be at old 4 mm too low and 2 mm laterally displaed withrespet to the ryostat's entral axis [24℄. Part of the vertial misalignmentwill be ompensated by positioning the ryostat inside ATLAS about 2 mmhigher than originally planned. The remaining misalignments will be orretedby software.The eletrial insulation was heked again before onneting the feedthroughharnesses. These ables were �rst heked for possible permutations not de-tetable by the alibration tests as desribed in setion 4.3. In total for eahhalf barrel, 960 signal harnesses and 96 high voltage harnesses were onneted.The standard sequene of tests (TPA, TBF, high voltage at 1400V) was per-formed from the base planes of the front-end rates, the front-end eletronisbeing installed later. TPA test results for the entire alorimeter, inludingthe presampler, are shown in Fig. 33. Aeptation riteria for missing han-nels have been de�ned beforehand and were ompared with the test resultsin Table 3. The number of dead signal hannels for alibration over the entirealorimeter is below the rejetion thresholds exept for the barrel end (0.15%instead of 0.05%). There were no attempts to repair these faulty hannels, asit was onsidered too risky for the detetor.The TBF tests were performed. Pulsing a HV line with a low frequeny sig-nal and reading out the assoiated signal ells allows a full debugging of thegeometrial mapping of the HV lines, espeially the spare ones.No additional high voltage problem at 1400V appeared after insertion of thealorimeter in the ryostat. In total, 21 eletrode setors (�� = 0:2), out ofa total of 14336 (0.15%), having shown a problem in one side at warm arepowered separately. Furthermore 23 eletrode setors, out of a total of 448,whih had a problem only at old have been subdivided in 2 (2.6% of halfsetors). The e�et of not supplying high voltage to one side of the eletrodewas studied in the test beam. A slight deviation to the expeted fator 2 inthe signal height observed at the transition region with a good setor wasunderstood as a geometrial e�et and is well reprodued by simulation and istherefore easy to orret for. For the presampler, out of almost 44 000 anodes,6 were ompletely disonneted due to HV short iruits, 5 anodes had one sidedisonneted for similar reasons. In addition 18 HV resistors (out of almost175 000) showed a bad ontat after installation in the ryostat, i.e. in totalless than 0.03% of the HV resistors are removed or faulty.The LC value, produt of the indutane by the apaitane of a readout ell,needs to be known to better than 1% to ahieve preise signal reonstru-tion [28℄. Moreover, a ontrol of the �nal geometry was performed omparingthe apaitane values with expetations. The measurements proeeded as34



Table 3Table showing the number of hannels in eah alorimeter layer, the prede�nedaeptable maximum rate and number of faults, the faults found after insertion atwarm and afterwards at old.Layer Nb of hannels Max. rate Max. nb. Nb. found Nb. foundaepted aepted at warm at oldpresampler 7808 0:05% 4 0 0strips 57216 2/mod. 64 9 11middle 28672 0:05% 14 2 5bak 13824 0:05% 6 0 4barrel-end 2048 0:05% 1 3 3alibration 8192 0:05% 4 1 1follows: a sinusoidal signal produed by a network analyser, with frequeniesranging from 10 kHz to 150MHz by steps of 100 kHz, was injeted into thealibration input of the base-plane onnetors. The output signal had a res-onane frequeny whih gave the desired information (�0=1/(2�pLC)). Allreadout ells of middle and bak layers of the entral alorimeter were mea-sured at room temperature. The obtained output signal is shown in Fig. 34,for a typial middle ell. The resonane frequeny �0 is plotted as a funtion ofthe middle ell position in � in Fig. 35, for ells belonging to the four middleregions � < 0:4, 0:4 < � < 0:8, 0:8 < � < 1:2 and 1:2 < � < 1:4. Insideeah suh region, the observed small variation in � agrees with the indutanevariation from hannel-to-hannel due to the summing board. The absoluteresonane frequeny dereases from the �rst to the last region, as expetedfrom the inreasing ell apaitane with pseudorapidity.Similar operations (able onnetions, TPA, TBF, HV and LC tests) wererepeated for the seond half barrel. All this work was performed in a losedand lean environment, without any spei�ed leanliness lassi�ation.8.2 Calorimeter ooling operationsBefore ooling the barrel alorimeter, it was neessary to remove all the on-taminants present in the ryostat or in the alorimeter. This was ahievedby pumping and then �lling the ryostat with lean and dry argon gas. Thisoperation was repeated until the remaining traes of air and water in the ar-gon ontained in the ryostat orrespond to a purity better than 100 ppb ofO2-equivalent. 35



The ryostat and the alorimeter are made of materials having di�erent ther-mal oeÆients. Therefore small temperature di�erenes may indue una-eptable onstraints or displaements. For example the two half barrels lie onaluminium ryostat rails and are �xed at the end of these rails. Under smalltemperature di�erenes between the half barrels and the ryostat, the two halfbarrels may ome loser to eah other and an be damaged.In total 7 temperature and 8 displaement riteria were de�ned to form a om-mon interlok stopping the ooling proess. Thermal models [26℄ were made,by deomposing the alorimeter into several subsets (ryostat, external rings,absorbers, internal rings) to estimate a reasonable exhange power (4 kW) ina free onvetion mode. A temperature di�erene (ÆT = 40K) between theinput and the output of the heat exhangers satis�es the above temperatureriteria and allows to extrat the 8GJ of the ryostat and of the alorimeterat a speed of 0.25K/hour. The alorimeter ooling indeed lasted 800 hours.From warm temperature down to 120 K the ooling proedure was ahievedby a fored irulation of old gaseous nitrogen in the heat exhangers of thehalf barrels (4 in total). By adjusting the temperature of the inoming oldnitrogen and its ux, one was able to satisfy the ÆT = 40K ondition. Theryostat was �lled with gaseous argon maintained at a pressure of 1300mb. Atabout 120K, the exhange power beame ine�etive, therefore one irulatedpressurized liquid nitrogen in the heat exhangers instead of gaseous nitrogen.At the end of the ooling, around 90K, a small amount of argon (about 100 l)was lique�ed in order to homogenize the temperature inside the ryostat. Thiswas done to ease the transfer to the ryostat of the neessary 40000 l of liquidargon. To limit the pollution to an aeptable level (less than 100 ppb O2-equivalent) the liquid transfer was done through an oxygen �lter.The temperature stabilisation inside the ryostat was ahieved by adjustingthe pressure and the liquid perentage of the nitrogen irulating in the 4alorimeter heat exhangers and the 2 feedthrough heat exhangers. The tem-perature di�erenes between the input and output of the heat exhangers weresmall, therefore meaning that all the ÆTs in the alorimeter were also small.The total heat leak was estimated to be less than 2 kW in agreement with ex-petations. The non-uniformity of the argon bath in this free onvetion modewas less than 500mK between the top and the bottom of the alorimeter andless than 50mK between the 2 half barrels and between the left and the rightpart of the alorimeter.After emptying the ryostat of the liquid argon, the alorimeter underwentthe warming up proess. The warming power (4 kW) was supplied by resistorslying on the bottom of the ryostat outer old ylinder. The warming opera-tion respeted the same temperature and displaement riteria de�ned for the36



ooling operation. Fig. 36 shows the temperature variation from the oolingdown to the warming up of the alorimeter and the temperature di�erenebetween the warmest and the oldest temperature probes of the alorimeter,inluding its rings and supports.8.3 Calorimeter old testsThe ryostat stayed full of liquid argon for 2,5 months. During that period asequene of eletrial tests and measurements was performed on the detetorto qualify it. As a �rst step, the nominal high voltage (2000V) was applied onthe entire alorimeter and presampler. However, a redued voltage (1200V)was applied on setors ut in two parts (see subsetion 4.3). Short iruits werefound on seven HV lines orresponding to �� � �� = 0:2 � 0:2 setors, onone line orresponding to a �� � �� = 0:2 � 0:1 half-setor and on a fewisolated eletrodes. (No aeptane loss is expeted as it onerns only oneside of the eletrodes). The voltage was applied on all valid hannels for anaveraged duration of 10 full days with a satisfatory stability in time.The purity of the liquid argon was measured over the full period with the 10monitors loated in the ryostat. The purity was found to be stable in timewith a value around � 100-150 ppb of O2-equivalent.The TPA test was repeated as before ooling. A total of 23 dead hannels (11in the strip layer, 5 in the middle, 4 in the bak, 3 in the barrel end and oneopen alibration line a�eting 8 bak hannels) were found. This is below thelevel of 0,5 per mil given as aeptation riteria (see Table 3).Other measurements to eletrially qualify the system were undertaken. Thealibration and adaptation resistanes were measured with a 2 point methodfrom the baseplane. This was performed using a preision ohmmeter, allowingto determine all resistor values to better that 0:1%. The LC measurementwas repeated. Finally time-domain-reetometry (TDR) measurements on allthe alibration hannels will allow to understand the attenuation and thebehaviour of these lines. These were also performed on dead signal hannelsin order to determine the loation of the problem. All these data will be usedlater to understand and improve the signal reonstrution and the alorimeterresponse.A front-end eletronis rate, overing a zone �� ��� = 1:4� 0:2, or half amodule, was installed. The �nal front-end eletronis [25℄ was tested as well asits assoiated �nal low voltage power supplies. The inoherent and oherentnoise levels reorded in the three gains were fully ompatible with the designvalues, in the presene of all the monitoring probes and with the high voltagesystem onneted and operational. 37



In addition the entral solenoid embedded in the ryostat was tested at 1.9 Teslafor 5 hours. Under this ondition high voltage was partially raised on thealorimeter with no problem and the purity monitors were demonstrated towork orretly. Finally the e�et of the �eld on the temperature probes wasfound to be negligible.
9 Test beam resultsFour series modules, inluding the assoiated presampler modules, have beensubjeted to test-beam, with a setup inluding a dediated ryostat and mov-ing table allowing detailed position sans. These tests have been arried outon CERN's SPS H8 beam line, using eletron and positron beams with vari-ous energies. A omprehensive analysis of module performane, inluding thedata from the four tested modules together, is being �nalised [27℄. Of utmostimportane to the physis performane of the �nished alorimeter are the en-ergy resolution and response uniformity. Sine these performane parametersdepend heavily upon the quality and reproduibility of the onstrution of thedetetor, we present here some testbeam results related to the resolution andto the response uniformity. At low energy, the alorimeter response to mini-mum ionizing partiles has allowed us a detailed exploration of the materialstruture of the detetor.The energy resolution has been studied using eletron beams of energies vary-ing from 10 to 245GeV. Eletron andidates have been seleted by requiringa minimum amount of reonstruted energy in the alorimeter. Pions, muonsand o�-momentum partiles in the beam have been removed by applying var-ious quality uts on the information from the beam instrumentation. Theeletron energy is reonstruted by summing the alibrated energies depositedin the various alorimeter ompartments. In the middle ompartment, the en-ergies of 3 � 3 (� � �) ells, entered around the ell with the largest energydeposit, are summed together. The energies deposited in lusters in the otherompartments, 24 � 1 ells in the front ompartment, 2 � 3 ells in the bakompartment and 3 � 1 ells in the presampler are summed together. Theseluster sizes have been hosen to over at least the same area as in the middleompartment, and are similar to those foreseen for ATLAS. The fration ofthe total eletron energy olleted within the whole luster amounts to morethan 90%. To orret for the energy loss upstream of the alorimeter (mainlydue to the ryostat walls), for longitudinal leakage at the bak of the detetor,and in order to optimize energy resolution, weights have been applied to theenergy deposited in the presampler and bak ompartment. The experimental38



measurements, after noise subtration, have been �tted with the expression :�EE = apE � bwhere a is the stohasti term, and b the loal onstant term reeting loalnon-uniformities in the response of the alorimeter. The energy E is expressedin GeV. Fig. 37 shows a typial �t result for one beam position in � ; � witha = 9:4%and b = 0:1%, the onstant term is relative to only one ell. Allthese results are in agreement with dediated Monte-Carlo simulations of thetest-beam setup and with measurements done with a full size prototype [28℄.The response uniformity has been measured using an eletron beam of 245GeV. Non-uniformities in the detetor response, oming from mehanial, ge-ometrial, alibration and material e�ets, translate into a onstant term inthe energy resolution formula. The ATLAS goal is to ahieve a onstant termof 0.7% or smaller over the full alorimeter aeptane. The measured ellnon-uniformity is 0.6% as shown in Fig. 38. This result was obtained by on-sidering 515 middle ompartment ells whih orresponds to a whole module,exluding ells lose to the edges and those lose to the transition betweeneletrodes A and B. The performane obtained, both for the energy resolutionand for the response uniformity, meet the physis requirements.Sine muons are non interating partiles, their energy deposit is muh moreloalized than the eletron energy deposits. Typially, they only ross onemiddle ell in � and 1 or 2 in �. They an be used to study the �ne strutureof the alorimeter, without having to deonvolute the e�ets of the showeringproess. Fig. 39 left shows the muon energy deposit in the front ompartmentas a funtion of � . The variation with � is linked to the depth of this om-partment (f Fig. 7). The signal over noise ratio, evaluated as the ratio of themost probable energy deposit divided by the r.m.s of the pedestal, goes from7 to 12 for middle ells. Fig. 39 right shows the signal for the � = 0:6 ell.10 ConlusionsThe physis to be studied at the LHC imposes very stringent onstraintson the eletromagneti alorimetry. Furthermore the harsh environment ofthe LHC requires the tehniques to be pushed to the limit. These onsider-ations led ATLAS to hoose a liquid argon / lead sampling alorimeter withan aordion geometry. Four out of 32 series modules have been alibratedwith eletrons. The results obtained on the uniformity response, the energyand position measurements meet the needed spei�ations. The onstrutionof the barrel alorimeter has taken eight years from the �rst designs to the�nished detetor. All along the onstrution, from omponent onstrution,39
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Fig. 1. First half barrel inserted inside the ATLAS ryostat.
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Fig. 2. One partly staked module. The 6 outer rings on whih are srewed theabsorbers an be seen. Also the bakbone (yellow part) and the assembling benh(white part) are visible.
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Fig. 3. The upper �gure shows the absorber pro�le and a sketh of a stak of 5absorbers. The lower �gure shows the piling up of the absorber sandwih with the2 lead thiknesses, before folding the absorber in an aordion shape.
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Fig. 4. G10 bar: transverse view drawing showing the 2�=1024 angle and piture ofa bar setion (10 m long) showing holes for dowel pins and ut-outs for onnetors.
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Fig. 5. Upper drawings : standard ring-piee ; lower drawings : ring-piee at thelevel of the ryostat rail.

Fig. 6. Inner ring piture.47



Fig. 7. Upper part: ethed pattern, before folding, on A+B eletrodes signal layer.Lower part: piture of a setion, about 50 m long, of an A eletrode, before folding,showing the ethed pattern of the HT layer where the resistive silk-sreened pads ofarbon-loaded epoxy ink an easily be seen. (The opper strips between onnetorshave not yet been removed.)
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Fig. 8. One spaer resting on one absorber.

Fig. 9. A presampler module with its motherboard.
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Fig. 10. Upper plots : Distribution of the normalized lead thikness for all the � ellsof all the absorbers of the barrel alorimeter. The e�et of optimizing the arrange-ment of onseutive absorbers an be seen in the redution of the rms of the slidingaverage, 0.31% (right upper plot) instead of 0.44%. The thikness for eah middlesampling ell is alulated by taking the average of all the measurements on the leadplate, that fall within the orresponding ell � range. From the r.m.s. of the distribu-tion of the sliding average of the normalized thikness over 5 onseutive absorbers(upper right plot), it is possible to dedue that the ontribution of the residuallead thikness inhomogeneities to the onstant term [9℄ is 0:31%�0:6 = 0:19%. Thenormalized lead thikness as a funtion of � or absorber number shows that thereare no systemati trends (lower plots).
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Fig. 11. Piture of the heating press where the absorber is plaed for uring afterfolding.
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Fig. 12. Distribution of the absorber mean thikness (left plots), and of the thik-ness averaged over 5 onseutive absorbers (right plots) versus � for the 2 halfalorimeters. The stability of the prodution hain is at the level of 1%.
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Fig. 16. Tooling used to produe a spaer.
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Fig. 19. Average and rms propagation time (per meter)of 4m long 64-hannel har-nesses equipping the barrel from � = 0 to � = 0:2. The vertial lines separatedi�erent bathes from the manufaturer.
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