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Summary

This TechnicalDesignReportdescribeshe ALICE TransitionRadiationDetector(TRD). This detector
provideselectronidentificationaswell astriggeringcapabilityfor high trans\ersemomentunprocesses.
In the following we briefly summarize¢he main designconsiderationgndthe proposedechnicalsolu-
tions.

Hardprocessesndin particularstudiesof charmandbeautyproductionin boththeopenandhidden
charmsectorhave becomecenterstagefor the ALICE physicsprogram.The TRD, in conjunctionwith
thelTS andTPC, providestherelevantcapabilityfor the measurementf high p; electrons.In addition,
the TRD can be usedto trigger on high p; ( > 3 GeV/c) particles,thus providing not only enriched
sampledor Y productionbut alsothe capabilityto selectjets. A suney of the physicscapabilitiesand
resultingdesignspecificationss givenin Chapterl.

The designobjectves and mechanicaktructureare presentedn Chapter2. An importantissuein
this contet is the organizationof the TRD chambersn supermoduleandtheir supportin the ALICE
spacdrame.

Theradiatorstructureandtechnicalrealizationarediscussedn Chapter3. Basedon the experience
gainedin a seriesof testbeammeasurementdescribedn Chapterl4, a sandwichconstructiorof foam
andfiberswaschosen.This not only yieldsthe requiredamountof transitionradiationbut alsoprovides
the structuralrigidity to supportthe front window of the readoutchamberat reasonableostandsmall
radiationlength. The overallmaterialbudgetis summarizedn Chapterl0,andamountgo lessthan14%
of aradiationlengthfor theactive volumeof thedetector

The540readoutchambersontainedn thefull TRD areessentiallyradial drift chambersvith con-
ventionalwire amplificationandcathodepadreadout.To ensureoptimal absorptiorof transitionradia-
tion thechambegaswill be 85% Xe and15% CO,. Thedemandsn termsof resolutionandoperational
conditionsarenot very high for eachchamberitypically afew hundredmicronsof spatialresolutionare
sufiicient. Detailedchambeidesignandoptimizationis givenin Chapter4.

In Chapters, 6, and7 aredescribedhe front-endelectronicsrigger electronicsandperformance,
andthereadoutanddataflow for thefull detector With 1.1610° channelsa high degreeof integrationis
required.To optimizethe transitionradiationperformanceandsimultaneouslyo provide the necessary
tracking capability the electronicschainis basedon a chage sensitve pre-amplifierfeeding signals
into a samplingADC integratedinto a digital chip, whereall the logic for the trigger resides.Design,
prototyping,andexpectedperformancef thefront-endelectronicsaresummarizedn Chapters.

The trigger performancebasedon theseelectronicscomponentss studiedby detailedsimulations
andresultsarereportedin Chapter6. The simulationsare basedon measuredestbeamresultsand
the detaileddesignof the trigger  The on-line tracking performances nearthat of off-line tracking
reportedin Chapterl1 for low mulitplicity events,but deterioratesomevhatfor very high multiplicity.
Neverthelessgven for the highestconcevable multiplicity density of dNg/dy = 8000, enhancement
factorsof about20 areachiezedfor detectionof Y statesn minimumbiasPb—Phbcollisions.

Forthereadoutanddataflow oneneedgo considettwo maindatastreamso behandledn realtime.
Onestreamconcernsheraw datareadoutwhile anotheiis connectedo the shippingof theinformation
on the trackletcandidateproducedn the globaltrackingunit of thetrigger The detailsof the design
arediscussedn Chapter7.

Becausehe TRD usesthe ratherexpensve xenonasthe main chambergascomponenin its ap-
proximately27 m? volume,specialrequirementdadto be put on the designandperformancef thegas
systempresentedh Chapter8. Thesystemdescribedhereis basednaclosedoop designmakinguse
of componentstandardizedor all LHC detectorgassystems.The main componentandfunctionality
have beentestedn a prototypegassystembuilt for the detectortestrunsdescribedn Chapterl4.

Thetotal power necessaryo run thefull TRD electronicds about68 kW (52 kW for Pb—Phbcolli-



sions). This placesstrict requirement®n the servicesfor the TRD detector especiallyconcerningthe
low voltagepower distribution. Theresultingdetaileddesignis presentedn Chapter9.

Chapterllis devotedto adescriptiorof thedetectomperformancewith mainemphasi®nthedepen-
denceof pion rejectionandtrackingon the expectedhigh multiplicity ervironmentin Pb—Pbcollisions
atLHC enepgy. For therelevantmomenteof 1 GeV/c andlarger, the trackingefficiengy is above 80%
andonly weaklydependenon eventmultiplicity. As expectedthe pionrejectiondeterioratesvith event
multiplicity. However, at 90% electronefficiency we expecta pion rejectionfactorof about50, for the
highestconcevablemultiplicity densityof dN¢/dy = 8000.

In Chapterl2 are summarizedhe acceptanceandresolutionsexpectedfor the TRD for different
physicsprocessesuchasthe measuremeraf opencharmandbeautyandof variousquarloniavia their
electrondecaychannels.

Detectorcontrol andsafetyareimportantissuesor a detectorascomple asthe TRD andour pro-
posedechnicalspecificationandsolutionsaredescribedn detailin Chapterl3.

All simulationsgdescribedn thisreportarebasedn detailedtestbeammeasurementserformedwith
TRD prototypedetectors.This hasled to a wealthof resultssummarizedn Chapterl4. Thetestbeam
resultsdemonstratéoth the requiredpion rejectionand positionresolution. Furthermorethe radiator
andchambedesignarebasedon the experiencewith the prototypes.

Carefulattentionto massproductionis anobviousissuefor a detectorcomprisings40radiatorsand
readouichambersvith about770m? total area. The mainrequirementsrecollectedin Chapterl5.

In Chapterl6 aredescribedhe plansfor implementationjnstallation,andaccessandmaintenance
for the TRD detector The plannedsupermodulestructureas well asthe decisionto concentrateall
serviceson the side of the babyspaceframe (oppositeto the muonarm) will facilitateinstallationand
accessignificantly

Organizationalaspectshudgetsand schedulesre presentedn Chapterl7. The TRD group now
comprisess major institutionswith significantexperienceand manpaver. The overall budgetof 14.8
MCHF is in line with previous estimates.We note, however, thatthe baselinebudgetfor the TRD as
outlinedin the ALICE MoU containsonly abouthalf of the amountneededo build the full detector
Possiblestratgiesarebriefly discussed.
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1 Physicsobjectivesand designconsiderations

1.1 The ALICE experiment

ALICE (A Large lon Collider Experiment)[1] is an experimentat the Large HadronCollider (LHC)
optimizedfor the studyof heary ion collisions,at a centre-of-masgnegy pernucleonpair of 5.5 TeV.
Theunderstandings thatin suchhigh enegy collisionsof heary nucleia Quark-GluonPlasma(QGP)
will be formed. The chief differenceascomparedo RHIC e.g.is that gluon distribution functionsat
muchlower valuesof x (x=x;=2p/\/s= 10"% — 10 %) will be probedleadingto avery highinitial gluon
density; valuesof up to 4000 gluonsper unit rapidity nearmid-rapidity have beenquoted[2]. This
is expectedto leadto very fastequilibration[3] of at leastthe gluonson a time scaleof 0.1 fm/c and
henceto a very high initial enegy densityandtemperaturef the orderof 1000GeV/fm® and1 GeV,
respectrely. ALICE aimsto studythe propertiesof this hot QGR its dynamicalevolution, phenomena
associatedvith the phasetransitionof rehadronizatiorandfinally the evolution of the hadronicfinal
stateuntil freeze-out.To achieve this goal ALICE, asthe only dedicatecheary ion experimentat LHC,
is designedo measure large setof obserablesover asmuchof phasespaceasachiezableandthereby
covering hadronicandleptonicobserablesaswell asphotons.

The ALICE experimentalset-upis shovn in Colour Fig. 1. The experimentwill have a central
barrel, housedin the L3 magnet,covering in pseudorapiditythe range-0.9 < n < 0.9 with complete
azimuthalcoverage.This centralbarrelcomprisesaninnertrackingsystemof Silicon detectorgITS), a
largetime projectionchambe(TPC),atransitionradiationdetecto TRD) — the subjectof thistechnical
designreport—, and a time-of-flight array (TOF). In additiontherewill be closeto mid-rapidity two
singlearm detectorsan arrayof ring-imagingCherenkv counter§HMPID) to identify hadronsup to
high momentaand an array of crystals(PHOS)for the detectionof photons. This centralbarrelwill
be complemented4] at pseudorapiditiesf 2.5 < n < 4.0 by a muonspectrometewith its own dipole
magnet.At moreforward andbackward rapiditiesdetectorswill belocatedto measureghe multiplicity
of chagedpatrticlesandthetime of aninteraction bothalsofor triggerpurposesaswell asseveralmore
specializedletectors.

1.2 Physicsrequirements

Thechiefgoalof the TRD is to provide electronidentificationin the centralbarrelat momentan excess
of 1 GeV/c wherethepionrejectionvia enegy lossmeasuremerih the TPCis nolongersuficient. As
a consequencehe additionof the TRD [5] significantly expandsthe physicsobjectves of the ALICE
experiment1,4].

1.2.1 Heavy ion collisons

The TRD will provide, in conjunctionwith datafrom the TPC andITS detectors suficient electron
identificationcapabilityfor thefollowing measurements:

¢ In the di—electron channel the productionof light andheary vectormesonresonanceaswell
asthedi-leptoncontinuum.This measuremententeredaroundmid-rapidity is complementaryo
themeasuremerdf quarloniaat moreforwardrapiditiesin the di-muonchannel Also, the vertex
capabilitiesof thel TS will allow to distinguishandmeasurely mesondgrom B-decays.Thiswill
not only permit distinction betweenprimary and secondarydy mesonsbut alsoleadto a direct
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measuremermf the B-mesonproductioncrosssection. Dependingon the magnitudeof thermal
radiationof the QGPandthe mixed phase a measuremenif the di—electroncontinuumbetween
Jy andY may be sensitve to this interestingprobe. We aim for a pion rejectionandluminosity
sampledoy thetriggerto achieve sensitvity atthe Drell-Yanlevel [5].

¢ Via the single—electon channelandrequiringadisplacedvertex usingtheITS information,the
semi-leptoniadecaysof hadronswith opencharmandopenbeauty This will be complementary
to the very difficult measuremendf hadronswith opencharmvia identificationof the displaced
secondaryertex in thehadroniadecaychannel While interestingn its own rightthemeasurement
of opencharmandbeautyis essentiaks a referenceagainstwhich to judge effects of the QGP
concerningheyieldsof quarlonia.

¢ Via coincidencesof electrons in the centralbarreland muonsin the forward muonarm, infor-
mation on the correlatedproductionof hadronswith opencharmand openbeautyat a rapidity
intenal bridging the coverageof the centralbarrelandthe forward muonarm. This will provide
informationon charmandbeautyproductionover therapidity rangey = 0—4.

The trigger capability of the detector(seeChapter6 belav) opensanotherinterestingand unique
possibility:

e Jetswith high E; canbeselectedtthetriggerlevel by requiringseveral(3 or more)high p; tracks
in one TRD module,wherethe typical coverageis An ~ A¢ =~ 0.35. With individual thresholds
around3-5 GeV/c this trigger reachedull efficiengy at a jet E; of 150 GeV just whererate
considerationsnake a triggeruseful.

Thetheoreticaluncertaintiesn predictingthe multiplicity of producedhadronsarelarge sinceeven
proton-protorcollisionsat this beamenegy have not beenstudiedandsincethe gluondistribution func-
tions at the relevant valuesof x have not beenmeasuredn nuclei. Moreover, first resultsat RHIC asa
function of centralityandin comparisorto pp collisionshave shavn [6] a scalingwith the numberof
nucleonsparticipatingin the collision containinga linear anda quadraticterm. The overall centrality
dependencés a complicatednterplaybetweencollective effectsandsaturationof the gluon densityin
theinitial andfinal state makingquantitatve preditionsfor this completelynen enegy regimedifficult.
Thetheoreticakstimate$7] for therapidity densityof producedchagedhadrondor centralPb—Phbcol-
lisionsrangé from 2000to 8000. Using partonsaturatiorandclassicalQCD [8] a scalingfunction for
multiplicity asa functionof beamenegy wasderived recentlywhich wasusedfor a successfupredic-
tion for thefull RHIC enegy (200GeV) basedn 130GeV data.Extrapolatinghis scalingall theway
up to LHC enegieswould yield a multiplicity densityatthe lower endof the predictedrange(2000or
evensomevhatbelow). Following thegeneralALICE strategy to bepreparedo dealwith eventhehigh-
estconcevable multiplicities, the detectoris designedor anupperlimit in the chaged particlerapidity
densityof 8000.In the parametrizatioused actuallythe maximumrapidity densityof primary chaged
particlesaveragedover the centraltwo units of rapidity (-1 <y < +1) is 8400(calledin the following
‘full multiplicity’). Decaysof neutralhadronsmostly K2 , within 5 cm of the primary vertex increase
this numberto 9300. Secondaryarticlesgeneratedn the detectorsframes servicesandothermaterial
leadto aboutdoublethe primary chagedmultiplicity in the TRD.

Identificationof electrondn this high occupang ervironmentis clearly very challenging.In Chap-
ter 11, simulationswill be shovn of the performancenf the TRD covering the whole rangeof expected
multiplicity densities.

As a benefitof the high gluon densitiesat the small x-valuesrelevant at LHC, the crosssections
for charmandbeautyproductionaswell asthe semi-hardet crosssectionsaremorethanoneorderof
magnitudesnhanceéscomparedo RHIC.

1Early estimatedbasedn Glaubemmodelsgave very high valuesof up to dNg/dy=8000;newer calculationshasecbn gluon
distributionsor Gribov-Reggetheoryreducethis estimateby nearlya factor3
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All rate estimatedn this documentare basedon an anticipatedmaximum luminosity for Pb—Pb
collisionsof £ = 1.0- 10?’cm~2s~1 leadingto a minimum biasinteractionrate of 8 kHz anda rate of
0.8 kHz for centralcollisionswith impact parametetessthan5 fm. With pastand future protection
duringthe TPC drift time, theseratesarereducedby abouta factorof 4. In fact, the numberof clean
eventsin the TPCis nearlythesameataluminosityof £ = 5-10%cm~2s~1. Theactualchagedparticle
multiplicity will determinewhethersomeoverlapof intercationsn the TPCis acceptable.

In this luminosityrangeandassuming dataacquisitioncapabilityof 20Hz for centralcollisions[9],
statisticsfor Jy, opencharmand openbeautyis not an issueas outlinedin [5]. The experimentis
however statisticdimited in the Y measurementt aluminosityof £ = 1.0-10°’cm~2s~* therewill be
about13600Y with bothdecayelectronsn thecentralbarrelof the ALICE experimentin 1P s (atypical
ALICE heavy ion year). This numberrefersto cleaneventsin the TPC. Of these 5400will befor the
10%mostcentralcollisions. Assuminga DAQ performancef 20 Hz for centralcollisionsandanother20
Hz for minimumbiasevents(withouttriggersthis saturatesheanticipatedAQ capability[9]) and90%
electronidentificationefficiencgy (the specificatiorfor the TRD), 110and440Y decaydo electronpairs
in the ALICE centralbarrelwill be collectedper ALICE heavy ion yearfor minimum biasand central
collisions,respectrely. Thesenumbersdo notyetincludethetrackingefficiengy andarethereforeupper
limits. This demonstratethe needfor atrigger Withoutit therewould be a maginal measuremeraf
the Y'yield in centralcollisionsandclearly not enoughstatisticsto measurdhe centralitydependence,
yieldsfor the Y substateg1S, 2S,...),or the spectraldistributions. For a more detaileddiscussiorand
numberdncludingtrackingefficiencgy for variousscenariosseeSection6.5.

e Needfor Trigger: theY measuremerdndin particularits centralitydependenceale it essential
to samplethefull minimum biasrateof Pb—Phbcollisionsof up to 4 kHz (past-protectedventsin
TPC).The TRD is designedo provide this trigger capability For the Y measuremerthis would
beatriggeron electronpairswith eachelectrontypically having a trans\ersemomentumabove 3
GeV/c . Thisdecisionwill beavailableon atime scaleof 6 ps afterthe collision.

Without this trigger capability a measuremendf the thermalcontinuumis not concevableiif it is
nearthe Drell-Yanlevel. Having this triggercapability it canalsobeappliedto jet physics.Thiswill be
thesubjectof the PhysicsPerformanc&keportof ALICE andhereonly theideasaresketched.Requiring
several (3-5) high p; particlesin ajet coneof a certainsizeajet candidatecanbeidentified. This would
beeffective for jet transerseenegieslargerthen150GeV (seeabore). Thenonecouldrequiretwo such
candidate®ackto back,or onecandidateoppositeto PHOScouldbe combinedwith a high momentum
photon, or two close high momentumelectrons(photonjet) could be combinedwith an oppositejet
candidate.

Anotheradwantagethis trigger providesis to identify the region of interestfor the high momentum
electron. This meanspne could readout only the TPC sectorgo which the electroncandidate®f the
TRD point. The eventsizefor centralcollisions could be reducedthento typically 3—4 out of 2x18
sectord.e. aboutto 1/10of thefull size,thusrelaxingthe 20 Hz limitation for the acquisitionof central
collision events. In addition,combinationof the TRD triggerwith the plannedhigh level trigger (HLT)
will leadto significantimprovementsn thetriggerefficiengy andselectvity.

1.2.2 Proton proton collisons

TheTRD will alsocontritute significantlyto the ALICE proton-protorphysicsprogram.Proton-proton
(pp) collisionsareanintegral partof the ALICE runningscenariobothto collectdataneedecscompar
isonfor resultsfrom heavy ion collisionsandto addresgopicsof genuineinterestin elementaryhadron
interactions.The detailedphysicsargumentsor including ALICE in the LHC pp runningscenaricare
summarizedn [10].

ALICE, whichis designedo coverthelow to mediump; range(betweerl00MeV/c and20GeV/c),
is uniquelysuitedfor thesetasks.In additionto the physicstopicswhich arediscussedn the previous
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subsectiorand which were the original motivation for the TRD, applicableboth to heary ion and pp
running,we foreseethe following itemsspecificto pp running:

e Charm and Beauty physics We expectto measurdransersemomentumspectraof D andB
mesonglown to very low p; (essentiallypelov 100MeV/c). Theknowledgeof spectraatlow val-
uesof py is of largeinterestfor theextractionof thetotal c andb crosssections.Today’s extraction
of ¢ andb total crosssectionsrelieson large extrapolationsowardslow p; becausef relatvely
high p; cut-off valuesin theacceptanceln addition,thesecrosssectionsaretheoreticallynotwell
reproducedy presenperturbatie QCD calculations Neitherthe FermilabTevatronexperiments
nor the dedicatedpop LHC experimentswill cover thelow p; regionsfor D andB mesons.Low
p: JY andY measurementare alsoimportantsincethe presentheoreticalunderstandingf the
productioncrosssectionis not entirely on safeground. Thereareno low p; measurements pp
andpp collisionsnor will therebeary in theforeseeabléuture.

e Topologicaltrigger function for the HMPID : The behaiour of the particlecompositionin pp
collisionsasa functionof p; andmultiplicity is of largeinterest. The HMPID which is dedicated
to extendthe PID to momentaof 3.5 GeVjc for kaonsand5 GeVjc for protonscoversonly a
smallpartof the centralbarrelacceptanceThereforejt is importantto be ableto usethe TRD to
triggeron high momentuntrackspointingtowardsthe HMPID. Otherwise¢he HMPID, dueto the
low trackmultiplicity, would be emptymostof thetime during pp running.

e Measuring Jetsin pp running: The sggmentationof the TRD modulesallows to trigger on jets
(monojets dijets) assketchedabove for heary ion operation;in pp collisionsthe trigger on jets
might be usefulat muchlower jet enegies. In this context a topologicaltrigger pointing toward
PHOScouldbeuseful.A triggeronthehardtracksof thechagedparticlespointingto PHOScould
yield moredetailedinformationaboutthe total enegy of the jet andthe fragmentatiorfunctions,
notachiezablewith chagedparticlesonly.

1.3 TRD designconsiderations

The physicsrequirementutlinedin the previous sectionhave driven the following designconsidera-
tions:

- The pion rejection capability requiredis drivenmostlyby the J measuremerdndits p; depen-
dence.As outlinedin the Addendumto the ALICE proposal5] afactor100in pion rejectionfor
electrontransersemomentaabove 3 GeVjc is the goal. While the requiremenfor the Y'is less
stringentthelight vectormesong, w, @ aswell asthedi—electroncontinuumbetweerthe Jy and
the Y areonly accessiblavith this performance.

- The required momentum resolution is primarily driven by the matchingto the TPC. The mo-
mentumresolutionrequirementdor the centralbarrel are fulfilled by combiningTPC andITS
reachinge.g.a massresolutionof 100 MeV/c? atthe Y for B = 0.4 T (seeChapterl2) andthe
functionthe TRD needsto fulfill is to addthe electronidentification. This goal canbe reached
by having a pointing capabilityfrom the TRD to the TPCwith anaccurag of afractionof aTPC
pad. The TRD will provide amomentunresolutionof 5% at5 GeV (seeChapterll)leadingto
a pointing accurag of 30% of the padwidthallowing unambiguousnatchingwith exceptionof
very closehits. At thetriggerlevel gopodmomentunresolutionleadsto a sharpethresholdanda
smallerprobability of fake tracksbut no strict requirementanbederived from this.

- The thicknessof the TRD in radiationlengthshasto be keptto a minimum. Any unnecessary
materialprovidesadditionalbackgrounddominantlydueto photoncorversionandincreaseshe
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pixel occupang. Also, electronenepgy lossdueto bremsstrahlungemoves electronsfrom the
sampleusefulfor reconstructiorof resonances.

- The granularity of theTRD, i.e. of the cathodepadsin the readoutchambersis drivenin bend
directionby the requiredmomentunresolution(seebefore)andalongbeamdirectionby the re-
quired capabilityto identify (seeabove) andtrack electronsefficiently at the highestervisioned
multiplicity. To not affect the reconstructegair signal drasticallywe designecthe detectorto
achieve 80% tracking efficiengy (singletrack) for this casedriving the designto padsof about

6cme.

- Occupancy: This maximumassumecdhaged particle multiplicity densityof 8000leadsin the
TRD to areadoutpixel occupang in centralcollisionsof about34% (including secondaryparti-
cles)for thepadsizegivenabove. The detectoris designedo functionat this occupang.

1.4 Generaldescription of the TRD

The physicsrequirementsand designconsiderationdisted above have led to the presentdesignof the
TRD. Centralaspectof the designare summarizedn the text belov and detailedin the following
chapters.For a quick overview thereis alsoa synopsisin Table1.1. For the overall descriptionof the
TRD in the ALICE experimentwe usecylindrical coordinateswith the origin at the intersectionof the
beamsandwith thepositive z-axispointingtowardsthemuonarm. Theangle¢ is thenalsothedeflection
anglein the magnetidield. Sincethe TRD chambersareflat andnot on a cylindrical surfaceit is often
more cornvenient,when discussingorocessesnd resolutionsinside a given chamberto usecartesian
coordinatesln this casewe keepthe samez-axis, y is the directionof thewiresandof the deflectionin
themagnetidield, x is the directionof electrondrift.

The coveragein pseudorapiditynatcheghe coverageof the othercentraldetectorq| n |< 0.9). In
radiusthe TRD fills the spacebetweernthe TPC andthe TOF detectors As shavn below, for quality of
electronidentificationthe TRD consistf 6 individual layers.Following the sggmentationin azimuthal
angle¢ of theTPCtherearel8 sectorsFor practicalconsiderationghereis a 5-fold segmentatioralong
thebeamdirection(z). The5 detectomoduleshave similarbut notidenticallengthin zto matchtheareas
in betweenmoduleswith morematerial(in particularin the spaceframe)with boundarief detectors
atlargerradii in a projectve geometry The dimensionsof the active areaof eachdetectormoduleare
givenin Table2.2. In total thereare18x 5 x 6 = 540detectormodules.

Eachmoduleconsistsof a radiatorof 4.8 cm thicknessa multiwire proportionalreadoutchamber
andthefront-endelectronicdor this chamberThe signalinducedon the cathodepadsis readout. Each
chambethas144 padsin directionof the amplificationwires (r¢) andbetweenl2 and16 padrowsin z
direction. The padshave a typical areaof 6—7 cn? and cover a total active areaof about736 m? with
1.16- 1¢P readoutchannels.

The gasmixture in the readoutchamberds Xe/CGO; in a ratio of 85/15. Eachreadoutchamber
consistsof a drift region of 3.0 cm separatedby cathodewires from anamplificationregion of 0.7 cm.
The drift time for the drift region is 2.0 ps requiringa drift velocity of 1.5 cmfus. The nominal drift
velocity will be reachedwith an electricfield of 0.7 kV/cm. In this gasmixture a minumumionizing
particle liberates275 electronsper cm. The gasgainwill be of order5 - 10%. The inducedsignal at
the cathodegpadplanewill be sampledn 15 time internvals spaced mm or 133 nsover the drift region.
Diffusionis nggligible (seeTablel.1),andatthenominalmagnetidield of 0.4 T theLorentzangleis 8°.

At full multiplicity thepixel occupang will be34%. As shavn in Chapterl1aspacepointresolution
in benddirectionof 400um canbe achieved for low multiplicity at p; = 1 GeVjc . For full multiplicity
thisis degradedto 600 um with someunfolding. The momentunresolutionof the TRD in stand-alone
modeis determinedy a constantermof 2.5%anda lineartermof 0.5%perGeV/c . Thelineartermis
degradedo 0.8%for full multiplicity.
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Table 1.1: Synopsisof TRD parameters.

Pseudorapiditgoverage —-09<n<09
Azimuthalcoverage 21
Radialposition 29<r<37m
Length maximal7.0 m
Segmentatiorin ¢ 18—fold
Segmentatiorin radius 6 layers
Seggmentationin z 5—fold

Total numberof modules 540
Largestmodule 120x 159cn?
Detectoractive area 73672
Detectorthicknesgadially X/Xo = 14.3%
Radiator fibres/foamsandwich 4.8 cm perlayer
Moduleseggmentationn ¢ 144

Module sggmentationin z 12-16

Typical padgeometry 0.725x 8.75 = 6.34 cn?
Time samplesn r (drift) 15

Numberof readouichannels 1.16-10°
Numberof readoupixels 1.74.10
Detectorgas Xe,CO (15%)
Gasvolume 27.2m3
Depthof drift region 3cm

Depthof amplificatonregion 0.7cm
Nominalmagnetidield 04T

Drift field 0.7 kV/cm

Drift velocity 1.5cmius

Diffusion,longitudinal
Diffusion,trans\ersal
Lorentzangle

D, = 250pum/\/cm
Dt = 180um/\/cm
80

Occupang (for full multiplicity)
Typical spacepointresolutionat 1 GeV/c
inrg
inz
Momentumresolution
Pionsuppressiort 90% electronefficiency
andp; > 3GeV/c

34%

400(600) um for low (high) multiplicity

2.3 cm (withouttilt)

op/p = 2.5% 0.5%(0.8%) p for low (high) multiplicity
betterthan100
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2.1 Generalconsiderations

The TRD will identify electronswith high efficiengy. At the sametime it will provide a trigger signal
for electronswith large trans\ersemomentump; at Level 1. In orderto fulfill both of thesetasksa
careful optimizationof the thicknessof the detectoris required. A certainminimum thicknessof the
radiatoris requiredfor the efficient identificationof electrons. While the total thicknessin radiation
length hasto be kept as small as possible(for detailsrefer to Chapter10) to minimize small angle
scattering pbremsstrahlungand shavering, it still needsto provide mechanicasktiffnessfor the proper
operationof the readoutchamber Oneof the majoraimsof the detectoris the measurementf pairsof
high p; leptons.Thereforet is crucialto minimize deadareasetweenheindividual detectorunits.

As outlinedin Chapterl the detectorwill be comprisedof 540 detectormodulesarrangedn 18
supermodulesEachof the supermodulesvill containsix layersof detectorsubdvidedinto 5 sections
in z-direction.Eachof the 18 supermodulewill bea unit of installationandwill besuppliedasawhole
with the servicesasdescribedelow.

TheTRD is thedetectowith thelargestnumberof readoutthannelsn the ALICE setup.Givenalso
thelarge numberof individual detectomunitsmajordesignconsiderationseedto focuson simplicity and
costeffectiveness.

2.2 Mechanical structure

2.2.1 Spaceframe

Thespacdrameis the mainsupportstructurefor almostall detectorsof thecentralarmof ALICE. The
currentversionof the spaceframeis depictedin Fig. 2.1. Its locationandinstallationwithin ALICE is
describedn Chapterl6. TheTRD will bemountednsidethespacdramejustoutsidetheinneropening.
Theinneropeningaccommodatethe TPC andthe ITS. Still insidethe spaceframe structurejmmedi-
atelyfollowing the TRD, TOF moduleswill be insertedandspecialprovisionsaremadeto supportthe
HMPID andPHOS.

For this versionof the spaceframe a detailedlist of all the weightsthat needto be supportedhas
beencompiled[1]. Thetotal masshatneeddo be supportedy the spacdrameamountgo 75t. In this
totalthe TRD is includedwith about21t. Theweightfor the TRD wasbasedn thefollowing estimate:
theweightperm? of detectorareais about15 kg, wherepad/-readouplanewith its supporttheradiator
with its supportandelectronicsandservicesarecontrituting approximatelys kg/n? each.Theservices
for low voltage,high voltage,andcooling runninginsidethe supermodulareincludedin this number
Theweightof the supermoduleupportirame, the heatshield,andtherails contritute anotherl 0 kg/n?
(with acontingenyg of about25%for theweightof the support). Therevisedweightsof all detectorded
to aredesignof the spaceframeusingstainlesssteelprofilesinsteadof aluminumwith increasedross
sectiondistedin Table2.1below [1].

Finite elementcalculationswereperformchsingANSYS® 5.6.2[1]. Maximumrelative displace-
mentsof the final positionsof the detectorsvere calculated.Underthe load of the detectorghe space
frameassumes slightly elliptical shape.This leadsto a maximumdisplacemenbf the TRD support
pointsof 1.0mmin horizontaland2.0 mmin verticaldirection.

Oneof themainconclusiongdravn in [1] wasthatthe supermoduleseedto be mountedwith space
for adjustmenbf the orderof 3 mm. In thatcasenoneof theload dueto deformationof the spacdrame
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Figure 2.1: Axonometricview of the ALICE spaceframe.

Table 2.1: Dimensionsof the spacdrameelementsisedin the simulations.

externalframebeams 100x 175x 3.5 mm?
supportingrods 200x 175x 4.0 mm?®
webrods 60x 40x 4.0 mm?

internalframefront/rearrings | 40x 135x 6.0 mm?®

innerrings 40x 100x 6.0 mm®
longitudinalbeams 60x 60x 3.0 mm®
TPChbeamaswith rails 75x 100x 6.0 mm®

would betransferrecbntothe supermodulethemseles.

As thecentraldetectorof ALICE evolve thedesignof the spacdramemayneedto bereconsidered.
Thefiguresquotedherereflectthe conditionsimplementedn the simulationframevork AliRoot at the
time whenthis documenivaspreparedAs describedn Chapterl6 the deformationshave only recently
beenrecheckdwith theaforementionedotal load on the spacgrameof 75t.
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Figure 2.2: Cross-sectionaliew (cut throughthe xzplane)of the spaceframe supportingthe centraldetectors
of ALICE. Theanglesontop of thefigureindicatethe shadevs castby theindividual detectofframes.

2.2.2 TRD in the spaceframe

In Fig. 2.2acutthroughthe spacdramewith the TRD in xzplaneis shavn. Insidethe supermodulethe
six layersof detectoraareshavn. In thelayoutchambetboundariesverealignedwith the crossbarsof

Table 2.2: Dimensionsof the individual TRD modules. Rg,; Radialdistancefrom the interactionpoint at the
front faceof theradiator Lo: overall lengthof the centermodule. L1 3: overall lengthof the modulesleft and
right of thecentermodule.L 4: overalllengthof the outermodules Liy: overalllengthof layer. Lg: totallength
of framesin z-direction(lengthof the active areaof eachmoduleis Li-Lg/5 (i = 0...4)). W;q;: overallwidth of a
modulein onelayer. Wg: width of lateralprofiles(width of active areaof eachmoduleis W;igt-WE). Aigt: total
areacoveredby detectorsA,q: total active area.

‘ plane‘ Rra ‘ L2 ‘ Li3 ‘ Loa ‘ Ltot ‘ Lr ‘ Wiot [mm] ‘ W [mm] ‘ Aot [M?] ‘ Aag [M?] ‘

1 2945| 1100 | 1235| 1235| 6040 | 150 956 20 5.77 5.51
2 3071| 1100 | 1310| 1310| 6340 | 150 1001 20 6.35 6.07
3 3197 | 1100 | 1385| 1345| 6560 | 150 1045 20 6.85 6.57
4 3323 | 1100 | 1460 | 1420| 6860 | 150 1089 20 7.47 7.17
5 3449 | 1100 | 1530| 1420 7000 | 150 1134 20 7.93 7.63
6 3575| 1100 | 1605| 1345| 7000 | 150 1178 20 8.23 7.93

| total | | | | | | 766.8 | 735.8
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Figure 2.3: View of the TRD detectorutin ¢-direction

the spaceframeanddetectorboundarie®of subsequendetectorgeg. HMPID). This wasdonein order
to minimize shadaving anddeadareas.

A front view of onesectorof detectoris shawvn in Fig. 2.3includingthe supermoduleasingandthe
rails thatfacilitatetheinstallationof the supermodul@sonepiece.

2.2.3 TRD supermodule

Fig. 2.4 shaws a drawing of the supermoduleontainerfor onesector Every supermoduleontainsé

layersof 5 detectoreeach. The layersarealignedwith respecto onesideof the supermoduleOn this

sidethetravelersthatgo ontherails insidethe spaceramearefixed with high precision.Thetravelers
on the othersideallow for adjustmento compensatéhe abore mentioneddeformationsof the space
frameunderfull load.

Dimensionsof theindividual chambersnsidethe supermodularelistedin Table2.2.

Eachsupermoduleas a unit of installation. It will be a closedvolume with only connectiongor
servicedo theoutside.The sidepanelswill bethin panelsof aluminumsupportingthe low voltagebus
barsandcoolingpipes.Thefront facetowardtheinsideof thedetectowill beathin heatshieldensuring
constantoperatingconditionsfor the TPC field cageon the inside, where a temperaturestability of
+0.1K hasto be achiezed. The outsidefaceof the supermodulavill be coveredby afoil to minimize
heatdissipationinto themagnetvolume.
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Figure 2.4: Axonometricview of the supermodulsupportstructurewith sidepanels.

2.2.4 TRD readoutchamber

Theindividual TRD readoutchambersare describedn detailin Chapter4 alongwith a descriptionof
the boundaryconditionsthat led to the designdepictedin Fig. 4.6. A TRD readoutchamberconsists
of 48 mm of a compositeradiatormadeof Rohacel® and polyethylenefibers (for a descriptionsee
Chapter) followed by the drift electrodea drift region of 30 mmfilled with Xe,CO, (15%)and2 wire
planesin the 7 mm amplificationregion. All componentsremountedon the sideframesof thereadout
chamber The readoutchamberis closedon top with a printed circuit boardthat containsthe cathode
pads.Thebackingof this printedcircuit boardis madeof carbonfiber reinforcedRohacef®. On top of
this thereadoutboardfor the electronicds mountedwith all layersfor power, ground,andthe linesfor
thedigital readout.The coolingis directly attachedo thereadoutboards.

2.3 Support for serices

All services(low voltage, high voltage, cooling, gas, readoutand control lines) for the TRD will be
supportedy theso-called’baby” spacegrame.Currentlyit is foreseerthatthis structureis very similar
to the spaceframeitself, but detachedrom it. In this way the additionalload dueto the serviceswill
not contritute to the deformationof the spaceframe wherepositionaccurag is needed. The "baby”
spaceframewill be equippedwith guiding rails on the side of the magnetdoor for installationof the
supermodulesA someavhatsimplerstructurewill beinstalledonthesidewherethe magnestaysclosed.
The largestsingle contrikutor in termsof weight of the servicesof the TRD will be the low voltage
cables.If all necessargupplyvoltagesareprovidedfrom the outsidewithout DC-to-DC corverters the
weightof the barecopperconductorthatrunsinsidethe magnetwill beapproximately7.2t. For further
detailsreferto Chapterd.
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2.4 Tolerancesand alignment

Severalaspectsieedto be consideredor the definition of tolerancesf the variouscomponent®f the
TRD

¢ tolerancesffectingthe performancef individual TRD readoutchambers,

e mechanicablignmenttolerancesf the readoutchamberswithin a supermoduleffecting track
matchingwithin onesector

e mechanicablignmenttolerance®f the supermodulesvithin the spacerameaffectingthe global
trackmatchingwith otherdetectorsn thecentralpartof ALICE.

2.4.1 Tolerancesfor the TRD readoutchambers

To ensuregoodalignmentof the modulesinsidethe supermodulall referencepointsfor supportof the
readoutchambersaredesignedo have a precisionof betterthan0.1 mm. Thisis at the sametime also
therelative positionerrorof eachpadwith respecto the outeralignmentfaceof the detector For the pad
planethisimpliesthatthe positionof thealignmentmarksrelatie to the padsneeddo have anaccurag
of betterthan0.05mm. Beforefinal assemblyof the readoutchamberthe positionsof thesealignment
markswill be measuredvith respectto the alignmentsurface,which will be the side of the chamber
wherethetravelerof the supermodulés fixed.

For gainuniformity it is necessaryo preventthe padplanefrom bendingdueto its own weightand
thedynamicaloverpressurérom the gasflow. For the nominaldistanceof 3.5 mm betweeranodewire
planeand pad planethe maximumallowed deviation is 150 um. Owing to the large numberof wires
crossingeachpad,thewire placementn z-directionis not critical.

In orderto ensurea uniform drift velocity acrosghe whole readoutchambetthe flatnessof the drift
electrodeneeddo bebetterthanl mm.

2.4.2 Alignment of readoutchamberswithin a supermodule

Onesideof the supermodulethatwherethetraveleris fixed,will serne asreferencesurfacefor internal
alignmentof the readoutchamberswithin the supermodule.During final assemblythis side will be
placedagainstan externalreferencesurfacefrom which measurementsith respecto alignmentmarks
onthetop of thereadouthambersvill bemade.Therelatve positionof thereferencenarksthemseles
with respecto theindividual padswill be preciselymeasuredeforehand.

2.4.3 Alignment of supermoduleswithin the spaceframe

Oncethesupermoduleareinstalledin thespacdrame,they will be suneyedphotogrammetricallyrom
both sidesof the spaceframe usingexternalalignmentmarkson the supermodulelts positionwill be
measuregbreciselybeforehandvith respecto thereferencesuriaceandthefixedtraveler.
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3 Radiators

3.1 General considerationsand requirements

Transitionradiation(TR) is producedvhena highly relatvistic chagedparticletraverseshe boundary
betweertwo mediaof differentdielectricconstant§l]. As theaverageenegy of theemittedTR photon
is approximatelyproportionalto the Lorentzfactory of the particle (for y arounda few thousand)this
providesan excellentway for discriminatingbetweerelectronsandpionsfor momenteof a few GeV/c
andhigher However, the probability of photonemissionfrom a singleboundaryis very small, sothat
a large numberof boundariedave to be combinedto obtaina reasonablefficieney. Commonlyused
are stacksof a few hundredpolyprogylene foils which have a regular periodic structureandwhich in
earliertestshave beenshavn to be the most efficient radiatorsavailable [2, 3]. For a generalreview
abouttransitionradiationdetectorsee[4].

In theervironmentof thecompleteALICE detectotheradiatorof the TRD, besidegroviding ahigh
efficieng for transitionradiation, hasto fulfill geometricaland mechanicakonstraints. The detector
consistsof 6 identicallayerseachof which hasfull azimuthalcoverage. Within thesecylindersthere
hasto be aslittle deadmaterialaspossibleto avoid acceptancésses.Furthermoreghetotal amountof
materialshadaving otherdetectorshasto be minimized. Strongmetalframeswhich would be required
to mounthundred=of foils arethereforenot adequateEventhen,for the sizeof theradiatorsforeseen,
andtakinginto accounthe collider geometryit would not be possibleto maintaina uniform separation
of thefoils. Alreadythesecircumstancesxcludetheuseof foil radiators.In addition,afoil basedlesign
would leadto anunacceptableompleity in the constructiorof the 540radiators.

The radiatoritself is intendedto supportthe front window of the readoutchambersvhich senes
simultaneoushasthe drift electrode.The radiatorhasto guaranteg¢hata maximumallowed deviation
from aflat surfaceof thewindow is notexceeded Slight but nonnegligible overpressuran thechambers
dueto gravity andflow of the Xe,CO, gasmixture leadsto a bendingof the window. This bending
would leadto non uniform drift timesin the chamberglueto distortionsin the drift field configuration
anddrift length. Also the radiatorshouldaddasmuchaspossibleto the total mechanicaktability of the
chambers.

Two othertypesof radiatormaterialshave thereforebeeninvestigated:

e fibreslayeredin predominantlytwo-dimensionamats

e foamswith moreor lessrandominternalstructure.

The fibre matscanbe regardedasapproximationgo foil stacks,asthe fibre thicknessprovidesa well
definedspatialseparatiorbetweentwo consecutie boundariesand a reasonablylarge fraction of the
boundariess approximatelyperpendiculato the measuregarticles,while foamswith their irregular
structurehave bothrandomorientationof the boundariesindvariablesizespatialgapsbetweerthem. It
is thereforenot surprisingthatthe TR responsef fibre radiatorsis comparablédo foils andthatfoams
areslightly lessefficient. However, the mechanicapropertiesof foamsarefar superiorto thoseof fibre
mats(seeChapterl4).

Sinceinteractiondike multiple scatteringcorversionandbremsstrahlung theusedmaterialaffect
the performancef the TRD itself andof the otherALICE subdetectorpositionedoehindit, the overall
materialbudgetis limited. This setsanothermestrictionto the choiceof materials.

Therequirement®n the TRD radiatorcanbe summarizeasfollows:

e It hasto generatdransitionradiationwith sufficient efficiengy while not exceedingthe foreseen
thicknesf 4.8 cm.
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e |t shouldprovide supportto the entrancewindow and constrainit deflectioncausedby the gas
pressurdo belov 1 mm.

e The6 layersof radiatorasthe mostimportantsingle contrikbutor shouldbring the total amountof
materialof the TRD not significantlyabose 15% of aradiationlength(seeChapterl0).

3.2 Radiator design

Variousradiatormaterialsandtypes(foils, foamsandfibres)weretestedduring extensie testmeasure-
mentsat GSI| darmstadi{seeChapterl4). Fromthis experiencejn conjunctionwith the requirements
explainedabore, the following radiatordesignwaschosen.We planto usea sandwichconstructionof
foamandfibresproviding the optimalcombinationof TR efficiency andmechanicaktability.

Rohacell HF71
(glass fibre-enforced )

Glass fibre laminate

S -

- ~ i \\/
.',/17 um fibre ~ -~
SN~ N2 PN
\ N4 Wi N \ N

—

Figure 3.1: The principial designof the TRD sandwichradiator

Fig. 3.1 shaws the principial designof the radiatorsandwich.The supportingstructureis madeout
of RohacellHF71 foam [5]. This materialis a PMI (polymethacrylimide¥oam with low densityand
high mechanicabndchemicalstability In additionto the supportingfunctionthe foamhasalsoa quite
goodtransitionradiationproductionrate (seeChapterl4). The upperandlower coversare madeout
of Rohacellplateswith a thicknessof 8 mm reinforcedby glassfibre sheets. The glassfibre sheets
laminatedontothe surfacehave athicknessf 0.1 mm. Theinnersideof theradiatorwill be coveredby
a25um aluminizedMylar foil which formsthe entrancevindon andthe drift electrodeof thereadout
chamber

Theupperandlower coversof the sandwichareconnectedy a grid-like structurealsomadeout of
8 mm Rohacell.Thecell sizeswill be adjustedo thedimensionof eachradiator Theinnervolumeof
thesandwichcellsis filled with polyprogylenefibres[6] which sene asthe mainradiatormaterial(later
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on calledfibres1y. Testshave shawvn that the fibres are comparablen performanceo foil radiators
(seeChapterl4). Scanningelectronmicroscopepicturesof both materialsareshavn in Fig. 3.2. The
propertiesof theusedmaterialsaregivenin Table3.1.
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Figure 3.2: Scanningelectronmicroscopemagesof the usedradiatormaterials. Left panel: RohacellHF71
foam;right panel:fibresmat.

Table 3.1: Thepropertieof thecomparedadiatorsandtheir materials. Thelabel S-HF71denoteshe HF 7 1/fibre

sandwichconstruction.
radiator material density | elastic | radiation thickness

modulus| lengthXy | absolute| X/Xp
[g/cm?3] | [MPa] | [g/cm?] | [cm] | [+1079]

| HF71 | RohacelHF71 | 0075 | 92 | 406 | 48 | 888 |
| fiores17 | Polyprogylene | 0074 | - | 446 | 40 | 675 |
RohacelHF71 0.075 92 406 2x0.8 2.96
S-HF71 Polypropylene 0.074 - 44.6 3.0 5.30
sandwich

sumof materials - - - 4.8 8.26
S-HF71 Glassfibre coating 17 > 10° 330 2x0.01 1.03
with reinforcement| sumof materials - - - 4.8 9.29

A prototypeof a radiatorsandwichwhich coversthe largestreadoutchamberwas constructedus-
ing Rohacellfoam without reinforcement.lts mechanicapropertieshave beenmeasured Assuminga
maximumoverpressur®f 1 mbarthe measuredieviation from a flat surfacewas3.25 mm. The mea-
surementsveredonewith a uniform arealoverpressursimulatedoy addingwateron top of the surface
of thehorizontallyorientedradiator In additiontestsweremadewith a reinforcedradiatormodelof the
dimensionsl20x 20 cn?, which correspondso thefull sizeradiatoronly in the smallerdimension.The
modelwassupportedat the shortedgesandthe deflectionmeasuredinderload. Thesetestscanbe seen
asconserative with respecto the full sizeradiatorasthe latter would have additionalsupportat the
othersides.A reinforcementvith carbonfibre rodswith a diameterof 2 mm on bothsidesreducedhe
deflectionbelov 0.9 mm. In this testsetupthe reinforcemenis approximatelyequivalentto a carbon
fibre laminateof 30 um thicknessonbothsidesof theradiatorsandwich A photograplof thereinforced
radiatormodelduringthetestsis shavn in Fig. 3.3.

Calculationsshaw thata reinforcementvith 200um glassfibre on both sidesof the sandwichalso
leadsto a deformationof belonv 0.9 mm for anoverpressuref 1 mbar, which meetstherequirements.
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Figure 3.3: The bendingtestof the reinforcedradiatormodel. Onecanseethe radiatormodel (white) andthe
carbonfibre rod (black)gluedto it. Theoverpressurés simulatedoy weights(in this casescravs) distributedover
thewholelengthof themodel. The deflectionis measuredby the dial gaugepositionedat the centerof the model.

3.3 Radiator performance

Thetransitionradiationyield of thesandwichasdiscusse@bore andindicatedin Fig. 3.1wasmeasured
andcomparedvith similar measurementsf theindividual materialsusedin this design.This wasdone
during several testbeamtimesat GSI. A mixed beamof electronsand pionswasused. For a detailed
descriptionof the setupandthe measurement®ferto Chapterl4.

In theleft plot of Fig. 3.4 one canseea typical spectrumof averagepulseheightvs. drift time for
electronsof 1 GeV/cmomentum.The signalwasmeasuredvith an 8-bit flash-ADCsystemin 60 time
bins of 50 ns each. The distribution shavs a peakat early times, originating from the amplification
region (seeChapterl4). Without transitionradiationonewould expecta plateauat later times, caused
by theenegy lossof particlesin thedrift region. Thetransitionradiationsignalsitson top of this plateau
andcausesrise of the averagesignal. This riseis mostprominentat latertimes(around2.1 ys in this
configuration,correspondingdo the entranceof the readoutchamber)whereit builds a secondpeakin
thedistribution.

To allow a qualitatve comparisorof the radiators the ratio of electronandpion signalsare plotted
in theright part of Fig. 3.4 asa function of the depthof the chamberexpressedn drift zonenumber
(0 is the amplificationregion and 4 correspondgo the entranceof the detector). Here the sandwich
radiatorS-HF71is comparedvith the purematerialsHF71 andfibres17for the momentunof 1 GeV/c.
Without the contritution of TR one expectsa flat distribution at about1.45 (shadedareain the right
panelof Fig. 3.4). At latertimes(large drift zonenumber)onecanclearlyseethe effectof the TR, which
causes strongrise of theratio (about25 %). Thisriseis equallypronouncedor all threeradiators.In
this measuremerthe absolutehicknessof the radiatorfibres17wassmallerthanthatof the two others
(40mm insteadof 48 mm). Thereforetheelectronto pionratio of this radiatoris slightly belov theone
of thesandwichradiatorS-HF71at laterdrift times.

Whereagheratio of theaveragesignalsfor electronsandpionsis usefulfor acomparisorof different
radiatortypes,for thefinal estimateof the performancef the detectorit is moreappropriateo look at
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p=1 GeV/c, Xe,CO2(15%), Ua=1.75 kV, Ud=-2.64 kV
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Figure 3.4: Left: Averagepulseheightvs. drift time for 1 GeV/celectronsmeasureavith the sandwichradiator
S-HF71 Right: Comparisorof the differentradiatormaterials(seetable 3.1). Shown is the ratio of the mean
signalsfor electronsandpionsvs. thedrift time for 5 drift zonesfor 1 GeV/cmomentum Thefibre radiatorhada
smallerthicknesof 40mm comparedo 48 mm in caseof the otherradiators.
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Figure 3.5: Pionefficiency asa func-
tion of the electronefficiengy for the
sandwichradiatorS-HF71extrapolated
to 6 layers.Theparticlemomentumvas
1 GeV/c and the methodof likelihood
onintegratedchagewasused.

thepionrejectionperformanceln Fig. 3.5thepionrejectionefficiency is plottedasafunctionof electron
efficiengy extrapolatedto a stackof 6 TRD modules. For this analysisa likelihood methodwas used,
basedon the enegy depositedn thedrift region (L-Q, seesection14.3.5). The proposedadiatormeets
the designcriteria of a pion rejectionof 102 with an electronefficiengy of 90% alreadyat a particle

momentunof 1 GeV/c.
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4 Readoutchambers

The ALICE TRD detectotis subdvidedinto 540individual detectormodulesasdescribedn Chap-
tersl and2. Theirtaskis to identify electrondoy theirlargerenegy depositiordueto transitionradiation
andtheirlargerspecificenegy loss,combinedwith chagedparticletrackingcapability[1]. Eachof these
detectormoduless afull TR detectotin itself, containingaradiatorandareadoutthamberThereadout
chambercontainsa conversionanddrift gasvolumeanda cornventionalwire amplificationregion with
cathodepadreadout. While the TRD readoutchambersare not very demandingn termsof resolution
andoperationalconditions,the sizeandnumberis considerableln addition,alow massdesignof the
readoutthamberss mandatoryto reducetheload of backgroundo subsequentRD modulesandother
ALICE detectors. Therefore,apartfrom the requiredperformancen termsof electronlD and posi-
tion resolution,emphasisvasput on mechanicafeliability at minimal radiationlength,combinedwith
technicalsimplicity.

In thefollowing, we describeheconcepfor thereadouthamberanddemonstrat@ow thetechnical
solutionis adaptedo therequirements.

4.1 Choiceof gas

The baselinegasmixture for the ALICE TRD is 85% Xe and 15% CO,. The needof a high X-ray
photoabsorptioprobabilityrulesout ary of thelower massnoblegasessmajorcomponentasdemon-
stratedn Fig. 4.1. For atypical TR photonenegy of 10 keV, theabsorptioriengthin Xenonis 1 cm.
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Figure 4.1: X-ray absorptioriengthin differentnoblegases.

The useof CO, asquenchets attractve becauset is nonflammablejn contrastto mary organic
gases.In addition,organic moleculescontainhydrogenwhich causesadditionalbackgroundrom en-
emgetic knock-onprotons. Sincethe field of the L3 magnetis perpendiculato the electricdrift field of
the readoutchambersalsoE x B-effectshave to be considered With respecto this, the useof a ‘cool’
componentsuchasCOy, turnsoutto beadwantageous.
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4.1.1 Dirift velocity and diffusion

We have choseradrift velocity of 1.5cmius, resultingin atotal drift time of 2 us overthe maximumdrift
distanceof 3cm. Figure4.2(left) shavs GARFIELD/MAGBOLTZ [2,3] calculationf thedrift velocity
for differentgasmixturesasfunctionof theelectricdrift field. Thedrift field requiredn Xe,CO, (15%)is
700 V/cm, fixing the potentialon the drift electrodeto -2.1 kV. Thesecalculationsare consistentith
our prototypemeasurementseeChapterl4).

At thisdrift voltage thelongitudinalandtrans\ersediffusioncoeficientsareD_ = 250um/,/cmand
Dt = 180um/y/cm (Fig. 4.2, right panel). Dueto the shortdrift distanceof 3 cm, the maximumspread
of aninitially point-like chage cloudis 300-500um only. Therefore the impactof diffusion on pulse
shapeandpositionresolutionis ngyligible. 1t shouldbe notedthatwe found no significantdependence
of thedrift velocity andthe diffusion coeficientson themagnetidield upto B=0.6T.
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Figure 4.2: GARFIELD/MAGBOLTZ calculationsof the drift velocity (left) anddiffusioncoeficients(right) as
functionof the electricdrift field.

4.1.2 Lorentzangle

The ALICE TRD is operatednsidethe field of the L3 magnet(B,4=0.5T) which is perpendiculato
the electricdrift field. This forcesthedrifting electronson atrajectorywhich s inclinedwith respecto
theelectricfield (seeFig. 4.3).

Readout Plane

with B-field

Drift Electrode

Figure 4.3: Drift pathof electronswithout (left) andwith (right) magnetidield.
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The so-calledLorentzangley, betweervp andE depend®n the strengthof E andB andthe gas
propertiesit canbe expressedy:

tany. = wt. 4.1)

Thecyclotronfrequeng w depend®n B while T is themeantime intenal betweertwo collisionsof
theelectronin the gas,connectedvith the electronmobility

w = e/m-B, 4.2)
H = e/m-T. (4.3)

Givena preciseknowledgeof E andB, the displacemenbf the arriving electronwith respecto its
creationpointis well determinecandcanbe correctedor. However, the Lorentzangleleadson average
to adeterioratiorof the positionresolutionbecausét enhancesorrelationsetweeradjacentime bins,
originatingfrom Landaufluctuationsandthefinite width of the singleelectronresponséunctionin time
direction(seeSection4.5). A minimizationof the Lorentzangleis thereforedesirable.
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Figure 4.4: GARFIELD/MAGBOLTZ calculationsof the Lorentz angle as function of the electric field for
differentXe mixturesandmagnetidield strengths.

The Lorentz angle as function of the drift field for different magneticfield strengthsis shovn
in Fig. 4.4. At nominal operatingconditions (E=700 V/cm, B=0.4 T), the Lorentz angleis 8° in
Xe,CO, (15%). Clearly, the Lorentz angle could be decreasedy reducingE. On the other hand,
the resultinglower drift velocity would leadto a limitation of thetrigger performancgseeChapters).
Also the additionof more CO, looks attractve. This would, however, tightenthe requirement®n the
gaspurity, asoutlinedbelow (seealsoChapter8).

4.1.3 Electron attachment

Ontheirwayto theamplificationregion, drifting electronsanbeabsorbedby electrongative impurities,
mainly O,. The signallossdueto this electronattachmenfor a given total pressurep and O, partial
pressurg(O;) follows anexponentialbehaiour, dependingn thedrift time tgys:

N (taritt) = N(O) - exp(—p- p(Oz2) - Catt taritt)- (4.4)
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The attachmentoeficient Cy; dependon the gasmixture. It turnsout to be particularlylarge for
gasmixturescontainingCO, becausef its large numberof low-lying excitation levels. In Fig. 4.5the
attachmentoeficient is shavn asfunction of the electricdrift field for differentAr mixturesandfor
Xe,CO; (15%). Similar resultshave beenobtainedfor Ne mixturescontainingCO; [4,5]. A measure-
mentof the signalattenuatiorat differentoxygencontaminatiorievelsin Xe,CO, (15%)wasperformed
with the TRD prototype(seeChapterl4). TheresultingattachmentoeficientC,—400atm 2ps * leads
to asignalattenuatiorof lessthan10%afterthe maximumdrift time of 2 ps, for an O, contaminatiorof
100ppm.
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Figure 4.5: Electronattachmentoeficient asfunction of the electricdrift field andfor differentAr mixtures[6]
andfor Xe,CG, (15%).

4.2 Mechanicalstructure

Figure4.6 shaws a crosssectionthrougha TRD detectormodule. The walls of the drift box aremade
of fibreglass-epoxyandreinforcedby aluminium profiles. The drift voltage(-2.1 kV) is appliedto an
aluminium-coated0 pm mylar foil which is glued on the radiatorunit (seeChapter3). The radiator
unit itself is gluedinto the drift box andaddsmechanicaktability to the detectormodule. It provides
gastightnes=f thedrift volumeandkeepshe deformationof the drift electrodewithin the specification
(<1 mmatanoverpressuref 1 mbar).

Thedrift field is terminatedby a planeof cathodewireswhichis attachedo theupperrim of thedrift
box. It is followed by a planeof anodewires, providing the necessargasamplification.In this scheme,
thewire tensionis transferredo thedrift box, causingno mechanicastressonthereadoutplane.

To avoid drift field distortionsat the edgesof thereadoutchamberpotentialstripsarerunningalong
theinnerwall of the drift box. The strip patternis etchedinto a printed circuit board(Fig. 4.7). The
potentialof eachof the stripshasbeenchosento minimize field distortions. The appropriatevoltageto
the potentialstripsis suppliedby a voltagedivider resistorchain(Fig. 4.7). Thevalueof thelastresistor
in thechainhasbeentunedto optimizethe electrostatienatchingbetweerdrift region andamplification
region (seeSection4.6).
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Figure 4.6: Crosssectionthrougha TRD detectomodule.
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Figure 4.7: Potentialstrip PCBandvoltagedivider chain.

The currentof the backdriftingpositive ions (=~ 0.5 pA perreadoutchamberseeSection4.6) could
potentiallycausea modificationof thevoltagesettingson the potentialstripsandthedrift electrode The
totalresistancef 5.85MQ from drift electrodeto groundpotentialleadsto a chaincurrentof 360pA at
adrift voltageof -2.1kV. This is suficiently large to avoid significantion-inducedchangef the drift
voltagesettings.The power dissipationin theresistorchainis neggligible (= 1 W).

Thereadouplaneis acompositestructurecontainingthepadplane alayerof carborfibre reinforced
Rohacef® foam andthe Multi Chip Module (MCM) motherboardsvhich carry the front-endpart of
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the readoutelectronics(Fig. 4.8). The padplaneis madeup of threeindividual printed circuit boards
(2layers,0.25mm), carryingthereadoujpadpatternattheinsideof thedetector Chagesignalsinduced
onthe padsarepassedia plated-througttonnectiongo the backsideof the padplane.Flexible cables
aresolderedo the backside of the padplaneandtransmitthe analogsignalsto the MCMs which are
mountedon the MCM motherboardg4 layers,0.4 mm). Thesemotherboardsarry a groundplane,
voltageandclock distributionsandthedigital signals.

The mechanicaktigidity of the readoutplaneagainstgravitational forcesand pressuregradientsis
provided by a 20 mm layer of Rohacef® foam. It is gluedto the backsideof the padplanePCBsand
guaranteethe flatnessof the padsurface. It alsocoversthe plated-througholesandthejoints between
the individual pad plane PCBsto ensuregastightness. For mechanicakigidity the back side of the
RohacefP foamis coveredwith a thin carbonfibre laminate,thusforming a sandwich-like structure.
Optionally also thin carbonfibre rods (2 mm diameter)can be used. Prototypemeasurementand
calculationshave indicatedthatthe maximumdeformationof the padplanecanbe keptbeloy 150 um
atthe maximumoverpressuref 1 mbarif the Rohacel® foamis laminatedwith a200um carbonfibre

layer

Motherboards
with MIM's

Rohacell reinforced
by carbon fibres

Readout Chamber

Figure 4.8: Top view of a TRD readoutchamber

4.3 Wireplanes

The numberof electronsliberatedby the passagef a chaged particlein the ALICE TRD (275 per
cm for a minimum ionizing particle) is not suficient to producea measurablesignal without further
amplification.Thereadoutthambershereforeemploy a schemeof two planesof wires,bothrunningin
azimuthaldirection. They provide gasamplificationin the rangeof 10* by avalanchecreation. At this
gasgainwe expecta chambercurrentof 1 pA/m?, resultingin atotal chage accumulatiorof 50 uC per
yearand per cm of wire. For theselow doseswe do not expect particularproblemswith ageing[7],
provided propergaspurity andchoiceof detectomaterials.
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Figure 4.9: Wire geometryof the ALICE TRD readoutchambers.

Thedrift andamplificationregion are separatedby the cathodewire plane(Fig. 4.9). The cathode
wires arekeptat the samepotentialasthe padplane(ground). Electronsproducedn the drift volume
passthe cathodegrid and startan avalanchecloseto the anodewires, which are biasedby a positive
potential(typically +1.4kV, seeSectior4.6).

The anodewire planeis centereetweenpadplaneandcathodewire plane,with agapof 3.5mm
betweeranodewiresandpadplane.This gaphasbeenoptimizedto provide appropriatechage sharing
betweeradjacenpads(seeSection4.4). The pitch betweeranodewiresis 5 mm.

The cathodewires are staggeredwith respecto the anodewires and have a pitch of 2.5 mm (see
Fig. 4.9). Thecathodewire planedecoupleshedrift field from the amplificationregion andthusallows
independenadjustmenbf drift velocity andgasgain (seealsoChapterl4). It is morethan99%trans-
parentfor electronshut preventsabout72% of the positive ions producedn the avalancherom drifting
backinto thedrift region (seeSectior4.6).

Materials,dimensionsandtensionof thewiresusedin the ALICE TRD arelistedin Table4.1.

Table 4.1: Materials,dimensionsandtensionof thewiresusedin the ALICE TRD readoutchambers.

| Anodewires | Cathodewires |

Material Au platedW Cu/Be
Diameter 20pm 75um
Tension 0.45N 1.2N
Length 100—120cm | 100—120cm
Total number 140k 280k

4.4 Readoutpads

The positive ions createdin the avalancheprocessn the vicinity of the anodewire move towardsthe
surroundingelectrodesjnducing a positive signal on the pad plane. A precisedeterminationof the
location of the avalanchein azimuthcan be obtainedif the inducedchage is sharedamongseveral
adjacenreadoutpads. The measurementf the azimuthalpositionin eachof the 15 time binsallows a
determinatiorof thetrackanglein ther¢-planein eachTRD layer

Theactualsizesandnumberof padsin eachof thereadouthamberarelistedin Table4.2. We have
choserrectangulapadswith averagesize7.25x87.5mn¥ (Fig. 4.10). Thisresultsin apadareaof about
6.3cn?. In eachreadoutchambetthe padsaregroupedin rows of 144, runningin azimuthaldirection.
Thetotal numberof padrowsin z-directionis 70-76,dependingn thelayer Theactualsizeof thepads
is constantithin a givenreadoutthambetbut variesslightly for differentdetectormodules pecausef
the changeof the overall detectormoduledimensionsasfunction of radiusandz (seeChapter2). The
total numberof padsis 1156032.
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Table 4.2: Dimensionghat definethe active areaand padsizesin differentreadoutchambers.The numbering
schemdor thedetectormoduless describedn Chapter2.

Layer Module || Width (y) | Length(2) || Padrows | Padwidthw | Padlengthl | Area
[0-5] [0-4] [cm] [cm] # [cm] [cm] [cm?]
O (inner) | O 93.6 120.5 16 0.65 7.53 4.90
1 93.6 120.5 16 0.65 7.53 4.90
2 93.6 107.0 12 0.65 8.91 5.80
3 93.6 120.5 16 0.65 7.53 4.90
4 93.6 120.5 16 0.65 7.53 4.90
1 0 98.1 128.0 16 0.68 8.00 5.45
1 98.1 128.0 16 0.68 8.00 5.45
2 98.1 107.0 12 0.68 8.91 6.07
3 98.1 128.0 16 0.68 8.00 5.45
4 98.1 128.0 16 0.68 8.00 5.45
2 0 102.5 131.5 16 0.71 8.21 5.85
1 102.5 1355 16 0.71 8.46 6.03
2 102.5 107.0 12 0.71 8.91 6.35
3 102.5 135.5 16 0.71 8.46 6.03
4 102.5 131.5 16 0.71 8.21 5.85
3 0 106.9 139.0 16 0.74 8.68 6.45
1 106.9 143.0 16 0.74 8.93 6.63
2 106.9 107.0 12 0.74 8.91 6.62
3 106.9 143.0 16 0.74 8.93 6.63
4 106.9 139.0 16 0.74 8.68 6.45
4 0 111.4 139.0 14 0.77 9.92 7.68
1 111.4 150.0 16 0.77 9.37 7.25
2 111.4 107.0 12 0.77 8.91 6.90
3 111.4 150.0 16 0.77 9.37 7.25
4 111.4 139.0 14 0.77 9.92 7.68
5 (outer)| O 115.8 131.5 13 0.80 10.11 8.13
1 115.8 157.5 16 0.80 9.84 7.92
2 115.8 107.0 12 0.80 8.91 7.17
3 115.8 157.5 16 0.80 9.84 7.92
4 115.8 131.5 13 0.80 10.11 8.13

Otherpadsizesandshapessuchaschevrons[8] have alsobeenconsiderediuringthe R&D phase.
An appropriatechoiceof the chevron geometryallows to adjustthe shapeof the padresponsdunction
over a wide rangeof padwidths andanode-padlistanceqfor an overviev seeChapterl4). However,
chevron padsrequirehigh precisionduringmanufcturingof the padplaneandpositioningof theanode
wires. In addition,chesron padscomparedo rectangulaipadsgive riseto a higherpad-to-padcapaci-
tanceandthuslarger signalcross-talk. Sincewe found a good solutionto achiere the requiredchage
sharingalsowith rectangulapadsanda reasonablavire planeseparationche/ron padsarenot part of
thebaselinedesignpresentedhere.
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Figure 4.10: Padgeometryof the TRD readoutchambersAlso shavn arethe anodewires.

4.4.1 Padresponsdunction

To achieve the bestpossiblepositionresolutionin azimuthaldirection, the inducedchage distribution

needgo be sharedby typically two or threeadjacentpads. If morethanthreepadsfire, the resolution
suffers from a poorersignal-to-noiseratio, connectedvith an overall increaseof the datavolumeand
a limitation of the two-track separation.Therefore,a propermatchingof the padwidth w to the width

of the inducedchage distribution is required. The relative pulseheightdistribution on adjacentpads,
inducedby apoint-like avalancheattheanodewire, is calledthe padresponsdunction (PRF)[7]. It can
be calculatedby integrationof theinducedchage distribution over the padareaS

PRAXY) = [Q(.y)ds (4.5)

The two-dimensionainducedchage distribution Q(X,y') depend®n the wire geometryandwas cal-
culatedaccordingto [9]. Figure 4.11 shaws the calculatedpad responsdunctionsfor a distanceof
h = 3.5 mm betweenthe pad plane and the anodewire plane. For the rangeof pad widths in the
ALICE TRD (seeTable4.2), the resultingPRFsare approximatelyGaussiarand a reasonablehage
sharingcanbeachieved.

4.4.2 Improvementof zresolution

In the presenipaddesign,the coordinated; of a reconstructegbointi is directly relatedto its centerof
gravity (ypad) in padspacewhile the z-resolutionis limited by thefinite lengthl of the padsin a given
padrow:

i = O ((Ypad)), (4.6)

| |
Zow — 5 <% <Zow+t 5, (4.7)

Zow beingthe z-coordinateof the centerof a padrow.

Optionally we considerto tilt the padsslightly by ananglea with respecto the z-axis. If thistilt is
performedn oppositedirectionin consecutie layersof the TRD (Fig. 4.12),significantimprovementof
thez-resolutioncanbe achieved.
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Figure 4.11: PRFfor differentpadwidths.

In the caseof tilted padsthe coordinateg;,z) of areconstructeghointin a givenlayerarerelated
to (ypad) andthetilt anglea:

oi = ¢ ((Ypad)) + (z — Zow) SiNQ. (4.8)

Thisway, themeasurementsf ¢; andz in asinglelayerarenolongerindependentHowever, if thenext
layeris tilted by -a the point coordinatesregivenby:

b = d((Ypad)) — (2} — Zow) Sina. (4.9)

By matchingtrack pointsfrom differentlayersandassuminganappropriatarack model(helix), the
bestz-positioncanbe determinedy a minimizationprocedure.

Layeri Layer i+1

row

Figure 4.12: Geometryof tilted pads.
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We have simulatedthe ¢- and z-resolutionasfunction of the padtilt anglea. For simplicity, we
considerednly two layersandstraighttrackswith 8=90°. In that case thetrack modelis very simple
(d=const.,z=const.). Figure4.13 shaws the resolutionin ¢- and z-directionasfunction of the padtilt
anglea. Thenumbersorrespondo the averagedp- andz-positionsof thetrack,using10 pointsin each
of thetwo layers.As expectedtheresolutionsscalewith a:

rAg O 1/cosa, (4.10)
Az O 1/sinq, (4.11)

asindicatedby the dashedinesin Fig. 4.13. Obviously, alreadyattilt anglesaround5° the z-resolution
canbe substantiallyimproved without a noticeabldossin ¢-resolution. Note thatfor individual points
thez-resolutionis limited by theanodewire pitch (5 mm).

Sincethe impactof tilted padson the trigger schemeandthe offline reconstructioris not yet fully
exploredthey arenot partof the baselinedesignpresentedhere.

/E\ O.l 7\ T T T 17T T 17T T T \7 /E\ 1 7\: T T T 1T T 1T T T \7
E i 1 E ]
So008l- 2layerstited pads | Yggl 2 layers tilted pads ]
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a (deg) a (deg)

Figure 4.13: Resolutionof track averagedp- andz-positionsasfunction of the padtilt anglea (seetext). Two
layerswith tilt angleta areassumed.

45 Track reconstruction

Chaged particlesleave a traceof ionizationin the drift volume. The momentumof a particle canbe
determinedy themeasuremertf the deflectionangleof the particletrackin ther¢$-plane.By sampling
the time distribution of the arriving electronsn 15 time bins, a setof individual r,¢ measurementor
eachtrack sggmentcanbe obtained.Given preciseknowledgeof the drift velocity, the r-coordinateof
eachpoint is given by the arrival time. The ¢-coordinatecanbe derived from the distribution of the
inducedchage over two or threeadjacenpadsin eachtime bin.

The chage signalinducedon the pad planeis that of the positive ions createdin the avalanche
procesgrifting away from the anodewire. Dueto the very low mobility of Xe ions (0.57 cn?/Vs) the
inducedsignalon the padsof a point-like primary electronclusterhasa considerabléail (seeFig. 4.14,
upperpanel).After pulseshaping(shapingime 125nsFWHM) the signalhasa width of approximately
200ns. However, becausef theion tail thetime responséunction(TRF)is non-GaussiafseeFig. 4.14,
lower panel).
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Figure 4.14: Simulatedresponséo a °°Fe signal. Upperpanel:the currentinducedon the readoutpads.Lower
panel:electronicgesponsalfterpulseshaping(TRF).

Sincethetail of theTRFislong comparedo thedistanceof time bins(133ns)it leadsto asignificant
correlationamongconsecutie time bins. If alarge chage depositionoccursdueto Landaufluctuations
or TR absorptionon an inclined track, adjacenttime bins are’pulled’ away from the trajectory (see
Fig. 4.15for simulatedexamples).
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Figure 4.15: Two examplesof simulatedracks.In the upperpanelsthe pulseheightintegratedover neighboring
padsis shown; in the lower panelsthe reconstructedgpacepoints (crosses)yre comparedo the real trajectory

(straightline).
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Thisresultsin adeterioratiorof the positionresolutiondependingon theincidentangleof thetrack,
similar to thewell-knowvn tana-effectin TPCs[7]. Thisis demonstrateth Fig. 4.16,wheretheangular
resolutionwas simulatedas function of the track angleof incidencerelative to the pad planenormal.
Notethatin the presencef a magnetidield this distribution will be shiftedby the Lorentzangle.

Oneway to reducethis effectis to stretchthe time scaleof the measurementThis canbe achieved
by areductionof the drift velocity. However, a significantincreaseof the readouttime would limit the
onlinetriggercapability

The inclusionof an electronictail cancellationis underway. Its effect hasbeendemonstratedby
applyinganoffline decowolution of consecutie time binsto prototypedata(seeChapterl4).
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Figure 4.16: Angularresolutionasfunctionof thetrackanglerelative to the padplanenormal(B=0).

4.6 Electrostatic calculations

In this sectionwe describethe electrostatiqropertiesfor the readoutchamberdesignpresentedn the
previous sections. We determinethe operationalpoints and shav that the designwe have chosenis
suitedto meettherequirementsAll calculationgresentedereareperformedin the framevork of the
GARFIELD [2] simulationpackage.

In the calculationsa Xe,CO, (15%)gasmixture at atmospherigressuras assumedFurthermore,
thewire materialsdiametersaandtensionsaslistedin Table4.1areused.

4.6.1 Gasgain

To achieve areasonablsignal-to-noiseatio we areaimingfor agasamplificationof 5-10°-10*. Theam-
plification achieved on the anodewire depend®n the gasmixture, the pressurethe wire geometryand
the biasvoltages. The gasmixture (Xe,CO, (15%)) andthe operatingpressureare mainly determined
by otherconstraint{seeSection4.1andChapter8).

Thegasgainasfunctionof theanodewire voltageis shavn in Fig. 4.17. Theresultfor our baseline
designwith ananode-cathoddistanceof h = 3.5 mm andstaggeredvire planesis comparedo a non-
staggeredvire geometryandto a smalleranode-cathoddistanceof h = 2.5 mm. While thereis no
noticeablalifferencebetweerstaggere@ndnon-staggeredire planesthe gasgainatagivenvoltageis
largerby almostafactor5 in thecaseof h = 2.5 mm. However, thedesiredsharingof theinducedchage
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amongseveraladjacenpadsrequiresananode-cathodseparatiorof h = 3.5 mm. For thisgeometrywe
achiere agasgainof 8000atananodevoltageU, = 1420V.

Gas gain
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Figure 4.17: Gasgainasfunctionof theanodevoltage.

High momentuntracksoriginatingfrom themainvertex traversethe TRD preferentiallyundersmall
angleswith respectto the wire normal. For a given track, this canleadto a relatively large chage
depositionalonga limited pieceof anodewire. Theions createdin the avalancheprocessouild up a
cloudof positive chage slovly moving away from thewire. Thisleadsto areductionof theelectricfield
in thevicinity of thewire andthereforeto alower gasgainfor subsequerglectrons.As a consequence,
the gasamplificationdecreaseasfunction of thedrift time for trackswhich crossthe TRD undersmall
angleswith respecto the wire normal. Following [7] we calculatedthe gain attenuatiorfor minimum
ionizing particlesin Xe,CO, (15%). Figure4.18 shaws the pulseheightasfunction of the drift time
for differentanglesof incidence.The pulseheightwasnormalizedto thatof 17° trackswherethe effect
is nggligible. An attenuatiorof the gasgainis clearly visible, mostpronouncedor smalltrack angles.
Thecalculationgor agasgainof 10* areconsistentvith our prototypedata(seealsoChapterl4). This
obsenationunderlineshatthe TRD readouthambershouldbeoperatedtgasgainsnotexceedingl 0,
in line with the plannedvalues.

4.6.2 Gain stability

Thepositive voltageappliedto theanodewirescausesheanodewiresto sagtowardsthepadplane.The
sagittaof the sagginganodewire dependson the wire material,diameter lengthandtension,the wire
geometry andthe appliedvoltageU,. For this computationwe usethe maximumwire lengthin the
TRD of 120cm. We shav theanodewire sagasfunctionof U in Fig. 4.19(left panel).Again, different
wire geometriegrecomparedThesagis significantlysmallerfor h= 3.5 mmcomparedo h= 2.5 mm.
At atypical operatingvoltageof U; = 1400V (h = 3.5 mm) the anodewire sagis 35 um. Not shavn
is the contrikbution from gravity, which amountsto about+20 pm, dependingon the orientationof the
readouthamber

Also, the cathodewires are exposedto electrostaticforces. Their sag, however, is small due to
the larger tensionappliedto them (Fig. 4.19right panel). The impactof the cathodewire sagon the
uniformity of theelectricdrift field is negligible.

The anodewire sagleadsto a variationof the gasgain alongthe wire. The relatve gain variation
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incidence.The datapointsarefrom prototypemeasurementseeChapterl4).
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refersto thenon-staggeredeometry

asfunction of the sagis computedfor Uy = 1400V andshawn in Fig. 4.20. At the maximumsagof
35um we calculatearelative gainvariationAGain/Gaims1.7%. Adding the contritution from gravity we
concludethatthe gainvariationscausedy wire sagarebelov 3% everywheren the detectorassuming
aperfectlyflat padplane.

The operationof the detectorat a slight overpressuref 1 mbarleadsto a deformationof the pad
planeof about150 um. From our calculationswe expectthis to causea gain variationof 7%. This
gainvariationis partially compensatetly the anodewire sag. The possibility of a minimizationof the
gainvariationsby placingtheanodewire planeslightly asymmetridoetweercathodewire planeandpad
planeis underinvestigation.
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Figure 4.20: Relatve gasgainvariationasfunction of theanodewire sag.

4.6.3 Pad coupling

Thechageinducedby the movementof the positive ions away from theanodewire is sharedcamongall
surroundingelectrodesOnly afractionof it couplesto thereadouipadsandcontributesto themeasured
signal. The fraction of the chage which couplesto the padsis a function of the ion drift time and
directionandthereforedepend®n the angulardistribution of theavalanche It shouldbe notedthatonly
for gasgainswell above 10* the avalanchecanbe assumedo beisotropicaroundthewire [7].
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Figure 4.21: Left panel: fractionsof chage inducedon the variouselectrodesasa function of the angleunder

which theionsdrift away from thewire. Solid: pads,dotted: cathodewires, dasheddrift electrode dash-dotted
anddotted:neighboringanodewires (left andright). Right panel:ion drift time dependencef theinducedchage

for 90° (ionsdrifting towardsthe pads)and-90° (towardsthe cathodewires).

Figure4.21 (left panel)shaws the fraction of the inducedchage flowing to the variouselectrodes
duringthefirst 500 nsasfunction of theangleunderwhich theionsleave theanodewire. As expected,
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the signalinducedon the padsis maximalif theion drifts into the directionof the padplane(90°) and
minimal if it drifts to the cathodewires (-90°). On average,we expectabout50% of the signalto be
inducedon the readoutpadsand36% on the cathodewires. Note thata significantfraction of the signal
is inducedon the neighboringanodewiresandthedrift electrode.

The ion drift time dependencef the inducedchage is shavn in Fig. 4.21 (right panel)for ions
drifting towardsthe padplane(90°) andtowardsthe cathodewires (-90°). The fraction of the induced
chageonagivenelectrodds approximatelyconstanover thefirst 1 s (notethatthetypical integration
time of thereadouteletronicsis <500ns, seeFig. 4.14). By thattime, theions have moved away from
theanodewire by about200 um.

4.6.4 lon feedback

Unlike mary other drift detectorsthe readoutchambersn the ALICE TRD containno gating grid.

Therefore,all ionization producedin the drift region will inevitably leadto avalanchecreationat the

anodewires. This causesa continuouscurrentof positive ions drifting backinto the drift volume and
endingatthedrift electrode However, notall ionsfind their way backinto thedrift volume.Figure4.22
shawvsthedrift linesandlinesof equaldrift time (isochroty lines)of positve ionsproducedattheanode
wire. Only about28% of themdrift backinto the drift volume,the remaindereacheghe surrounding
electrodes.This leads,underoperatingconditions,to anion feedbackcurrentof about0.5 pA through
thedrift volume(seealsoSectior4.3). Fromthatwe expecta chage densityin thedrift volumeof about
1.6- 10° ions/cn¥. Theresultingdistortionsof the electricdrift field canbe calculatecandwerefoundto

bewell belov 102 with respectc thenominaifield strengthof 700V/em.
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Figure 4.22: Drift lines (solid) andisochrory lines (dashedpf positive ions startingfrom the anodewire. The
anodewire is atz=0 cm, the cathodewiresareatz= +0.125cm.

4.6.5 Isochrony

The finite pitch betweenthe wires causesa systematiadrift time variationfor electronsstartingat the
sameradius,but from differentz-positions. In the presencef Landaufluctuationsthis canpotentially
leadto a deteriorationof the drift time determination.The drift time variationfor electronsstartingat
constant closeto the drift electrodes shavn asfunction of their z-positionrelative to the anodewire
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in Fig. 4.23. We have implementedhe obsered non-isochrop into a microscopiadrift simulationand
foundno noticableeffect on the positionresolution.
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Figure 4.23: Left panel: drift time variationwithin a drift cell. The anodewire is at z=0 cm, the cathodewires
areatz= +0.125cm. Right panel:projectionon thetime axis. Ther.m.s.of thedistributionis 71 ns.

4.6.6 Electrostatic matching

Dueto thefinite pitch of the cathodewires (2.5 mm) notall field linesfrom theamplificationregion end
on the cathodewires. As aresult,the effective groundplaneis not at the positionof the cathodewires
but shiftedby about0.7 mm towargdsthe drift electrodeg(Fig. 4.24).
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Figure 4.24: Equipotentialinesin thereadoutchambersysingU, = 1400V andUgyit = —2100V. Thepositions
of the potentialstripsareindicatedby the starsat z=0.
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This canbe compensatetly properchoiceof thelastresistorin the voltagedivider chain(seeSec-
tion 4.2). Figure4.25shavs the electricfield 5 cm away from the voltagedivider andasfunction of the
distancefrom the drift electrode(U; = 1400V andUg;iir = —2100V). Fixing all otherresistoran the
chainto 1 MQ, we obtainthe bestresultfor R;s=850kQ.
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Figure 4.25: Left panel: electricdrift field asfunction of the distanced to the drift elecrodeand for different
valuesof Ry The distancez to the potentialstripsis 5 cm, the voltagesettingsareU; = 1400V andUg;ist =
—2100V. Right panel:samebut for severaldistanceg closerto the potentialstripsandfixing Riast to 850kQ.

Moving closerto theedgeof thedrift volume,thegranularityof thevoltagedivider becomewisible,
asshawn in theright panelof Fig. 4.25. However, only 10 mm away from the potentialstripsthefield
becomesmoothandvariesby lessthan0.5%with respecto its nominalvalue.
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5 Front-End Electronics

This chapterdescribeghe on-detectorlectronicsaswell asrelevantwork on prototypingthat has
alreadybeenperformed.Concerninghe TRD trigger, its functionalityis outlinedin Chapter6 with em-
phasison theimplementatiorof thetradlet searchandelectroncandidatédentification. This Chapter
detailstheimplementatiorof thefront-endelectronic§ FEE) with its real-timeconstraintstogethemvith
its integrationinto the ALICE triggersystem.

5.1 Electronicsoverview

In this sectiontherequirementsor the FEE arereviewed andthe generalarchitectureandbasicbuilding
blocksareintroduced.Becauseave areinterestedn boththeidentificationof thetransitionradiation(TR)
signalandalsoin the TRD onlinetracking,momentumandinvariantmassreconstructiorcapability(see
Chapter6), the FEE s rathercomplex andmore TPC-like involving a samplingADC, tail cancellation,
detectionof overlappinghits etc. Thetriggerwill generatea Level-1 accept(L1A) andthereforehasto
occuron atime scaleof 6 pys. This requirementrivesthe over all architectureclock speedsandlimits
theextentof multiplexing possible.

5.1.1 Generalrequirements

As detailedin Section4.4 the FEE is usedto readout and analyzefor the Level-1 trigger the chage
inducedon 1.156.032padslocatedin 540individual readoutchambersarrangedn 6 layersin the TRD
barrel. Most of the front-endelectronicssitsdirectly on the readoutchambersFor thetrigger, however,
informationfrom the 6 layershasto be combinedat a corvenientpoint closeto all readoutchambers.
Thereadoutthambergleliver on their padsa currentsignalwith avery fastrisetime andalong tail due
to the slow motionof the Xe ions (seeFig. 4.14). Thetypical currentfor aminimumionizing particleis
of the orderof 0.2 pA. The padon which the signalis inducedcanbe viewed asa pure capacitancef
10-20pF

The main requirementdor the front-endelectronicsare summarizedn Table 5.1 and briefly dis-
cussedelow.

e The spacepoint resolutionin the bendingdirection (y) is derived by chage sharingbetween3
adjacentpads. The padresponsdunctionis chosensuchthatfor a hit centerecbn onepadeach
neighbourstill seesl0 % of the signal(seeFig. 4.11and11.9). This meansadequatespacepoint
resolutioncan be reachedfor a signalto noiseratio of at least30:1. Also, it was shavn that
digitization errorscontritute visibly to the spacepoint resolutionif the channelnumberof the
peakpadis below 30.

e For aminimumionizing particletypically a chage of 3-10* electronscontritutesto the signalon
the maximumpadfor eachtime bin. The requiremenbf signalto noiseequalor larger than30
definesthe goalfor anupperlimit for the noiseof 1000electrongr.m.s.).

¢ In orderto notwastedynamicrange oneaimsto keepthe noiseamplitudewithin the ADCs LSB.
ForanADC with 1V dynamicrange(seebelaw), thisfixesthecorversiongainof thepreamplifier
shapel(PASA) to 6.1 mV/fC.

e Our main interestis the detectionof the TR signal superimposean the normalionization. As
shavn in Fig. 11.4the TR photonenegies reachwith noticeableprobability up to 20-30 keV.
Simulationshave shavn thatthe electron-to-piorseparationmproveswith dynamicrangeandfor
aminimumionizing signalamplitudeat ADC channel30,a 10 bit ADC is desirable.
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Table 5.1: Front-endelectronicgequirements.

| Parameter Value |
Numberof channels 1.1561C°
Signal-to-noiséMIP) 30:1
Dynamicrange 1000:1
Noise(ENC) 1000e
Corversiongain 6.1mVI/fC
Time binsin drift region > 15
Separatiorof time bins <133ns=2mm
Samplingfrequeng (8-)10MHz
Shapingtime (FWHM) ~120ns
Crosstalk <0.3%
Bandwidthreadout 15TB/s
Bandwithdetectorto GTU 216GB/s
BandwithDDL 1.8GB/s
Triggerlateny at TRD 6.0us
Triggerdeadtime (LO/L1 reject) 1.7..7.0us
Triggerdeadtime (L1 accept) 20...40.5ps
Paver consumption < 50mW/channel

¢ In Chapterllit is shavn thatin termsof trackingefficienoy andmomentunresolutionit is suffi-

cientto samplethedrift regionin 15 points(time bins).

As shavn in Section4.5,for non-perpendiculaanglesof incidencetheresolutionis limited by the
long ion tail of the Xe leadingto a correlationof the individual time bins. This effect getsworse
asthedistancebetweertime binsgetsshorteror asthedrift velocity is increasedndthetotal drift
time decreasedThis constrainghe drift time to be not smallerthan2 us andto ancorresponding
distanceof two consecutie time bins of 133 nsfor 15 time bins. Thatwould correspondo a
samplingfrequeng of 7.5 MHz. Sinceit is for otherreasongorvenientif thetime intervals are
multiplesof the bunchseparatiora frequeng of 8 MHz would be a goodlower limit. Of course
higherfrequenciesombinedwith a larger numberof time samplesvould be possibleandwould
slightly reducethetriggerlateny dueto thefasterdrainingof the ADCs pipeline.

In orderto keepthe correlationbetweerthe consecutie time bins of a track segmentminimal to
optimizeresolutiononewould like a shapingime asshortaspossible.This is however connected
with alossin signalandalsothe existing long ion tail makes very shortshapingtimes useless.
A shapingtime of 120 ns, comparabléo the separatiorof the time bins,wasfoundto be a good
choice.

The positionandangularresolutioncanbe improved by unfolding the time responsdunction as
demonstrated Fig. 14.38and14.39usingatail cancellation Sincethis alsonoticeablyimproves
thetrigger performancegseeSection6.4.2.1)it is desirablethatthis decowolution is doneon the
digital chip beforethe processingf thetriggerinformation.

Thechannel-to-chanherosgalk is limited by thepad-to-padapacitancavhichis betweemeigh-
boringpadsin onepadrow 6.5pF Thiswill leadto acrosstalk of about5 % for thepresenPASA
design. The crosstalk within the PASA chip itself andin the cableshouldbe negligible ascom-
paredto this. It turnsout thata value belov 0.3 % was easily achievablein the existing PASA
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prototypeandthisis thenumberquotedin Table5.1.

5.1.2 Systemoverview

Thefront-endelectronicgor the ALICE TRD consistof 1.15610° channelsThebasicbuilding blocks
areshavn for onechannelin Fig. 5.1. They are: a chage sensitve PreAmplifier/ShApel(PASA), the
analogchip,a10Bit 10 MHz low power ADC, anddigital circuitry wheredataareprocesse@ndstored
in event buffers for subsequenteadout. The dataprocesings performedon one handduring the drift
timeatdigitizationrateby the Tracklet PreProcessofTPP)in orderto prepargheinformationnecessary
for the Tracklet Processo(TP). On the otherhandat the end of the drift time the TrackletProcessor
a micro CPU implementedas Multiple InstructionMultiple Data(MIMD) processqroperatingat 120
MHz, processethe dataof all time binsin orderto determinepotentialtracklet s. Thesetracklet s are
shippedto a Global TrackingUnit (GTU), which combinesand processeshe triggerinformationfrom
individual TRD readoutchambers.

Uponreceiptof aLl acceptthe MIMD processorlsoshipsthe zerosuppressedaw datafrom the
eventbuffers onthefront-endchipsto the GTU, wherethey arestoredin alarge memoryuntil read-out

(seeChap.7).
L1 trigger info
to CTP

GTU
Tracklet Pre Tracklet
TRD Processor Processor
TPP MIMD CP via DDL
SN to HLT
& DAQ
event
buffer
readout
8 tree
store raw data 216 GB/s
until L1A
charge sensitive ADC subtract pedestal fit tracklet TRD L1 trigger
preamplifier 10 Bit tail cancellation at L1A regions of interest
h assemble data Zero suppr. )
Shaper 10 MHz for tracklet calc. ship raw data ship data at L2A
120 MHz

Figure 5.1: Basiclogical componentf the TRD front-endelectronics. Everything but the GTU is located
directly on thereadoutchamber The ADC, digital circuitry, eventbuffer andMIMD CPUarecombinedinto one
digital chip. This chip determineghetradklets andis thereforealsoreferredto aslocal trackingunit (LTU).

The requirementor minimal radiationlength, power andcostdrive the integrationdensityashigh
aspossible. In orderto supportmassproductionof the electronics,18 channelsare groupedtogether
ononemulti-chip module(MCM), housingboththe preamplifierandthe digital back-end Section5.8).
Theparticularchoiceof 18 channelgperMCM is acompromiseof die size, MCM countandtracelength
of the analogpadsignals. Figure5.2 indicatesthe component®n one MCM. Basicallythis moduleis
tagetedto containjustthosetwo chips,andpossiblytheadditionof minimal miscellaneousomponents,
suchasblocking capacitors.As sketchedin Fig. 5.2, the 18 entitieslabelled’PS’ areon onechip, the
PASA, everythingenclosedoy thethin grey rectangleis on a seconddigital chip. The logic integrated
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on the digital chip includesthe ADCs, the tradlet preprocessorand the high-speednulti-threaded
processofMIMD CPU).Thereforethis chipis calledthelocal trackingunit (LTU). The padplaneitself

carriesthereadoutsignalsandthey areroutedto the PASA inputvia shortcables. TheMCMs, which are
implementedasBall Grid Arrays(BGA), aresolderedlirectly ontothereadoutmotherboards.Theonly

additionalcircuitry requiredon the readoutboardsare the driversfor the clock fan-outandadditional
power filtering circuitry. All signalsconnectingthe MCMs are routedon the readoutmotherboard.
Thereare64224MCMs mountedon the detector makingthe MCM oneof the mostcrucial electronics
componentsyhich have to bemassproduced.

to/from nextMCM
(right within padrow

Trigger/
Data out
ch.17 I_l>_
= -
) 2
2 s
. g_ =
18 Channels . 18x S >
gl |2
§| | Tradiieat
e
Proess
p — Data | Code

JTAG

Ch.l I*
Ch.0 I—bj
K221

to/fromnextMCM
(left within padrow

Figure 5.2: Overview of theelectronicgor 18 channelson oneMCM.

Giventhehigh (digital) clock ratesandthe low duty cycle of thetriggersystemof lessthan3%, the
digital part of the electronicsis operatedwith gatedclocks, allowing for the disablingof the clock to
ary partof the circuitry thatis inactive. This methodalsopermitsthe reductionof digital noiseduring
digitization. All clocksaresynchronouso the LHC clock.

In orderto avoid granularityeffectsatthe MCM border somedataneedto be exchangecamongthe
neighboringmulti-chip modules. For a detaileddescriptionof the tracklet preprocessin@rchitecture
andthetradklet meging within the MCM andamongneighboringMCMs, referto Section6.3. Since
it is sufficient to memge tradklets only in ascendingpad numberdirection, a total of threeadditional
channelgtwo left and oneright) is requiredto be processedasindicatedin the figure. Therefore,a
total of 21 ADC channelds requiredfor each18-channelradklet processor Consequentlythreeout
of 18 preamplifieroutputsarerequiredto drive two ADC inputs. In orderto avoid ary non-linearities,
thosechannelsmplementtwo independenbutputstagesdriving oneADC inputeach.The preamplifier
outputsareanalogdifferentialsignals.

All digitized ADC outputs,including the redundantthannels are storedin 32x10 Bit deepevent
buffers. During the digitization, the tracklet preprocessoidentifiescandidatesind prepareshemfor
later processingoy the MIMD CPUs,thetradklet processofChapter6.3). During thattime, however,
thedigital back-ends operatedat exactly the ADC clockrate.
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At the endof the drift time, the fastdigital clocksare enabledstartingthe MIMD processor Any
additionaldigital noiseproducedhereis irrelevant asthe relevant dataalreadysit in the internal event
buffers. During stand-byall digital clocksaredisabled.Figures5.5and5.6 sketchwhich digital clocks
areactive at whatpoint. The MIMD processois capableof processingip to four tracklet candidates
simultaneously If a tracklet is identified and matchesthe requireddeflectioncut requirementsijts
tradklet parameterareprojectedontotheglobalreferencelanewhichis in themiddle of thesix planes
andthenforwardedto thereadoutree.

The MCM outputis a single 16 Bit differentialdatalink, implementingLow VoltageDifferential
Signals(LVDS). Thereareadditional5 bits for correctingonebit errorsanddetectingwo bit errorsper
dataword. This formatis usedasstandardink everywherewithin thereadoutree.

Thereadoutreeterminateghe differential output(LVDS) of all MCMs into four 16 Bit datalinks
on eitherside of the detectomper layer and sectoy thusmerging up to 304 MCMs into one high-speed
datalink to the globaltrackingunit. The readoutis performedin a strictly orderedfashionto support
consecutie readoutandhighly parallelglobaltracking.Any of thereadousignalss keptinactive during
acquisitionor stand-byin orderto minimizethe electronicnoisecontrikution. For a detaileddescription
of thereadoutree,referto Chapter7.

5.2 Chip technology
In generaltherearefive majorcomponent®f thefront-endelectronicschainassummarizedelow:

e shapingoreamplifier

10Bit analogto digital corverter

digital filter for tail cancellation

eventbuffer andtradklet preprocessooperatingat ADC clockrates

high-speedradclet processoandfilter

high-speedeadoutree

The shapingpreamplifieris a full customanalogdesigntailoredtowardslow noiseandlow power
(in this orderof priorities). The lastthreecomponentsre purely digital systemgunningat clock rates
rangingfrom 10 MHz to 120 MHz. Theseclock ratescanwell be implementedusing standardcell
designs. The only requirementfor full customdesignare somespecialcells, suchas the quad-port
memoriegreferto Chapter6, Section6.3.3.3).Althoughthefirstimplementation®f thedigital circuits
were designedfor the AMS?! 0.35 um process;they can be portedto basicallyary silicon process.
All threecomponentsthe tradklet preprocessofilter andreadout,are purely digital. They canall be
implementedon the samedie without presentingary particulartechnologicalchallenges.In orderto
separatdghe analoganddigital circuitry, the preamplifierwill be designedasa separatechip in AMS
0.35pum technology Onechannefequiresabout0.3 mm?2 in areamakingthis afairly smallchip.

TheADC, however, is acombinatiorof analoganddigital componentandis acquiredasanexternal
cell. In principle,it couldbeimplementedn bothdies. TheTPCdesignwill integratethe ADC together
with the ALTRO digital readoutchip. A similar choicewasmadefor the TRD. This choicerepresenta
compromisawith theadwantagesanddisadwantageutlinedbelow.

1AustriaMicro Systemswwwamsint.com
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5.2.1 ADC Integration

Herewe discusshe argumentdo integratethe ADC on eitherthe PASA or thedigital chip.
Advantagesof merging ADC with digital tracklet processors:

¢ clearseparatiorof the purely analogandmixed signal parts; no potentialcouplingof the ADCs
digital statemachinesioiseinto the sensitve preamplifierfront-end

¢ useof availablespaceasthedigital chip alonewould be pad-limited
e separatiorof the preamplifierdesigncyclesfrom the ADC selectionprocess

¢ lowestdigital/analoginterconnectiorpin-count(one differential pair per channelinsteadof 10
signalsperchannel)

Disadvantagesof merging ADC with digital tracklet processors:

¢ couplingof thedigital designto the processhoserfor the ADC, makingretagetingof thedigital
tracklet processodifficult

e 21 ADCsrequiredfor 18 channel< 2 mn? perADC channel)

e someanalogoutputshave to drive two ADC inputs,andthusrequiretwo individual outputstages
with correspondingnatchingproblems

¢ functionalchiptestingrequiressomeadditionallogic onthe analogfront-end

Implementinga 21-channelADC on a third chip on the MCM is not desirableasthis chip would
be either pad-limited or the readoutwould have to be multiplexed, resultingin higher (2x or 4x of
digitization rate) clock rateson the ADC die. In ary case,the additionalnumberof wire bondsper
MCM (336 if ADC readoutis not multiplexed) would increasethe cost. However, this issuewill be
revisitedwhenthefinal sizeof the ADCs anddigital circuitry, andthustheyield of theresultingchip, is
determined.

5.2.2 ADC technologychoices

The choiceof ADC silicon technologyis critical asit alsodrivesthe choiceof the procesdo be used
for the digital back-end. The majority of digital designis basedon standardcells, providing for easy
retagetingto anothemprocessparticularlyif it implementsa smallerfeaturesize,andthusis inherently
fasterwhile usinglesspower. However, therearea few specialcomponentgequired,suchasLVDS
I/0, PLLsfor high-speectlock generationfemperaturesensorsetc. Thesecomponentsarelikely to be
availablefor modernprocessesr will beeasyto procure.However, therearealsomultiple instance®f a
quad-porimemorythatarerequired which areimplementedasfull customdesignandthereforehave to
beretagetedaswell. Althoughtherequiredclock ratesarecomparablyslow, thisretagetingis basically
a redesignof the quad-portmemory as the optimization parametersarea,speedand size, that drive
a certainmemoryarchitecturedependon the available numberof metallayers,via stacking,minimum
spacingsizeof contactsandvias,etc. typically changeenough.For example the AMS 0.35um process
supportdhreemetallayerswhile all deepsub-micronprocessesupporta minimumof five metallayers.
Onthe otherhand,it shouldbe notedthata first prototypequad-portmemory which wastapedout in
June2001in the AMS 0.35 um processalreadysupportsaccessimesof about3 ns, which aremuch
fasterthanrequired(referalsoto Chapter6, Section6.3.3.3).

TheADC choserfor theTPC(STTSA1001)is adequatéor the TRD aswell (for ADC requirements,
referto Chapters). ThisADC is acommerciaproductandavailableasintellectualpropertycore.As the
preamplifieroutputstageis designedo deliver botha 1 V differentialvoltageswingandthe capability
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to drive high capacitve loads,the particularchoiceof ADC is ratherindependentf the designof the
preamplifier The final choiceof ADC dependson a variety of parameterssuchas price of both chip
realestateandlicensing,power consumptionlateng, thelong-termavailability of its silicontechnology
(whichis relevantasthe TRD productionschedules differentfrom thatof TPC, particularlywhentaking
into accounthatonescenarias a stagedoroduction),andmary othersimilar issues.Currently several
optionsare evaluated. However, in orderto have a crediblearchitecturethe ST TSA1001ADC was
choserashaseline This ADC is implementedn the STHCMOS70.25 um process.

5.3 Preamplifier / Shaper

Thepreamplifier/shapgiPASA) is thefirst block of thefront-endelectronicsreceving the signalsfrom
thedetectompads.

5.3.1 Requirements

The currentsignalsof the detectormpadsarefirst amplified by a chage-sensitie preamplifier It is fol-
lowed by a pole-zerocancellatiorcircuit andtwo second-ordeshapeffilters, assuringa shapedutput
pulsewith about120nsFWHM. Thelastfunctionalelementof the preamplifier/shapechainis anout-
put amplifier, which deliversdifferential outputsignalaccordingto the ADC requirementsoncerning
driving capabilityandoutputlevels.

The overall gain of the preamplifier/shapeis 6.1 mV/fC andthe shapingtype is CR—RC*. The
differentialoutputsof the preamplifier/shapetrive a 10 Bit differentiall V rangeADC input.

Thefunctionalblock diagramof the preamplifier/shapes shavn in Figure5.3.

Input pad N out +
Charge sensitive P-Z cancel.+ Differential -
Shaper 2
preamplifier Shaper 1 output amplifier | OUt -
DC ref.
(from ADC)

Figure 5.3: Block diagramof the preamplifier/shaper

Fromthe point of view of theimplementation 18 channelof preamplifier/shapewill beintegrated
ononechipwith acoreareaof about7.7 mn?.
Themainrequirementsf PASA for the TRD front-endelectronicsandreadoutaregivenin Table5.2.

5.3.2 Implementation

Thefinal implementatiortakesinto accounthe experienceachieved from previously developedpream-
plifiers built with discretecomponentsandfrom thefirst versionof the preamplifier/shapechip. Impor

tantinput wasalsoderived from a designreview of the preamplifier/shapecircuit which took placeat
CERNonJanuary24-25,2001.

The preamplifieris built arounda NMOS input transistorfolded cascodeircuit. The NMOS input
transistorallows achiazementof a greatertransconductancparametethan a PMOS input transistor
andalsoenablesa designwith a singlepower supply A greatertransconductandeadsto lower input
impedancef the preamplifierandconsequentlyo lower crosstalk.Also, it enableghe maingainto be
distributed towardsthe front of the preamplifier/shapechain (preamplifierand pole-zerocircuit). For
the given shortshapingtime, the advantageof a PMOS input transistorconcerningl/ f noiseis not
important.
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Table 5.2: Preamplifier/shapeequirements.

| Parameter | Value |
Gain 6.1mV/iC
Shapingtime (FWHM) ~ 120ns
Shapingtype CR-RC?

Max. equvalentinput noise(onthebench)| 500e
Max. equvalentinput noise(in system) 1000e

Inputdynamicrange 164fC
Outputpulselevel 1V differential
Max. internalchip crosstalk 0.3%

Max. power consumption/channel 10mw

The preamplifieris followed by a pole-zerocancellationcircuit andtwo second-ordefilters. The
additionof two morepoles,relative to thefirst versionof the chip, translatesnto a more symmetrical
responsait the outputof the preamplifier/shaper

The output amplifier, as a differential-outputtype, drives a 10 Bit ADC. The differential output
structureis lesssensitve to perturbations.

Thesimulatedmain outputsof the preamplifier/shapeshainareshavn in Figure5.4.
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Simulatedpreamplifieroutput,first shaperoutputand channeloutput+/outputsignalof the pream-

plifier/shaper They correspondo the block diagramin Figure5.3. As stimulusan equivalentinput chage of
165fC is used.

Consideration conceming input protection

The classicalprotectioncircuit of the chip I/O padsavoids effects of electricalover-stress(EOS).
Therearethreetypesof electricalover-stresq2]:
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¢ electrostatidischage (ESD)
¢ electromigrationslow wearout mechanisntausedy high currentdensities
¢ antennaeffect: chage accumulatioron gateelectrodesluringetchingor ion implantation

From all of these,ESD protectionmustcorrespondo a humanbody model (HBM) and machine
model (MM). For the TRD PASA, additional stressmay comefrom abnormaldetectorsignals(like
sparks).For a normalprotectionto ESD, verifiedl/O standardadsfrom AMS wereused.For negative
input suges,two diodesaretied to ground. Onediodetied to analogsupply protectsagainstpositive
input suges. To limit the peaktransientcurrentsandelectromigrationa resistorof 10.6 Q is addedin
serieswith the padinput. Thevalueof thisresistoris limited by noiseconsiderationFor example,for a
25 pF detectorcapacitancea 10.6 Q resistorincreaseshe overall noiseby 8%. For the next versionof
the chip, anadditionalarrayof resistorgo limit anddissipatethe positive input suigeswill beadded.

Someconsiderationsconceming latch-up protection:

MixedPMOS-NMOStransistorstructuresarepresenin mary partsof the PASA circuits. For exam-
ple,in asimpleCMOSinverter parasiticstructuref bothtransistorgorm aninactve PNPNsandwich,
having inversepolarizedjunctions. Due to a parasiticcurrentinto the substrateor to a parasiticelec-
trostaticcoupling,the PNPNstructurecanaccidentallypecomeconductve from VDDA to GND, like a
thyristor Thethyristormaybelatchedup andthewhole chip maybe destrged dueto high currents.

To avoid latch-up,two classicaimethodsareused[4], [5]:

e Electrostaticprotectve structurefor 1/0 pads,which allows low resistanceathsfor accidental
currentdike transient-typeurrents;

¢ Diffusion-typelow resistanceingsaroundMOS transistors.

Forthe TRD PASA, thelatch-upis preventedby:

Theuseof dedicatedyerifiedl/O standarcgadsfrom AMS

Guardringsfor eachMOS transistor

A separatguardfor eachanalogchannel

A complex guardof thetype’'P diffusion-n well -P diffusion’ is placedin betweerchannels

For eachchannelthedifferentfunctionalblocksareseparatedby guardcircuits

5.3.3 Prototypes

The first threemodelsof preamplifier/shapewere built at GSI-Darmstadivith discretecomponents.
Also, all weretestedn beamwith detectomprototypes.

As themaincomponentthefirst onehadthe currentfeedback-typ&AXIM 2 MAX4182 operational
amplifier. It wasusedo designaneightchannepreamplifiemodule.Having thecapabilityto changehe
inputimpedanceit wasalsousefulin determininghe optimuminputimpedancdor agoodsignal/noise
ratio and crosstalk. The main specificationdor 1600 Q input impedanceare: gain 0.7 mV/fC, noise
about11000e, andcrosstalkbetweeradjacenthannelsl0%.

The secondpreamplifier/shapewasalsobuilt aroundthe MAX4182 operationalmplifier, but in a
current-typeconfiguration.Having alow inputimpedancef about160Q, it exhibitedlow crosstalkfor
adjacenthannelqonly 2%). It hada gainof 1.3 mV/fC, andnoiseabout7000e.

2DallasSemiconductoMAXIM, wwwmaxim-ic.com
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Thethird preamplifier/shaparasa chage-sensitie type. With againof 2 mV/fC, CR— RCshaping
andanoiseof only 1500e anda crosstalkof 8% betweeradjacenthannelsit wasusedfor mostof the
measurementsith detectomprototypegseeChapterl4).

Thefirst chip, with 21 channelsywassubmittedatthe endof October2000. The 21 analogchannels
arebasicallyidentical. The only differenceis in the value of the input padresistance.Thereareeight
channelsvith 0 Q, eightchannelsvith 50 Q, two channelsvith 200Q, andtwo channelsvith 500Q, to
estimatetheinfluenceof the padinputresistancéo the overall noise.Oneadditionalchannelwith 50 Q
inputimpedanceallows monitoringof the signalsat eachstageof the preamplifier/shaper

Eachof the 21 channelss implementedhsa chage sensitve amplifier The mainspecificationsre:
gainabout5.2 mV/fC; outputpulseFWHM = 125 ns; shapettype CR — RC?; input dynamicrange0 to
330fC for 2 V outputsignal;andnoiseabout1500e. It waspartof a multi-projectrun, togethemith the
TPC preamplifieranda digital multi-port memory

The secondprototypeof the PASA chip hasthe characteristicpresentedn Table5.2 andwassub-
mittedto AMS in June2001. The photoof the layoutof this secondversion(18 channels)s shavn in
ColorFig. 5. Theevaluationof its performances undervay.

5.4 ADC

The requirementf the ADC for the TRD are summarizedn Table5.3. It shouldbe notedthat the
whole system,including eachMCM, will be actively cooledin orderto guaranteeenoughtemperature
stability. Therefore no particularrequirementsrepresentedvith respecto temperaturestability.

Table 5.3: ADC requirements

| Parameter | Value |
Resolution 10Bit
Digitizationrate 10MHz
Max Paver consumption 20mw
Input 2V differential(+/- 1 V)
Input bandwidth 5MHz

Max. differentialnon-linearity | 0.7 LSB for channeld0,517]
1.5 LSB for channelg512 1023
Max. integral non-linearity 1.0 LSB for channeld0,517]
2.0 LSB for channelg512 1023

Effective Numberof Bits > 9 Bit
Max. lateny 5.5clocks
Min. inputimpedance 100kQ
Max. input capacity 7 pF
Max. area 2 mn?
Max. channelo channel

variationson samedie 0.5%

The ADC coreswill beoperatedvith individual powver andthedigital chipsfloor planarrangeduch
thatthe ADCs aregeometricallyisolatedfrom the digital back-end.Oneof the ADCs will be usedfor
detectorcontrolandreadoutndependentlyrom the datareadouichannels.



5.5 TRDtrigger states 49

5.5 TRD trigger states

TheTRD triggeroperatesn differentstatescorrespondingo thedifferenttaskst performs.An overviev
of thesestatestogethemwith the associate@xternalstimuli, is sketchedin Figure5.5. The TRD default
stateis in stand-bywith all digital clocks switchedoff. A pretriggerstartsthe archial of the ADC’s
raw dataandthetradklet preprocessofTPP)andcomputeghe appropriatesums(seeChapter6). The
ALICE TriggersystemssuesalLevel-0(LO0) triggeratafixedlateny (about900ns)aftertheinteraction.
ThisLO triggeris thefirst confirmationof the TRD pretrigger ShouldthecentraltriggerprocessofCTP)
have decidednotto issueatrigger, the missingLO trigger(which constitutes LO rejectfor the TRD asit
startsearly) will leadto the TRD beingclearedabortingthetriggersequencasindicatedin Figure5.5.

TRD |€———— Pretrigger
| 0: STDb
» Stand-by 0.1pis (wake-up) y
Digitize
No LOA 0.9 us Tracklet  |2.0ps & millsummem.  10: TPP

| Preprocessof , g¢ USSR ion
* Generate
CLEAR Tracklet tracklets 120: TP
(500 ns) Procesor 7 o us (MIMD pCPU)
[
A A A A v
_ Ship tracklets 120: T™M
Data ship to GTU
4.5 ps
Ship 7.2ms #
raw data GTU S::Ifsr ate 0: STDby
r'y only one POR 4 us
Level 2 Accept #
Ship result Send Trigger 4. gyppy
; decision to CTB
to Trigger 6.1 s
o Wait for CTP
L1R; Reject .
! Idle L1 decision 0: STDby
) 6.5 s
LlR, Reject L1A
during readout Readout
FE Readout event buffers  120:TP,TM
40 ps

Figure 5.5: ThevariousTRD trigger statesrom pretriggerto readout.Note thatdatashippingthroughthe DDL
is doneconcurrentlyandindependenbf the TRD front-endelectronics.Thevariousfunctions(TPR TR, TM) are
labeledtogethemwith their associate@peratingclock frequenciesn MHz.

As it is describedn Chapter6, Section6.3 at the endof the drift time andwhenthe preprocessor
hasfinishedits task,the MIMD processocalculateghetracklet parameterandappliesthe configured
selectioncuts. After identificationof the tradklets they aretransposednto the TRD referenceplane
andformattedfor shippingto the GTU, which is completed3.9 ps aftertheinteraction.Datashipping
concludesatthe 4.5 ps mark, assuminga maximumof 40 tracklets perchamber Excesdracklets are
ignored.Thereadouis performedn anorderedway, suchthatthe globaltrackingunit canalreadystart
processinghefirst tracklets oncethey have arrived (seeChapter7). Theresultof the GTU processings
apotentialtriggeranda 36 Bit vector which definesheregionsof interestfor readout.Thisinformation
is shippedo the CTPatthe6 ps mark.

After deliveringthetriggerto the CTPR, the TRD trigger awaits the responsesLevel-1 (L1) accept
or reject. Notethe ALICE CTP doesnotimplementspecificL1 acceptandrejectsignals,but deliversa
L1 triggerat a definedtime slot aftertheinteraction(about6.4 us mark), like in the caseof LO triggers.
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However, for improved legibility andlessredundang a missingL1 triggerwill hereinaftetbe referred
toasL1 reject(L1R) andall triggerattheappropriatdime slotwill bereferredto asL1 accept{L1A).
TheTRD electronicoperatesn stand-bymode with all fastclocksdisabledo avoid excessnoise,while
waitingfor theCTPL1 triggerdecision.A L1 rejectwill abortthependingevent,placingthesystenback
into stand-bymode.However, aL1 accepwill triggerthereadoutf the eventbuffersthroughthesame
datapaththatwasusedto shipthe tracklet candidatego the GTU. The GTU implementsappropriate
readoutbuffers to absorbthe 216 GB/secdatastream. Shouldthe activation of the fastreadoutclocks
generatary noiseproblemsfor examplewithin the TPC,theL1 accepsignalcanpurposehibedelayed
transparentlvithin the TRD to thetriggersystem.

Thecompletionof thefront-endreadouteadsto clearingthe TRD electronicaandputtingthemback
into stand-bywithout further outsideinteraction. The given eventresidesnow in an appropriatesvent
buffer, which is implementedas part of the GTU. A Level-2 accept(L2A) will schedulehe eventfor
transmissioroff thedetector A L2 reject(L2R) will freetheappropriatebuffer space.The datatransfer
functionalityis independentf the TRD statesequencéreferto Chapter7).

It shouldbe notedthatthe TRD triggerelectronicds not pipelined.Onceenabledjt cannotprocess
ary othereventuntil it is cleared,which, in the caseof a L1 accept,canbe aslate as40 ps afterthe
interaction.For detailsof the TRD readoutreferto Section7.1.2. However, assuminga 200Hz accept
rate,which is the maximumTPC Pb-Pbgateopeningrate, the correspondingleadtime is 0.8 %. The
handlingof the correspondingrRD busy is discussedn Section5.7. For a detaileddiscussiorof the
timing relationshipbetweerthe varioustrigger statesreferto Section5.6.

Someof the actities do not dependupon eachotherand are executedin parallel. For example,
assoonasthe first datawordsarrive at the global trackingunit (GTU), they are processedatherthan
waiting for the completedelivery of all tracklets from the front-end. Further the datashippingto the
high level trigger or event builder systemis donein parallelupona L2A while the TRD front-endmay
alreadybeoperatingn stand-bythusincreasingts lifetime.

5.6 Trigger timing

For Pb-Pbrunning,the TPCtriggerrateis limited to about200Hz. In orderto inspecta larger number
of events,the TRD hasto derie its decisionprior to the TPC gateopening.On the otherhand,the TPC
drift beginswith theinteraction. Thereforeary triggerlateny effectively reduceshe active volumeof
the TPC. Givenadrift time of 80 ps, anoverall TPC pretriggerlateny of 6.5 ps correspondingo 8 %
of thedrift time is definedasanacceptabldaseline.

Figure5.6 outlinestheresultingsystemtiming. A very fastminimumbiasTRD pretriggerwhichis
gatedwith the TRD BUSY, is usedto wake upthe TRD electronics.This pretriggerbypassethe ALICE
CTP andis expectedl00 ns after the interactionat the TRD point of presenc€POP),from whereit is
fannedout to all the individual detectormodules(seealso Sections5.6.1and5.6.2). Given the large
surfaceareaof the TRD detectoy the definition of sucha referencepoint (POP)is requiredin order
to allow unambiguouglefinition of the requiredtiming relationships.The pretriggeris also copiedas
LO input into the CTP. The distribution of the TRD pretriggerto the variousMCMs requiresanother
200ns, correspondingo atotal of 10% of the TRD drift time for pretriggerdistribution asindicatedin
Figure5.6. However, thefirst 250 nsarenot crucialto bereadout, asthey containtheionizationof the
primarytrackfrom the amplificationregion.

Low-power ADCstypically implementaninternalpipeline. The particulardevice choserasbaseline
implementsa 5.5 clock pipeline, effectively storing5.5 analogsamplesin a kind of analogmemory
thusimplementingan equivalent pretriggerhistory of 550 ns at a digitization rate of 10 MHz, which
correspond$o 1/4 of the LHC clock. Thisis indicatedasvisible drift regionin Figure5.6. However, the
samedateny hasto beaddedattheendof thedrift time in orderto drainthe ADC’s pipeline.

As outlined in Chapter6, the computationof the sumsrequiredfor the linear fit can alreadybe
performedduringthedrift time. For eachtime bin, every ADC channelis checled to matchthe criteria
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Figure5.6: TRD Timing. Thetime axisis calibratedn unitsof LHC clocks,whereeachtick correspondso four
LHC clocksor about100ns.

power

for a clustercentroid. In suchcase,the appropriatelyderived entriesfor the sumsare calculatedand
storedin the channelssum-memorieaising read-modify-writecycles. In orderto influencethe ADC
performanceas little as possiblewith the associatedligital noise,the appropriatelogic is run at the
ADC digitization speed.Onemore ADC clock cycle is requiredat the endof the digitization periodby
the preprocessoin orderto provide it's results. To shortenthe lateng, the digital clocksare switched
to full speedoperatingmode,amountingto 120 MHz, at the end of the digitization. This reduceghe
preprocessopipelinelateny to 67 ns. Note thatat this point, (about2.55 ps aftertheinteraction)ary
digital noiseproducedwill affect neitherTRD nor TPC, asthe TRD datais alreadystoredin its event
buffersandthe TPC hasnotyet starteddigitizing.

Thepreprocessapipelineis fully drainedatthe2.55us mark,atwhichtheembedded/AIMD micro-
processostartsanalyzingthe varioustraclet candidatesUp to four tradklet candidatesreassigned
automatically one eachto a processothread,at the conclusionof the preprocessotask. Therefore,
thetradklet processingime is independenbf the numberof tradklets. The availabletime for tracklet
processin@ndselectionis 1.5 s .

Eachidentifiedtraclet is forwardedto the global trackingunit usingthe high-speed'RD readout
tree.Sincethereadoubf eachchambeis orderedtheglobalprocessingf thefirst regionsof achamber
canhappernwhile otherpartsarestill beingreadout. However, thereis aminimumreadoutateng, which
correspondso theworstcasereadoutiime of thefirst tracklet candidatesNo pipelinedprocessingan
be doneduring this time, amountingto 200 ns asindicatedin Figure5.6. The remainderof the data

shipping,which corresponds$o a maximumof 40 tracklets perchamberis overlappedwith the global
trackingof the GTU.

Thefirst andlasttradlet arrive atthe GTU atlatest4.3 us and4.7 ps aftertheinteraction respec-
tively, allowing 1.3 ps for theglobaltrackingfunctionality It shouldbepointedoutthatthisfunctionality
will beimplementedn FPGAs,runningatatargetclock rateof 40 MHz.

The TRD triggerdecisionhasto be determined us aftertheinteraction,allowing atotal of 500ns
for shippingit to the CTPandbackto all involved detectorsn caseof aL1 accept.
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5.6.1 Clock distrib ution and clock domains

In orderto reduceclock noise,all TRD clocksare derved from and synchronizedo the LHC clock.
It is distributed usingthe RD48 Trigger, Timing andControl (TTC) system.Eachdetectorimplements
oneTTC recever moduleasmezzaninecardtogetherwith the appropriateslonv controlsfunctionality
which fansout the systemclock to about200 clock nodesper chamberusingthe IEEE 1596.5LVDS
standardl]. Thesignalfan-outis implementedsuchthattheindividual skew betweerthevariousclock
nodess minimized. Clock rateshigherthanthe LHC clock aregeneratean thedetectorsisingPLLs.

Thereadouttreerunsat 120 Mwords, usinga 120 MHz clock. The digital processorlsooperates
at120MHz, while thereadoutandtracklet preprocessooperatesat 10 MHz or 1/4 of the LHC clock,
usingthe sameclock asthe ADC.

In orderto keepthe digital electronicsasquietaspossibleandto save power, all digital clocksare
gatedandswitchedoff whenthe TRD is idle. The only exceptionis the differential clock fan-outand
thePLLs, which cannotbestartedquickly. The ADCsanddigital filter for tail cancellationhowever, are
keptrunningduring stand-bylik e the preamplifiercircuitsasthey cannotbe enabledjuickly enough.

After a pretriggey the 10 MHz clock to thetradklet preprocessois enabledor the durationof the
drift time. After 2.55 us, the fast 120 MHz clocks are enabled,startingthe multiprocessorand the
tracklet readoutto the GTU. Uponcompletionof thetracklet readoutthe variouschipsfall backinto
stand-byoperation.They arere-enabledy eithera L1 acceptor aL1 reject, performingthe necessary
cleanupin orderto getreadyfor the next pretrigger The clock usageand correspondingpower con-
sumptionis indicatedin Figure5.6. In this context it shouldbenotedthatthelifetime of the gateddigital
circuitry is asshortasa few microsecondper activation. Therequiredenegy for this actvity will be
storedin filter capacitorssuchthattherewill not be large currentsswitchingon the power distribution
linesif the TRD is activated.

5.6.2 Distribution of fast signals
EachTRD MCM requireghefollowing fastlogical input signals:

e Synchronizedtlock reference

Pretriggerat TRD point of presenceavithin 100 nsaftertheinteraction

LO accept/rejecat configuredfixed LHC clock

L1 accept/rejecat configuredfixed LHC clock (only afterLO accept)

L2 accept/rejecatundeterminedime in chronologicalorderfor eachL1 accept

All thesesignalsaredefinedwith respecto the LHC clock. In orderto guaranteehe correctphase,
all LHC clock-relatedsignalsareroutedtogethemwith the clocksfor thegivendevice.

The systemdefault stateis stand-by operatingat minimum power. The first TRD trigger is the
pretriggerstartingthe system. The front-endchipswill continueprocessingaccordingto the time line
assketchedin Figure5.6 until a triggerdecisionis deliveredto the CTP. During this processthelogic
canbe abortedary time, which is doneby assertinghe TRDTrigger signalfor at leasttwo consecutie
clocks.

Thepretriggeris themosttime-criticalsignal. Table5.4 shavs a breakdavn of all latenciesnvolved
in transmittingthe pretriggersignalto all MCMs. Negative latenciesare definedas signalsarriving
early The mostefficient way to avoid additionaltrigger cablingis utilizing the TTC system,which is
goingto be usedfor thedistribution of the clock signals.The TTCvi modulewill forward minimumbias
pretriggersasTTC LO acceptnits A channelonly if the TRD electronicsareoperatingn stand-by It
shouldbenotedthatthe pipelinelateny of the ADC choserasbaselinaallows for muchlargerpretrigger
latencies.However, the ADCs digitization lateny is technologydependenandcanbe aslittle asone
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clock. Therefore,in orderto allow for other ADC technologiegreferto Section5.4), this requirement
is not relaxed. On the otherhand,in the event the final ADC doesnot implementa pipeline andthe
pretriggerresultsin an unavoidablelarger lateny asspecifiedhere,an appropriatedigital pipelinecan
be implementedwhich would have the advantageof not addinglateny at the endof the drift time as
the pipeline ADC does. Sucha digital pipeline,however, comesat the price of moredigital circuitry
continuouslybeingoperated.

Table5.4: A breakdevn of all latenciesnvolvedin distributingthe TRD pretriggersignals.The sameparameters
areapplicableto the otherfastinput signals.

| What (source) | t/ns | [tmin.tmax]/ns | clocks |
Interactionto TRD point of presenceénput (ALICE requirement)| +100 [100150 | 4...6
TTC systemlateny (RD12measurement) +68 65,100 | 3...4
Signal propagationincluding fan-out(20 m, eachTTC fan-out| +100 [50,150 4
countsfor 1 m)
Clock/Trigger signalsfan-outon detector(2 stagesestimated) +15 [10, 25|
Signalpropagatioron detector(3 meterestimatedperiodicsig- | +15 [10,20]

nalscanbe adjustedo compensatéatengy - trigger signalscan-
not; all signalsarerelative to referenceclock)

Sum total +298 [235445 12
PipelineADC @ 10 MHz (5.5 clocks) —550 [0,600 25
Ignorebeginningof drift time —250 [20030Q | 8...12
Total TRD Pretrigger latency (negative meansearly) —-502

TheTRD Triggersystemis notpipelinedandis thereforeBUSY startingwith the pretriggeruntil the
readoutof the front-endbuffers completesor the eventis aborted. This allows for the useof the same
trigger input (hereinaftereferredto as TRDTrigger) for differentfunctionsdependingon the stateof
the TRD trigger Differentinputsat onestatecanbe encodedn pulselengthasmultiple back-to-back
triggersare not possible. The signal TRDTriggeris fannedout to all front-endsystemsas TTC LOA
triggeron the TTC A channel. For examplea pulseof the TRDTrigger during the TRD idle stateis
consideredh pretrigger a TRDTriggerpulseat the 900 nsmark (LOA time slot) is a LO trigger Longer
TRDTriggerburstscanbe usedto encodeotherfunctionality suchasclears.

Thefixedlateny of the ALICE Triggersystems LO triggerallows implementatiorof a LO rejectas
amissingLO trigger This conditionis detectedatthe TTCvi root module. In the caseof a missingL0
trigger, two consecutie LOA triggersaretransmittedhroughthe TTC systento all chambersThelogic
requiredto generatehethis pulselengthclearcodeof the TTC LOA signalis requiredonly oncefor the
entiredetector

After deliveringthe TRD trigger decision,the systementersa wait state(idle state)while awaiting
receiptof the CTP'sL1 decisionasanotherTRDTrigger pulse,whichis now interpretedasa Ll accept.
ThisL1 accepiallowsto startthereadouf the TRD front-endbuffersatary time afterthe TRD entered
this idle state. Thus this readoutcan purposelybe delayedpastthe TPC drift time in caseof TPC
coincidenttriggersin orderto keepthe TRD electronicschainquiet during the TPC drift, shouldthis
becomea noiseproblem.However, suchfunctionalitywould beimplementecat the TTCvi root module
like the LO clearfunctionality which is entirely transparento the CTP. Note thatthe CTP’s decision
canbe completelyindependentf the TRD’s trigger suggestionyesultingin TRD L1 acceptsafter a
TRD rejectandvice versa.However, no L1 accepts expectedby the TRD without having receved an
appropriateretrigger
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The L1 acceptresultsin the readoutof the front-endsystem,and thus allows releaseof the TRD
BUSY assoonasthis function completes.The systemreturnsto the stand-bystatewhile awaiting the
next pretrigger

Thedatareadouthroughthe detectorlinks is triggeredupona L2A. The L2A andrejectsignalsare
not requiredat the detectorfront-endandare shippedto the appropriatefunctional units of the global
trackingunit. TheLevel-2 (L2) decisionsarein isochronou®rder thussimpleaccept/rejecsignalpairs
areadequateA L2R simply freestheappropriateeventbuffer spacewithin theglobaltrackingunit.

Thearchitectureoutlinedabove allows theimplementatiorof thelocal trackingunits (LTU) assim-
ple statemachinesthat operateafter a pretriggerup until they receve a clear Only two fastsignals
(TRDTriggerandclock) arerequiredto bedistributedto all MCMs. TheLTUsimplementtheadditional
featurehandlingtheassertiorof the TRDTriggersignalfor two or morecontiguoud.HC clocksasclear
No specificclearsignalis required. This scenariooperateshe TTC in a simplified mode, using the
LOA channelfor all synchronougriggers. However, given the shortlateny budgetfor the pretrigger
the TTCvi root modulewould have to be locatedcloseto the TTC point of presence Shouldthis turn
outto bea problem,thenthe pretriggerhasto be distributedindividually. Therestof the signalcoding
would remainunchanged.The implementationof this coding canbe donein a simple programmable
logic device (PLD) aspartof the TRD triggerlogic.

5.7 Interface to the ALICE trigger system

The TRD requiresa fast pretriggeras a wake-up signal. The sole purposeof this signalis to allow

the operationof the digital componentswvithin the systemin low-power modewhile the systemis in

stand-by The timing requirementdor this signalare discussedn Section5.6. The pretriggerhasto

beissuedbeforethe ALICE CTP hasissueda LO trigger It is implementecasa minimum-biastrigget

Further in orderto have cleaneventswithin the TRD, particularlyfor Pb-Pbrunning,the TRD requires
the pretriggerto be pre-historyand pile-up protected. Future protectionis implementedby rejecting
appropriateile-upeventsatL1 time. All TRD relatedtriggershave to be countedbeforeandafterdead
time by the CTPin orderto allow propercalibration.

Giventhoserequirementsthe integration of the TRD is morecomple thana canonical stateless,
dead-timdreetriggerdetectomor agenericdetectorwhichis triggeredby LOA or L1A, suchasthe TPC.
Figure5.7 sketcheghe architecture The critical pathtiming of the pretriggeris designatedby the thick
line (thesignal). Thepretriggelis issuedoy afastminimum-biagriggerdetectorwhichis routeddirectly
to the TRD usingthe shortespossiblepathin orderto minimizeits latengy. A secondndependentopy
of thesignal,whichis lesstime critical, is routedto the CTP. In orderto avoid unnecessarilyvaking-up
the TRD electronics the pretriggeris to be issuedonly in caseof a cleanhistory This functionality
hasto be implementedby the TRD systemasit is in the critical pathof the pretriggerandthetime to
route signalsto andfrom the CTP would far exceedthe maximumallowable lateny. The cleanTRD
minimum biassignalcanbe recreatedy the CTP. In general pastprotectionis easilyimplementedoy
usinga retriggerableone-shotwhich s triggeredwith the minimum-biastriggerandwhich hasa decay
time correspondindo the TRD drift time. Theresultingpretriggersignalis relevantonly in caseof the
TRD beingidle, whichis sketchedn 5.7, by gatingthe cleanminimumbiassignalwith the TRD BUSY
status.The TRD BUSY itself is startedby eachvalid pretriggerandclearedeitherby rejectingthe event
or afterthe L1A relatedreadouthascompleted. The valid TRD pretriggerwakes up the TRD digital
electronicsandstartsthe TRD statemachineassketchedin Figure5.5. This signalis forwardedto the
CTPR whereit is treatedasregular LO triggerinput. All trigger classesincludingthe TRD, requirethis
signalto bepresent.

A TRD pretriggemayor maynotresultin anappropriatéelf RD LO trigger Notreceving aL0 trigger
at the specifiedtime slot will be handledasanabort. Shouldthe TRD receve a L0 triggerat ary other
time, anerroris flaggedandthe triggeris ignored. Sucha scenariovould mostlikely be causedoy LO
triggerclassesnvolving the TRD, but withoutrequiringthe TRD pretriggerasinput.
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Figure5.7: TRD PretriggerarchitectureNote: the TRD past/futureprotectionis implementedasprogrammable
counters,and such can be configuredwithin a rangeof 1...100 us. The pastprotectionlocatedon the TRD
detectoris logically part of the CTP andconfiguredby the CTP in orderto guaranteeoherentconfiguration.in
caseof coincidentrunningwith anotherdetectorequiringa largerpastprotection suchasthe TPC,the TRD past
protectionwill be adjustedaccordingly

After receiptof the LO, the TRD trigger will proceedto determineits trigger decision,which it
forwardsto the CTP atthe 6 us mark, andwhich mayresultin eithera L1 acceptor reject,depending
onthetriggerclassor classes.

The TRD canbe abortedat both LO andL1 time. It shouldbe explicitly notedthatthe TRD will
abortonly uponanappropriateCTP decisionandnever by itself. Any pile-uprelatedabortshave to be
issuedby theCTPR.

Pastandfuture protectionis standarctircuitry, which is implementedoy the CTP. Anotherdetector
requiring suchlogic is the TPC. The only variationis the differenttime constantof 2 ps insteadof
80 us in caseof the TPC. The factthatthe pastprotectioncircuitry is mirroredby the TRD shouldbe
consideredas an implementationdetail solely driven by the pretriggerbeingin the critical path. The
appropriatdogic within the TRD front-endwill be connectedo the Trigger DCS in orderto ensure
coherentonfiguration.However, only a very smallnumberof parameterss concernechere,which do
not changeoften. Architecturally the pastandfuture protectionlogic hasto be partof the CTPin order
to allow for propercross-sectiogalibration.All futureprotectionis implementedy the CTPandresults
in rejectingpile-upeventsatL1 time. However, in orderto reducetheoverall TRD deadtime andpower
consumption,TRD pile-up shouldalsobe usedas qualifying input to the appropriatelO trigger This
resultsin all pile-up eventshappeningduring the first half of the drift time beingrejectedbeforethe
high-paver digital circuitry is evenenabled.

The TRD BUSY signalis not requiredfor normaltrigger operationasit is alreadyincludedin the
TRD pretrigger Thisis alsodrivenby thelong roundtripdelaysto andfrom the CTP. However, in order
to allow for propercountingof before/aftedeadtime, this signalis sentto the CTP.

It shouldbenotedthatthe TRD BUSY mustnotbequalifiedfor triggerselectiorasthiswould always
prevent TRD LO triggersdueto the natureof the TRD startingearly with the pretriggerand,thus,also
assertingts BUSY early
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In summarythe TRD will deliver to the trigger systemits dead-timestate(BUSY) plus the TRD
triggerbits, consistingof onebit for eachtriggertype plustheregion of interestbit maskselectingsector
andhemispherg¢2x36Bit). All othertriggersignalsrecevedfromtheCTP(LOA, L1A, L1R,L2A, L2R)
arerecevedcentrallyatthe TRD pointof presencanddistributedappropriatelywithin the TRD.

5.8 Multi-Chip Module (MCM) overview

Thenumberof channelgperMCM is drivenby variousparametersesultingin thechoiceof 18 channels
perMCM. Ononehand,thetracklet preprocessoarchitecturaequiresonly processingf neighboring
padsof one padrow. The preamplifierinputs are the direct pad signals. In orderto minimize the
padcapacity signalcrosstalkand pad-to-padvariations,the maximumlengthof ary given padtraceis
limited to about100 mm. Further the numberof channelgper MCM or local trackingunit (LTU) and
preamplifierchip (PASA), respeciiely, drivesup thechip size,andthusdrivesdown theyield. However,
this additionalcostis offset by the productioncostof the MCM itself, which doesnot scalemuchwith
the numberof channelsasone channeladdsonly one analoginput anda few bondingwires because
mostof the additionalcircuitry is consolidatednto the LTU onthe MCM. Theresultingoptimumis 18
channelperMCM and8 MCMs perpadrow.

A numberof scenariosvasiteratedwith respecto the architectureof the MCM. The original ap-
proachof ratherlarge readoutboardsrequiredthe MCMs to be mountedusingmezzanineconnectors.
Thereforethe only component®n the motherboardsvould have beensuchconnectorssimplifying the
production.However, evenin thatscenariothe costfor justthe connectorsvasratherhigh.

The baselinescenario(refer to Chapter4) implementssmall enoughreadoutboards,so that they
couldbe mass-producedsingstandardoroductionfacilities. This architecturakchoiceenabledheim-
plementationof the MCM as Ball Grid Array (BGA), which can be producedand solderedwithout
requiring expensve mezzanineonnectors.The disadwantageis the increaseccompleity for replace-
mentof agiven MCM. However, takinginto accounthe effort requiredto remove achambeifor repair
theadditionalBGA solderingto replaceanMCM becomes minorissue.Ontheotherhand,thenumber
of I/O pinspermoduleis now a smallcontritution to the overall cost. The choiceto usesolderedBGAs
asopposedo MCM mezzanineardsmountedvia connectorsesemblestrade-of betweeroverall cost,
materialbudgetandmaintainability

5.9 MCM prototypesand performance

5.9.1 Prototype Motherboard

Thefirst digital chip thatwasdesigneds a prototypeof the tracklet preprocessofTPP)in the AMS
0.35um processwhichalsoimplementsappropriateeadoucircuitry. Oneof thegoalsfor thischipwas
to betterunderstandhe noiseintroducedby the closeproximity of fastdigital clocksandsensitve ana-
log preamplifiersin orderto testthetracklet preprocessaprototype togethemwith thewell-understood
existing discretepreamplifier an appropriatemotherboardvasdesignedhostingboththe tracklet pre-
processoandthedigital readoutchip. Figure5.8 shavs thedevice. It hostseight ADCs, thedigital chip
in the ceramicpackageandsomeadditionalglue logic for generatiorof miscellaneousignals,suchas
clocks.

5.9.2 Prototype MCM

Theblock structureof the MCM reflectsthe alreadydiscussedonnectiordiagramof the tracklet pre-
processoiprototypel with eight channels:PreamplifierChip with 8 analoginputs/outputs,10 ADCs
(includingtwo neighbouringchannels8 Bit NSC2 ADC08351) thetracklet preprocessaitself, andthe

3NationalSemiconductgmmwwnational.com
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Figure 5.8: PrototypeMotherboard.

connectors.Therearetwo possibilitiesto deliver the dataof neighbouringanalogchannelsof MCMs:
analogor digital. In thefist casetherearetwo extra ADCs onthe MCM thatdigitize the analogsignal,
coming from the neighboringMCMs. In the secondcase,the digital outputsof the boundaryADCs
from adjacenMCMs arefedin parallelto theMCM. Thetradklet preprocessoprototypel has5x 8 Bit
inputsfor ADC data; eachof the two ADCs are combinedtogetherwith a commonreadoutbus and
multiplexed in time. This is possible,asthe ADC samplingrateis 10 or 20 MHz, while the tradlet
preprocessarorksatthe4x speed40or 80 MHz). Thetwo ADCs, belongingto thesamereadoutous,
have 18 commonpinsandonly the OE (outputenable)andVin (analoginput) lie on differentnetworks.
We decidedto solderthe secondADC directly ontothe first one,while the two pins mentionedabove
are connectedo the boardvia small vertically-mountedSMT 0 Q resistors. This topologysavesa lot
of spaceandvias on board. Sometechnicaldetails:the MCM is a twin-layer board,andwith minimal
distances/routevidths 6 mil/6 mil (152 um), the sizeof the boardis 51 x 40 mn?. Therearetwo FPC
connectorg30 pins)for interMCM communicationpneFPCconnectoi(18 pins)for the commandous
andone FPC connector(18 pins) for the analoginputs. All FPC connectorsare commercial0.5 mm

pitch connectorgeg. HARWIN#).

Thefirst MCM wasmountedon a smalluniversalboard. Color Fig. 7 shavs a photowith boththe
preamplifieranddigital back-encchipintegrated. The ADCs areimplementedasdiscretechipswith two
stacledontop of eachotherin orderto save space This carrierboardcontainghevoltageregulators(two
3.3V, 0nel.65V), aquartzoscillator andnormalconnectorsor easiettests.Thedigital control/readout
wasmadeby an universalPCI I/O board(alreadyusedfor testsof the tradklet preprocessor)Dueto
difficultiesat bondingof thedigital chip, someinputsfrom onepair of ADCs wereaccidentallyshorted
to groundandthereforethe correspondingwo ADCs werenot solderedon the MCM. The primaryaim
of the MCM wasnotto testthetradlet preprocessoasa digital chip, but to testthe MCM technology
andto estimatethe performancaevhenwe putin closeproximity a high-speediigital chip (TPP),several
pipelinedADCs, andavery sensitve analogchip (PASA).

Figure 5.9 shaws the digital outputof one ADC with reducedreferencevoltage. The input of the
correspondingreamplifierchannelwasopen. If thereis a signalappliedto anadjacentchannelof the
preamplifier(sothatwe have maximalamplitudeat the preamplifieroutput),thereappears disturbance
for 1-2time bins,with amplitudel-2 LSB of the ADC. If we shorttheinputof the preamplifierto ground
andapplythesamesignalto theadjacenpreamplifieinput, we donotseeary changeattheoutputof the
ADC. In this case however, thefirst stageof the preamplifierwith groundednputis out of DC stability;
while the secondstageof the preamplifiens still DC stableanddeliversnormalvoltageto theoutput.In
Fig. 5.10the shapegulsesmeasuredrom six ADCs areshavn. Thereis aslight shapevariationin one
of thechannel.

4“HARWIN Componentsywwharwin.com
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Figure 5.10: Superpositiorof all analogchannelsdigitized with the ADCs on the MCM and readoutby the
tracklet preprocessoThe ADCs areimplementedasdiscretechips.

5.10 Designfor test

Forahighyieldin the productionof multi-chipmodulesijt is essentiato verify thechipsbeforebonding.
Therearetwo chipsontheMCM, whichwill haveto betestedndependentlyprior to assemblyHowever,
thistestingrequiresonly simplefunctionalitytestingasit alreadywill identify mostof the brokenchips.

5.10.1 Preamplifier

A cheapandfastsolutionfor analogfunctionaltestingis the useof afactorystandarcautomaticdigital
tester A 4 Bit DAC will beimplementedn the preamplifierdie togethemwith the appropriataneango
inject differentchages,definedby the DAC, into the preamplifierfront-end. The highestDAC setting
wouldcorrespondo a PASA outputpulsewhich hasanamplitudecloseto the ADC full scale.Thispulse
canbeeasilymeasuredby thedigital testerif its readouthresholdsreadjustecappropriatelyCaremust
betakenin orderto preventthis circuitry from increasinghe preamplifiers channel-to-chanherosstalk
andinput capacitanceA simpleinternalstatemachines programmedhroughan externalsingle-ended
two-wire serialinterface, suchasPhilips’ 12C. This statemachindmplementsoneenablebit perchannel,
thusallowing ary combinationof channeldo be activated. The DAC is programmedhroughthe same
interface. Theclock requiredfor thistestcontrolleris heldlow duringnormaloperationthuskeepingthe
logic in stand-byandnotgeneratingry digital noise.This circuitry allows simplefunctionalverification
of the preamplifierchip while being operatedon a digital testerand using its digital inputs with an
adjustablehreshold.

5Philips Semiconductorsywwsemiconductar: philips.com
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5.10.2 Local Tracking Unit (LTU)

All majorbuilding blocksof theLTU will beencapsulatetly JTAG boundaryscanlogic (IEEE 1149.1),
allowing for the isolation and diagnosticsof errors. However, sincethe LTU implementsa multi-
processqrin-situ self-testingis implementedwhich includesthe testingof all internalmemoriesand
registers. The event buffers canbe uploadedwith simulatedevents. The tradklet preprocessocanbe
configuredto procesghis data,insteadof readingthe ADC outputsandfilling the event buffers. The
testroutinescanbe uploadedquickly via the readouttreewhenconfiguredin uploadmode. Giventhe
availablefour processokernels,four testinstructionscanbe executedper clock cycle, for example,si-
multaneouslytestingfour regions of the datamemory thusallowing shorteningof the testtime. This
moderesultsin thetestvectorsbasicallyuploadingthe testprogramanddata,providing the clock, and
expectingthetestresults.

5.10.3 MCM testing and verification

After assemblythe MCMs requiretestingandburnin. Thetestinfrastructurerequiredshallbeassimple
aspossiblein orderto allow alarge numberof modulesto betested.Allowing six monthsfor thetesting
of all MCMs for the entire detectorrequires,for example,the completionof one MCM per minute,
assumingneight-houmwork day Theseestsareexpectedo beperformedperiodicallyin-situwhenthe
detectoris idle. TheMCM shallbeableto completesuchtestingwith a minimumof externaladditional
logic. Thelist below specifiesthe MCMs self-testfunctionality

e verificationof checksunoninternalcodeanddataRAM

e memoryread/writetestingon all internalmemoriegcode,data,eventbuffer, look-uptables,con-
figurationregisters)

e processoconfigurationsynchronization
o testof coreregisterfile

o testof tracklet preprocessdry uploadingsimulatedeventsfirstinto eventbuffers,thenconfiguring
thetradklet preprocessoto acceptinput from the eventbuffers ratherthanfrom the ADCs, and
finally by performingaregulartriggerandverifying theresultsin the summemories

e measuremerdf supplyvoltagewhile switchingon fastclocks
e measuremertf tradklet processochip coretemperatureluringburn-in andin-situ

¢ injection of testchage (6 Bit granularity)into ary individual or groupof preamplifierchannels,
allowing the measuremenif crosstalkandlinearity of eachindividual channel.

¢ measuremendf analogsupplyvoltageduringacquisition

EachMCM will carryanuniquelD. Testandrepaircycleswill bearchivedin adatabas@andstored
for thelifetime of theexperimentbasednthisID. TheMCM testsoftwarerunningonthetradklet pro-
cessowill utilize its readoutbusin orderto forwardstatusandprogressnessageto thetestervironment.
This scenaricallows alarge numberof MCMs to betestedsimultaneously
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6 Electrontrigger with the TRD

6.1 Physicsmotivation

The study of rare probeswith crosssectionsin the orderof ~ 100 pb (correspondingo probabilities
per collision of ~ 10~°) to diagnosethe propertiesof the QGP requiresdedicatedriggersto enhance
the eventscontainingthe signals. Especiallyelectromagnetiprobesthat are not affectedby hadronic
reinteractionsand thereforeprovide the mostdirect view of the reactionscenarioneeda substantial
effort dueto theirsmallcrosssection.Equallyrarearethe electromagnetidecayf hadronresonances,
of which the heavry vectormesonslyy andY areof specialimportancedueto the expectedsignatureof
theiryield for specificplasmaconditions[1-3].

The ALICE dataacquisitionhasto sene all the different paralleltrigger requestdor the various
physicsobsenrables;for the sale of the presentiscussiorit is assumedhatthe bandwidthavailablefor
high p; electronphysicsis limited to an equialentof 20Hz of centralevents. Underthoseconditions
about2- 10 eventsperyearof ALICE operatiorwill berecordedor the TRD trigget

To testvariousmodelsand resole ambiguitiesit is of utmostimportanceto measuredifferential
distributions,i.e. thetrans\ersemomentunip;) andthecentralitydependencef thesignals.A triggeris
especiallyneededor i) large transersemomentaof theresonancethataretypically suppressedueto
theexponentialfall-off of thespectraandii) for largeimpactparameteeventsfor which the probability
to producetheinterestingprobess substantiallyreduced.

In orderto make a variety of physicssignaturesaccessiblgéo ALICE with sufficient statistics,the
TRD triggeris designedo i) find andselecttrackswith transersemomentaof more than 3 GeV/c, ii)
separatelectrons from pionsandiii) allow to computecorrelationquantitieslik e the invariantmassof
trackpairsor the multiplicity in spatialregions.

Thephysicsobserablesthatbenefitirom the TRD triggerare:

¢ J productionatlarge trans\ersemomentum

e Y production

e TheThermalDilepton Continuumin theinvariantmassrangefrom 4 to 9 GeV/c
e Jetproductionwith JetEnegiesof morethan100GeV

Thedi-electroncapabilityof the TRD will beusedio measur@bserablesatmidrapidityandthusde-
livers(complementaryo the di-muonarm)valuableinformationfor the diagnosticf the plasmaunder
themostcleanconditionsj.e. atthehighestenegy densitycombinedwith thelowestnetbaryondensity
An uniqueadwantages the possibilityto correlaterareprobeswith the otherinformationobtainedwith
thecentralALICE detectoiin the samerapidity intenval on anevent-by-eentbasis.

To male efficient useof the solid angleavailable for the TRD, the trigger systemhasto cover the
whole rangein rapidity and transyersemomentumwith a high anduniform efficieng. The systemis
designedor a minimum bias measuremenginceimportantinformationis containedn the production
ratestherareprobedfor differentimpactparametef2, 4].

Thereis a large uncertaintyaboutthe multiplicity to be expectedfor Pb-Pbcollisionsat LHC en-
emgies (seediscussiorin Chapterl?2). The systemworks well even for the maximumpossiblecentral
multiplicities of dN /dy = 8000,but substantiaimprovementsareachiezed for minimumbiasconditions
or if thecentralmultiplicity is significantlybelonv 8000.
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6.2 Concept

TheTRD trigger(andthewholedetectiorscheme)s implementedo selecton high p; electronpairsex-
ploiting the transitionradiationsignatureon a5 ps time scale.Thereforethe triggerschemes organized
in thefollowing way (seeFig. 6.1):

TRD detector
6 layers

=) GTU (="

Figure 6.1: Triggerscheme.

1. Local track sggment(tracklet ) searchindependentlyin all chambersof the detectorin parallel
processorsalledLocal TrackingUnits (LTU).

2. Selectionof stiff trackletsby meansof maximaldeflectioncomparedo thatexpectedfor straight
(p; = ) trajectories.

3. Computationof particle identification (PID) information basedon the total enegy lossandthe
depthprofile of the depositecenepy.

4. Shippingof datafrom all stiff trackletcandidategp; >2 GeV/c)to aglobaltrackingunit (GTU).

5. Selectionof high transersemomentumcandidatesy requiring a sufficient numberof meiged
tracklets(3 out of 6) with aglobaldeflectioncorrespondingo p; >2.7 GeV/c.

6. Computationof the global particleidentificationinformationfrom combinationof the local PID
measures.

7. Globalcountingof positve andnegative track candidategpossiblyalsowithin a givenarea).

8. Computatiorof two-particlecorrelationquantitiedik e theinvariantmass.
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9. Transmissiorof theresultto the ALICE trigger (CentralTriggerProcessor).

Theidentificationof interestingohysicssignalsby the TRD requirego inspectall Pb-Phinteractions
for theoccurancef rareprobesj.e. thetriggerhasto run atminimumbiaseventrates.Sincethegating
grid of the ALICE TPC cannotbe openedat this rate the trigger decisionbasedon the TRD detector
alonehasto becomeavailableon atime scalethatis shortascomparedo thetotal drift time of the TPC
(Trpc = 88 ps). A decisiontime of about6 ps is consideredacceptablesincethe delayin openingthe
gatinggrid involves at mosta shorteningof sometracksin the TPC at large forward/backvard polar
angles.Alternatescenariodik e openingthe gatinggrid with the minimum biastriggerrateandclosing
it with the non occuranceof the TRD trigger arealsounderdiscussion.In ary casethe whole trigger
sequencaeedgo becompletedwithin amaximumdecisiontime of about6 ps.

With the envisionedmaximummultiplicities of up to 20000primary chagedparticlesin the accep-
tanceof the TRD detectorthe implementatiorof the trigger schemedictatesa massvely parallelcom-
putingmodel. Themostdemandingpartis the onlinetrackingof thefull eventwith high enoughquality
to selecteventsthat occurwith probabilitiesof the orderof 10-°. The whole architecturedescribedn
thefollowing is optimizedto achieve this goal.

6.3 Hardwareimplementation

Within thedetectoenormousmountof data

ia”a"’g data areproducedon the lowestlevel, which have
- to be processedn a very shorttime. To re-
anne . .
{(AID conversion 1-156-03} duce the incoming data volume as early as
- possiblesuccessie selectionstepsareimple-
5 28.9 MByte . .
£ | [1457BIs (2 ps drify mented. Figure 6.2 shavs the different pro-
i cessingstepswith the associatecamountof
Chip Module
{ (linear fit e4.224} data.

1 MB (max. 4 tracklets/ MCM)
15.4 TB/s (one 240 MB/s link per MCl

readout tree|

Y
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(datalink) | 2%©

86.4 kB (max. 40 tracklets/chamber)
216 GB/s (400ns readout)
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Y
GTU
(global tracking a
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Figure 6.2: Trigger SystemOverview

6.3.1 Trigger concept

The basicideaof thetrigger systemis to find high-momenturnrelectronsand separateéhemfrom pions
by areconstructedrack line anda transitionradiation(TR) signature.The electron-pionseparations
performedvia the TR photonswhich areprimarily detectedat the endof the drift-time (seeFigs.11.10
and 14.20). The track reconstructioralgorithmtakes the known track modelfor high-p; particlesinto
account.Suchparticletracksareessentiallyperpendiculato thereadoutchambergpadplane ,negylecting
theLorentzangleandthefactthatthechambersreflat. For a detailedgeometridayoutof thechambers,
referto Chapter2 and4. Only a small numberof channelss requiredto readout a completetrack,
allowing for theimplementatiorof atraclet reconstructiorenginein a highly parallelfashion.In the
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following we will referto atracklet asthe segmentof a trackin onereadoutchamber Trackswith a
largeinclinationangle,andthusalow transersemomentumarenotincludedin thetrackingmodeland
arethereforeignored.All spacegoointsabore onegivenpadareconsideredo belongto thesametradklet
and areincludedin a straight-linefit. This methodperformsworse as the occupang increasesand
eventuallyfailsin caseof amulti-track pileupabove agiven pad. This hasbeentakeninto accounin the
microscopicsimulationsof thetrigger (seeSection6.4). Trackswith alarge deflectionanglecrossinga
stiff trackwill distortthe positionresolutionin theregion of overlap.However, the correspondingileup
clusterscanbe detectedat the hit level andwill be excludedfrom thefit.

A

Pad-No.

MCM m+1

MCM m

| 0
B 2 \b T
timebin i

Figure 6.3: Thetradklet fitting principle. The padrow runsin y direction. Thedrift directionis radial.

An overview of thetrackingprincipleis sketchedin Fig. 6.3. The ordinateidentifiesthe padrow of
the detectoralongwhich thetrackis bentin the magneticfield. The abscissahavs the drift direction,
discretizedn a numberof time bins (configurableup to 32). Thetriggersystemcalculategor eachtime
bin andchannekhe positionof a clusterbasedon chage sharing.

Dueto the padresponséunction,on average 2.4 padsarehit by a high momentuntrack. Padswith
a local maximumin chage depositare selectedandthe precisey position of the correspondindit is
determinedrom the pulseheightof this padandits two neighborsfor every time bin. The positionis
determinedbasedon lookuptablesandindexed by the padamplituderatioscenter/rightandcenter/left.
For a well definedchage sharingone of this ratios sufficesfor positionreconstruction.Given the in-
volvementof threepadsandthereforea secondedundanpositionmeasuremergertime bin, pileuphits
canbe detectedandrejectedon a time bin basis. Referto Section6.4 for a detaileddiscussiorof the
onlinechambeipositionresolution.

Thetriggeris designedo performa straight-linefit basedon the calculatedspacepointsin y asa
function of drift-time. As describedn moredetailin the next section,during the drift-time, for each
channelthe input parametergor a straight-linefit are calculatedandupdatedn summemories.After
thedrift-time, the trigger processocalculateghefinal tradklet parametersuchasthe slope,intercept,
varianceetc.. Only tracklets areconsideredwhich involve a maximumof four pads,correspondingo
amaximumy-deflectionof onepad. After this operationeachindividual tradklet candidatés subjectto
an angleand(possibly)particleidentification(PID) cut, selectinghigh-p; tracklets. The PID is based
onenegy deposit(seeSections.4.5and11.5). Low momentunparticleshave alarge deflectionin the
bendingplane. They will be rejectedeitherby slopeor they will not meetthe criterion on minimum
numberof spacepoints requiredfor a valid tracklet . The tradklets identified as high p; (electron)
candidatesare shippedthrougha readout treeto the global track matchingunit, which combinesthe
tradklets of thesix TRD layersinto onetrackwith improved momentunresolutionandPID.

The whole of TRD electronicsis arrangedin groupsof 18 channels(adjacentpadsin the same
padrow), mountedon multi-chip-modulegMCM). The chage-sharingandfinite deflectionof high-p;
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tradklets requirethe neighboringMCMs to sharethe dataof their borderlinechannels.For example,
for the positiondeterminatiorvia chage-sharingpf channell7 (countingfrom 0) of MCM m, channel
of MCM m+ 1 is requiredandvice versa.In orderto not have trackinginefficienciesat MCM borders,
tracklets with the maximumforeseeninclination have to be consideredas sketchedin Fig. 6.3. One
possibleimplementatiorcould be the exchangeof the contentof thetracklet SUM memorieswhichis
calculatedduring the drift-time, at the end of the drift-time for the calculationof the completetradklet
parameters.However, this would resultin an increasedorocessingateny due to the requireddata
exchangewhich cannotbepipelined.Ontheotherhand theinclusionof asecondchannelfor example
channell of MCM m+ 1) would allow the completereconstructiorof a boundary-crossingadklet on
MCM m. Note thatno further efficiency will be gainedby the shippingof channell6 of MCM m to
MCM m+ 1 asthegiventradklet will alreadybereconstructethty MCM m. Thereforethetotal number
of inputson each18-channeMCM is 21, wheretwo channelsare shippedto andoneis receved from
MCM m— 1 andonechannels shippedo andtwo arerecevedfrom MCM m+ 1.

Simulationshave shavn thatcommunicatiorbetweentwo chipsin z directionis not necessarysee
Section6.4). Traclets split in thatdirectioncanbe recombinedatthe level of theglobaltrackingunit.

6.3.2 Local Tracking Unit (LTU) functionality

An overall pictureof theelectronicgs givenin Fig. 5.2. TheLTU functionalityincludeseverythingafter
the ADC. It comprisesa socalledtraclet preprocessofTPP),which includesstorageof theraw ADC
datain the eventbuffer, aMIMD microprocessomwhich subsequentlgomputesandselectghetracklet
andthereadoutpart.

Ap+1>Ap-1
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R P+17104> R 10, ; Yx: ¥ x2 g i §
R g i RS P e I s B B B e I
A, o XY X o, Txy, Lyl § E
Build Ratio  Calculate Calculate fit Calculate sums Sum Memory
Position summands

Figure 6.4: Functionalityonededicatecthannebf the preprocessor

TheTPPperformsdataacquisitionfrom the21 ADCs and,in parallel,executegherequiredtracklet
preprocessing orderto speedip thedeterminatiorof thetrackparametersfterthedrift-time ends.lts
functionalityis shavn in Fig. 6.4. Thetrackingmodelassumes straight-linefit accordingo :

yi = a+ bx, (6.1)

wherei is the time bin number Theresultingslopeandinterceptfor N spacepoints(x;,y;) aredefined
as:

VS SV 25V — S % S XY,
b szgi zm;zxf. a= 2% ZMZ?XN.Z)ZW', (6.2)
Ny (%) N33 —(3)

The spacepoints are given by the drift distancex; and the measuredositiony; alongthe wire.
Althoughthey-positionresolutiondepend®n thetotal chage of thecluster thefit is not performedwith
weightsasthosewould have requiredmorehardware. All N clustersarejustrequiredto have aminimum
total chage (the sumof threeneighboringpads) which canbe configured.

All digitized ADC valuesarestoredin the eventbuffer. The varioussumsshowvn in equation6.2 can
be accumulatedduring the drift-time in a multi-portedregisterfile (FIT), implementingread-modify-
write cycles. At the end of the drift-time, all requiredinput parameterdor the fit are storedin the
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appropriateegistersof thefit registerfile. At thatpoint,thefastclocksareenabledstartingthemultiple—
instruction—multiple—dta (MIMD) processorandcomputingthetraclet parameteraccordingo equa-
tion 6.2. This final computationrequiresonly multiplication, additionandonedivision. The startand
endtime of thefit algorithmcanbe configuredwithin aninterval of up to 32 time bins.

A spacepointis alwaysassignedo the padcarryingthe maximumsignal. However, valid tradlets
canspantwo pads,which resultsin thosetradclets being split over thesetwo padsas their cluster
maximummovesfrom onepadto the next (Fig. 6.3).

In orderto avoid trackinginefficiencies,thosetradklet segmentshave to be memged. The meging
makesuseof theconstanwidth Ay of theindividual padswhich allows for thederiationof thecombined
sumsfrom thetwo adjacenchannelqp, p+ 1). Parameterdor thefull tracklet with respecto channel
p arecomputedoy meiging its datawith the datafrom channelp+ 1:

Sx=3x+yx LYK=+ K (6.3)
P p+1 p

p+1

YYi=V¥i+ Y Vi+Npady X=Xyt Yy xyi+Ay Yy X, (6.4)
p p+1 p p+1 p+1
Y=Y+ Y 28y Y v+ Npady?. (6.5)
p p+1 p+1

Thesumof y? is requiredfor the computatiorof afit quality parameter

Thisfunctionalityis implementedy theMIMD processorin orderfor atradklet segmentto becon-
sideredjt hasa programmableninimumlengthof typically four measuredpacepoints. The equations
aresymmetricwhethera left or right neighboris meiged. Thereforejt is sufiicient to alwayshave one
predeterminedidehere whichwill betheascendingpadnumber

6.3.2.1 Tracklet Preprocessor

The TPPcalculategparameterérom stiff tracksof 18 datachanneldor alinearfit duringthe drift-time
of 2 us. All TPPconfigurationparameterganbe setexternally Thewhole architecturglasshavn in
Fig. 6.5) canbesplit into threesections.

e Thefirst partis the front-endinterfacing to the ADCs, which are alsoimplementecon the chip.
This stageintegratesthe eventbuffersto storetheraw datafor laterreadoutuponal2 acceptand
alogic block to selectspacepointsin real-timefor all channelsimultaneouslyAlso, two lookup
tables(LUT) perchannelreimplementedThefirst LUT builds theratiosbetweerthe centerand
neighborpads,andthe secondcalculateghe positionon the currentpad.

e Thesecondrartof the TPPcalculategshe parameterseededor thefit.

e Thethird partis theread-modify-writeblock (FIT), which allows for updatingof the varioussums

in one clock cycle and provides supportfor the interface to the MIMD processoidescribedn
Section6.3.2.

Now follows a moredetaileddescriptionof the functionality andarchitectureof all threeparts.
For eachclock cycle, the sumof threeadjacenthannelss built for eachchannel An incomingdata
valueis acceptedisaninterestingdatapointif two conditionsaremet:
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(i) The amplitudeof the left, A;, andright, A;, channelsare smallerthan the middle channelA.
(A < AcandAr <A).

(i) Thesumof thesehreeamplitudess greatethanaconfigurablaghresholdh, i.e. Aj + A+ A; > th,
which canbesetto full scalein orderto maskary givenchannel.

This first block operatesat the samplingfrequeng of the ADCs of about10 MHz. Note thatin
orderto keepall internalclock frequenciesslow aspossible(ADC clock), morelogic thanabsolutely
necessarys usedhere. The arithmeticsis fastenough,easilysupportinga 4x or highermultiplexing,
whichis notimplementedn orderto avoid higherclock frequenciesandrelateddigital noise.

If athree-channemplitudegroup meetsthe specifiedconditions,a four-parameteblock (A, As,
ID, hit) is queuedor furthercalculations.It containsthe amplitudeAy of the larger of theleft or right
neighbor=of the currentchannelthe sumamplitudeAs of thesethreechannelsthe channeihumberl D,
andaflag hit thatindicatesthatthe datafrom this channelform a valid candidatdo computefurtherfit
parameterslf nochannekcomplieswith thehit conditions,nothingis calculatedr storedin theregister
file (FIT). For eachvalid time bin, the acquisitionkernelcomputeghe following setof parameters x;,
Yi, % - Vi, ¥, ¥2, hc, trd. The parameter; representshe positionin drift directionandis encodedas
a samplingtime bin number The parametely; is the location of the chage cloud in the given time
bin in y direction, which is determinedusing two lookup tables,encodingthe pad responsdunction
and providing two independentmeasure®f the position. The comparisorof the two ratios with the
talulatedexpectationbasedon the padresponsdunctionallows at this stagealsoto rejectmeigedhits.
Theparametehcis aflagthatfor avalid groupis oneandtheupdateof whichin FIT encodesn theend
thenumberN of spacepointsfor atradklet (seeequation6.2). Theparametetrd reflectstheamplitude
of thegroup.

In thethird part,the calculatedparameterareusedto updatea read-modify-writememory(FIT). In
eachcycle, a full parametetine is readout andthe sumsof the calculatecpbarametersrewritten back
to the memory For eachdatachannela memoryline for all parameterss implementedThefit register
is alsothe interfaceto the MIMD processqrwhich works on thesecalculateddataafter the drift-time.
While the TPPworksin acquisitionmode theMIMD processois in sleepmodewith its clocksdisabled.
At theendof thedrift-time, if parametersverecalculatedthe TPPwakesupthe MIMD.
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Figure 6.5: Schematidlock diagramof the TPPchip.

The TPPblock diagramis shavn in Fig. 6.5. Altogether the TPPcompriseshe following building
blocks: 19 datachannelswith eventbuffers capableto storethe ADC values;a clusterfinderto select
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interestingdataandsumthreechannelg’Condition Check’);aunit thatselectaupto four clusterglargest
amplitudes)or further processing’Hit SelectUnit’); a positioncalculationblock to calculatethe fit
input parametersanda read-modify-writememoryblock to storethe calculateddatain the registerfile
(CFIT’) whichis alsothe interfaceto the MIMD processorNote thatthe 19 channelTPPincludes2+1
additionalchannelf its neighboringMCMs andthusfrom differentpreamplifierchips(referto section
6.3.1), which arealreadydigitized and storedat theseneighboringMCMs. In orderto verify the gain
matchingbetweerthedifferentchipsthesesharedchannelsarearchived alsowithin the TPR In addition
to the basicfunctionalblocks,eachchannelhasa configurableblock to subtracta pedestahndapply a
threshold.Eachblock containstwo fastmultipliers,asprovided by thelibrary of the silicon synthesizer
andonespecialdivider thatis implementedasalookuptable. The specialdivider actuallyapproximates
the division by transformingthe datato a logarithmicscale. This is realizedby generatingogic from
lookup tablesandadjustingthe precisionof the calculationto the quality of the measuremenprocess.
Thenext chapterdescribeshe building blocksin moredetail.

Front End

Thefront-endworkswith afrequeng of aboutl0 MHz, andprovidestheinterfaceto theintegrated
ADCs. Eachchip recevesdatafrom 21 ADCs, andeachdatachannelrecevesdatafrom threeADCs:
from the currentADC, andfrom its left andright neighbor First, a multiplexer selectshe largervalue
outof theright andleft channelthis choiceis madeby a comparatoblock (seeFig. 6.4). Thentheratio
to the centerchannelis built andthe positiony; is calculated.Both, the normalizationandthe position
reconstructiortanbe performedby programmabléook-uptables.

Configuration

The TPPallows for individual configurationof pedestalthresholdsanddrift length. The pedestal
valuecanbe configuredfor eachchanneiin the TPP The pedestals 10 Bit wide, thusallowing for the
elimination of defectchannels. The secondis the 12 Bit wide thresholdthat is usedto checktheth
conditionin the TPP It alsosenesfor the zerosuppressiorthateliminatesnoise. The drift length,a 6
Bit numbey is necessaryo configurethe addressounterof the eventbuffer. The eventbuffer startsto
fetchdatawhenthe pretriggeris detectedn thechip andstopswhentheaddressounterreacheshedrift
length. Thisis commonfor all 19 channelsn achip.

The TPP configurationis doneby the MIMD processoin a programmed/O fashion,whenin the
configurationstate.A device is addedto the /O memoryspacesupportingthe TPP configurationfunc-
tionality. In orderto keepon-chiprouting simple andto avoid complex configurationbusesthe TPP
configurationis shiftedin or out sequentiallyallowing to implementthe configurationregistersasshift
registers.Thereis, however, ashadev registerallowing to (re)defingheactualconfiguratiornin oneclock
by copying to/from the shadav register In orderto setthe configurationshift registersefficiently, one
of theMIMD CPUswritesto the TPPconfigurationlogic. As a consequencan internalstatemachine
shifts the receved 32 Bit wide configurationword sequentiallyinto a shadev shift registerof the real
configurationregister The MIMD processorcontinuesuntil all bits have beenshiftedin. The number
of bits in the shadav configurationregisterare alwaysmultiple of 32 bits. The shadw registeris then
copiedinto theactualconfiguratiorregistersby assertinganappropriatestrobesignal,whichis triggered
by writing to anotherdefinedregion within the TPP configurationblock. Configurationreadsareimple-
mentedequialently with the exceptionthatthe shadev configurationregisteris copiedfirst from the
actualconfiguratiornregistersandthenreadout by the MIMD processqrreading32 bits pertransaction.

The configurationparametersretaken from the MIMD processorgllobal dataRAM. They canbe
uploadedduringthe LTU configurationusingthe serialconfigurationlink. Thislink is terminatedn a
configurationunit, having accesdo both the I/O bus andthe global dataRAM, usingthe addressand
databus of CPU 1 assketchedin Fig. 6.6 (seealsosection 6.3.3.6). However, the serialconfiguration
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Figure 6.6: Configurationof internalRAMs.

unit canalsowrite directlyto thememorymappedl PPconfiguratiorregistersmockingthe programming
functionalityof theMIMD processqrsupportingexternalconfiguratiorof the TPPwithouttheassistance
of theMIMD processor

Differ ent operating modes

The TPP hasthreeoperatingmodes. By default, if notidle, it is in acquisitionmodeto receve
datafrom the ADCs andcalculateall fit parametersin the secondmode,the eventbuffer is accessible
by the MIMD processor Sincethereis no explicit storeinstructionfor the event buffer, the portsare
accessedia the global /O memoryregion andwill be controlledby a dedicatedegisterin the global
I/O memory This modewill be usedfor self testfunctionality of the LTU. In thethird mode,the TPP
readsits input from the eventbuffer ratherthanfrom the ADCs. In this modeaneventcanbereplayed
or a known simulatedevent canbe dovnloadedand run throughthe systemin orderto verify system
integrity. If chip realestatepermits,it is plannedto implementthe eventbuffersdeepenoughin orderto
allow having alwaysa backupor storedeventon-line,which allows to inject a simulatedeventwith zero
deadtime.

TPP prototype chip FaRo 1

The first prototype(FaRo 1) hasbeenproducedusing the AMS? 0.35 um CMOS process. This
prototypehaseightdatachannelsThefront-endis designedo work externallyat 20 MHz andinternally
at80 MHz. Theresultingchip integratesabout50k gatesandhasa coresizeof 14.4 mm?2. A testboard
generatingherequiredexternalclockshasbeenproduced As a patterngeneratgranappropriatd=PGA
wasused whichimplementsa PCI core,therebyallowing acceswia PCI. Thetestvectorsaregenerated
by software and downloadedthroughthe PCI businto the internalmemoryof the FPGA. On a trigger
signal,the FaRochipis subjectedo the previously downloadedestdataandsubsequentlperformsthe
processinghattakesplaceduringthe dataacquisitiontime. Following this,the FPGAgenerateseadout
signalsandcollectstheresultsfrom the prototype.Thenall dataareshippedthroughthe PCl businto a
Linux PC’s memoryandarecomparedvith theexpecteddata. The FaRo1 chip wasvalidatedby testing
it with morethanthreemillion testvectors.Thesetof testvectorswasdesignedo cover critical areaof

1AustriaMicro Systemswwwamsint.com
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thedesign.In addition,randomlygeneratedestvectorshave beenused.During thetests no errorswere
detectedTheFaRo1 test-boardvith the OrcaFPGAboardis shavn in Fig. 6.7.

Figure 6.7: FaRotestboard.

Calculationof the power consumptiorof the FaRo1 TPPis donewith a separatgower supplyfor
FaRoin thetestsetup.A fatiguetestshawvs thatthe power consumptioris only dependenbn the clock
frequeng. Onechannelin thewhole architecturénasa power consumptiorof about100 mW. Thetest
chip works internally with a fourfold clock frequeng comparedo the front-end. The testresultsare
shavn in Fig. 6.8.
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Figure 6.8: Paverconsumptiorof the FaRo1 chip.

6.3.3 Tracklet processor

This chapterfocuseson the architectureandfunctionality of the MIMD trigger processowhichis inte-
gratedinto thereadout systemandwill beimplementednthe MCM thatis describedn Section5.8.
6.3.3.1 Architecture and functionality

Thearchitectureallows the concurrentexecutionof multiple threadson a sharednemoryandprovides
an efficient meansfor inter-threadcommunicationrand synchronization.Four Harvard-styleCPUsare
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closelycoupledby sharingthe samedataandinstructionmemory In addition,a subsebf their registers
is globally accessible.

Thetaskof thesystemis to executeflexible triggercodein lessthanl ps. As describedthe TTP dig-
itizesandcaptureghe amplitudesof 18 channelsandexecutesa hard-codedlgorithm,which provides
afirst selectionof up to four track candidatesindcalculategpparameter$or thelinearfit.

This processingstageis performedby a fourr-nodeMIMD processor Eachnodeimplementsa pri-
vateregisterfile anda globalregisterfile to shareparametersandprovide a meandor synchronization.
To simplify the decode/fetctphaseall arithmeticinstructionswork registerto-register The sizeof an
instructionis limited to a single24 Bit word. The Harvard-stylearchitecturdoresee®only two pipeline
stages onefetch/decodstageandoneexecute/writebackstage. Thedataandprogramstoresareimple-
mentedassharednternalquad-portedRAMs. ThedataRAM is accessibleia loadandstoreoperations.
Datafrom the acquisitionstageof the TPP areretrieved by a dedicatedoad instruction. The instruc-
tion setis RISC-like. In additionto the commonarithmeticand logical operationsjnstructionshave
beenaddedio handlesynchronizatiobetweerthe CPUs.An overview of thearchitectures sketchedn
Fig.6.9.
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Figure 6.9: Schematidlock diagramof the MIMD processar

Mostinstructionscanbe executedn two clock cycles. Thefour independen€PUswork onthedata
from the TPPto executefour independentrigger algorithmssimultaneously Due to the read-modify-
write capability of the global registers,dataconflictsin the pipeline are avoided. This allows for the
productionof highly efficient codefor the expectedcomputations.First versionsof the codeindicate
that,in mary casestheresultsfrom oneinstructionareusedduringthe next cycle. In deeplypipelined
RISC architecturesthe resultsmust be forwardedusing dedicateddatapaths. As an alternatve, no-
operationinstructions(NOP) canbeinsertedinto the instructionstream. This architectureavoids both,
thehardwareandsoftwarethe complicationgesultingfrom datadependencies.

Theinterfaceto externalcomponentss realizedvia the privateregisterfile. The CPUalsosupports
synchronizatiorbetweerthe nodesby a synchronizatiorregisterfile. Writing to thoseregisterscreates
signalswhich, togethermwith someadditionalinstructions provide a versatilemeansof synchronization.

Eachnodehasa 32 Bit wide datapath. Thus,for thosearithmeticelementsemplo/ing morethan
32 Bit wide operands/resultsnultiple registershave to be used. As canbe seenin Section6.3.3.2,
only three operandscan be addressedy one instruction. Thus, for the upper part of the results,a
dedicatedregisteris used. Eachimplementeddatamemoryis 32 Bit wide. The processothasfour
independeninstructionsequencersThe instructionmemoryis a full custom24 Bit wide quad-ported
memorythatis implementedasinternal RAM with 2048entries. Thefirst testprogramrequiresabout
200 entries(excluding the zerosuppressingeadoutprogram)andwe estimatethat 2048is enoughfor
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all enhancement&£achnodehasa separatelecodeblock to decodehecurrentinstruction. Thedecoded
instructionsare storedin a pipelineregister In every cycle, the nodescanfetch datafrom one of the
following sources the privateregisterfile (pRF);the globalregisterfile (GRF);thefit registerfile (FIT)
containingthe resultsof the TPP;theinternalRAM; the globall/O memory;andthe eventbuffer from
the TPR To allow simultaneougccesstheinterfaceto the TPPis implementedasa multi-portedregister
file (FIT) with afixedassignmenof a giventradlet candidatgo a CPU, which is determinedoy the
TPPattheendof thedrift time. Resultscanbewritten backeitherto the PRFor the GREF It is expected
thatanodeworksmainly onits PRF To exchangedatabetweemodesthe GRFor theRAM canbeused.
To accesshe RAM, load/storenstructionsareused. The GRF hasto provide four write andfour read
portsto allow concurrenaccesdy all thenodes It hasprovento be corvenientto keepcertainconstants
in read-onlyregisters.In this architecturewe have foreseersomeconstantalues. Theseconstantare
implementedy usingtwo of thebits thatencodehesourceregisterblock. This mechanisntanbeused
to introduceup to 16 constants.

6.3.3.2 Instruction setand format

TheRISCinstructionsetimplementdixed-lengti24 Bit wide instructions.Fourmajoraddressingnodes
aresupported immediate registerdirect,registerindirect,andmemorydirect. Figure6.10sketchegshe
sevendifferentsupportednstructionformats.

23 17 16 11 10 54 0
a) | Opcode | Source 1 | Source 2 | Destination |
23 17 14 11 10 54 0
b) | Opcode | | |Imrnediate| Source 2 | Destination |
23 17 16 54 0
c) | Opcode | Immediate | Destination |
23 17 16 11 10 0
d) | Opcode | Source 1 | Immediate |
23 17 13 5 3 0
e) | Opcode | | | | Immediate | | Branch |
23 17 16 11 3 0
f) | Opcode | Source 1 | | | | | | | | | Branch |
23 17 15 0
g) | Opcode | | Immediate |

Figure 6.10: Instructionformats.

The instructioncodeis representedy a 7 Bit wide field to allow suficient room for additional
instructions.Currently 70instructionsareimplementedThesupportednstructionssketchedn Fig.6.10
arein thegivenorder:

e Arithmetic,logical, rotate,move, comparejnterruptinstructionsjnstructiongor synchronization,
andregisterindirectload/storanstructions

e Shiftinstructions

e ImmediateMove andLoad

e ImmediateCompareandStore
e ImmediateBranchinstructions

¢ Rayisterindirectjumps
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e Specialinstructionsfor synchronizatiorandinterrupts

Most of the instructions known from generalpurposeprocessorsre supported.However, thereis
oneextragroupof instructionsfor synchronizatiorbetweerthe CPUs.

Theinstructionsethasno explicit instructionfor subroutinecalls. However, ary registercanbeused
asstackpointerandthe programcountercanbelinked, thusallowing the implementatiorof subroutine
calls. Thewholeinstructionsetis shavn in Table6.1.

6.3.3.3 Quad Ported Memory

A staticRAM cell wasdesignedo be usedin the TRD trigger system.In the MIMD processaqrit will
sene asinstructionmemoryandinternalRAM to provide accesgor thefour CPUsin eachclock cycle.
The sharednstructionmemoryallows considerablesavingsin die area.Sincethe staticRAM is asfast
asregistersare,the systemdesignis simplified.

To minimize chip areaandpower consumptionpoth of which arecritical for this trigger processaqr
afull custommacrocell hasbeendevelopedin the AMS 0.35 um CMOS processwith threemetallayers
anda VDD voltageof 3.3 V. It is a scalablememoryblock with a maximumblock size of 64 lines
anda maximumline width of approximately60 Bit. Specialemphasisasbeenput on accesgime and
chip spaceutilization. Both implementednemoriesareorganizedn blocksof 64 lines. Theinstruction
memoryincludeseightmultiplexed blockswith 24 Bit perline. Thedatamemoryconsistof four blocks
with 16 Bit perline. All dataportsarebi-directional.
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Figure 6.11: Block diagramof amemoryblock, aswell asa schemati@ndlayoutview of a one-bitcell.

The structureof onememoryblock is shavn at the left sidein Fig. 6.11. Eachblock includesan
independensetof addressdecodergnot shavn), a write unit, a prechage unit, anda senseamplifier
for eachport, which allows themto operateasynchronouslyin addition,a block containsanarrayof 64
linesof SRAM bit cells.

A singlebit cell, shavn in Fig. 6.11 (right panels),consistsof two cross-couplednverters. Each
inverteris madeup of onePMOSandoneNMOS transistor The PMOStransistotis connectedo VDD
andpulls the outputpotentialto VDD if theinputis on groundlevel. The NMOS transistoris connected
to groundandpulls theoutputto groundif theinputis VDD. Theoutputof thefirst inverteris theinput of
thesecondandvice versa.This systemhastwo stateslf theinputof inverteroneis at VDD, it pullsthe
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Table 6.1: Instructionsetof the MIMD processar

[ No. T Opcode | Sourcel [ Source2 [ Destination [ Description
0 NOP - - - No Operation
1 ADD PREF, FitReg GREF, PREF, FitReg GRF, PRF C=a+b
2 ADC PREF, FitReg GREF, PREF, FitReg GRF, PRF C=a+b+carry
3 SuB PRF, FitReg GREF, PRF, FitReg GRF, PRF C=a-b
4 SBC PRF, FitReg GREF, PRF, FitReg GRF, PRF C=a-b-carry
5 MUL PRF, FitReg GREF, PRF, FitReg GRF, PRF C=a*b
6 MUS PREF, FitReg GREF, PRF, FitReg GRF, PRF C=a*b
7 DIV PREF, FitReg GREF, PREF, FitReg - C=alb
8 DIE - - - C=alb
9 AND PRF, FitReg GREF, PRF, FitReg GRF, PRF C=a&hb
10 ATT PRF, FitReg GREF, PRF, FitReg GRF, PRF a&b
11 ORR PRF, FitReg GREF, PRF, FitReg GRF, PRF C=alb
12 COM - PREF, FitReg GRF, PRF C=la
13 NEG - PREF, FitReg GRF, PRF C=(a)+l
14 EOR PREF, FitReg GREF, PREF, FitReg GRF, PRF C=a"b
15 SHA implicit GREF, PRF, FitReg GRF, PRF C=asharX
16 SHT implicit GREF, PRF, FitReg GRF, PRF C=a<< X
17 | ROR B GRF, PRF FitRegy | GRF,PRF C = ROR(a,carry)
18 MOV - GREF, PREF, FitReg GRF, PRF C=a
19 MVI - implicit GRF, PRF C =implicit
20 CMP PREF, FitReg GREF, PREF, FitReg - a-b
21 CPI PRF, FitReg implicit - a-b
22 CPC PRF GREF, PRF, FitReg - a-b-c
23 BSS - implicit - branchif s
24 JSS PRF - - branchif s
25 BSC - implicit - branchif nots
26 JsC PRF - - branchif nots
27 BZS - implicit - branchif zero
28 JZS PRF - - branchif zero
29 BzZC - implicit - branchif notzero
30 JzZC PRF - - branchif notzero
31 BVS - implicit - branchif overflow (V)
32 JVS PRF - - branchif overflow (V)
33 BVC - implicit - branchif notoverflow (V)
34 JvC PRF - - branchif notoverflow (V)
35 BNS - implicit - branchif n
36 INS PRF - - branchif n
37 BNC - implicit - branchif notn
38 JNC PRF - - branchif notn
39 BCS - implicit - branchif ¢
40 JCS PRF - - branchif ¢
41 BCC - implicit - branchif notc
42 JCC PRF - - branchif notc
43 BBS - implicit - branchif b
44 JBS PRF - - branchif b
45 BBC - implicit - branchif notb
46 JBC PRF - - branchif notb
47 BRA - implicit - unconditionabranch
48 IMP PRF - - unconditionabranch
49 SYN - - - waiton ALU
50 SYT - - PRF, GRF testwait
51 SEM - implicit - SetSynmask
52 LRA - PRF PRF, GRF Loadfrom RAM
53 LRI - implicit PRF GRF Loadfrom RAM
54 | SRA PRF PRF - Storeto RAM
55 SRI PRF - implicit Storeto RAM
56 LBU - PRF PRF, GRF LoadEvt.-Buff
57 LBI - implicit PRF, GRF Load Evt.-Buff
58 LPA - PRF PRF, GRF Loadfrom privatel/O Mem
59 LPI - implicit PRF GRF Loadfrom privatel/O Mem
60 SR PRF PRF - Storeto privatel/O Mem
61 SPI PRF - implicit Storeto privatel/O Mem
62 LGA - PRF PRF, GRF Loadfrom globall/O Mem
63 LGI - implicit PRF, GRF Loadfrom globall/O Mem
64 SGA PRF PRF - Storeto globall/O Mem
65 SGI PRF - implicit Storeto globall/O Mem
66 CLI - - - ClearInterrupt
67 STI - - - Setlnterrupt
68 INT - implicit - Softwareinterrupt
69 IRT - - - Backform interrupt

input of invertertwo down, which subsequentlyulls theinput of inverteroneup, andby this stabilizes
thesystem.This statecanrepresenthedigital valueone. By reversingtheinverters’input potential,the
secondstateis achiered, representinghe digital zero.

A singleport of thebit cell consistof two minimumsizeNMOS transistorssonnectingheinput of
inverteroneto thebit line andtheinput of the secondnverterto the not bit line. Thegatesof thesepass
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transistorsaareconnectedo theword line, whichis drivenby theaddresslecodetasmentionedater.

This setupis usedfor eachof the four ports. Theresultingload hasto betakeninto accountin the
designof theinverters.In the worstcasescenarioa singlebit cell is addressedby all four ports. Then
the capacityof four bit/notbit lines hasto be driven. This mainly resultsfrom the parasiticcapacityof
the passtransistorsof all bit cellsin a column. This requiresa layout of the NMOS transistorsof the
two inverterswith thethreefoldareaof a minimum-sizedransistor The PMOStransistorcanbekeptat
minimumsize. As aresult,the cell candischage a bit/not bit line quickly, but chaging is significantly
slower, of theorderof afactor10. In total, asinglebit cell includestwo PMOStransistorstwo threefold
NMOS and eight NMOS passtransistors. The cells are arrangedin a rectangulargrid. The power,
groundandbit/not.bit linesrunvertically throughthecells,andthetracesor thewordlinesarearranged
horizontally

Theareaof a singlebit cell is determinednainly by the eightpasstransistorsandthe routing of the
four word linesandthe eightbit/not bit lines. The resultingcell is 12.9 um wide and9.6 um high. The
needechreais approximatelyl.6 timesthatof a singleportedSRAM cell with two passtransistorsand
minimumsizeinverters.

The numberof memorylines per block is limited by the maximumcapacitya cell candrive in the
permittedtime frame. As a compromisebetweenlarge blocks and small inverters,we chosea block
length of 64. A biggerinverter candrive more memorylines. To realizea 128 word block, at least
fourfold-sizedNMOS transistorsare required. Thesetransistordncreasehe effective size of a cell in
suchawaythattheblockwouldrequiremorespaceahantwo 64-lineblocks. Thereasorfor thisis mainly
dueto the factthat the threefoldsizedNMOS transistorscan be placedin an otherwisefree rectangle
formedby four passtransistorsTheseestimatesake into accounthe peripheralogic.

To readout a memoryline throughone of the four ports, all bit/not.bit lines of this port are first
prechaged. Simultaneouslythe addresslecoderdecodeghe addressThenthe addressiecodedrives
theaddresseavord line. Thistriggersall bit cellsfrom this word line to drive the prechagedbit/not bit
lines. The senseamplifiersdetectthe voltagedifferenceshetweentheselines andwrite out the stored
bits. To write data,the addresglecoderhasto decodethe addressaand drive the addresseavord line.
Insteadof prechaging, the write unit mustdrive bit andnot bit linesto oppositelevels. Dependingon
thedesireddatavalue,thebit line is drivenat VDD andthe not bit line is drivenat groundlevel or vice
versa.

Figure6.12shavs theresultsfrom the simulation.In the simulation,alogical zeroandalogical one
is readalternatingfrom two bit cells. Thefirst graph(top) shavs the global clock signalthattriggersthe
passtransistors.The bit/not bit lines are prechaged betweentwo readingcycles,shavn in the second
graph. To emulatethe effect of the restof the memoryblock, they areconnectedo the capacityrepre-
sentingthe block. After all passtransistordhave beenenabledo simulatereadingon all four ports,the
bit cell needs4 nsto dischage eitherthebit or thenot.bit line. However, the senseamplifierneedsonly
1.7 nsto drive its outputto 90% of VDD in caseof a digital one,shawvn in thethird graph. A standard
buffer (BU2) connectedo the senseamplifier’s output providesthe digital value 0.5 ns after the pass
transistordhave beenenabledshavn in thelastgraph. The addressiecodemeedsl.6 nsfrom applying
theaddresdo enablingtheword line. Thistime is usedfor prechaging thebit/not.bit lines. A complete
readcycle need=2.1 nsfrom applyingthe addresdo the outputof the digital data.

Thewholememoryblock hasalsobeensimulatedandthetimesmentionedabove have beenverified.
Thechipshave beenrecevedfrom the manufcturerbut testinghasnotcompletedn time for thisreport.

6.3.3.4 Arithmetic Logical Unit

The ALU appliesarithmeticandlogic operationson two integer operands.It implementsbinary logic
(and,or, xor) andthefull setof basicarithmeticoperationsi.e.,addition,subtractionmultiplicationand
division asit’ s usedfor theequations.1to 6.5. In addition,bit shifts of variabledistancecanbeapplied
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Figure 6.12: Simulationresultsof readingfrom onememorycell of the QuadPortedMemory. The addresss
producedwith the clock signalclk. The secondrow shaws the effectedbit line andinvertedbit line. The signals
senseamput anddoutshow theoutputof thememorycell beforeandafterthe outputbuffer. Theverticallinesat
40nsshov anaccesdime of the corecell of lessthanl ns(plusaddressiecode).

to oneof the operands.

To allow efficientcontrolof the programflow, the ALU generatefive statudlags: carry zero,two’s-
complemenbverflow, negatve, andsigned.An auxiliary input portis availableto allow integerdivision
with double-widthdividends. Similarly, anauxiliary outputport allows double-widthmultiplicationre-
sults. All operationscanwork on negative integersin two’s complementepresentationOperationis
controlledby a 4 Bit opcode which is specificallyoptimizedto minimize the needfor internalcontrol
logic. To improve designflexibility andreusability theinputandoutputdatawidth is fully parameteriz-
able.

Theprimaryimplementatiorobjectve wasto allow for high clock rateswhile still performingmost
arithmeticoperationsn a single clock cycle usinga non-pipelinedarchitecture.Furtherrequirements
werelow power consumptiorandthepossibilityto optimizetheimplementatiorior differentclockrates.
Thesamplementatiorgoalssuggesa modulardesign thusdecouplingoartsfor differentcompleity and
speedandallowing to switchtheimplementatiorof a componentccordingio specificrequirements.

The ALU main moduleimplementsonly the basicoperationdik e addition/subtractin andBoolean
logic. Theseoperationsarenon-pipelined Multiplication anddivision, beingmorecomples operations,
are performedby separatenodulesfor which several differentimplementationsare available. These
implementationsnclude both pipelinedand non-pipelineddesigns.The availableimplementationgor
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thedividerincludea CSA-basedadix-4divider [6], which hasbeenconstructedor high clock rates.For
the presentversionof the ALU, a dataword width of 32 Bit is required. To minimize datadependenc
problemswith mostof theoperationsa fully combinatoriaimultiplier hasbeenselected.

6.3.3.5 Synchronization

The MIMD implementsfour CPUsoperatingindependentlyof eachother However, a meansfor syn-
chronizationwake-upfrom stand-byandthelike, is required.Figure6.13shavs aschematiwiew of the
GRFandthe associatedlag bits in eachof the CPUs,forming a private 16 Bit synchronizationmegister
While eachCPU hasread/writeaccesdo all 16 GRFregistersthe GRFis groupednto four setsof four
registers whereeachgivensetis assignedo a particularCPUfor useasa mailbox-typeregisterin order
to implementthe desiredsynchronizatiorprimitives. Whenwriting to oneof the GRF registerswithin
asetthatis associatedo a CPU,a correspondingpit is clearedn the synchronizatiommegisterof all the
other CPUs. This global settingof flags, triggeredby register accessjs the foundationon which the
synchronizatioris based.

Threeinstructionsareusedfor synchronization SYN, SEM andSYT. SEM setsthelocal synchro-
nizationregisterto the maskprovided by the amumentmask16.Thenthe programcounterof this CPU
is suspendedby the SYN instructionuntil the maskis completelyclearedby write accesf the corre-
spondingCPUsto their associatedegistersin the GRFE The SYT instructioncopiesthe contentof the
local synchronizatiorregisterto the private register specifiedby the pRF argument. This mechanism
allows for theimplementatiorof flexible synchronizatiorpatternsn software.

GRF

synchronization register was e.g. set by instruction
SYN 0000 1000 0000 0000

assigned to CPU 1
write ‘0’

(T e e

synchronization register of CPU 1

~—— write to register

write ‘0’

I O s o I

synchronization register of CPU 2

assigned to CPU 2

write ‘0"

LT T T

synchronization register
of CPU 3

assigned to CPU 3

write ‘0’

COT T T T T T

synchronization register of CPU 4

assigned to CPU 4

Figure 6.13: Synchronizatioomechanism.

6.3.3.6 Configuration

The trigger processois configurablein the instructionmemory internal memoryand someconstants
thatareusedin thetriggerprogram.The memorythatcontaingheusedconstantss 16 wordsdeep.The
currentlyusedconstantarelistedin Table6.2.

The memoryof the interrupthandlerfrom eachCPU is accessiblesia the global I/O space.Each
interrupthandlerhas16 entriesin thel/O space.In total 64 wordsarerequiredfrom the memoryspace
for theinterrupthandlerandcanbe configuredoy any busmaster

Theinternal RAM andthe instructionmemoryare not locatedin the global I/O spaceandthusa
priori notdirectly accessibleHence,it is necessaryo implementa mechanisnthatallows to configure
theinternalmemories Theinstructionmemoryis programmabldy a dedicategortfrom CPU1. First,
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Table 6.2: Entriesin the constanmemory
[ No. | Constant |

0|0

WIN| -

4

CPUID (0-3)

chipID

max.time bins

effective distanceto the projectionplane
9 | unused

10 | width of pad(in bins)

11 | squareof No. 10

12 | 0x8000

13 | unused

14 | -2

15 | -1

O N| O[O B|W|IN -

the configurationunit (bus masterwritesa specificword in the globall/O addresspace.Thenthedata
andaddresgortaredecoupledrom CPU 1 andswitchedto a hard-wiredpathto the globall/O address
space.The memoryis now accessibldy reading/writingappropriateegionsin the global l/O address
space.Thisis doneby presettinga startaddressegisterfirst andthenreadingor writing subsequendata
wordsin anautoincrementfashion.Finally, the datapathis switchedbackto CPU 1, whichis doneby
anothemvrite cycle with adedicatedvordin thel/O addresspacgreferto Fig. 6.6). TheinternalRAM
is configuredn asimilar manner

The sizeof the /O memoryspaces limited by the addressingchemeof the processorHence the
memoryhasa limit of 2 k words. By usingan indirectaddressingnode,thereis no spacdimit. Each
entryis 32 Bit wide. All connectedtlientsatthegloball/O bushave a synchronoudehaior. They can
only work on private dataandreceve datafrom the CPUSs. It is not allowed for the clientsto work on
internaldataof the processor

6.3.3.7 Interface to Tracklet Preprocessor

Theinterfacebetweerthe trackletpreprocessofTPP)andthe MIMD processois the FIT registerfile.
It is aneight-portedregisterfile thatis write-only by the TPPandis read-onlyfor the MIMD processor
EachCPUhastwo readports,howvever, eachCPUhasaccesso everyline in theregister Duringthedrift
time, the TPPfills the registerwith thefit parameters read-modify-writecycles. The FIT registerhas
19 lines with six words,andthe line numbercorrespondso the channelnumberof the chip. After the
drift time, upto four tracklets areselectedAlso, the parameterfrom the next channelsareaddressable.
This allows for meging of parametergrom two channelswithout the needto incrementthe address
register The selectioncriterionis the numberof accumulatedits during the drift time. A channelis
selectechsa stiff track candidatdf it hasa minimum of eighthits during the drift time. The datafrom
two channelsaremeigedif bothchannelhave a minimum of four hits eachduringthedrift time. There
arethreeadditionaldatachannelson eachLTU (referto Fig. 5.2). In orderto preventshadaev tracks,the
lastchannel(labeled0+) is only usedto meigetwo channelon the givenLTU betweernchannell7 and
0+. If thehit countin channel+ is largerthanseven, the hits areomittedin this chip andthetrackletis
calculatedn thenext chip.

6.3.3.8 Input/Output interface

Theinterfaceto the readout module(seeChapter7) is locatedin the private /O addresspaceof each
CPU.EachCPU canwrite directly to this region without arbitrationlogic, usinga dedicatedstorein-
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Figure 6.14: Interfaceto I/O addresspace.
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struction.Theinterfaceto all otherintegratedperipheriess locatedin thegloball/O addresspace Only
oneCPUcanaccesshis|/O busatthesametime. Theaccesss managedy apriority arbiter Theserial
configurationnodeis a bus masterandhasaccesgo the memorybuslike a CPU. This enableswriting
datainto the global I/O addressspaceby the configurationnode. It hasa serial primary input port to
receve datafrom externaldevices.An overviaw is shavn in Fig. 6.14.
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PRF[ 7]
PRF[ 8]
PRF[ 9]

PRF[ 11]
PRF[12]
PRF[13]
PRF( 14]

FIT[ 0]

FT 1] D083
FM 2] o1a4 | SYNC
FT 3 osFF | SpecialReg

FM 4] aF70 | Camv
Fm 5] oFDC | 287
FM 5 0130 | Negative
Fm 7] sooz | 1O
FIT 8 0000 Busk
i A
FI g
F 1]
Fmi2
Fm 1
Fim 4]
Fim1s

Opcode Stufe 1 9608C8
Opcode Stufe 2 C2Z01ER

031

oooo
oooo
]
]
]
]
]

RN TR0

0Z0: BBZIES -~
021: B32DAB -~
02Z: 934F4E --
023 8270CE --
0Z4: 920069 --
025 C201EA --
026: 920828 -~
027: BA496C -~
026: BESROD --
029; 9600C7 --
024: C201E8 --
02B: 960348 --
02C: BAJIEE --
020: BE41EF --
02E: 987180 --
02F: 961064 --
030: C201EB --

ADC PR 5IPRF[1 5L,PRF( SESum(:
ADD FIT] SLFIT[13],PRF] B 5um(Xi
WUL FIT] 8],CON[1 0], PRE[1 4]

DD PRF[14],PRF] 6],PRF] 8]:5ume;
MUL PRF[ 0], PRF[ 3PRF[ 3:PRF[ 9
MOV PRF(15],PRF(10;  PRF[10
MUL PRF[ 1],PRF[ 1],PRF[11PRFL
SUB PRF[ 3,PRF[11],PRF[I 2LPRF(
SBC PRF[1 0],CON| 0],PRF[13,PRF
1US PRF] 0],PRF( &],PRF[ 7L,PRF( 1
MOV PRF(I5),PRF( &, PRF[ )=l
1MUS PRF] 1],PRF[ 2],PRE[11}PRFT1
SUB PRF[ 7],PRF[11],PRF[14],PRF(
SEC PRF| 8],PRF[15],PRF[15;PRF]

DIV PRF[14],PRF(12];

calculate

MUS PRF[ 2],PRF[ 3],PRF[10],PRF|

MOY PRF(15),

PRF[ILPRF[

031: 9608C8 --  MUS PRF[1],PRF[ 6],PRF] 8],PRF|

==

Figure 6.15: Screen-shoof theMIMD processorsimulatorrunningthetriggerroutine.
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6.3.3.9 Interrupt

The trigger processothaseight interruptswith two priority levels. The instructionsetincludesfour
instructiongo handletheseanterrupts CLI, STI, INT, andIRT. CLI disablesnterruptswith low priority,
STl allows low-level interrupts,INT is theinterruptinstruction,andIRT is thereturninstructionfrom a
interruptroutine. Theinterruptvectortableis accessiblén thegloball/O memory EachCPUhassixteen
entries eightwordsfor jump addresseandoneword thatprovidesthe currentlevel of the eightpossible
interrupts. The restis yet unused. Two flag flip-flops (FF) are implemented. The first FF suspends
low-level interruptsif a CLI instructionis executedor a low-level interruptis running. The secondrF
suspendsill interruptsif a high-level interruptis running. Eachinterruptsuspendshe executionof an
interruptwith thesameor lower priority. Basically eachinterruptcheckghecurrentpriority level andthe
suspendlags,thenstoresthe next programcounterandjumpsto the selectednterruptaddressA low-
level interruptwill not be executeduntil the decodestagecontainsno CLI or branchinstruction. After
executionof theinterruptcode(low priority), the processorestoreghe programcounterandcontinues
theprogram.

6.3.3.10 Trigger and readout program

Thegivenlateny requiremengllows for about150instructionsto performthetriggeralgorithm,which
is anassembleroutine. The datareadout is not constrainednuchby lateng, andit doesnot require
very comple softwareeither Thereforeno high-level languagesupport,suchasC or C++, is expected.
In orderto facilitatethe softwaredevelopmentparticularlywith respecto the multi-threadingcapability
of the processqranemulatorwasdeveloped,which allows simulationof the whole processomcluding
all its statesandinternalregisters. Figure 6.15 shavs a screenshotof the processomvhile executing
instructionsof thetriggerprogramwith raw datatakenfrom the slow simulatordescribedn Section6.4.

The emulatoris also being usedto validatethe maximumtrigger processindateng. The trigger
programshawvn in Tables6.3 and 6.4 calculatesthe slope, interceptand the varianceof a stiff track.
Also, theinterceptis projectedonto the middle plain of the detector The calculateddataare storedin
the private /O memoryof eachCPU, which providesthe interfaceto the track meiger module,feeding
thereadoutreeto theglobaltrackingunit (GTU). In theworstcasescenariothealgorithmwill take 101
clock cycles,which correspondvith alateny of 0.84 us with acycletime of 8.3 ns.

Unlike thetrigger program,the readout programhasfar lessstringentlateng requirementswhich
arebasicallydefinedby the maximumavailabletime to drainthe zerosuppressedaw datathroughthe
readouttree. Therearemary readoutscenariogoncevable,which canbeselectedn apereventbasis.
They canbe dynamicallychangedsincethis is a realreadout program. The baselinereadout foresees
zerosuppression.

The power routing on the pad planeis going to be in parallelto a padrow asthis is the shortest
distanceacrossthe pad plane. Therefore,the eight MCMs per pad row are supportedoy one power
strip. It hasto be taken into accountthat the power of the MIMD processorgannotbe supportedoy
the power suppliesfor all CPUssimultaneouslyIn the caseof a trigger program,thoseprocessorsre
poweredby appropriatebuffer capacitorsext to the digital chip. Therefore,the readout sequenceas
scheduleduchthat,atary givenpointin time,only oneCPUperpadrow is actve soasnotto overload
the power supplyrails. However, given12 - 16 padrows, thereis still enoughparallelismin thereadout
to guaranteeaturatiorof thereadout link.

Thereadout is performedin programmed/O fashion,readingall raw datafrom the event buffers
andstoringa pre-formattedzerosuppresseaventfragmentn theinternalglobaldataRAM, from where
thedataarethenfetchedfor shipmento thereadouttree.
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Table 6.3: Triggerassembleroutineof theMIMD processar

[ # ] Label T Instruction [ Operands [ Description
TestFIT[ 7] whereto start
1 Start: ATT FIT[ 7],CON[12] MSB is setif Farois readywith hisdata
2 _Start: BZS _Start
3 ATT FIT[ 7],CON[12] MSB is setif Farois readywith hisdata
4 ATT FIT[ 7],CON[ 2] Bit 1is Setif CPUhasto calculatedata
5 BZS End
Copyor mege Datafrom FIT-Registersto PRF—givenare:
FIT0..7]: N, %, S ¥i, Y32, T Y2, 3 %¥i, b, Flags
FIT[8] - FIT[15] the samefor thenext pad
TO:
PRF[0..6]:N, 5%, 3vi, 5 X, 5 Y2 LSW, 5 y? MSW, 5 xii
6 ATT FIT[ 7],CON[1] Testwhetherto mergeor not
7 BzZC memge Mergeif Bit Ois setin FIT[ 7]
Copydata
8 nmege: MOV FIT[ 0],PRF[O
9 MOV FIT[ 1],PRF[1
10 MOV FIT[ 2],PRF[2
11 MOV FIT[ 3],PRF[3
12 MOV FIT[ 4],PRF[4
13 MOV CON[0],PRF[5]
14 BRA Linefit
15 MOV FIT[ 5],PRF[6]
Mergethedata
16 | meme: ADD FIT[ O],FIT[ 8],PRF[0] N=Ny +Np

17 ADD FIT[L],FIT[ 9,PRF[1] TX =3 X1+ 3X(2)

18 ADD FIT[ 2],FIT[10],PRF[2]

19 MUL FIT[ 8],CON[10],PRF[3] N *127

20 ADD PRF[2],PRF[3],PRF[2] TYi =3 Vi) + 3 Via) + Nz 127
21 ADD FIT[ 3],FIT[11],PRF[3] T = 24%1) + zxﬁz)

22 MUL FIT[ 8],CON[11],PRF[14]

23 ADD PRF[14],FIT[4],PRF[4]

24 ADC PRF[15],CONI[0],PRF[5] SV = zyﬁl) +Np «127

25 ADD PRF[4],FIT[12],PRF[4] SV = 3¥iy T3 Yip t N ¥ 127
26 ADC PRF[5],CON[0],PRF[5]

27 MUS FIT[10],CON[10],PRF[14]

28 SHT 1,PRF[15],PRF[15]

29 ATT PRF[14],CON[12]

30 BZS notl

31 SHT 1,PRF[14],PRF[14]

32 ORR PRF[15],CON[1],PRF[15]

33 | notl: ADD PRF[4],PRF[14],PRFH]

34 ADC PRF[5],PRF[15],PRFB] zyﬁ:zyﬁh +zyﬁ2) TN # 12 +2x127x 3 ¥ 5)
35 ADD FIT[ 5],FIT[13],PRF[6] IXYi =3 %@Yia) +IX@Yie)

36 MUL FIT[ 9], CON[10],PRF[14]

37 ADD PRF[14],PRF[],PRF[6] TXYi = IXYia) + I XYie) + 127 X

LinearFit:
PRF[0...6]:N, ¥ X, T Vi, 57, 3 ¥i LSW, T yi MSW, 3 xyi

38 Linefit MUL

PRF[0],PRF[3],PRF[9]

PRF[9] = Nx ¥ x’low

39 MOV PRF[15],PRF[10] PRF[10] = N 3 %?high

40 MUL PRF[1],PRF[1],PRF[11] PRF[11] = (3 %)?

41 SUB PRF[9],PRF[11],PRF[12] PRF[12] = N+ 3 X2 — (3 % )?(denominaor)low
42 SBC PRF[10],CON[0],PRF[13] | PRF[13 = N ¥ X — (¥ x)*(denominaor)high
43 MUS PRF[0],PRF[6],PRF[7] PRF[7] = N Y xyilow

44 MOV PRF[15],PRFB] PRF[8] = N ¥ xjyjhigh

45 MUS PRF[1],PRF[2],PRF[11] PRI =3y % *3 Vi

46 SUB PRF[7],PRF[11],PRF[14] PRF[14] = N ¥ %y; — 5 X * 3 yi (nomindorm)low
47 SBC PRF[8],PRF[15],PRF[15] PRF[15 = N = ¥ Xy; — 3 X * 3 ¥i (nomindorm)high
48 DIV PRF[14],PRF[12] Calculatem (32BIT : 32BIT)

49 MUS PRF[2],PRF[3],PRF[10] PRF[10] = 3 yi * 3 ¥low

50 MOV PRF[15],PRF[11] PRF[11] = Y y; * y x’high

51 MUS PRF[1],PRF[6],PRF[8] PRF[8] = 5 X * 3 X yilow

52 MOV PRF[15],PRF[9] PRF[9] = 5 X * 5 Xyihigh

53 NOP

54 NOP

55 NOP

56 DIE PRF[7] PRF[7]=m

81
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Table 6.4: Triggerassembleroutineof the MIMD processofpart?2).

# | Label | Instruction [ Operands [ Description
CautionDIE writesPRF[15]
57 SuUB PRF[10],PRFB],PRF[14] PRF[14 =Sy * zxiz — 3 Xi * ¥ Xiyi (nomingorb)low
58 SBC PRF[11],PRFP],PRF[15] PRF[15 =73y *zxiz 3 X * ¥ %;yi (nominaorb)high
59 DIV PRF[14],PRF[12] Calculateb
60 SHT 1,PRF[7],PRF[14] PRF[14 = 2xm
61 MUS PRF[14],PRF[],PRF[10] PRF[10 = 2xmx ¥ X;yilow
62 SUB PRF[4],PRF[10],PRF[10] | PRF[10 = 3 y?—2+mx 3 xyilow
63 SBC PRF[5],PRF[15] PRF[11] | PRF[11 = yy?—2:m+y xyihigh
64 MUS PRF[7],PRF[7],PRF[9] PRF[9] = n¥?
65 MUL PRF[9],PRF[3],PRF[9] PRF9]=nP 3 X
66 MOV PRF[15],PRF[12] Save highword
67 DIE PRF[8] PRF[8 =b
68 ADD PRF[10],PRFP].PRF[10] | PRF[10 = yy?— 2+ mx 3 Xyi + M * 3 x2low
69 ADC PRF[11],PRF[12],PRF[11]| PRF[11 = yy?—2+mx ¥ Xy + M+ 3 x’high
70 MUS PRF[14],PRF[L],PRF[12] PRF[12 = 2xmx ¥ X
71 MUS PRF[12],PRFB],PRF[12] PRF[12 = 2xmxbx ¥ X
72 ADD PRF[10],PRF[12],PRF[10]| PRF[10 = Fy? — 2+ mx 3 Xy + M * 3 X? + 2+ mxbx 3 xilow
73 ADC PRF[11],PRF[15] PRF[11]| PRF11 =3y’ 2xmxYXy +MP*yx2+2xmxbxyxhigh
74 SHT 1,PRF[8],PRF[12] PRF[12 = 2xb
75 MUS PRF[12],PRFP],PRF[12] PRF[12 = 2xbx Yy
76 SUB PRF[10],PRF[12],PRF[10]| PRF[10 = yy? —2+mx 3 Xyi + NP+ 3 X + 2+ M+ bx T x — 2 bx Tyilow
77 SBC PRF[11],PRF[15],PRF[11]| PRF[11 = Sun{Yi) — 2 m+ ¥ Xyj + M 3 X% + 2 mx b+ 3 x — 2+ b y yihigh
78 MUS PRF[0],PRF[8],PRF[12] PRF[12 = N+b
79 MUS PRF[12],PRFB],PRF[12] | PRF[12 =Nxb?
80 ADD PRF[10],PRF[12],PRF[14]| PRF[14 = yy? —2+m+ 3 Xy + NP+ X2 —2xbxTyj + 2+ mxbx yx + N+ bZlow
81 ADC PRF[11],PRF[15],PRF[15]| PRF[15 =yy?—2+mx Y Xyi +MP* 3 X% — 2xb+ T yi + 2+ mxbx y % + N+ b’high
82 MOV CON[0],PRF[13] DIV usesPRF[13]!!
83 ATT PRF[7],CON[12] m<=07?
84 DIV PRF[14],PRFD] Calculatevariance(scaleon N), DIV only change&Zero-Flag!!
85 BZS mbz
86 NOP
87 NEG PRF[7],PRF[10] PRF[10]=abs(m)
88 CPI PRF[10],18 Max. relevantm = 17 (only 11 Bit cmp,no signectend)
89 BNC End jJumpto endif m¢=18
90 BRA mgn.
91 mbz: NOP
92 CPI PRF[7], 18 Maximumm (only 11 Bit, no signextend!)
93 BNC End Jumpto endif m¢=18
94 nop
95 nop
96 mgn.: DIE PRF[14] PRF[14]=\ariancelow PRF[15]=\ariancehigh
97 ATT PRF[8],CON[12] b<=07?
98 BZS bbz
99 MOV PRF[8],PRF[9]
100 NEG PRF[8],PRF[9]
101 bbz: CPI PRF[9],191 abgb) <=191?
102 BNC End Jumpto endif not
103 CPI PRF[14],256 Testvariance(11 Bit test!!)
104 BNC End
105 ADD PRF[8],FIT[6],PRF[8] Calculate’CHIP global” b
106 MUL PRF[7],CON[ 8],PRF[13]
107 ADD PRF[13],PRFB],PRF[8] Projectionon reference-plane
—herewe have PRF[0...8]:
N, 3%, 3y, 332, SYPLSV, 5 y2MSW, 5 ¥, m, b
PRF[14]: Variance(only 16 Bit!)
To Be Done: Datavalid; Inform restof the system
108 SPI PRF[7],0x101 PIO[0]=m
109 SPI PRF[8],0x102 PIO[1]=b
110 SPI PRF[14],0x103 P10[2]=Variance(only low wordis interesting)
111 MOV CON[1],PRF[15]
112 SPI PRF[15],0x100 Inform Datavalid!
113 stop: bra stop
114 nop
TODO: Zerosuppression
115 | End: BRA End
116 End: NOP Shouldbe NOP!!
117 MOV CON[0],PRF[15]
118 SPI PRF[15],0x100 Inform Datainvalid!
TODO: SPlend-programmno data
119 BRA Start And returnto the beginning
120 idle: BRA idle
121 NOP
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6.3.4 ReadoutScheme

Thestructureandthe layoutof thereadout systemof the 72000MCMs is describedn Chapter7. From
thetriggerpoint of view it hasto accomplisithetransferof thelocally determinedradlet parameteto
thecentralGlobal TrackingUnit (GTU) asfastaspossible(seeFig. 6.1). Thelist of transferredits per
tradletis givenin Table7.1.

6.3.5 Implementation of the Global Tracking Unit

All tracklets determinedy thelocal trackingunitsareshippedo a globaltrackingunit for final trigger

decision.Thisis implementedaisareadoutree. Thetriggerdataof a stackof six chambersrecollected
in the GTU. The GTU implementsa Track-Matching-Uni{ TMU) perphi sector Therewill beno high

p; trackstraversingbetweersectorsEachTMU triesto find stiff tracksasshavn in Fig. 6.31. This can

be donelogically by appropriatenistogramminghe projectedtracklets. The GTU will beimplemented
in large scaleFPGAsto guarantea flexible andmassve parallelimplementation.

chamberdatalink  chamberdatalink  chamberdatalink  chamberdatalink  chamberdata link chamberdata link
from layer L from layer 2 from layer 3 from layer + from layer 5 from layer &

Decader

~— 1med for fit
~— umed for fit
~— 1med for fit
~— umed for fit
~— 1med for fit
A — wmed for fit

Decoder Decoder Decoder Decoder Decoder

CRIDS_PEE_PADROW_[MFAX

Candidate | Candidate X | Candidate | Candidate X | Candidate * | Candidete X |
Candidate T | Candidate T | Candidate T | Candidate T | Candidate 1| Candidate T |
[ Candidae ] [ Candidae ] [ Candidae ]

Figure 6.16: Implementatiorof the trackmatchingunits (TMU).

Thestructureshavn in figure 6.16takesinto accounthatthe dataof therespecire chambersarrive
in a definedsequencand candidate®f a track arein the samecolumn. Thereforethe processingcan
startassoonasthefirst tradklets arrive. All candidate®f a columnarestoredin andaccesseffom a
table. The numberof candidatepercolumnis fixed. The entriesfor chamberl-4 arecomparedwith all
entriesof all othertables.If anaccumulatioris found, theseentriesare marked, sothatthey cannotbe
usedsereraltimes. It is sufficient to apply this methodto only four of the six tablessincea track must
consistof at leastthreecandidates.Thereforethe resultingGTU architectureis a massvely parallel,
systolicFPGAprocessoperformingasmary aspossibleof suchtrackletcomparisongn parallel.
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6.4 Simulation

The trigger conceptreliesheavily on the factthat a local tradklet searchcan be performedefficiently
(stepl of thetriggersequencshavn in Section6.2). Thebasicideais to feedthe datafrom consecutie
time binsinto pipelineADCs andperforman online analysisof the digitized datain orderto determine
theinclinationof the tracksegmentswith respecto thedirectiontowardsthenominalinteractionvertex.
All possiblecomplicationsanddistortions(as discussedn Chapterss and11) like the ExB effectin
the electrondrift, the padresponsdunction of the readoutchambersthe time responsdunction of the
signalgeneratiormechanisnandof the electronicsandthedifferentialnonlinearitieof the digitization
processnustbetakeninto accounjuantitatvely. Thefirst stepis performedn theLocal TrackingUnits
(LTU). Dueto themassiely parallelprocessinghenumberof unitsis verylarge (=~ 70000)andtherefore
consumingmostof the resourcesn materialthicknesspower andmoney. The numberof independent
channelsnustbe optimizedto obtainanacceptablaignalto backgroundatio at affordablecost.

The modelingof the trigger responsavas donemaking useof the AliRoot ervironment. It allows
for full event simulationemplao/ing different event generatorsand was usedto study the occupany,
efficiency, andbackgroundperformanceof the ervisionedtrigger scheme For a detaileddescriptionof
the TRD simulationervironmentseeChapterl1.

Table 6.5: Parametenf thetriggersimulation.

eventgenerator HIJING-param+ signalelectrons
multiplicity varying: 400 < dN/dy < 8700
digitizationaccurayg 10Bit

numberof time samples 15-30

signalpulseheightfor minimumionizing tracks | channeklO (for cluster)

Signalto Noiseratio 30

Timeresponsdunction ON (asin Fig. 11.8)/ OFF
Padresponsdunction asin Fig. 11.9

magnetidield 04T

Theinput parametersisedfor the trigger simulationsarelistedin Table6.5. The main objectve is
to find out aboutthe mostcrucial parametefor detectingandselectinghigh momentumelectrons.The
effect of threequantitieswasinvestigatedsystematically:the event multiplicity, the digitization clock
rate(numberof digits) andthe pulseshaping.For thelatterthe standardscenariadescribedn Chapters
and11wascomparedo ananalysisncorporatingadigital filter for tail cancellationseesection6.4.2.1)
andto anacademicasewherethetime responsdunctionwasmodeledby a o - function(TRF OFF).

To generateenoughstatisticsfor high p; electrontracks,200e™ and200e~ trackswereaddedto a
parametrisatiomf pionsandkaonscalledHIJING-param(seeSection12.3)with the option genboxof
AliRoot. Themomentundistribution of the electronsvaschoserto beflatin therange3-5GeVjc .

An exampleof the input transersemomenturmdistribution for an event multiplicity corresponding
to < dN/dy >= 8500is shavn in Fig. 6.17. Dueto theaddedsignalelectronsthe effective multiplicity
densityfor thetriggersimulationis < dN /dy >= 8700.1t shouldbe notedagain thatthereis alargeun-
certaintyaboutthe spectrashapeof the hadronsjn particularthe powver-law hardscatteringcomponent
(seeChapterl2). The HIJING parametrisatiomisedrepresentshe worstcasescenario.To mapoutthe
multiplicity dependencef the tracking performancehe total numberof primary particlesemittedinto
thepolaranglerangeof 35° < 8 < 145 wasvariedwith the spectralshapen trans\ersedirectionkept
asshavnin Fig. 6.17.
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Figure 6.17: Transersemomentundistribution usedasinputto thetriggersimulations. The hatchedlistribution
correspondso electronghatwereaddedo the HIJING-paramparticlemix.

6.4.1 Local tracklet search

Thetaskto be performedis visualizedin Figs. 6.18and6.19. In Fig. 6.18 the basicquantitiesof the
local tradklet searcharedefined.In Fig. 6.19the digitized pulseheightis shavn within onepadrow of
oneof thereadouthamber®f the TRD (atapolarangleof 8 = 85°). For eachtime bin the pulseheight
is obtainedafterthe drift of the primary electronsunderthe influenceof the electricandmagnetidfield,
takinginto accountdiffusion andincludingtransitionradiationcontritutions. As indicatedin Fig. 6.18
the position of the clustersis systematicallyshifted as function of the drift time dueto the presence
of the magneticfield. The taskof the trigger systemis to recognizewith high efficiengy stiff tracks
(p: > 3 GeV/c) despitethe shift dueto the Lorentzangle¥,. The characteristic®f the interesting
tracksis their small deviation from the infinite momentumlimit, i.e. they have only a small angular
deflectionwith respectto the referencdine that canbe constructedy connectingthe point of impact
with the nominalinteractionvertex. As indicatedin Fig. 6.18the stiff tracksof interestoccuy with
the centroidsof their clustersat mosttwo neighboringpads. Chage sharingdueto the padresponse
functiondistributesthe signalconsequentlyo at most4 neighboringpads.Thereforethetriggeris based
on the analysisof 3 neighboringpads. For eachtime bin a positionin paddirection(correspondingo
they-directionin the following) is determinedaccordingto the inversepadresponsdunctionthatcan
beparameterizeth alook-uptable. Theresultingy-positionsasfunctionof thetime coordinatdyif; or
drift distancesyris; arefitted by astraightline

Y =ag+asi- Varift - tdrift = o+ a1 - Srift-

Thefit parametersanbe correctedor the effect of the Lorentzangleby thefollowing expressions

corr

ag = ag+tam¥ - Smax,

al’" =a; +tar.
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Figure 6.18: Localtrackletquantities

Thelineardeflectiond (shavn in Fig. 6.18)over thedepthsyax Of thedrift region of asinglechamber
is givenby
d= (aiorr _ %
with spax = 3 cm. D is theradial distanceof the front surfaceof the readoutchambetto the interaction
vertex.
Theangulardeflectiona is givenby the expression

) : SmaXv

corr

gorr ) a(c)orr
o= arCtanlaiTagm ~ arctar{af®" — X )

Sincefor thetracksof interestthe slopeparameteraresmall,the secondermin thedenominatocanbe
neglected(for p= 3 GeVjc: |—52—| < 0.015).
For particlesoriginatingfrom theinteractionvertex the deflectionis relatedto the momentunby

COIT\2 DZ COIT\2 DZ
M —0.3-B-0.01. M
2-d/Smax 2-sina

pi*“=0.3-B-0.01- ,
whereall the spatialquantitiesaregivenin cm, the magneticfield B is expressedn Teslaandtherecon-
structedmomentunis in GeV/c .

For a magneticfield of B = 0.4 T the deflectionof a chaged particlewith a trans\ersemomentum
of 3 GeVjc over thedrift rangeof one TRD chamberamountsto a = 3.3 ord = 1.7 mm. Thelinear
deflectionis well below thepadwidth of 8 mm. Thetriggerconcepwill stayvalid aslongasthecentroids
of from stiff tracksstaywithin aregion of 3 neighboringpads,.e. dnax= 1.6 cmor amax= 28°. Thetotal
inclinationangleof the measuredrack hascontritutionsfrom thetransersemomentum(afiax= 3.3°),
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Figure 6.19: Local trackleteventdisplay The contourhistogramshaws a typical inputdistribution for the local
tracking,i.e. the ADC contentsfor one padrow versustime for a full multiplicity event. 5 time bins areadded
beforethe 15time binssamplingthe drift rangeof thereadoutchamber

the angleof incidencedueto the flat surfaceof the chambergafha= 10° ) andfrom the Lorentzangle

W, . Themaximumallowed Lorentzangleis therefordimited to W| = tmax— Ofax— afhax= 14.7°. The
Lorentzangleof thedefault gasmixture Xe,CGO;, (15%), W =8, is well within the operationalimits of
the TRD trigget

6.4.2 Local tracking performance

In orderto achieve a sufficient resolution,the pulseheightof minimumionizing trackshasto reacha
certainminimumascomparedo noiseanddigitizationerrors(seeSections.1). Dueto thenon-Gaussian
featuresf the padresponsdunction(Fig. 11.9)the mostgeneraimethodto calculatethe positionfrom
pulseheightsis realizedby alook-uptable (LUT). With the signalandsignalto backgroundatio listed
in Table 6.5 position resolutionsof betterthan oy = 400um are obtainedfor stiff tracks(Figs.11.12
and11.13)andif theincidenceangleis smallthevaluesareof order200um (Fig. 11.14). Thereforethe
achiezablepositionresolutionshouldallow to selectradletswith deflectionsof low asd=1mm(a = 2°).

Before discussinghe performanceof the local tracking conceptin termsof efficiency and output
rate, two importantconfigurablestepswill be describedn the following sections:the applicationof a
digital filter (Section6.4.2.1)to the preamplifier/shapefPASA) signalandthe clusterquality selection
(Section6.4.2.3).

6.4.2.1 Digital cancellationof the tail in PASA signal

Theion tail of thesignalasshavn in Fig. 11.8canbe parameterizetly thefunctionalform 1/(1+t/to).

Sucha tail canbe reducedby passingthe pulsethrougha filter (pole/zeronetwork). The procedure
is describedn [7] andconsistsof approximatingthe aborve expressionby a sumof threeexponentials
andadjustingthe constant®f thefilter (resistorsandcapacitances analogcircuitry) suchthatoneof

themis canceledbut. It hasbeenshavn [8] thata tail cancellationof equalquality canbe performed
on the digital signal. In orderto benefitfrom the improvements,a scenariois consideredvherethe
functionality of thetail cancellatioris includedin theLTU. If it werenotfor thetriggerperformancehis

tail cancellatiorcould alsobe performedoffline.
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Figure 6.20: PASA signalandtail cancellatiorcorresponding to onepole/zeronetwork. The solid line (filled
circles)representsheinputdistribution (seeFig. 11.8),thedashedine (opencircles)shavs theresponsef aone
pole/zerdilter, thedottedcurve depictsa perfectfilter behavior.

In the online trackingthe tail cancellationis usedasan optionto analyzethe performanceof such
additionalsignal processing.It is implementedas a featureof the LTU algorithmin the AliRoot en-
vironment. The 15 time sampleswithin one pad columnare “filtered” using the transferfunction of
the pole/zeronetwork with valuescalculatedrom [7] andadjustedo getbestresults. This simulatesa
digital implementationsuperiorin performanceo anRC filter.

In the simulationof the Time Responsd-unction,the PASA signalis numericallygivenin steps
of 10 ns (the solid line in Fig. 6.20). The samplingdonein 15 time bins, correspondingo 133 ns
spacing,is shavn in Fig. 6.20by the closedsymbols. The effect of thetail cancellationwith a single
pole/zeranetwork is shawvn by the dashedine andthe opensymbols.Thedottedline shavs theexpected
tail cancellationaccordingto the theoryin [7]. With the parametershosenandimplementedn the
following, thetime responsés almostGaussiarandextendsto a maximumof 350ns.

6.4.2.2 Occupancy

The mostdemandingequiremenfor the TRD trigger is definedby the multiplicity of the Pb-Pbcol-
lisions. Thetrigger conceptshouldstayvalid up to occupanciesf 35% asshavn in Fig. 6.21thatare
expectedor arapidity densityof dN /dy = 8700. Theoccupang is evaluatedwith thecurrentpadgeom-
etry describedn Sectiond.4for events(generatedvith theeventgeneratoHIJING-paramasdescribed
above) of differentmultiplicities. The occupang for the standardscenario(i.e. 15 time bins, time re-
sponsefunction ON, RMS width of the electronicnoiseequalsl ADC channel,asdescribedn more
detailin Sectionl1)is givenin Fig. 11.11. Thereaswell asin Fig. 6.21a pixel is calledoccupiedonce
the pulseheightexceedghe ADC channel2. In orderto save computationatime the primary distribu-
tionsweregeneratedn arestrictedrangeof polarangles(35° < 6 < 145) leadingto areductionof the
occupang by about14%with respecto thefull calculation(solid circle ascomparedo thesolid square
atdN/dy = 8700). In Fig. 6.21the averageoccupang is shavn asfunction of the event multiplicity
for variousadditionalscenariostheinfluenceof partof the structuralmaterialwasstudiedby replacing
the trackingmediumof the spaceframewith air ("NO frame”, opensymbols). The effect of the time
responséunctionwasanalyzedoy turningit off ("TRF off (15tb)” filled triangleup), i.e. by replacingit
with a & -function. The samplingfrequeng wasadditionallyincreased"TRF off (30th)”, filled triangle
down) from 15to 30time bins. As canbe seenfrom Fig. 6.21a major sourceof the occupang at fixed
multiplicity is thetime responsef the chamber/electronicthatamountso about25% of the obsered
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Figure 6.21: Occupany of the TRD detectorasfunctionof multiplicity.

occupang dueto thelong tails (seealsoFig. 6.19). The spaceframe materialaswell asthe sampling
frequeng have no stronginfluenceon the occupang.
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Figure 6.22: Distribution of the measureof clusterquality built from amplituderatios(4 x Ar/AZ, asexplained
in the text) for stiff tracklets (pr> 1 GeV/c) in full multiplicity events(< dN/dy >=8700). The grey shaded
histogramis obtainedfor cleanclustersthe solid line histogramrepresentslusterswith contributionsfrom more
thanonetrack (sharectclusters).
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6.4.2.3 Cluster quality selection

In orderto achieve thebestresolution(asshavn below in Fig. 6.25)onehasto avoid asmuchaspossible
distortion of the information by overlappingtracks (pile-up). It is thereforemandatoryto inspectall
contrituting clustersfor pile-up. This canbe doneby comparingthe amplituderatios of adjacentpads
with theexpectationgor asinglehit from thepadresponséunction. Thedistribution of asimplemeasure
of clusterquality, the productof the amplitudesof the sidepads(A;, Ar) normalizedto the squareof the
amplitudeof the centralpadA, is shavn in Fig. 6.22for two clusterclasses.The samplesaredefined
with theinformationavailablewithin the simulationprogram,namelywith the knowledgewhich tracks
contrituted to which cluster The first sample(grey shadedhistogram)correspondso cleanclusters,
i.e. thosethatare generatedrom a singleparticle. The secondclasscalledsharedclusters(solid line)
originatesfrom overlappingtracks. The clear differencevisible in Fig. 6.22 meansthat a cut canbe
appliedin the ONLINE processingrequestingan upperlimit in the clusterquality. This requirement
removesto alarge extentclustersthatotherwisewould spoil the parametersf the straightline fit.
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Figure 6.23: Local deflectionangleresolutionfor tracklets with (left top) and without (left bottom) cluster
quality checkasfunction of the trans\ersemomentum.On the right handside, projectionsof the 2-dimensional
distributionsareshow for atrans\ersemomentunof p; = 1 GeVjc (right top) andp; = 3 GeV/c (right bottom).
Solid (dotted)histogramsepresentheresultswith (without) clusterquality selection.

The effect of applying a selectioncut for good quality clusters(A - A, /A2 < 0.0136) is visual-
ized in Fig. 6.23 wherethe tradklet quality as definedby the deviation of the deflectionangleAa =
Otradet — Otrack 1S Shavn with and without the clusterquality selectionstepfor multiplicities corre-
spondingo < dN/dy >= 8700. Thedifferenceof the expectedrackdeflectionto thereconstructedne
is plotted versusthe transersemomentumof the particle. The figure is donefor thosetradklets that
have contritutionsfrom only onesingleparticle(calledcleantracletsin thefollowing). Thetailsin the
distribution aresubstantiallyeducedor all transersemomenta.Theclustercleaningmprovesthelocal
trackletmomentunresolutionby aboutafactorof 2 for transersemomentan therangel - 3GeV/c ,i.e.
the RMS width of the Aa - distribution changedrom 1.7° (0.9 ) to 0.7° (0.5 ) for 1 GeV/c (3 GeV/c),
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respectiiely. It shouldbe notedthatthe clusterquality selectionis not limited to the simple measure
displayedin Fig. 6.22 but canbe parameterizedh a generalway alsofor non-Gaussiampadresponse
functionsin alook-uptable. As describedn Section6.3.2this selectionstepcanbeimplementedn the
tracklet reconstructiorhardware.

w
3

w

RMS of A a [deg]

=
&)

Iy

o
3]

U‘Io

6 7 8 9 10 11 12 13 14 15
N

clus

Figure 6.24: Local deflectionangleresolutionfor high p; cleantrackletsasfunction of the numberof clusters
(left). The right panelshowvs the RMS width of the differenceof the measuredleflectionangleto the expected
angleasfunctionof numberof cleanclusterscontritutingto thetracklet.

Changesf the tradlet resolutionwith event multiplicity can be expectedin termsof a reduced
numberof clustersthatarecontrituting to atradlet . For alarger multiplicity environmentfewer clean
clusterspassingthe clusterquality selectionwill be found. The effectis shavn in Fig. 6.24 wherethe
resolutionof the deflectionanglewith respecto that expectedis shavn for cleantradletsasfunction
of the numberof contrikuting clusters. On the right handsidethe correspondindRMS width is given
asfunction of the numberof clusters. It is obvious that the width of the deflectionis increasingwith
decreasinglusternumber In orderto maintaina sufficient accurag the numberof clustersshouldnot
decreaséoo much.Reasondor lossesf clusterswithin theonlinealgorithmare

e trackscrossingpadrows,
e trackscrossingmorethan3 padsin y-direction,
e pile-up.

When a track crossegad rows (in z-direction) the tradklet is split into 2 halves. The numberof
clustersis reduceduntil 2 tradlets are generatedn the symmetriccasewith one half of the original
clusternumber As canbeseenfrom Fig. 6.24theresolutionof thesetradletsis worseby abouta factor
of 2-3 comparedo the bestcases.This hasto be taken into accountwhentrying to matchthe local
tradkletsin the globaltrackingstep. The quality of the individual tradkletsis still goodenoughthatno
attemptwas madeto meige themin the LTU. Thereforeno communicatiorof processorsvorking on
differentpadrows is foreseer(seeChapterb).

6.4.2.4 Local momentumresolution

The positionresolutionandthe distortionsdue to the TRF andthe pile-up definehow well a tracklet
canbe measuredvithin a singlelayer of the TRD detector Fig. 6.25 presentghe deflectionanglea
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asobtainedfrom a linear regressionanalysisof the clusterswithin 3 neighboringpadsasdescribedn

Section6.3.2. This selectionof cleantradkletsallows to plot thereconstructedeflectionanglea versus
the momentumof the particle that generatedhe tracklet. Note thatthe momentumis taken from the
productionvertex of eachparticle.
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Figure 6.25: Trackletdeflectionanglefor cleantrackletsasfunction of thetranswersemomentum(left). Onthe
right handsidetwo projectionsareshawn for trans\ersemomenteof p; = 1 (top) and3 (bottom)GeV/c .

Fig. 6.25malkesuseof thetail cancellatiormethoddescribedn Section6.4.2.landtheclusterquality
selectiondescribedn Section6.4.2.3.Underthoseconditionsthe positionresolutionfor cleantracklets
is clearlysufficientto selecttracksof about3 GeV/c with goodefficiengy andhigh discriminationpower
againsiow momentuntradklets, e.g.by requestinga deflectionangleof a < 6°.

It is, however, apparentfrom Fig. 6.25 that, besidesbackgrounddue to enegy loss and elastic
scatteringthat widen the branchesaroundthe expecteddeflectionangles,thereis a strongcomponent
originatingfrom low momentunmparticles.Low momentumparticlesoriginatingfrom cornversionsand
interactionsareproducingtradkletswith analmostuniform deflectionangledistribution.

With the clusterquality selectiondefinedabore the local transersemomentumresolutionof the
online methodis shawn in Fig. 6.26. Large differencesare obsered betweenthe differentscenarios.
The resolutionobtainedwith the standardscenariois worseby abouta factorof 2 - 3 with respecto
the academiccase,wherethe TRF is modeledby a &-function. Applying a digital filter recoversthe
resolutionat low momentaand substantiallyimprovesthe situationfor high transersemomenta. For
trans\ersemomentaof p; = 3 GeV/c aresolutionof o(p;)/pi= 20%is obtained.

6.4.2.5 Local Tracking Efficiency

The efficiengy of the trigger systemcan be decomposednto two steps,the track finding efficiency
andthe track selectionefficiengy. Trackfinding is achieved by askingfor a certainnumberof clusters
contrikuting within threeneighboringpads. Track selectionrequiresa certainnumberand quality of
contrituting clustersresultingin a suflicient quality of thefit parameter
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Figure 6.26: Local momentunresolutionfor cleantrackletsasa functionof the primary trans\ersemomentum
for aneventmultiplicity of < dN/dy >=8700.Thedifferentline stylescorrespondo differentscenariosTRF on
(solid), TRF off (dashedandemploying adigital tail cancellation(dotted).
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Figure 6.27: Trackletefficiengy for stiff tracks(p;>1GeV/c)asa function of the polar angle. The minimum
numberof clustersrequiredfor atradkletis 5.

Polar angledependenceof local track finding efficiency

As indicatedabove, due to the chamberand pad geometryand the rangein track topologiesthe
trackswill not always stay within onepadrow. Especiallyat forward/backvard angles,a substantial
numberwill be split into two pieces. It was analyzedto which extent the efficiengy of the tradlet
finding algorithmsuffersdueto this. The averagenumberof clusterspertradklet asfunctionof the polar
angleis found to be constantandthe variation of the tracklet lengthwith polar angleis ratherweak.
The dependencef the track finding efficiency (displayedin Fig. 6.27)is even wealer sincetradklets

areacceptedf the contrituting numberof clusteris abose a certainminimum value (NT', =5 in the
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specificcase).The polar anglecoverageof the online trackingschemas ratheruniform exceptfor the
dipsvisible in Fig. 6.27 at polar anglesof 60° , 80° , 100° and 120, correspondingo the chamber
boundaries.

Local selectionefficiency

Theinfluenceof selectingrackletswith deflectionsorrespondingo differentmomentds presented
in Fig. 6.28. Theefficieng is definedasnumberof trackletsoriginatingfrom particlesfrom the primary
vertex thatwerefoundwith a deflectionanglesmallerthanthe cut value,normalizedo thetotal number
of primary particleswith accordingmomentaemittedinto the solid angleof the TRD. The efficiengy is
evaluatedasfunctionof thetransersemomentuntakenfrom the primaryvertex (referredto asprimary
transersemomentunin thefollowing).
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Figure 6.28: Onlinetradklet selectiorefficiency asfunction of transversemomentum.The histogramsshow the
efficiengy (left panel)andthetotal acceptechumberof primarytracklets(right panel)undervariousdeflectioncuts
correspondingdo transversemomentaof 1, 1.5,2 and2.3 GeV/c for full multiplicity eventsatamagneticfield of
B=0.4T.

Theefficiengy curvesshav atypical thresholdbehaior. By decreasinghe cutvalue(i.e. increasing
the lower momentumlimit) the thresholdis smearedut andthe plateauefficiengy at large momenta
decreaseslightly. The effect of the selectionon the measuredpectrais shavn in the right panelof
Fig.6.28.A substantiatiecreasé totalnumberof tradkletsis achiaredby employing alargertrans\erse
momentumthreshold. Note that the peakin the spectraat pi=~ 3.5 GeVjc stemsfrom the additional
electronsof theinputdistribution. Thethresholdneeddo be optimizedsincethereis a balancebetween
the total numberdominatedby low transersemomentumtradlets that shouldbe minimized andthe
local trackingefficiengy atlarge transersemomentumthat shouldbe maximized. The total numberof
found tradklets shouldbe minimized sinceacceptingmore low momentumtracklets will increasethe
occupang at the global matchingstageand presenthigher demandgo the readoutbandwidthof the
triggersystem.

Quality dependenceof local tracking efficiency

Anothereffect of theclusterquality andtheresultingtradklet qualityis shawvnin Fig. 6.29wherethe
influenceof the TRF is demonstratedwith the betterclusterquality availableby the undistortedsignal
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Figure 6.29: SameasFig. 6.28with a selectioncut of 2.3 GeV/c with andwithout the time responsdunction
(left). Theright panelshows the spectralshapeof the selectedracklets: the black histogramcorrespondso the
total numbersof which the grey portion representshe contrikbution of trackletsoriginatingfrom tracksfrom the
primaryvertex.

shapethe thresholdis much sharperandthe yield of low momentumparticlesbelon the thresholdof
p= 2 GeV/c is reduceddy abouta factorof 1.6. In bothscenarios plateauin theefficiengy is reached
atthetagetmomentunof p= 3 GeV/c . Theplateawaluesof the efficiency differ by about5%. Onthe
right panelof Fig. 6.29the spectralshapeof the selectedrackletsis shavn for the ' TRF off’ case.lt is
evidentthatevenunderthefavorableconditionsof goodresolution thetotal numberof foundtrackletsis
dominatedy trackletsoriginatingfrom low momentunparticles.Althoughtheoverallnumberof found
tracksdoesnot differ significantly from the casewith the time responsdunctionturnedon, the better
definition of the high momentunthresholdfor truetracksfrom the primary vertex is againanargument
in favor of applyingdecowolution schemeso the pulseshapedrying to remove theinfluenceof thetail.

6.4.2.6 Multiplicities from local tracking units

Theload of the TRD chambersn termsof found trackletsis studiedin Fig. 6.30. This is relevantin
orderto determinethe necessarpandwidthwithin the trigger systemfrom the local processorgo the
globaltracking/matchinginit. Thelargestlocal thresholdnomentumfor which the plateauefficiency is
reachedat p; = 3 GeV/c, wasdeterminedo be p"sho=2 3GeV/c asdemonstrateéh Figs.6.28and
6.29. Thenumberof trackletsfound perreadoutthambemvith a cutcorrespondingo p; =2.3GeV/c is
shawn in the left panelfor differenteventmultiplicities. Thedistributionsare Gaussiarshapedandcan
be quantifiedby a meananda width. In orderto definethe requiremenbf the transmissiorbandwidth,
the meanandthe maximumnumberof tradklets perchamberareplottedon theright panelof thefigure
asfunctionof the eventmultiplicity.

Sincetheshippingof thedatafrom all thedifferentTRD chambers$o the GTU is donein parallel,the
chambewmvith thelargestnumberof tradkletsdetermineshe deacdtime. Thereforea minimal requirement
for the designof the readoutschemecanbe derived: the trigger hardware hasto have a bandwidthfor
about40tradklet perchambe(maximumvaluefor afull multiplicity eventwith aselectionthresholdof
2GeVe).
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Figure 6.30: Chambeioad. The distribution of the numberof found tracklets per readoutchambefrfor various
eventmultiplicities is shavn in theleft panel. The multiplicity dependencef the mean(solid symbols)andthe
maximum(mean+3® level, opensymbols)tracklet numberis givenin the right diagramfor variousselection
thresholds.

6.4.3 Tracklet Matching - Global Tracking Unit

All track candidate®f the individual layersconsistingof position, angle,amplitude,quality etc., are
projectedto a (virtual) middle planeby computingthe properazimuthalangleof intercept,the longitu-
dinal z - positionandthe deflectionanglea. This transformatiorcanbe donealreadywithin the LTU,
practicallywithout ary additionaltime. The principalconceptof theglobaltrackingunitsis sketchedn
Fig.6.31.
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Figure 6.31: Globaltrackingconcept
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The basictaskis to countthe numberof trackletswithin certainregions. This canbe achieazed most
corvenientlyby aglobalhistogramwherethethreematchingquantitiegazimuthalangled, z-coordinate
and deflectionanglea) arerecorded. The granularityof the global matchinghistogramneedsto be
adjustedto the extrapolationuncertaintycausedoy the resolutionof the tradklet parameter®btained
andthe occupang of the global histogram.For agoodperformance high pi-cut from the singlelayers
helpsto reducethe occupang. As shavn in Fig. 6.30 underthe condition of a relatively high local
momentuncutof 2 GeV/c onaverage20 tradkletsareshippedio the GTU, i.e. the histogramhas8100
entriespercentralevent.

To achieve a sufiicient global tracking efficiency and a suficient electron-pionseparatior8 out of
possibly6 trackletsarerequiredfor the definition of agoodprimarytrack. With a singlelayertracking
efficiengy in the orderof g(p;>3GeVc )~ 0.5, the expectedglobaltrackingefficiengy canbe evaluated
to

ot = 3 o (1 Proca)® = 0.66
global i; i!(6 — i)! local local .

providedthatall the inspectionwidths of the global histogramextendto 3o in the ¢, zanda direction.
To achieve aglobaltrackingefficiency of 90%localtrackingefficienciesin theorderof 67%would have
to berealized.
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Figure 6.32: Momentumresolutionof online globally reconstructedracks. The left paneldisplaysthe global
relative momentunresolutiona(py)/ p; for trackswith primarytransversemomentaof p; = 3 GeV/c asfunctionof
multiplicity for variouslocal trans\ersemomentunselectiorthresholdsOntheright panelthetrans\ersemomen-
tumdependencef theglobalmomentunresolutionis shavn for full multiplicity conditionsof < dN/dy >=8700.

The importantrole of the GTU is i) to definea sharptranserse momentumthresholdclose to
3GeV/c, ii) to selectstiff tracksof electrons(positrons)andiii) to calculateinvariantmasser find
jets. The global transersemomentumis calculatedwith the sameformalismlike the local transerse
momentumby evaluatingthe global deflectionanglewith respectio the nominalprimary vertex direc-
tion. The global momentunresolutionasfunction of p; is shavn in Fig. 6.32. With a commonsetof
parameterdike in Table6.6 the momentunresolutionfor tracksoriginatingfrom the primary verte is
foundto beratherindependenof the eventmultiplicity (occupang) andthelocal momentunselection
threshold.Typical valuesarea(p;)/pt = 3 - 4 % for transersemomentaof pi= 3 - 4 GeV/c . Dueto the
longerlever armfor determininghetransersemomentumthis resolutiondoesnot dependsignificantly
on thelocal resolution(asshovn by the "TRF-off” calculationin Fig. 6.32). With matchingwidths as
choserin Table6.6thedistortionsdueto chancecoincidences the GTU matchinghistogramarerather
weak even underthe worst casecondition of the full multiplicity of < dN/dy >=8700. In summary
keepinga distanceof 30 to the targettrans\ersemomentuma thresholdof p; > 2.7 GeVjc canbeim-
plementedn orderto selectprimary trackswith a trans\ersemomentumof p;> 3 GeV/c. Note that
electronsexperiencesignificantmomentumlossesdue to bremsstrahlungi.e. the expectedefficiency
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lossesarelargerthanfor Gaussiardistributions (seeFig. 6.33).

Themomentunresolutionshavnin Fig. 6.32staysbelon 5%for transersemomentaipto 10GeV/c .
Thisresolutionis obtainedor all chagedparticles.Thereforeonehasalargeflexibility of definingtrig-
gersrequiringa numberof stiff tracksin a givensolid angle(jet triggers),e.qg. it is certainlypossibleto
selectthreestiff trackswithin the solid angleof onereadoutchamberequiringfor eachof thetracksa
trans\ersemomentunof p;> 5 GeV/c.
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Figure 6.33: GTU tracking efficiengy for electronsin a low multiplicity (400) ervironment(left). The solid

histogramrepresentshe track finding efficiency, the dashedhistogramdisplaysthe efficiengy to reconstructhe

primaryelectronwith atrans\ersemomentunthatdeviateslessthan10%from the primarytrans\ersemomentum.
Theright panelshaovs the momentumossdistribution of electronsvhenenteringthefirst planeof the TRD.

6.4.4 GTU tracking efficiency

The efficiengy of the GTU was studiedin comparisonto the offline performanceand undervarious
scenarios.The detectionefficiengy asfunction of momentumfor cleanelectrontracks(at event mul-
tiplicity 400) is shavn in Fig. 6.33. A particle is called detectedonceits reconstructednomentum
haspassed certainthreshold(p{¢ > 2.7GeV/c ). In thefigure the numberof thoseparticlesis plotted
versustheir primary momentumnormalizedto all the primary particlesthat are emittedinto the solid
angleof the TRD detector(45° < 815, < 135°). The globaltrackfinding efficiengy (solid histogramin
Fig. 6.33)is rising asfunction of the primarytransersemomentundueto thelong radiationtail of the
incidentelectronmomentumdistribution. This is evident wheninspectingthe momentumloss distri-
bution Ap, = pincidert _ pP"MaY thatis plotted on the right handsideof Fig. 6.33for electronghatare
emittedwith a trans\ersemomentumof 3 GeVj/c from the primary vertex. Cutting this distribution at
Ap = —0.3GeVc correspondindo a global trigger selectionthresholdof p™" = 2.7 GeV/c reduces
thenumberof foundtracksby 28%. At thethresholdthe momentaof thefoundtracksareessentiallyall
within a 10% window aroundthe original momentumfrom the primary vertex, asshavn by the dashed
histogramin Fig. 6.33. Thisfractionof about50%of all theemittedelectronthatarefoundwithin a10%
window staysconstanivith increasingransersemomentumwhile thetrackfinding efficiency risesdue
to the constantselectionthreshold. The correctmomentumof thoseadditionaltracksthat have experi-
encedasubstantiaknegy lossbeforereachinghe TRD canonly be determinedy trackingthroughthe
full ALICE detectorandidentifying theinitial cunatureof thetrackwith thelTS andTPC.
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Figure 6.34: GTU trackingefficiengy for electronsat low multiplicity versuspolarangle(left) andversuspro-
jectedazimuthalangle(right). Theline typesof the histogramsarethe sameasin Fig. 6.33(left panel).

Theuniformity of the efficiengy overthesolid angleis shavn in Fig. 6.34,demonstratinghe validity
of the underlyingtracking concept. The valuesare obtainedby averagingover the signal part of the
transersemomentumspectra(Fig. 6.17) with the efficienciesshavn in Fig. 6.33. The dips visible in
the efficiengy are causedby the structuralmaterialandthe gapsin the acceptanceFor the azimuthal
distribution the whole angularacceptancevas projectedonto the openingangle of a single chamber
(Ad = 20°). Sinceprimary emissionanglesof thetracksaredisplayedn the histogramtheinefficiengy
causedvy the framesandgapsare shiftedby the deflectionangleof thosetracks,e.g. a =~ + 3° for the
electron/positromomentaunderstudyhere.

The summaryof the resultsobtainedwith the GTU tracking algorithmare shavn in Fig. 6.35as
function of the normalizedevent multiplicity. The normalizationis suchthat unity correspond<€o
dN/dy = 8700. The left panelshaws the track finding efficiengy for primary electronswith transerse
momentaof morethan3 GeV/c includingthe requirementp"®© >3 GeVjc. The numberis calculated
by integratingover the signalelectronspectrumasshavn in Fig. 6.17. Figure6.35(middle) shavs the
total numberof reconstructedracksoriginatingfrom ary chaged particleandFig. 6.35(right) shavs
the numberof found electronbackgroundracks,i.e. tracksthatoriginatefrom secondarelectronghat
will notbedistinguishabldrom primaryelectrongdueto the TR signature.

A systematistudywasperformedaimingatthereductionof secondarglectrontracksto thelevel of
1-2for full multiplicity eventsfor triggerratereasongseesection6.5). This canbe achieved by cutting
onthequantitiedistedin Table6.6. In orderto suppressecondarglectrontracksthataremostly dueto
conversionsof y- raysin theinnerpartsof the ALICE detectorasmuchaspossiblen additionto tracklet
quality cutsthe curvatureof the track was determinedwithout referenceto the primary vertex. This
canbe donefor track candidatesvith 3 or morecontrituting trackletsin differentplanes.The derived
quantity the unconstrainedransersemomentum(called p; "¢, hasworsemomentumresolutionbut
wasfoundto efficiently suppresdackgroundrom secondarglectronsTheeffectis visible in Fig. 6.35
(right) when comparingthe solid squaresandtrianglescorrespondingo Cut A and Cut B asgivenin
Table6.6.

In orderto map out the dependenciesf the efficiengy and the background several scenariosare
investigatedn Fig. 6.35:

1. Offline trackingperformancevith default digitizationscenarigsolid circles),
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Figure 6.35: GTU trackingperformancesfunctionof normalizedeventmultiplicity. The normalizationis such

thatunity corresponds$o dN/dy = 8700. The left panelshaws the trackfinding efficiency for primary electrons
with transersemomentaof morethan3 GeV/c. Figure6.35 (middle) shavs the total numberof reconstructed
tracksoriginatingfrom ary chagedparticleandFig. 6.35(right) shownsthenumberof foundelectronbackground
tracks.

Table 6.6: Globaltrackingparameters.

quantity CutA CutB

matchingwidth in azimuthalangle 0.1r 0.13
matchingwidth in z-direction 8cm 8cm
matchingwindow for deflectionangle 2.8 2.8
localmomentunthreshold| 2.3GeV/c | 2.3GeV/c
minimumnumberof clusterspertraclet 6 5
upperx?-limit for acceptedracklets 4.0 4.0
minimal numberof tracklets 3 3

minimal numberof planescrossedy track 4 4
thresholdfor p®¢- p,/"®¢ | 1.7GeV/c | 2.5GeV/c
globalmomentunthreshold| 2.7GeVjc | 2.7GeV/c

2. Standardscenario: Online tracking schemebasedon 15 time bins with the nominal TRF (see
Fig. 11.8)(opencircles),

3. Sameas?2 but includingtail cancellationseeSection6.4.2.1)(solid squares),
4. Sameas?2 but with a d-functionasTRF (opensquares),
5. Sameas4 but with 30time bins (opentriangles).

Thefilled trianglesin Fig. 6.35 correspondo scenario3 with different parametergCut B from
Table6.6). Severalobserationaremadefrom Fig. 6.35:

e The track finding efficiengy is at bestabout65% for low multiplicities as determinedwith the
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full offline trackingalgorithm (solid circles). This valueis causedoy the radiationlossesof the
electrongn the materialinsideof the TRD andthe applicationof a fixed momentunthreshold.

e Thestandaranlinetrackingscenariqopencircles)reachesor low multiplicities a peakefficiency
of about50% only. The reductionwith respecto the offline caseis dueto i) implementingthe
backgroundsuppressiorcuts (Cut A of Table6.6) andii) distortionsof the tracklet parameter
dueto the TRF. The TRF is responsibldor an efficiengy lossof about12% of the total number
of electronsasvisible in Fig. 6.35whenreplacingit by a d-function (opensquares).The various
selectioncutscostin total about4% of the electrongfor low multiplicities).

e 80%-90%o0f the lossescausedby the TRF can be recosered by implementingthe digital tail
cancellationdescribedn Section6.4.2.1(filled squaresemplging a single pole/zeronetwork.
Sincethisfeatureturnsoutto beusefulfor theonlinetrackingefficiengy, it is plannedo implement
thedigital filter into thedigital chip. This scenarids consideredheeffective defaultfor theonline
tracking.

e Thetrackfinding efficiengy decrease$inearly with increasingmultiplicity. The decreasef the
efficiengy is proportionalto the occupang (seeFig. 6.21). Sucha scalingis to be expecteddueto
the methodto remove overlappingclusterswhile in the offline casedecowolution algorithmscan
beapplied.

e For full multiplicity conditionsincreasingthe numberof independentime samplesn the TRF
off case(opentriangles)improvesthe efficiency by about10%. To which extentthis obsenation
holdswith atail cancellatioralgorithmandrealisticpulseshapeseedgo be studiedfurther This
scenariovould suggestso optimizethetotal drift time underthe constraintof a TRF determined
by thedrifting ions.

e Theimprovementin the electronefficiengy is reflectedin the averagenumberof tracksthatare
foundunderthe globalmomentuncut (middle panel).

e Thenumberof backgrouncelectrontracks(right panel)depend®nthesetof cutvalues.Themost
crucial cut for removing secondaryelectronsis constructedrom the unconstrainedrans\erse
momentunit. The effectis seenby comparingCut A (solid squares}o Cut B (solid triangles).
At normalizedmultiplicities of 0.25and0.5relaxingthe selectionconditionincreasesheelectron
findingefficiency by about6 - 8%. Thisis, however, accompanietly anincreasen thebackground
yield by abouta factorof 2 - 3.

With the comple featuresobsered for the online trackingalgorithmandthe large uncertaintieof
the input distributionsit is difficult to make quantitatve statementshat are generallyvalid. It should
be stressedhowever, that the event multiplicities and the spectralshapesof the hadronsusedin the
simulationrepresenthe worst casescenario.Even underthoseconditionsthe electrontrigger scheme
describedabore allows to reconstruct sufiicient numberof resonanceaswill beshavn in Section6.5.

6.4.5 Electron identification

In additionto the track finding problemdescribedn the previous section,the found tracksneedto be
identifiedaselectrondor thee™ e trigger For ajet triggerapplicationthis stepis omitted. Theleft panel
of Fig. 6.36 presentghe pulseheightsdistribution in a singlechambermbtainedfor pionsandelectrons
with transersemomentaof 3 < pi< 5 GeV/c whenintegratingover the full drift time of the readout
chamberin low multiplicity events. A thresholdcanbe setsothatby keeping90% of the electronswve
rejectthe pionswith afactorof 25.

A moresophisticatednalysiscanbe donefollowing the proceduredescribedn Sectionl1.5. The
likelihood shavn in the right panelof Fig. 6.36is calculatedfrom the normalizeddistributions of the
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Figure 6.36: Pulseheightdistributionsfor electronsandpionswith trans\ersemomentap; > 3 GeV/c integrating
all time bins in one chamber(left) and derived likelihood distributions to infer an electronfrom the electron
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Figure 6.37: Pionrejectionfactorfor 90%electronefficiengy, determinedrom the averagechagein half cham-

ber, asfunctionof themultiplicity.

enegy depositedn one TRD moduleby electronsand pions, which canbe implementedastwo look-

up-tables.For a given globally reconstructedrack the information consistsof n valuesof normalized
enegy depositAE; for atrackreconstructedrom n tracklets.Fromthe LUTs the probabilitiesp§ andp™

areobtainedthusthetotal probabilitiescanbe calculatedasPe = [ p7 andPy = [ p* overthen layers.
Thelikelihoodfor the particleto be an electronis given by theratio P/ (Pe + Pr). To this valuea cut

is applied,chosenin sucha way that 90% of the electronsare retained. The resultof the online PID

procedureas plottedin Fig. 6.37 asfunction of the centralityof the collision. The dropin therejection
poweris causedy thedecreasingrumberof trackletsthatform the globally acceptedrack.
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6.4.6 Background

Backgroundsourcedor high p; electrons:

e backgrouncelectronsiconversionsp - electrons,
o faketracks,

e misidentifiedchagedpions.

While the fake tracksandsecondaryelectronsarea problemfor all triggers,the backgrounddueto
chagedpionsaffect only the di-electrontrigger. As visible by the solid squaref Fig. 6.35(middle),
18tracksarefoundon averagepercentralcollision, of which 1.4 arecleanelectrontracks(right panelof
Fig. 6.35). Applying the online particleidentificationcapabilitydescribedn Section6.4.5reduceghe
totally found tracksto aboutoneelectrontrack candidateper centralcollision. The backgrounddueto
misidentifiedpionsandfakes andthe onefrom secondanelectronsare, for restrictve parameterdike
'Cut A, of thesameorderof magnitude.

The backgroundmultiplicity is of crucial importancefor the fake trigger rate that is discussedn
Section6.5.3. It shouldbe notedthat the backgroundmultiplicity canbe reducedfurtherin a post-
processingf theeventin theHLT computefarm:

e Thepionsuppressionf misidentifiedpion trackscanbeimprovedto the offline performancésee
Sectionll.5).

e The secondaryelectrontracks passingthroughthe selectioncuts have a wide true momentum
distribution. 60%of themhave trans\ersemomentéelav 3 GeVjc . Trackingof theTRD electron
candidateshroughthe TPCwould determineghe curvatureof the trackwith a betteraccurag and
canbeusedto removethiscomponentThelargemomentunbackgroundracksresultfrom photon
conversionsin theinner partof the ALICE detector They canbe recognizedat leastpartially by
full trackingthroughthe TPCandITS aswell.

Thecorrespondingriggerratesfor e* e coincidencesindtheimportantrole of theHLT is discussed
in Section6.5.3.

6.5 Performance

The variousphysicsobsenablesare discussedn [3]. A typical exampleof aninterestinghard probe
physicsobsenableis the family of Y resonancef]. The performanceof the trigger schemedescribed
aboveis presentedh this sectionfor the Y system.

6.5.1 Generalitiesof Pb-Pb collisions

With an extrapolatedinelasticnucleon-nucleorcrosssectionof oyy = 60 mb a total reactioncross
sectionof opppp = 7.5 b is anticipated.At aluminosityof £ = 1-10?’cm~2s~1 this crosssectiongives
riseto minimumbiasinteractionrateof RMB = 7.5 kHz. In orderto make useof thehigh quality tracking
availablewithin the ALICE TPC, only the fraction of eventswithout pile-up within the TPC drift time
of TSFC = 88us is consideredt this stagefor furtheranalysis. Thereforeat the trigger level therateis
reducedo a pastprotectednteractionrateof Rg'a% = 3.9 kHz, while for highlevel triggerprocessinga
rateof R'E,"aBs&fmure = 2.0 kHz is anticipated.The numbersaresummarizedn Table6.7 for luminosities
from0.5—1.0-10?’cm s 1.
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Table 6.7: Eventandtriggerratesfor Pb+Pbat5.5A TeV.

L{cm?s 1) | RiP (kHz) | RYG (kHz) | R¥Z g tuure (KHZ)
1-10% 7.5 3.9 2.00
7.5-10% 5.7 3.5 2.10
5.10%6 3.8 2.7 1.95

With the past-futureprotection,the optimum conditionsare reachedat a luminosity of £ = 7.5-
10?°cm~2s~. For the following estimatesan integratedluminosity of £PPPP= 0.5/nb peryearis as-
sumed pasecbn atime averageduminosityof £ = 5-10?°cm 2s ! andaneffective datatakingtime of
10° s within onemonthof heavy ion runningperyear[10]. As canbeeseenfrom Table6.7, dueto the
past/futureprotectionimposedby the TPC drift time, the numberof acceptableventsdoesnot change

whentheluminosityis increasedy afactorof 2.
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Figure 6.38: Differentialcrosssectionversusmultiplicity for Pb+Pbat5.5A TeV.

The distribution of multiplicities canbe obtainedby assuminghatthe multiplicity scaleswith the
numberof participantsthat are calculatedby the nuclearoverlapintegral asfunction of the impactpa-
rameter Fig. 6.38 shavs the scenariowith a meanvalue of the rapidity density< dN /dy >=8000for
themostcentrall0% of all thereactions.The eventclassof the mostcentral10% of the crosssectionis
calledin thefollowing CEN. It startsata multiplicity of dN /dyjow = 6770andis markedin Fig. 6.38by
thedarkcircles.

Hard probesare producedaccordingto the numberof primary NN - collisionsthatcanbe obtained
from the sameformalism. Backgrounds createdaccordingto the occupang of the TRD chamberghat
scaledinearly with themultiplicity (seeFig. 6.21).
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6.5.2 Y countrates

Theintegratedproductioncrosssectionof the Y resonanceat /s= 5.5 TeV is obtainedby extrapolating
existing datain the framavork of the color evaporationmodel[11-13]. For Pb-Pbcollisions a total
productioncrosssectionfor thecombinedy stateqY, Y* andY”) decayingnto two electrongB=2.52%)
of Ba¥,p, = 570 Wb is predicted[12]. Therelatve fractionsareY: Y : Y” =1: 0.3: 0.1. Thecross
sectionestimates basedn anextrapolatedop crosssectionof dopp/dy|y—o = 3 nb. Thecorresponding
rapidity distribution is approximatelyflat over +£4 unitsof rapidity resultingin anintegratedcrosssection
of opp =225 nh Scalingfrom ppto AA collisionsis doneby the scalinglaw obseredin the Fermilab
fixedtargetdata
Opn = A O,

with a = 0.95[14] .

With theseassumptions minimum biasrapidity densityfor Y — e*e of dN/dy|y_o = 1-10° is
predictedfor minimumbiasPb-Pbcollisions. An integral numberof NY, = 2.85- 10° is producedvithin
oneyearof ALICE running. Notethatthis numberis obtainedfrom scalingpp resultswith the number
of primary collisions,i.e. no suppressiomr enhancemerftom the QGPis consideredat this level. The
currentestimatds lower by afactorof 1.6ascomparedo thenumbersisedin the TechnicalProposa[3]
dueto the useof the empiricalmassscaling. With all the extrapolationsanduncertaintieshe following
numberscanonly be considered casestudythatdescribehe capabilityof the TRD triggersystem.

- I ‘ ‘ ‘ ‘
8 | —— produced
= Offline
- NT30
8_ b Deconv
s Default
o
Pz
©
-1
10

6000

0 2000

4000

8000
dN,,/dy

Figure 6.39: Differential Y- yieldsfor variousscenariossfunction of multiplicity for Pb+Pbat5.5A TeV. The
scenario®ffline (solid), NT30 (dashed)DPecorv (dotted)andDefault (dashed-dotted)orrespondo thescenarios
1,5,3,and?2 of Section6.4.4.

As showvn in the TechnicalProposa[3] thegeometricahcceptancege, for detectinganelectronand
apositronwith p® > 3 GeVjc eachwith thefull sizeTRD (|n| < 0.9) from Y decayis £geo = c;\INa;ch =
0.65/Ay whereAy is the width in rapidity of the uniform input distribution (seealso Chapterl2). For
the reconstructiorof resonances$wo electronsneedto be found and identified in coincidence. The

reconstructiorefficiengy for Y thereforereads

2
Edet = (Ead * Etradding EpID),
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with €44 - the effective active fraction of the solid angle,&iraqing - the efficiency to find atrack thathits
theactive areaandep|p the survival probability of electrongpassinghePID cut (seesection6.4.5). The
producteag - Erading IS Shawn in Fig. 6.35for singletracks,epp is targetedto be 90%, at which a pion
efficiengy of €f,; = 0.02 (for dN/dy = 8000)canbereachedn the offline analysisfrom the TRD data
alone(seeSectionll.5).

Table 6.8: Integral numberof Y undervariousconditionsfor anintegratediuminosity of £7PPP= 0.5/nb. CutA
of Table6.6wasemployed (* usingCut B).

NYs000 NY2000 | NWigsooo | NYsood(Muon)

Maximum chagedparticlemultiplicity dN/dy | 8000 2000 8000 8000
producechumberof Y, N%, 285000

decayingnto acceptance 24750 15019
decayingnto acceptancaithout TPC pile-up 12672 -
reconstructiblevith OFFLINE efficiency 4041 4437 4041 9349
reconstructedvith standardptions 1056 2016 154 8414
reconstructeavith TRF off, 30 time bins 3053 4052 - -
reconstructeavith decowolution of TRF 2269 | (4180) 3628 - -

The singletrack efficienciesfor the differentscenariosasshavn in Fig. 6.35anddescribedn Sec-
tion 6.4.4 have beenparameterizedby straightlines. The resultingdifferential distribution of recon-
structedY resonanceasfunction of centralityfor a multiplicity densityof 8000for centralcollisions
is shavn in Fig. 6.39. Note thatthe numberof producedY grows like Ngé‘:’t O (dN/dy)*2. The lower
histogramsn Fig. 6.39reflectthereconstructiorefficiency andits dropwith increasingmultiplicity. The
solid grey histogramis obtainedby emplgying offline efficienciesat the triggerlevel (including the cut
on singleparticletransersemomentunof p;> 3 GeV/c ) andfollows the productionprobabilities.For
themorerealisticonlinetriggerscenarios reductionespeciallyfor centralcollisions,is obsered. The
correspondingntegral numbersoverthefull centralityrangearegivenin Table6.8in thecolumnlabeled
NYgo0o Underthoseconditionsabout2300reconstructed” canbe expectedperyearof ALICE running
(employing the decowolution schemeof the TRF). This numberhasto be comparedo an untriggered
scenariovherethewhole analysiss performedoffline. Whenstill aimingatthefull centralitycoverage
asmotivatedby the physicscase the total available bandwidthto the dielectronphysics(assumedo be
20 Hz of centralevents)would befilled with minimumbiasevents(74 Hz dueto the smallereventsize).
The numberof reconstructibleY for this scenarichasto be down-scaledby the ratio of DAQ rateto
minimumbiasinteractionrate. Thevaluesareshavn in Table6.8in the columnlabeledNyzgo00 About
150 Y could be reconstructegber yearof ALICE running. One could trade performancen centrality
coveragefor morestatisticsin centralcollisionsunderthe constraintof the sameDAQ bandwidth. An
extremeoptionwould beto give up the centralitycoveragecompletelyandfocuson centraleventsonly.
In the 10% mostcentraleventsabout1600Y canbefoundwith offline efficienciesunderthe conditions
usedfor Table6.8. Accordingto Table6.7 the centraleventsoccurwith afrequeng of 195Hz. Given
the bandwidthof the DAQ systemof 20 Hz, 164 Y canbereconstructeth suchaneventsample.These
numbersclearlydemonstrat¢hatthe TRD dielectrontriggeris essentiafor this physicstopic.

The numbersof reconstructed” canbe substantiallimproved by exploiting the capabilitiesof the
HLT systen(15]. Thissystems designedo allow for aninputbandwidthof 200Hz. Assumingthathalf
of thatbandwidthis allocatedfor centralevent processindfor the otherhalf seeSection6.5.3)100 Hz
of centraleventscanbeinspectedWith offline detectionperformanceé20Y canbegatheredvithin one
ALICE year This numberhasto be comparedo thenumberof Y thatis alreadyin thetriggeredsample,
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e.g. 680for the scenariowith tail cancellation.The runningmodewith afull scaleHLT TRD analysis
deliversvery similar total Y numbersasis given by the centralsubsethatis includedin the minimum
biasTRD triggeredevent sample.While the numbersarecomparabldor centralevents,it is, howvever,

not possibleto cover the centrality dependencef Y productionwith the HLT schemedueto the rate
limitations of openingthe TPC gatinggrid.

The inspectionof centralcollisions by the HLT analysiscan be usedin additionto increasethe
numberof reconstructed: combiningboth modesof datataking a final numberof 1160Y in central
collisionscanbeachiaredin oneALICE year

As discussedn Chapterl2, the extrapolationof latestRHIC resultspredicta rapidity density of
dN/dy ~ 1600.While thebeamenepy increases too largeto allow areliableextrapolationwe will still
consider scenariogor thediscussiorof thetriggerperformanceastheimplicationsfor theperformance
of the TRD trigger systemaresignificant. The numberscorrespondingo a multiplicity in centralevents
of dN/dycen = 2000arelistedin the columnlabeledNy,q,,in Table6.8. Thenumberof reconstructed”
is almostdoubledfor the scenaridhatemploys thetail cancellatiortechnique Additionally about15%
canbegainedby openingthe selectioncuts(Cut B from Table6.6) leadingto a total of 4200triggered
Y.

Notethatcomplementarefforts to detectY statesn Pb-Pbcollisionsyield similar numbers When
usingthe sameproductioncrosssectionandscalingto the sameintegral luminosity of LPPP? = 0.5/nb
per year the CMS experimentwould reconstructan integral numberof 6400 Y peryear[12]. The
performancef the ALICE muonarmis givenin Table6.8 andis expectedto bestill better

The numberspresentedn Table 6.8 correspondo the full size TRD detectorwithout ary holes.
Shouldtheactve areahave to bereducedo 50%o0f thenominalsolid angle ,areductionof themeasured
signalto abouta quarterof the numbersn Table6.8 would be the consequencéseealso Chapterl?2).
The physicsprogramof exploring QGP propertieswith Y stateswould be severely limited if the TRD
couldnothave completecoverage.

6.5.3 Trigger rates

Thetrue Y triggerrateis very small (10-2 Hz). Therateof the TRD dielectrontriggeris dominatedby
backgroundandhascontritutionsfrom 3 sources:

1. misidentifiedpion tracks
2. fake tracksfrom combinationof clustersfrom differentprimarytracks

3. trueelectrontracksdueto conversionof photonsbeforethe TRD

Thesingletrack backgroundnultiplicities areshawvn in the centerandright panelof Fig. 6.35. The
centerpanelrepresentshe sumof all the backgroundcontritutions. In the right panelthe background
fromtrueelectrongcomponen8 from above) s separatelylotted,sincefor thiscomponenhoreduction
can be achieved from the PID. For the componentsl and 2 the pion suppressioriactor  shavn in
Fig. 6.37wasused.Thetotal backgroundnultiplicity My canthenbe constructedrom thetotal found
tracks M¢oung and the found electrontracks Mound_e BY Mbak = (Mfound — Mfound_e)/& + Mfound_e-
For the scenarioemplaying the tail cancellation(seeFig. 6.35) this backgroundmultiplicity m(M) was
parameterizedsfunction of centralityM by a squareroot behaior. The backgroundconsistsof tracks
of positve andnegative chageswith equalprobability Dueto the statisticalnatureof the background
tracksthedistrikbution is assumedo be Poissoniarandthe differentialbackgroundair triggerrate Rpajr
is givenby

dRpair . dRmb . (l_efm(M)/z)z,

dMm dMm
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Figure 6.40: Differential backgroundrigger rate Ry as function of centrality for Pb+Pbat 5.5ATeV with a
multiplicity for centraleventsof dN/dy = 8000.DifferentCutslistedin Table6.6 wereusedto selectstiff electron
candidates.

whereRyp, is the minimum biasinteractionrate. The differentialtrigger rate asfunction of centrality
givenin termsof dNg,/dy is shavn in Fig. 6.40for the two setsof parameterdistedin Table6.6. The
integral numbersareshavn in Table6.9in therows labelede*e .

Table 6.9: Triggerratesfor Pb+Pbat5.5A TeV.

dN/dyCertral 2000 8000
CutA ete” 128Hz | 351Hz
Quarlonia| 43Hz | 117Hz
CutB ete” 340Hz | 732Hz
Quarlonia | 113Hz | 244Hz

A furtherreductionof thetriggerrateis achiezedby calculatingtheinvariantmassof theelectronpair
in theGTU. As wasfoundin the TechnicalProposalFig. 38) [3] thebackgroundspectrurnis essentially
flat over the invariantmassrangefrom 1 to 10 GeV/c. With the trans\ersemomentumresolutionas
givenin Fig. 6.32 an invariant massresolutionof 8% at the Y massis achieved by the TRD trigger.
Selectingonly 2 intervals of invariantmassaroundthe J (2.8 <mg+ - < 4.0 GeV/c? ) andthe Y family
(Mgt >8 GeV/c? ) reduceshe total trigger rate by abouta factor of 3, while the physicssignalis
reducedbnly by aboutl0%ascanbeseenfrom Fig. 12.7. The correspondingntegratedratesaregiven
in Table6.9in therows labeled' Quarkonia’.

Theparametevaluesfor 'Cut A’ ('Cut B’) weretunedattheexpenseof someefficiengy lossto have
an acceptablérigger rate even for the multiplicity scenariosiN /dycen = 8000 (dN /dycen = 2000)for
centralcollisions. So,in eachcasethedielectrontriggerratewould beaboutl10Hz. Suchatriggerrate
into theHigh Level Trigger(HLT) seemdo beappropriateThecurrentHLT designforeseesmaximum
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input bandwidthof about200Hz [15]. The’Quarkonia’ dielectrontriggerwould occupy onehalf of the
total available bandwidth. Furtheroptimizationof the online backgroundstratgiesis currentlyunder
investigation.The numberggiven hereshouldbe taken asorientationsof whatcanbe achieved already
with very simplealgorithms.

An overall suppressiormf the eventrate by morethana factor 10 is expectedfrom an offline like
analysidgn theHLT computefarm. Thetaskof the HLT is to furthersortout the correcteventsby:

1. Applying thefull pion suppressiopower with a maximumlikelihoodanalysisof the pulseheight
distributions (seeSection11.5). Sincethe online pion rejectionwas assumedo be only 1:20
independendf centralityat leasta reductionby afactorof 2 canbe expectedrom this step.

2. Trackingof all candidategshroughthe TPC andITS to remove fakesandconversions. Approxi-
mately 60% of the electronbackgroundracksoriginatefrom particleswith trans\ersemomenta
belav 3 GeV/c. The cunatureandthe closestdistanceto the vertex aremuchbetterdetermined
by the globaltracking. The latter quantitycanalsobe usedto reducethe other40% of the back-
ground,i.e. stiff tracksnot originatingfrom the primary vertex. In total, a minimal reductionby
afactorof 2 is anticipated.A detailedanalysisof the globaltracking performanceof the central
ALICE armis in progress.

Sucha reductionof the singlecandidatemultiplicities by a factorof 4 resultsin a reductionof fake
pairsby afactorof 16 resultingin anoutputtriggerrateof the HLT systemis in the orderof 7 Hz for
the 'Quarkonia’ trigger scenarios dN /dycen = 8000, Cut A’ and’dN /dycen = 2000, Cut B’. For the
lower multiplicity scenariche’e™e™’ triggerwithoutinvariantmasscut representanalternatve option
compatiblewith theallocatedDAQ bandwidth.

Bandwidthrequirementso thedataacquisitionsystemcanbefurtherreducedoy consideringpartial
readouf regionsof interest.Thestiff trackswill crossonly 3-4 outof 2 x 18 TPCsectors.Thereforea
reductionby about10is possible.Suchareadoutscenariowill notallow for adetailedcrosscorrelation
of the dielectronsignalwith global TPC quantities. This could be an option for an intermediateime
periodwhenpossiblythe HLT is still understudyanddevelopment.

Summarizing the selectioncriteria of the combinedTRD / HLT dielectrontrigger canbe adjusted
suchthatthe outputrateto DAQ is in the orderof 10 Hz whentriggeringon the quarlonia statesand
abouta factor 2 higherwithout the invariant massselection. The bandwidthcan stay well below the
anticipatedimit of theequialentof 20 Hz of centraleventsof dN /dycen = 8000.
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7 Readoutand Data Flow

This chapterdiscussesll aspectf the TRD dataflow. Generally therearetwo maindatastreams
in threeareado behandledn realtime. Both datastreamgequirethe simultaneouseadoubf all 64224
MCMs.

Thefirst datastreamis the shippingof the tracklet candidategproducedon the individual MCMs
to the globaltrackingunit (GTU). This tradklet shippinghasto be performedduringthe critical trigger
decisiontime andis limited to 400ns (referto Fig. 5.6, notethe 200ns setuptime for thefirst tradklet to
percolatehroughthe readouttree). During thattime, a total of up to 40 x 32 Bit tracklets perchamber
have to be shippedto their appropriated sectorof the GTU, resultingin an aggrgate datastreamof
216 GByte/s.

Theseconddatastreamis theraw datareadoutwhichis performeduponalLevel-2 accepiL2A). At
thattime, the eventbufferson the MCMs arebeingreadout. This readouis performedduringthe TRD
deadtime asthe TRD front-endis not pipelined.For a detaileddiscussiorof the TRD statesandtiming,
referto Chapters.

ThedatapathbeginsattheMCMs, andends,n caseof aL2A, with thedatashipmentia the ALICE
optical detectorlinks (DDL). Therefore therearethreegeneralregionsof datashippinginvolved: the
dataflow on the chambersthe cablingbetweenhe chambersandthe GTU; and,the datashippingoff
theGTU itself. All threeregionsaredetailedbelov in the appropriatesections.

7.1 Datatypesand format

A major costfactoris the requiredconnectiity betweenthe MCMs asthis drivesthe numberof pins
andconnectionsequired.Further alarge numberof 1/0 signalsincreaseshe complity of thereadout
plane.Onthe otherhand,thetight lateny requirementrivesup the datatransferratesandbuswidths.
Thereforethereadoutreesaredesignedo meettherequirement®f thetradlet shipping.Theraw data
readoutuponL2A useshedefinedtradklet readoutree,which atthattimeisidle.

7.1.1 Tracklets

Tradklet candidatesyhich pasghedefinedp; andPID cutswithin oneplane(MCM), have to beshipped
to the globaltrackingunit for track matching.In orderto assisthetrackmatching,eachtraclet candi-
dateis projectedontothe GTU referenceplaneprior to the shipping.

Table 7.1: Datafields of tracklet andTRD tracks

| Type | tracklet Bits | TRD TrackBits | Description |
y-position 13 18 8 x 18x 7.2 mm with aresolutionof 400 um
y-deflection 5 7 +8 mm to passcutincl. onesignbit
Z-position 4 10 max. 16 padrows perchamber
chage 6 8 normalizedchage abore MIP
TR 2 4 TR quality flags
variance 1 4 fit quality flags
spare 1 4 fit quality flags
| | 32 | 64 | w/o HammingCode |

Thetradklet parametersncludey-position, y-deflection,the z-positionor pad row numberin the
referenceplane,the normalizedchage relative to MIP, thefit variance andsomeTR quality flags. The
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numberof bits requiredfor eachof theseparameterss determinedy theresolutionanddynamicrange.
Table7.1shavs theappropriateencoding.Correspondinglyeachtradlet requires32 Bit for encoding.

7.1.2 Raw data

All digitized ADC valuesarestoredin eventbuffers,which arebeingreadoutuponalL2A. Thisreadout
is performedby the CPUsof thetradklet processorsind,thereforejs completelyprogrammable Any

preprocessingr reprocessingf thedatais concevableusingthe256896processoravailable. However,

in orderto understandhe dataflow, the largesttypical dataformatis the zero suppressedaw data.
Zero suppressions implementedin the standardform, running on the freely programmableradkiet

processors.The zero suppressioralgorithmimplementsa configurablethreshold,plus somepre and
posthistory while alwaysreadingout the appropriateneighboringchannelsn orderto guaranteghe
completereadoubf a clusterandwhile maintainingrelatively high thresholdsTheresultingdatais run-

lengthencodedn orderto suppresshe baselinezeroes.Theraw datavaluesarepresentedn Table7.2.

Here’black event’ representsll available pixels, including the readoutof redundanborderlineADC

channels.

Table 7.2: Averageraw dataparameterfor Pb—Phcollisions.

| Type | Value | Notes |
Numberof ADC channels 1348704 | eachMCM supportsl8 PADs, plusthreeADCs atborders
ADC resolution 10Bit
Numberof time bins (event 20 active drift time with startandendtime configured
buffer canhandle32)
Sizeof 'black event’ 39.4MByte | assuminghereadouf redundanborderlineADC channels
Overall occupang 14% overall pixel occupang
Raw eventsize 7.1MByte | zerosuppressedaw eventincluding20%codingoverhead

Therearevariousoptionsto compresghe raw eventfurtherin a binary losslesgashion. This can
be implementedboth at the front-endand the back-end. Given thatthe TRD raw eventis the second
largestin ALICE, someeffort will beinvestedwithin theframewvork of the high-level trigger projectto
reducethis sub-&entto its minimumsize. However, giventhe experienceof the TPC datacompression
R&D [1] [2], it is expectedthatonly afactorof 50% might befeasible.Huffmanencodingcaneasilybe
implementedn thefront-end.Othercompressiotechniquesnight beimplementedn the back-end.

7.2 Hardwareimplementation

As describedn theintroduction thetotal transfertime for thetriggeris limited to 600ns. Thisis thesum

of two contrikutions,i.e., thelateny andthe durationof the datatransferphase.To allow the operation
of the GTU parallelto the datatransfey the readoutsequencénasto be chosencarefully asdescribed
laterin this document.To maximizethe overlapbetweerprocessinganddatatransportthe lateny has
to bekeptto aminimum.

7.2.1 Readoutscheme

Theorganizationof thereadoufollows thestructuregivenby the hardwarelayout. A readoutreecovers
a planeof a supermoduleonsistingof five chamberswvith up to 16 padrows. From simulations,it is
known thata chambermwill provide a maximumof 40 traclets (Chapter6) with a size of two 16 Bit
words. Sincethe readoutfor the dataacquisitionposesa muchlower constrainton the systemthanthe
trigger, the designis drivenby therequirementsf thelatter
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Figure 7.1: Layoutof readoutboards.The phasesy..@s correspondo thetime multiplexedinputsof theroot of

thetreefeedingtheopticaldetectolinks (referto Fig. 7.2). Eachchambeimplementswo rows of readoutoards
labelledasright andleft. The readoutboardswithin a chamberarenumberedn ascendingrderin z direction.
Thesamenumberingschemas appliedto thechambershemseles.Eachlayerof a supemoduleis beingreadout
atbothsidesthereforemplementingwo readoutrees.The correspondingwo logical areasarecalledsublayerl

and2.

To minimize the numberof componentsn the trigger systemmostof the readoutreeis integrated
into thedigital partof the MCM, theLTU. To keepthe systemsimple,the samefrequeng of 120MHz
is usedfor the tradklet processorand the transferbetweenMCMs. To achiere a small lateng, the
readoutreehasto beasshortaspossible However, thewidth is limited by the numberof pinsavailable.
To achieve the necessaryobustnessL.VDS [4] anda 1 Bit error correctionand 2 Bit error detection
using Hammingcoding [5] is foreseen.As a consequenced6 pins for a 16 Bit dataport are needed
correspondingo the 16 Bit data,the 5 Bit for the Hammingcode, 1 Bit for parity and 1 Bit for the
strobe. A treewidth of four requiresfive portsresultingin 230 I/O pins, which, togetherwith pins
for control signalsand power, area possiblecompromise.In the currentdesign,five clock cyclesare
neededo ship datathrougha nodeof thetree. This is a resultof the four cyclesneededo registerand
synchronizeheinputandthe onecycle to registerthe output. With thegivenclock rate,this corresponds
to roughly42 ns. For atreewith depthd, thelateny is (d x 5+ 2) cycles.
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Figure 7.2: Treestructurefor alayer Thereadouboardsarelabeledin thefollowingway: ABC. A distinguishes
betweertheleft andright row in Fig. 7.1. B is the chambemumberandC indicatesthe padrow groupinsidea
chamberThegrayarrows insidethe memgersdefinethereadoutsequence.

Thelateny of thereadoutireedefinesthe worstcasetime betweerthe shipmentof thefirst tracklet
andits receiptby the GTU. During thistime no overlappedorocessings possibleandthereforeit should



114 7 Readoutand Data Flow

be keptasshortaspossible.On the otherhandthe depthof the readoutireeis determinedoy the fixed
numberof datasourcesandthe numberof links onemeiger chip canprocess.Thelargerthelink count
of a meger chip is, the larger is its pin countand the more comple is the resultingrouting on the
readoutboard. Thereforethe numberof links andthe readouttreeslateny are competingparameters
to be optimized. A large numberof scenariosvere studied,wherethe given granularity effects were
specificallytakeninto account.Theresultis ameigerwith four inputsandoneoutput.

With the givenfive portson a meger chip, alayeris partitionedasshavn in Fig. 7.1and7.2. The
chambersare readout by MCMs groupedtogetherlogically on two typesof readoutboards. These
boardscanhousea maximumof 21 and25-MCMs, assketchedin Fig. 7.3. Onerepresentswo levels
andthe larger onerepresentshreelevels of the tree. The larger sizedboardsare neededo cover the
chambersvith 16 padrows. By orderingthe readoutsequencethe extra level of the secondonecanbe
hidden. As shavn in Fig. 7.2, the outputof four boardsis melgedtogetherby the units namedMxxx.
Thesememgersarethe sameMCMs asusedfor readoutandtracklet processingHowever the existing
LTU functionalityis disabledf theMCM is operatedn meigermode.Onthenext treelevel the outputs
of thepreviouslevel arealsogroupedogethey anMCM. ThemodulesM100 andM200 sendthedata
time multiplexedto a gigabitparallelopticallink (PAROLI). The PAROLI device is describedn greater
detailin Section7.2.2.1.

7.2.1.1 Thereadoutlogic onthe MCM

Thereadoutsystemis basedon two differenthardware componentsThe MCM, configuredasreadout
treemodule(Mxxx), andtheparallelopticallink (PAROLI). NotethatLTU andreadoutreefunctionality
canbe combinedon oneMCM by enablingboth partsof the digital chip. Referringto theleft scenario
in Fig. 7.3, implementing21 MCMs, the first four columns(MCM 4...1,9...6,etc.) implementregular
LTU functionality asdiscussedn chapter6.3. The outputsof theseLTUs areroutedhorizontallyand
areterminatedat the rightmostcolumn(MCM 0, 5, 10, 15). TheseMCMs operatebothLTU andtrack
meger functionality Thereforethey effectively memge the inputs of five LTUs into their outputlink.
Finally the outputlinks of the four MCM rows are combinedby one MCM (sketchedas trapezoid),
which only operatesrack megerfunctionality keepingits built-in LTU disabled.Thereforethis MCM
doesnot addinternaldatato the datastreamlike the onesdiscussedborve. The outputof the readout
boardssketchedin Fig. 7.3 form the inputs labelledLxx, Rxx to the actualreadouttree as sketched
in Fig. 7.2. The numberingschemeis definedin Fig. 7.1. The subsequenlayer of the readouttree
implementdMCMs in the sameconfiguration.Thelaststageof thereadoutreeinterfacesto the parallel
opticaloutputlink (PAROLI) andis discussedn chapter7.2.2.

A3 P2 H o)

Readout Board (RB) Readout Board (RB) 6 padrows
v v

Figure 7.3: Structurewithin the readoutboards. The left boardrepresents two-level tree, which is usedfor
readingout five padrows. Thereadoutboardon theright canhandlesix padrows andaddsanadditionallevel to
thetree.

Fig. 7.4 givesanoverview of thedatapathinsidethereadoutreemodule.The portsandtreecontrol
are connectedo the MIMD tradlet processo(TP) asa peripherymappedinto the local and global
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addresspaceof the processorsEachCPU hasa dedicatedutputinterface,which it cansere indepen-
dentlyandasynchronouslyHowever it canalsoaccessry otherportvia the global I/O addresspace.
To allow for maximumflexibility, eachport is completelyindependenaindthe mappingof the portsis
determinedy configuratiorregistersin thegloball/O addresspaceIn addition,theportsaredesigned
for bi-directionaluse.Thesearchitecturameasuresimplify thelayoutandroutingof thereadouboards
andtheir interconnectsEachphysicalport canbe configuredto be eitherinput or output. Referringto
Fig. 7.3,mary MCMs do notfully utilize theiravailablelinks, which canbeusedto implementalternate
routesin orderto implementsomedegreeof faulttolerance.
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Figure 7.4: Datapathof areadoutmodulewith thefive bi-directionalindependenports.

A moredetailedview of the portsis givenin Fig. 7.5. The bi-directionall/O portssynchronizehe
dataof a previous MCM to its internal clock. This increaseghe lateng, but makes a detectorwide
synchronouslatatransferpossible.The Hammingen-/decodelincreaseshereliability of the systemby
implementingone-Biterrorcorrectionandtwo-Bit errordetection.TheHammingstatuds evaluatedand
linkedto the outgoingdatastream.The physicalsignalsadherego the LVDS standardUsingdifferential
signalsimprovestherobustnes®f the systemin a noisyervironment.

7.2.2 GTU link

Thelink to the global trackingunit (seeChapter5) is usedfor both tradklets andraw data. A layer,
consistingof five chambersjs subdvided into two sublayersasshavn in Fig. 7.1. To minimize the
lengthfor transmissioreachsublayeris readoutto its closestsideof thedetector Thedataarecollected
attherootof areadoutreeandforwardedto a parallelopticallink (PAROLI). Thisresults216links off
thedetector

7.2.2.1 Parallel optical link PAROLI

The Infineort PAROLI links are parallel optical links for high speeddatatransmission.A complete
systemconsistsof a transmitter a recever and a fiber optic cable. A PAROLI link hasthe following
mainfeatures:

lInfineonTechnoIogieS\G, wwwinfineon.com
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Figure7.5: Bidirectionall/O port,includingtheHammingen-/decodeisynchronizatiomnit andinput FiFo. The
LVDS transceiersarenot shown.
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The transmitter(V23814-K1306-M230)featuresmultiplexing and encodingof 22 electricaldata
input channelsto 11 optical dataoutputchannelsvia time multiplexing. It is closely coupledto the
readoutmodule,which builds up theroot of a sublayertreeandquadrupleshe databandwidth.
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Figure 7.6: Interconnectiorof readoutreeandPAROLI link.

ThePAROLI link is operatedit4x theMCM readoutink. Thereforethereadoumodulesnterfacing
to the PAROLI will time multiplex their four inputs. Thereforethe dataof the four inputscorrespond
to four phasesp..q3 onthe PAROLI link. Theincomingdataarrive at modulesM100 and M200 and
are being transmittedat the rising edgeof the 120 MHz clock. Thesemodulesare runningwith an
internalfrequeng of 480 MHz andforward the dataof thefour inputswith a240Mhz dual-edgeclock,
correspondingo 480 MWord/s,to the PAROLI link. The recever (V23815-K1306-M230)as front-
endof the globaltrackingunit, generates synchronouslataoutputwith 480 MWord/s,which will be
demultiplexedto 4 x 120MWord/susinganothelinstanceof thereadoutreeMCM, operatingn reverse
mode.
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7.2.3 Detectorlink

Readoubf thecompressedaw data,which areproducedoy andreadfrom thelocal trackingunitsupon
the Level-1 accept(L1A) condition,is triggeredby a L2A. At thattime the dataresideat the TMUs
within the GTU. A Level-2reject(L2R) simply clearsthe appropriatebuffers, whichis implementedy
adwancingthe appropriataeadoutpointersasboth Level-1 (L1) andLevel-2 (L2) triggersare executed
in chronologicalbrderwithin their classandwith respecto their associatedhteraction.

Thereadoutoff the detectorfrom the GTU is performedin parallelto ary otherpossibleon-going
TRD trigger actiity, andthusdoesnot contritute to the TRD dead-timeexceptfor the derandomizing
readoubufferin the GTU threateningo overflow, which canbeavoidedby makingthis buffer reasonably
large. For example,one 128 MByte DRAM SIMM per detectorlink will provide spacefor morethan
300compresse®b—Plraw events.

Theindividual TRD ¢ sectorscanbe operatedndependentlyeven at the level of the global track
matching(TMU). The only exceptionis the collectionof the summarydatafor the L1 triggerdecision.
Therefore therewill be aneventbuffer aswell asa detectorlink off the detectorfor eachsector The
correspondingggregatedatabandwidthof 1.8 GByte/sallows for a maximumreadoutrate of 250Hz,
assuminghe statedaverageevent sizes. Shouldthis prove inadequatethe numberof links per sector
caneasilybeincreasedy afactorof two, similarto the sublayereadoutof the supermodules(referto
Fig.7.1).

Oneimportantprocessingscenariowith respecto dataanalysiswithin the high-level triggeris the
region of interestprocessing.Thoseregionsarealreadydistributed with a per sectorgranularityat L1
time. However, thehigh-p; trackcandidates$o bevalidatedin the TPCarebetterdefinedin theGTU than
in their appropriatesectornumber Therefore anappropriatesummaryeventis plannedto be compiled
containingthe track vectorsof all identified high-p; candidates.The dataformatis comparableo the
oneusedfor the tracklet candidateshowever, implementedas 64 Bit word as sketchedin Table7.1.
Only high-p; trackswith configurablecutswould be shipped. However, even assuminghe maximum
shipmentof all chaged particletracks,togethemwith a TRD efficiengy of 100%,it would resultin 16k
tracksbeingtransmittedwvith aneventsizeof 128kB or amaximumL2 acceptateof 780Hz.

The datarequiredto be uploadedo the TRD are configurationand calibrationparameterssuchas
the definedthresholdsand TMU lookup tables. Thesedataobjects,however, areto be provided and
maintainedby the DetectorControl System(DCS). It is anessentiabystenrequirementhatthe DCSbe
independenof any othersystemsuchasDAQ or trigget

A secondogical datastreamis the uploadingof testdatafor systemintegrity checking. An inde-
pendentdatapathto the front-endwill be implementedn orderto enableuploadingof testdata,and
to implementan alternatetransparenmonitoring datapath allowing to monitor systemintegrity even
duringnormaloperation.This datapathis anideal methodfor redundantut slow readoutof any TRD
sectorallowing simpleoff line detectoitestingwithouttherequiremenbf anoperationaDAQ or trigger
system.

TheTRD datalink off thedetectouseghe ALICE DDL, which consistof threemajorcomponents
thelink feed(SIU), which resideswithin the GTU; theactualopticallink itself; and,the opticalrecever
card(DIU). Theinterfaceto the SIU essentiallyymplementsa synchronous32 Bit databus runningat
40MHz [3].

In orderto keepthe TRD on-detectoelectronicsassimpleaspossible adatadrivenpusharchitecture
is planned.Upona L2 acceptall availabledatais formattedandtransmittedthroughthe detectorinks
at designspeed.The back-enchasto be designedo copewith this datastreamof up to 100 MByte/s.
Suchrequirementoesnot presentary particularchallengeandis alsobeingusedfor the TPCreadout.
Giventheavailability of verylargelow-costelasticitybuffersatthebackend,thelateng requiremenfor
the necessaryhrottling is relaxed. A canonicall GByte eventbuffer therecorresponds$o 2500events
or morethana minute of runningtime whenrunningat full speed.Therefore the necessaryhrottling
caneasilybeimplementedisa singledead-timesignaloff thedetectorgeneratedtonecentralplaceby
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implementinganappropriatehigh watermark. No backpressurgowardsthe detectorss beingrequired
orimplementedasthis would only move thethrottling andcreationof the dead-timesignalontomultiple
instancef the front-end,requiringtheir merging into onecommonTRD dead-timesignal. However,
the functionality of the DDL allows to implementa backpressurdunctionality allowing to throttlethe
detectorfront-end. The potentialuseandimplicationsof this featurewill berevisitedata laterstage.In
ary casetheminimal requirementor the DDL is sustained.00 MB/s half duplex throughput.
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8 The gassystem

8.1 Intr oduction

TheTransitionRadiationDetectorhasanoverall volumeof 27.2m3 which surroundghe TPCandspans
radii between2.94and3.68 m. The detectorfollows the ALICE segmentationin ¢ of 20° anda 5-fold

seggmentatiorin thez direction. Eachof thesel8 supermodulesonsistof 6 layers(radiator chambeland
electronics)n radial direction,and5 modulesin z direction. A schematiccrosssectionin ther¢ plane
of the TRD modulearrangemenits shavn in Fig. 8.1. Thetotal numberof gasenclosuresn the system
is 540. Thedimensionf the chamberwsary accordingto their positionsin r andz, andaretypically of

orderlminr¢, 1 min z Thedepthin r is always3.7 cm. Thisresultsin aratherdisadwantageousrom

the gastightnesspoint of view, volume-to-surdceratio of 0.017m. For this reasonspecialprovisions
aretakenin orderto minimisegasleakaggseeChapterd).

Pressure regulation segmented into 18 sections

Figure 8.1: Schematicview of the TRD in the r¢p plane, shaving the 18-fold segmentationof individually
pressure-rgulatedsections.

In addition,alow-massconstructiorof thedetectorss neededor minimisingelectronmultiple scat-
teringandTR photonabsorptiorin thematerials.Thelight constructiormechanicallylimits theabsolute
overpressur®ef the chamberdo 2-3 mbar In orderto avoid electrostatiaistortionsdueto deformation
of theenclosingdrift andpadelectrodesthe overpressuratwhich the chambersreoperateds limited
at1 mbar

8.2 Gaschoice

Thetraditionalchoiceof xenonasthe noblegasof therunningmixtureis determinedy its large absorp-
tion, andsubsequernibnisation,crosssectionfor transitionradiationX-rays producedn a suitableradi-
ator material. This effect constituteghe principle of electronidentificationof sucha detector Because
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xenonis a high-costgas(11.66CHF/I), therecirculationin aclosedoop, the purification,andtherecor-
ery of the pugedgasis mandatory

In addition,xenonis aratherheary gas(density5.58g/l). Thismeanghatthe pressurgradientover
avolumewhichextendsoveraheightof 7.36mis 2.5mbar For reason®f geometricaparallelismof the
thin entrancdoil andpadplanestructure andof uniformity of operationof thewhole systemin termsof
E/p (seesection4.2), the maximumoverpressurén eachindividual chambershouldnot be higherthan
1 mbar Thus,a suitablesggmentatiorof the pressurgegulationalongslicesin heightof the detectoris
imposedby the choiceof thenoblegas.

The typical quenchemsedin other TRD systemsis methane sinceits well knovn transportand
quenchingpropertiesmakesit a rathercorvenientchoice. However, safety neutroninteractions,and
lifetime considerationsnake CH, a gasto be avoided. Therefore the choiceof the quenchelis CO,,
becausat is non-flammableijt containsno hydrogen,it is a low-costgas,andit performsadequately
Theconcentratiorof quenchers 15%(seesection4.1).

Becausdhe maximumdrift distancen a TRD moduleis only 3 cm, problemsassociatedvith elec-
tron attachmentue to oxygen contaminationin the presenceof CO, are expectedto be negligible.
Concentration®f O, ashigh as100 ppm are thereforeaffordable,since sucha contaminationvould
only affect the signalby < 10%. Othercontaminantdrom air suchasN, will be remosed from the
mixturein therecovery procesqseesection8.3.4).

8.3 Layout

As explainedin the previous section,the useof a high-costgascomponentmakes a closedloop cir-
culationsystemmandatory The proposedsystemwill consistof functionalmodulesthat aredesigned
asstandardisednits for all LHC gassystems.Table8.1 indicatesthe location of thesemodules. The
mixing, purifying, andgasrecovery arelocatedon the shieldingplug in the pit PX24. The component
sizesandrangeswill beadaptedo meetthe specificrequirement®f the TRD gassystem.An overview
of the distribution systemcanbe seenin Fig. 8.2. The basicfunction of the gassystemis to mix the
componentsn theappropiatgroportionsandcirculatethe gasthroughthe TRD chambersata pressure
of < 1 mbarabove atmospheripressureSomeof the basicparametersf the TRD gassystemaregiven
in Table8.2.

Table 8.1: Functionalmodulesof the TRD gassystemandtheir location.

Functionamodule | Location |
Primarygassupplies| SGXBuilding
Mixer SGXBuilding
Circulationloop

Distribution rack PX24Pit
Pump UX24 Pit
Pressureegulation | UX25 Cavern
Recwery SGXBuilding

8.3.1 Mixing unit

An LHC gasmixing unit, schematicallyshovn in Fig. 8.3, will be usedto mix the componentsn the
appropriateproportions. The flows of componentgasesare meteredby mass-flav controllers,which
have an absolutestability of 0.3% over one year anda mediumterm stability of 0.1% understeady
stateconditions.Flows aremonitoredby a procesdlow control computerwhich continuallycalculates



8.3 Layout 121

SGX2 Recovery
R
7 2
Gas supplies | Purifier
Mixer
PX24
Control room [
Recirculation
Plug
L3 magnet
T ‘
[
TRD
— UX25

Figure 8.2: Schematidayoutof the TRD gassystem shaving thelocationof the differentmodules.

Table 8.2: Basicparametersf the TRD gassystem.

Max. No. of modules 540
Maximumvolume 27.2m3
Gasmixture Xe,CO,
Working overpressure 1 mbar
Filling rate 5m3h
Circulationflow rate 5m3/h
Operationperiodperyear | 8 months

the mixture percentagesuppliedto the system.The anticipatedreshgasflow at operatingconditions,
which dependstronglyontheleakrate,is expectedo be not higherthan0.51/h.

Filling of the detectorwill be donein a closedloop circulationmode,wherethe purging N» gasis
graduallyreplacedy the operatiormixture. The separatiorandrecovery of the Xe,CO, mixturewill be
donein therecovery plant. The startup periodis estimatedo take 11 daysfor a purification-injectio
rateof 20%of thetotal volume,i. e. 5 m®/h. Undernormaloperatingconditionsthe mixing unit will top
up the gaswhich is removed from the systemfor purificationpurposesor by lossesdueto leakswithin
thecircuit.

8.3.2 Circulation and purification system

Thegasmixtureis circulatedin aclosedoop ashasbeenshaovnin Fig. 8.2. Returngasfrom thedetector
mustbe compressewvell abore atmospheripressurdo pumpit backto the surfacegasbuilding where
it will beregycledthroughthe purifier. The pumpitself will belocatedon the shieldingplugin PX24.
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Figure 8.3: Gasmixing unit, locatedin the surfacegashbuilding. The substantiallydifferentgasflows in the
filling andrunningmodesarecontrolledby two differentmassflowmeterspergasline.
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Figure 8.4: Generalayoutof thecirculationgasloop.

As alreadypointedout, the hydrostaticpressureover the total height of the detectoris 2.5 mbar
Sincethe detectorworking pressuras limited, for mechanicateasonsio 1 mbar a subdvision of the
full detectorinto heightsectionsis necessary Furthermorethe flow and pressureegulation mustbe
donein eachsectionindependentlyln particular the sensoffor the pressureegulationmustbe asclose
aspossibleto thedetectoiinlet or outlet,in orderto minimisehydrostaticahndhydrodynamicapressure
differencesetweenhe chamberandthe sensar On the otherhand,dueto spacdimitationsinsideand
aroundthe L3 magnetjt is desirablgo placeasmuchhardwareaspossiblein otherareas.

Takinginto accountheseconsiderationghefollowing gasdistributioninto thedetectorss proposed
andshavnin Figs.8.4and8.5: gasin therecirculationunit attheplug (seeFig. 8.2)is distributedthrough
a 54-linemanifoldwherethe linesgoingto the detectorarethin enough(4 mm innerdiameter)in order
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Figure 8.5: Thedistribution of the gasmixtureinto the 18 sectorf the detectorby thin lines, with theflow and
pressuraegulation,andthe back-upsystem

to achieve a uniform, substantiapressuralrop of almost100mbatr If all thelineshave thesamdength,
the pressuredropin eachline will be muchlargerthanthe hydrostaticdifferencesdetweensectors.In
this mannertheindividual flow regulationcanbe skipped.Eachline senesonesetof 10 chambergtwo
layersbackandforth in z direction)andthe pressuregegulationsensoiis placedat the outlet,thusbeing
theonly componeninsidethe L3 magnetAll the othercomponentsvill belocatedat the plug.

The feedthrouglrom chambetto chambemwill bea short(3 cm) pipewith aninnerdiameterof 18
mm, which resultsin a nggligible (0.04mbar)total impedancedo the gasalongthe 10 sened chambers.
Thepressureegulationwill beperformedattheoutletof eachsub-circuit(threepersector)y placingthe
pressuresensomearthe lastchamber Still insidethe L3 magneta 3-fold manifoldwill memgethelines
from eachsectorinto one16 mm line. Therefore a total of 18 outletlineswill run up to anaccessible
areaat the plug, wheretherestof theinstrumentdor flow andpressuraegulationwill beinstalled.All
of thesecircuitswill routeinto the L3 magnetspacdrom the RB26 side(the sideof the muonarm).

The loop pressureregulationis performedby acting on the suction speedof the compressor A
pressuresensoilocatedat the detectoroutletdrivesthe reactionmechanismlin addition,gaslossesare
compensatetbr by actingon the mixing unit flowmetersaccordingto a pressuresensofocatedat the
high pressurdouffer afterthe compressorin this mannertheregeneratiorratecanbe choserarywhere
within therangeof themixing flowmeters andtheunrecwerablegasis limited to the leaks.

The purification systemwill remove, asusual,oxygenand water contaminationin the gas. This
will be donewith cartridgefilled with actvatedcopper A configurationin parallelallows oneto run
gasthroughonepurificationcylinder while the otheroneis beingregeneratedRegeneratioris doneby
heatingthe cartridgeso 200° C underanAr,Hx(7%) (Noxal) mixture.

8.3.3 Backup system

In caseof a misfunctioningof the pressureegulation,for exampledueto a power failure, the two-way
safetybubblers Jocatednearthe detectorsshallensureghatthe maximumover andunderpressurahat
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the detectorcanstanddoesnot exceed2-3 mbar However, this mechanisnshouldbe regardedasthe
ultimate safetyfor the system.In caseof anincreaseof the atmospherigressureduring suchperiods,
the safetybubblerswould allow air to be sucled into the detectorghus deterioratingthe purity of the
operatinggas.Thepurifiersandtherecovery stationmight thereforegetrapidly saturated.

In orderto preventair to enterthe gasloop, a backupsystemfor casef failure hasbeenforeseen.
It consistsof a permanentlow of CO, that circulatesto an exhaustwhich passesy one of the sides
of a bubbler In this manney positive fluctuationsof the ambientpressureaesultsin an enrichmentof
CO; in themixture,which canbe graduallycompensatetbr by thefreshgasinjectionmechanisnmasthe
experimentis restarted Negatwve fluctuationsof the ambientpressurewill lead,in ary caseto theloss
of somepreciousxenon.Theflow of backupCO,, andthe expectedrateof xenonloss,is estimatedrom
experienceo be drivenby shortmaximumpressurdluctuationsof 5 mbar/h.

8.3.4 Recovery station

Nitrogen,which enterstherecirculationloop throughleaks,cannotbe removed by the purificationsys-
tem. Thus, a separatiorstationis neededn orderto extractthe N, from the systemandrecover the
xenonfor regycling. The precisegaspurme rate into the recovery unit, estimatedto be 0.1% of the
detectowvolumeperhour(2.41/h), will bedeterminedy theactualleakrateof the system.

@I/ E E fo mixer

main
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Figure 8.6: Schematidayoutof thecryogenicplantusedto separat¢he nitrogenfrom thecomponentsf thegas
mixture.

Theproposecdtryogenicrecovery unitis shavn in Fig. 8.6. Similar conceptdave alreadybeenused
by the NOMAD [1] and ALEPH [2] experiments. The operatingprinciple is basedon the selectve
distillation of the gasby coolingit down to nearlythetemperaturef liquid nitrogen(LN,). Becausehe
freezingpoint of boththe xenonandthe CO, areabaove thatof the nitrogen,asshavn in Table8.3, by
coolingdown with LN, a storagevesselpnecanfreezeboththexenonandthe CO, asthegasentershe
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vesselwhile still keepingthe nitrogenin thegasphase A scalethatweighsthe vesseis usedto control
the amountof gasthat entersthe vessel. Oncethe desiredamount- suchthatat roomtemperaturghe
pressuravould notexceed200bars- hasbeenfrozen,thegasleft in thevesseis pumpedandventedout
until the pressuredropsto essentiallyzero. Then,the vesselis broughtbackto roomtemperatureThe
time-pressureliagramcorrespondingo this operationis shavn in Fig. 8.7. Onecanseethe shouldersat
which condensatiomndevaporationof the gascomponentsake placeasthe temperatureyclesdowvn
andup. Thenon-wlatile componentnamelythe nitrogen,is pumpedout at 60 min. This methodwhich
accountgor nolossof xenon,resultsin anitrogen-freemixture,althoughatsomelossof CO,. Whenthe
mixture in injectedbackinto the loop, appropiatemonitoring of andcompensatioffior the lossof CO,
will take placeby injectingfreshquencheaccordingto thereadingof adedicatedCO, analyser

This procedurewill be carriedout in parallelby doublingup the recorery vessel,suchthat while
onevesselis beingfilled, the secondoneis usedto feedgasinto theloop. Thefrequeng atwhich the
recovery cycle hasto be carriedout dependstronglyon the actualleakrateof the detector

Therecovery vesselswill befilled upto theequialentof 100barsin a9 m? bottle. For this purpose,
thevesselwvill becooleddonn with LN, asthegasenterst, suchthatanormalcompressocanbeused.
This operatiormayrequirethatthetemperatureycle is repeatedwice, sincethefreezingof themixture
in aturbulentregime mayleadto trappingof somenitrogeninto the condensedas.

We considerthe possibility to reusean existing recovery plantwhich hasbeenusedin the ALEPH
experimentfor the samepurposeand with the samegasmixture. We now have this plantin hand.
Althoughconcevedto work in adoubletemperatureycle for distilling thepureXe, it hasactuallybeen
usedin exactly the samemannel3] aswe proposén this documentandhave testedn a smallset-up.

Table 8.3: Freezingandboiling points,in ° C, of somegaseselevantto the presengassystem.

Gas | Freezingpoint | Boiling point
N2 —20986 —1958
Xe —1119 —1081

CO, | —784(subl.)

8.4 Gasdistribution pipework

All pipesandfittingsin the TRD gassystenwill bemadeof stainlessteel. Thepipeswill bebutt-welded
togetherto reducethe possibility of contaminatiorandleaksto a minimum. Existinggaspipesat point 2
will bereusedasfaraspossible.Table8.4 shavs anoverall view of the main piping parametersA total
of 54 pipesrun from the plug into the detectorsall onthe RB26 side, left andright of the TRD.

Table 8.4: Main piping parameters.

Numberof | Pipeinner| Pipe | Nominal | Reynolds | Pressure
pipes diameter | length | flow number drop
[mm] [m] [m3/h] [mbar]
SGX building to plug 1 73 90 5 5052 A2
Plugto RB26side 54 4 100 0.1 1893 97
RB26sideto plug 18 16 100 0.28 1325 11
Plug SGX building 1 73 90 5 5052 A2
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Figure 8.7: Theevolutionin time of the pressureof a Xe-CO;-N, gasmixture asit is cooledwith LN,. At 40
min solidificationof CO, takesplace,followedby the xenonat 50 min. At 60 min the gas(nitrogen)left in the
samplebottle is pumpedout andthe LN flow stoppeduntil the mixture returnsto the gasphase.The gaswas
analysedvith a massspectrometegaschromatograplsystembeforeandafterthe cryogenictreatment.

8.5 Prototype

A prototypegassystemhasbeendesignedn collaborationwith the CERN ST/CV groupandbuilt by
Tecnodeltgltaly). Theschematidayoutin its presentonfigurations shavnin Fig. 8.8. Thisgassystem
is beingusedn thecurrenttestbeamexperiments Becauseheprototypechambersisedsofar have only
afew liters gasvolume,the gasis madeto flow throughthe detectorprior to enteringthe loop, where
a highercirculationflow is bestadaptedo the strongpumpof the system. The gasis thenstoredin a
recovery bottle wherethe cryogeniccycle, describedn section8.3.4,takes place. The detectoraunder
testcanbeincludedin therecirculationloop wheneer their sizeandnumberincreasesFirst operation
of thisgassystematthetestbeamin spring2001,hasshavn adequat@erformancdothin termsof gas
tightnessandoverpressureegulationof the gasin thetestdetectoratthe 0.1 mbarlevel.

It is intendedto reuseboth the principle of operationand mostof the partsof this gassystemfor
thefinal one. Themanualvalveswill bereplacedoy remote-controllednes(or completedwvith remote-
controlledturningdevices)andthe manifoldsandsubsequerftow andpressureegulationhardwarewill
beaddedwhichwill accountfor mostof thecost.In addition,two moreextra compressorgneof them
beingspare will be addedin orderto be ableto pumpthe gasfrom the plug to the surfaceandfill the
recovery bottlesattherequiredflow.
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Figure 8.8: Layout of the gassystemprototypeusedfor the currentTRD tests. For small detectorvolumes,
thechambeiis placedoutside upstreanof the loop andtherecirculationis regulatedonly by automatictuning of
the comrpessospeed.A fraction of the gas,equalto the freshgasinjectedinto the system,is pumpedinto the
recoverybottle. Theconfiguratiorshovn in thefigurecorrespondso the caseof largerdetectovolumes.Theflow
is regulatedby actingboth on the compressospeed(25) andon the loop main flowmeter(12) so asto keepthe
detectoroverpressuréo the valuesetat the outlet pressuresensor(21). Leaks,if existing, aresensedat the high
pressurevesselat the compressoputputby the correspondingenson(33), which opensthe fresh gasinjection
flowmeters(6 and9) whenerer necessaryin orderto keepthe electricalcompleity of the systemlow, all valves
aremanual.
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9 Sewices

9.1 Low voltagepower distrib ution

TheTRD electronicss locatedon the readoutplaneof eachchamberLow voltagehasto be distributed
to theseareasof the detectorto power the multichip modules(MCM), seeChapter5. Two possible
solutionsare beingconsideredor supplyingpower to the detectorfront-endelectronicsjnsidethe L3

magnet:

e powersuppliedocatedoutsidethemagnetjn theexperimentahall, deliveringtherequiredvoltage
andcurrentdirectly to theload. In this casethe power cableconductorcross-sectiomustbelarge
enoughto limit the voltagedrop, and cablebulk aswell as copperconductorweight are major
concerns;

e DC-to-DCcorvertersplacedinsidethe magnetandcloseto theload. In this casethe cross-section
of the input power cablescan be significantlyreduced. However the corvertersmustbe ableto
operatein the magneticfield up to 0.5 T, eitherby shieldingor by using a specialdesign. The
possibleeffectsof radiatedor conductedhoisefrom the switchingsuppliesneedto be understood.
Moreover, thereliability constraintsareincreasedinceaccesgor maintenancés very limited.

In both casedow-drop voltageregulatorsareinstalledon the electronicshoards. The first solutionhas
beenworkedoutin detailandis presentedhere.The secondoneis beinginvestigated.

9.1.1 Requirements

The low voltage systemmust deliver a large current(about~18KA in total for Pb-Pbcollisions) at
3.3V and2.5V. For noiseisolation,the power will bedistributedseparatelyor the preamplifier/shaper
(analog-1) ADCffilter (analog-2)anddigital parts(digital-1). Low-drop linear regulatorsinstalledjust
beforethe electronicsare usedto regulatethe biasvoltage. The powver supply requirementsexpected
currentsandresultingpower aresummarizedn Table9.1. The numbersare calculatedusing0.35um
technologyfor the preamplifier/shapeand0.25pym technologyfor the ADC anddigital components,
seeChapters.

Table 9.1: Pawer supply requirementof the electronics. V: requiredvoltage. Ps,: Paver consumptionper
channel.P®@ and|'®@': Total power andtotal currentrequiredby the electronics P:%?': Total power dissipated
in thelow-droplinearregulators.The numbersarebasedon 1.16x 10° channelsandthe expectedrigger ratesfor
Pb-Pbandp-p collisions.

V(V) | Pon(mW) | PYI(kW) | 1"2(A) | Preg™? (kW)
analog-1(RSA) 3.3V 10 11.6 3503 1.4
analog-2(ADC filter)| 2.5V 274 31.7 12690 5.2
digital-1P>-PP 2.5V 1.1 1.2 1515 0.6
digital-1°P—P 25V 11.9 13.7 10139 4.2

For the digital part the power consumptionand requiredcurrentsdependon the trigger rate, the
numberdor both Pb-Pbcollisions(10kHz and1 kHz L1A, seeSectionl.2)andp-p collisions(150kHz
and5 kHz L1A) arequotedbut the p-p valuesaretakenfor the design. The power in the analogparts



130 9 Services

is constant.For example,doublingthe trigger rateincreasedhe total powver consumptioronly by 3%
but the requiredcurrentin the digital-1 supply by 68%. The maximumpower consumptionis 49.3
mW/channefor p-p collisions. Taking into accountthe total amountof channelsof 1.16x10° andthe
power dissipatedn theregulators thetotal power dissipatedy the electronicds 67.8kW (51.7kW for
Pb-Pbcollisions).

9.1.2 Low voltagepower suppliesand cables

Thelow voltagesystemwill besubdvidedinto independentiow voltagechannelsTheactualnumberof

LV channelss acompromisebetweercostandperformanceEachof themwill poweracompleteayer,

that corresponds$o 5 chambers.This meansa total of 3x108 cables(analog-1,analog-2anddigital-

1) andtheir respectie returnlines. The power supplieswill be locatedoutsidethe L3 magnet(UX25

cavern)on both sidesof the detectofRB24andRB26)in anareanot accessibleluring LHC operation.
In this scenarica cablelengthof about31 mis needed15m from the power suppliesto the magnetand
16 m from the magnetup to the distributing ring andall the layerlength. The cableswill passthrough
theL3 magnetdoors,at abouthalf the heightof the detector

Table 9.2: Characteristicef eachcable(c) for a low voltagesystembasedon 108 channelsandtrigger rateas
correspondingo p-pcollisions.l¢: Currentcarriedin eachcable.SandL: Crosssectionandlengthof eachcable.
W,: Cableweight,R.: CableresistanceP®® : Total power dissipatecn the cables.

V(V) [ 1e(A) [ Sx Le(mmPxm) | We(kg) [ Re(mQ) || P (kw)
analog-1 43V | 33 (58x15+31x16) 12.3 17.7 4.2
analog-2 3.5V | 121 | (211x15+113<16) | 44.6 4.9 15.4
digital-17>-P> | 35V | 14 | (25x15+14x16) 5.3 41 1.8
digital-1° P | 35V | 96 | (169x15+90<16) | 35.6 6.1 12.2

The cablecharacteristicssummarizedn Table 9.2, are selectedasa compromisebetweenvoltage
drop, power dissipationand crosssection. The p-p scenarichasbeenusedfor the design. Cablesare
designedwith two widths, onepartof 15 m lengthfrom the power suppliesup to the L3 magnet.This
selectionis doneto minimize the power dissipationin a region wherethereis no spacdimitation. The
otherpart,of 16 m length,from the magnetdoorsto the detectorsvherethewidth is reducedo the half
to fit into theavailablespace(seeFig. 9.1). With this designthe voltagedropin the cabless 0.59V and
thetotal surfaceoccupiedor thebarecabless 505cn?. Thetotal weightof suchCu cabless about19t.
In additionto the 505 cn? somespacehasto be consideredor isolationandcoolingof the cables since
thetotal power dissipatedon the cablesis 21.4kW for Pb-Pbcollisionsand31.8kW for p-p collisions
(seeTable9.2). If we accountfor a voltagedrop of 0.59V alongthe cableandof 0.4V for thelocal
regulation,the power suppliesshouldprovide 4.3V and3.5V, respectiely.

A schematidayoutof the low voltagesystemis shavn in Fig. 9.1. The power suppliesarefloating.
Thereturnlines areconnectedo the front-enddetectorground. The low voltagesystemas previously
describegresentsomedisadwantagesvith regardto cablecostandheatlossesn the cablesandalsoto
thespacenccupiedby the cablegpassinghroughthe L3 magnetoors.Therefore analternatve scheme
basedn deliveringthe power ata highervoltage(48V) andconvertingit to therequiredonevery close
to the detectoris also underconsideration.Insidethe L3 magnetin the distributing ring two typesof
Vicor DC-to-DC corverters(V48B3V3C150Aand V48A3V3C264A, for example)could be usedfor
voltagecorversion. It still needso be proventhatthesedevicescanwork insidethe L3 magnet.Some
calculationg1] shav thata magneticshieldof 2-3 cm will be neededo have acceptablattenuatiorof
magneticfield densitiesof 0.4 T. As the amountof cornvertersis not negligible, the distortionscreated
inside the L3 magnetneedto be studied. On the other hand, other companiedike CAEN are also
developingDC-to-DCcorverterswhich couldin principlework in magnetidields. Recentlya prototype
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Figure 9.1: Connectiorof low voltagepower suppliesto electronics

hasbeentestedat CERN shaving a goodbehaiour up to 0.18T. Highervaluesof magneticfield were
not available during the test. A secondtestin a magneticfield up to 1 T hasalsobeendone. The
device shaved a behaiour accordingto specificationsup to 0.5 T. After properoperationat1 T some
componentsailed. As the principle of operationof the prototypeis provento work, the compary plans
to work onimproving its reliability.

9.1.3 Layout
9.1.3.1 From power suppliesto eachchamber

The low voltagepower cableswill comefrom the power suppliesto both sidesof the detectorthrough
the L3 magnetdoors. The cableconfigurationthroughthe magnetdoorscanbe seenin Fig. 16.2. The
cableswill have a connectorat the distributing ring to be ableto disconnecfrom the supermoduldor
maintenanceA flexible cablemight beforseerthere.

LV, refum

[hamber
\

Figure 9.2: Routingof thelow voltagepower cablesalonga layer.
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In orderto avoid currentloopsin the detectorthe power cablesandtheir respectie returnlines will
beroutedin thesamesideof thelayer In addition,the chambereadoutPCBis split into two ¢ sections,
the power to eachlayerwill comefrom both ¢ sides. To keepthe numberof LV channelsconstantat
108,eachcablewill besplitinto two atthelevel of thedistributing ring. The spaceéetweerthechamber
holderandthe supermoduleasewill beuseto routethe cablesalongzin eachlayer, seeFig. 9.2. The
cableswill supplythevoltageto thechambeunderneathThis partof the cablealsoneedsooling.

9.1.3.2 Inside the chamber

Dependingon the chambermposition and the layer the MCMs in a chamberare organizedin rows of
4+4 MCM eachmakinga total of up to 76 rows perlayer Eachcablewill have up to 76 connections
consistingof a low-drop voltageregulatorand4 MCMs connectedn series.The 4 MCMs will alsobe
connectedn seriesfor thereturnline cable.The power distribution schemeénsidea chambeiis depicted
in Fig. 9.3.

MCM| MCM| MCM| MCM| MCM MCM MCM| MCM| MCM| MCM| MCM MCM|

o bl pol o | bl pod ol pod | pol ol ol o

o ped pol o | bl poi el pod | pol ol ol ol

o bed pol o | bl poi el pod | ol el ol ol
return
R - " " = = = = = ® = = |
;gv TR iR iR i i i R iR iR i R R |

Figure 9.3: Routingof thelow voltagepower cablesn thereadouplane(only half chambeis depicted)o power
eachof theMCM rows. The cablesalongalayerarealsoshown.

Eachof the MCM rows in thechambewmill receve the necessarpower from thelow voltagepower
cablesrunningalongz on both sidesof the layer Cablesup to 0.61m lengthfor the largestchamber
will be necessaryAssumingthat 20% of the chambemplaneis coveredby Cu, the width of the powver
lines could extendup to 0.8 mm, 4.0 mm and 2.7 mm for analog-1,analog-2anddigital, respectiely,
with a standardhicknessof 34 um. Thereturnlinesaredesignedvith the sameparameterswith these
characteristice voltagedrop of 113 mV, 82 mV and97 mV canbe expectedin the worstcase. The
power dissipatedn thesetraceswill be27.7W perlayerfor Pb-Pbcollisions(45.9W perlayerfor p-p
collisions), i.e. adding4.7%to thetotal heatdissipatedn alayer

9.2 High voltage power distrib ution for drift field

Thehigh voltagedistribution for thedrift field will bedoneaccordingto chambersThetotal numberof
HV channelss 540. Eachchannekhouldbeindependenin termsof voltagesetting,currentlimit, ramp
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up anddown, switchingon andoff andmonitoringof currentandvoltage.

9.2.1 Requirements

In orderto createthenecessardrift field ahigh voltageof -2.1kV is needed SeeChapte). Theripple
hasto be kept smallerthan50 mV peakto peakandthe stability shouldbe betterthan 0.1% over 24
hours.

9.2.2 High voltagepower supplies

Thepower suppliesshouldbeableto deliverupto -3.5kV with acurrentof upto 500pA/channel. These
valuescontainalreadya safetymargin comparedo nominalrunningconditions.The high voltagepower
supplieswill be positionedon both sidesof the detectofRB24 andRB26) outsidethe L3 magnein the
UX25 cavern. A total lengthof about60 m is anticipatedbetweerthe high voltagepower suppliesand
thedetectors.A 42 Q cabletype HTC-50-1-1(standardCERN) canbe used(in accordancevith 1S23
regulations)from the power suppliesto the detector ThisHV cableis 3.30mmin diameterleadingto a
total crosssectionof 540x0.086¢n?= 46.2cny for all 540cables.

9.2.3 Layout

The cableswill be groupedtogether passedhroughthe L3 magnetdoors,andbroughtup to the distri-
butionring. A connectoiis foreseertherein orderto be detachabldrom the detectorfor maintenance.
Thecableswill thenbeseparatedh orderto power theindividual field cagesseeFig. 4.7. Consecutie
¢-sectorswill be poweredfrom oppositesidesof themagnet.

9.3 High voltage power distrib ution for readoutchambers

The anodewire planeof eachchamberwill be suppliedwith HV independently The total numberof
individual HV channelds 540. Suchgranularityis importantin caseof failure, becauset reducegshe
affectedareato onechamber

9.3.1 Requirements

Theanodewiresneeda voltageof aroundl.7kV in orderto reachtherequiredgasgain. (SeeChaptei).
Theripple shouldbe smallerthan50 mV peakto peakandthe stability betterthan0.1%over 24 hours.

9.3.2 High voltagepower supplies

Thepowersupplieshouldbeableto deliverupto 2.5kV with amaximumcurrentof about40pA/channel.
Thesenumberscontainalreadya safetymaigin comparedo nominalrunningconditions.The high volt-
agepower supplieswill be positionedon both sides(RB24 and RB26) of the detectoroutsidethe L3
magnet{UX25 cavern). A totallengthof about60 m is anticipatedcbetweerthe high voltagepower sup-
pliesandthedetectorsA 42 Q cabletypeHTC-50-1-1(standardCERN)canbeused(in accordancevith
IS23 regulations)from the power suppliesto the detector The diameterof this cabletypeis 3.30mm,
leadingto anareaof 540x0.086¢cn?P= 46.2cn?.

9.3.3 Layout

Thecableswill begroupedogetherpassedhroughtheL3 magnetdoors,andbroughtupto thedistribu-
tion ring. In orderto be detachabldérom the detectora connectoiis foreseerthere.The cableswill then
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be separatedh orderto power the anodewire planeof eachindividual chamber Consecutie ¢-sectors
will be poweredfrom oppositesidesof themagnet.

9.4 Cooling distrib ution

9.4.1 Requirements

TheTRD coolingsystenmeeddo remove alargeamountof heat(upto 76 kW for Pb-Pbcollisionsandup
to 105kW for p-p collisions).A large partof it, 64.1kW and86.7kW respeciiely, aregeneratednside
thesupermoduleby thefront-endelectronicsandlow voltagedistribution insidethe supermodulesThis
heatis dissipatecver a large area~800m?. The 6 layersareseparatedyy only about~4 mm. These
factorsdeterminghechoiceof thecoolingagento bedemineralizedvater Forcedair coolingtechnique
hasalsobeenconsideredor its obvious advantageof introducingno additionalmaterialwithin the TRD
acceptanceCalculationshave shavn that effective cooling cannotbe achiezed with suchan approach
without applying prohibitively high air pressureon the cathodeplanesof the detectors.Moreover, the
configurationof the TRD andotherALICE subsystemsnake it difficult to introducean air supplyduct
of large cross-sectiomequiredfor the air flow. Watercoolingwill be free of theselimitations andwiill
provide effective coolingwith relatively little material. The secondyeneratior_eaklesd.iquid Cooling
System(LCS2) hasbeenselected This type of systemhasbeensuccessfullyusedby otherexperiments
atCERN(CERES/M\45,NA49) andatBNL (STAR) andhasbeenproposedor otherLHC experiments
aswell (ALICE TPC,ATLAS calorimeterandCMS pixel detector)2, 3].

9.4.2 Description of cooling systemand layout

The schemeof the cooling systemdevelopedin collaborationwith the CERN/ST/CVgroupis depicted
in Fig. 9.4. Themain parametersf the coolingsystemaredescribedn Table9.3.

Table 9.3: Main piping parametersf the cooling systembasedon the heatdissipationfor Pb-Pbcollisions. The
pipe profile insidea supermodul@longz is chosernto be rectangulato fit in the availablespace.The equivalent
diameterassuminga cylindrical pipeis quoted.

Numberof Material Inner | Length| Nominal | Pressure
pipes diameter flow drop
(mm) (m) (mbar)
RB26to L3 magnet 1 polyethylene 60 30 19.3m%h
return 1 polyethylene| 60 30 | 19.3m%h
magneto supermodules 18 polyethylene 20 15 1.1m3h
return 18 polyethylene| 20 15 1.1m3h
supermoduleso layers 108 inox 20 7 178.3l/h 29
(alongz)

return 108 inox 20 7 178.3l/h 29
layerto MCM 2736 Al 2 5.6 6.91/h 267

The cooling systemwill be positionedon one side of the detector(RB26) outsidethe L3 magnet
(UX25 cavern). Eachof the 18 sectorswill be suppliedand controlledindependently This scheme
presentshe advantageof easierregulationandcontrol. Moreover, the pressurgegulatorsusedto main-
tainthe pressurdelav theatmosphericanbe positionedoutsidethe magnetvoiding the useof special
equipment.Flow regulatorsinsteadof pressuraegulatorsmight be considered Eachof the 18 circuits
will supplycoolingwaterto the6 layersin asupermoduleThecoolingliquid is keptin the storageiank



9.4 Coolingdistribution 135

T magnet
floor

11m

7.4m
3.6m

20mm

;Q/ polyethylene

ok
ok
ok

==
W@@
A
ANNRNAER

/GOmm
/ 60 mm

By
s
ks

%
X
X
X
==
ok
bk
2 §
Bk
—K
-k

magnet

i drz e e dre e G Qi i

30m

Figure 9.4: Watercoolingsystemschemebasedon sectordistribution.



136 9 Services

positionedat the lowestpoint of the systemat a distanceof about30 m from the L3 magnet.Theliquid
is movedby acirculatorpumpinto the heatexchangercooledby chilled waterfrom the CERN network.
Two main pipes60 mm diametermadeof polyethylenewith cold andwarmwaterrespectiely, bring
thewaterfrom thetankto the baseof the magnetandvice versa.Fromthe baseof the magnetl8 pipes
of 20 mmdiametereachpassthroughthe magnetdoorsandbring the waterto thesectorsOnthereturn
sidethe 18 pipespassthroughthe magnetdoorsandare collectedtogetheroutsidethe magnet. In the
presenschemeit is foreseerto provide the cold waterin the lowestpoint of eachsectorandto collect
thewarmwateron the highestpoint in orderto have morehomogeneouwaterflow in all pipes. Each
circuit hasa valve atthe input andat the outputat the level of the distributing ring to be detachablen
caseof maintenanceOneof themis pneumaticallycontrolledto beableto stopthewaterflow in caseof
problemsduring runningtime. At theinput of the pressureegulatorsthe pressures abose atmospheric
pressure Theregulatorsadjustthe pressuren the individual linesto a valuethatis belov atmospheric
pressure.They alsoguarantedhatin all subsection®f the cooling circuit a value belov atmospheric
pressuras maintained Any leakin theselinesandconnectionsill notleadto aleakof coolingliquid.
A vacuumpumpin the returnline sustainsa pressurebelonv atmospherigressureanddischagesary
excessair collected.

9.4.2.1 Water distrib ution to the layer

]
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Figure 9.5: Main distribution of coolingwaterin alayer. For simplicity only onechambemwith 12 rowsis shavn.

Thelayersubcircuitconsisiof 2 mainrectangulapipes(20 mmequialentdiameteralongz madeof
stainlessteel,seeFig. 9.2andFig. 9.5. Their functionis to supplywaterto theindividual pipesrunning
in ¢ acrosshe chambemwherethe heatsourcesareandto sene asa collectorfor thewarmwater The
flow in thesepipesis turbulent. The pressuredrop for a turbulent flow of 179.31/h (seebelow) in a
straightpipe of 7 mis of about29 mbar The spacebetweerchamberandthe supermoduleasingwill
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beusedto routethe coolingpipes,seeFig. 9.2. Eachlayerhasa heatertto regulatethe watertemperature
andalfilter to avoid impuritiescominginto the system.Eachlayeralsohasa manualvalve to be ableto
closeindividuallayersindependentlyluringtests.As thepressurelropalongzis negligible with respect
to theoneacrossp thewaterinputandoutputcanbe onthesameside.

9.4.2.2 Water distrib ution inside the layer

Thereadouboardswill bedesigneduchthatthe componentsadiatingmostof the heat(MCMs)will be
aligned.EachMCM will becoveredby athin plateof Al for goodthermalcontact.An Al tubeof 2 mm
diametemwill run acrossp, to take away the heatproducedn arow of MCMs (seeFig. 9.5). The path
of thewaterpipe on the Al platecorrespondso aproximatelythreetimesits width in orderto increase
the heattransferto the water The waterflow in thesepipeswill be 6.9 I/h, andthe flow is laminar
Threerows will be connectedogetherto have a large pressuradropin ¢ andto reducethe numberof
connectorsAs thenumberof rows in achambeis notamultiple of 3, rows of differentchambersvill be
connectedogether Thetemperaturelifferencebetweerinput andoutputof the smallpipesis 3 degrees
for theflow of 6.91/h. However, asthewarmandcold linesareinsertedtogetherthe overall temperature
gradientwill be minimized. The total flow for a layeris 179.31/h correspondindo 19.3 m?/h for the
completedetector

9.5 Gasdistribution

The gassystemhasbeendescribedin Chapter8. Therefore,only the relevant parametergrom the
servicegoint of view will bementionechere.

9.5.1 Layout

As alreadymentionedn Chapter8, the hydrostaticpressureover the total heightof the detectoris 2.5
mbar Sincethe detectorworking pressuras limited, for mechanicateasonsto 1 mbar a subdvision
of the full detectoris necessary Furthermorethe flow and pressureegulationmustbe donein each
sectionindependentlyOn the otherhand,dueto spacdimitationsinsideandaroundthe L3 magnetijt is
desirablgo placeasmuchhardwareaspossiblein otherareas.Takinginto accountheseconsiderations
gasis distributedthrougha 54-line manifold. Eachline senesonesetof 10 chamberstwo layersback
andforth in z, andthe pressuregegulationsensolis placedat the outlet,thusbeingthe only component
insidethe L3 magnet.All the othercomponentwvill belocatedatthe plug. Table9.4 shavs anoverall
view of themainpiping parameters.

Table 9.4: Main piping parametersf the gassystem.

Numberof Pipe Length | Nominal
pipes diameter| [m] flow
[mm] [m3/n]
SGXbuilding to plug 1 73 90 5
Plugto RB26side 54 4 100 0.1
RB26sideto plug 18 16 100 0.28
Plug SGX building 1 73 90 5

Thefeedthroughrom chambeto chambemill be a short(3 cm) pipewith aninnerdiameterof 18
mm. The pressuraegulationwill be performedat the outlet of eachsub-circuit(threeper sector)by
placingthe pressuresensorcloseto the lastchamber Still insidethe L3 magneta 3-fold manifold will
megethelinesfrom eachsectorinto one16 mmline. Thereforeatotal of 18 outletlineswill runupto
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anaccessiblareaatthe plug, wherethe restof the instrumentdor flow andpressureegulationwill be
installed. All of thesecircuitswill routeinto the L3 magnetspacefrom the RB26 side (the side of the
muonarm).
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10 Material budget

As alreadyemphasizednary timesthe performancef the TRD will crucially dependonits overall
radiationthickness.In Table10.1we summarizethe radiationthicknessof all componentsn the active
areaof thedetectorIn thesimulationgseeChapter$,11,andL2) alsodetectomaterialoutsidetheactive
areahasbeenconsideredo properlyaccountor theinducedbackgrounddueto structuralelementsand
otherdetectorf the centralbarrel.

Table 10.1: Material budgetof the TRD. Only componentsontributing within the detectors active areaare
listed.

Element Material X/Xo[%] atn =0
radiator G10/Rohacell/fiber 0.93
radiatorgas air 0.02
drift electrode metallizedMylar 0.02
drift chambegas Xe/CO, 0.24
padplane G10/Cu 0.13
foambacking Rohacell 0.18
stiffeningfibers carbonfiber 0.09
readoutmotherboards G10/Cu 0.44
multichip module G10/Silepoxy 0.14
cooling H,O/Al 0.20
1 TRD module 2.39
full TRD 14.34

Thetotal radiationthicknes=of theradiatorincludesall componentdistedfor the S-HF71sandwich
radiatorwith reinforcemengslistedin Table3.1of Chapter3. In the materialbudgetof theradiatorgas
the air gapbetweenconsecutie layersof the TRD wasalsoincluded. If the surfacesof the laminated
radiatorfoamarevery smooth,jt maybe possibleo reducethethicknessof thedrift electrodesomavhat
(it hasbeenincludedassuminga thicknessof 50 pm).

For the drift chambergas,Xe/CO, (85/15)with a total thicknessof 37 mm hasbeenconsidered.
The padplanés includedwith a thicknessof 250 um anda coppercoatingof 5um. The padplanesare
supportedy a Rohacel® HF31foam backing.Thebackingitself is reinforcedby glueingcarbonfiber
rodswith a diameterof 1.8 mminto groveswith aregularspacingof 1.5cm. Averagingthe materialof
thecarborfibersoverthedetectoisurface thisis equivalentto ahomogeneouksyerof 200um thickness.
Thereadoutmotherboardsvill be 4-layerprintedcircuit boardsof 400 um thickness.Two layerswill
beusedfor pover andground. Both of theselayerswill have anarealcoverageof copperof 20%each.
Theothertwo layerswill besignallayerswith a coverageof copperof 30%each.lt is foreseerto usea
standardnultilayerprintedcircuit boardhere ,sothe copperthicknesds 34um. Passve componentsuch
assmallchip capacitordor decouplingandstorageyoltageregulators the PAROLI link, andthe TTCrx
chip have not beenconsidered.However, they shouldonly contritute a very moderateand localized
increasan theoverall radiationlength.

The multichip moduleswill be implementedasball grid arrays(BGA). The size of themwill be
belav 10 cm?. They cover only about10% of the active area. The radiationlengthquotedis averaged
over the detectorarea. In the estimateof the radiationlengthof sucha modulesthe chip carrier(G10),
the silicon wafers, their glob top, andthe solderballs wereincluded. The mulitchip moduleswill be
actiely cooledasoutlinedin Chapter9. The individual cooling padswill be thin aluminumpanels
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(Imm)in thermalcontactwith analuminumpipeof 2 mm diametefilled with water Thearealcoverage
correspond$o about12%of theactive area.
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11 Detectorperformance

11.1 Requirements

Themainpurposeof the TRD is to provide electronidentificationandtrackingin the momentunrange
abore 1 GeV/c. Thereforeit hasto be assuredhata sufficient pion suppressioranbe achieved, even
in the high multiplicity ervironmentexpectedin the ALICE experiment. Additionally, a high tracking
efficiency and good momentunresolutionfor particlesin the momentunrangeof interestis required.
In Chapterl the physicsobjectvesandthe correspondinglyollowing detectorequirementsrealready
describedTable11.1summarizeggainthe basicrequirement®n the detectomperformancehathave to
beachieved.

Table 11.1: Detectorrequirements.
momentunresolution| 5% (for p=5GeV/c)
trackingefficiengy 90% (for p> 1GeV/c)
Terejectionfactor 100 (for 90%e-eficiengy andp; > 3GeV/c)

11.2 Simulation of the detector response

In orderto studythe performanceof the TRD detectorin a high multiplicity ervironment,a detailed
simulationof the detectorresponsds necessary The outputof this simulationshouldbe as closeas
possibleto the raw datathatwill be producedn arealexperimentakrun. This allows to applythe same
reconstructiorsoftwareto simulateddatathatlateronwill be usedfor theanalysisof therealdata.

In the following the procedurdo simulatethe detectoresponseés described It canbe divided into
two basicsteps:Thefirst is the generatiorof electronclustersin thedrift volumeby the enegy lossof
chagedparticlesandthe absorptiorof TR-photons.The secondstepinvolvesthe transformatiorof the
depositedchage into raw-datalike ADC-signals,which thencansene asinput to the reconstruction.
Boths stepsare implementedn AliRoot [1], the ALICE software packagewhich provides an object
orientedframework for the simulationandthereconstructionThereforemostof the softwareis written
in C++andbasedntheROOT packagd?], althoughfor thetrackingof Monte Carlogenerategbarticles
routinesfrom GEANT 3.21[3] areused.

Throughoutthis chapterthe cartesiancoordinateqx, y, z) arein the coordinateframe of a single
readoutchamber The zdirectionis parallelto the beamaxis, y is the direction parallelto the anode
wiresandfollows ther¢-directionof thedetectorandx is thedrift direction. The Color Fig. 3 shavsthe
geometryof the TRD asit is implementedn the AliRoot package.

11.2.1 Energy loss

Thesimulationof theenegy lossin the TRD gasfollows in principlethe samerecipealreadyemplo/ed
for the ALICE TPC[5]. In afirst stepthe electromagnetidénteractionof a chaged particle releases
primary electronsrom the atomsof the TRD gas. The probability for primaryionizationasa function
of thedistances travelled follows an exponentialprobability distribution [6, 7]:

P(s) = %exp (?) (11.1)
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Figure 11.1: Therelativistic risefor Xe gas,givenmostprobable(m.p.) values normalizedto MIP casg(y = 4).
The symbolsrepresenthe availablemeasurementandthelines shov modelpredictions.

HereD denotegshe meandistancebetweerthe primaryionizationsandis definedas:

1
(Norim) f(BY)” (11.2)

The quantity (Norim) is the averagenumberof primary electrongpercm createdoy a minimumionizing
particle(MIP) and f (By) = | /Imip is the Bethe-Blochcurve. Therearelarge differencesn theliterature

concerninghevalueof (Npim) andthe heightof the Fermiplateauof the Bethe-Blochcurve for Xe, as
isillustratedby Table11.2:

D:

Table 11.2: Differentparametersoncerninghe primaryionizationof MIPs.
| | GEANT[3] | Sauli[8] | Ermilova[4] |

(Nprim) (1/cm) 20.5 44.0 48.0

Fermiplateau/mean) 1.56 - 1.36

In Fig. 11.1we shav themagnitudeof therelatvistic risefor Xe in termsof themostprobablg(m.p.)
values.All valuesarenormalizedio the MIP case(y = 4). The averagevaluesof the numberof primary
collisionspercm, (Nyrim) (i), ascalculatedusing GEANT is the input to the simulations. The resulting
mostprobablevaluesof the enegy depositare plotted as solid line. The resultsof the simulationare
comparedo theexisting measurediata[9—11], to whichthey agreewell. Also includedis a PhotonAb-
sorptionandlonization(PAl) modelcalculation(dashedine, labelledAllison) [12], giving very similar
results(naturally as GEANT is using PAI for the calculationof (Nyrim)). A similar agreemento the
experimentaldatawasobtainedoy a PAl implementatiorin GEANT4[13].

If achagedpatrticleis foundto be passinghroughthe Xe filled drift volumeof areadoutchamber
its averagestepsizeis setaccordingto eq.11.2. After eachstep,calculatedusingEq. 11.1,a primary
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Figure 11.2: The distribution of the numberof primary electronsNyim (left panel)andof the total numberof
electrond\y (right panel).

ionizationprocesds assumedindcorrespondinghan electronclusteris created.The left panelof Fig.
11.2containgthedistribution of the numberof primary electrong(i.e. numberof electronclusters)Nprim
for aMIP (0.56 GeV/c pions, solid line) andfor 3.0 GeV/c electrons(dashedine). Accordingto the
Ermilova valueof (Nyim) choserin this simulation,the MIP distribution centersaround48.0/cm.

In orderto determinethe numberof electronsin eachcluster the enegy spectrumof the primary
electronshasto be known. Dueto the lack of measurement®r Xe, onehasto rely on modelshere.
Basedon the PAl model, the authorsof [4] derive a spectrumwhich resultsin reasonableraluesfor
the averageionizationenegy lossandwhich is thereforeimplementedn our simulation. Figure11.3
displaysthis distribution (labelledErmilova) andalsoincludesa comparisorto a distribution takenfrom
GEANT [3] (usingthe X-ray crosssectionsfrom Sandia)anda 1/E distribution, which is frequently
usedfor thesepurpose$8]. Thecurwesin Fig. 11.3aretheintegrateddistributions

dN * N
(&)>E A sae O (11.3)

andthereforerepresenthe numberof inelasticcollisionspercm with anenegy transferabore E. The
distributionsstartat thefirst ionizationpotential,whichis Ipot =12.1eV for Xe, andextendsinto there-

gionwhereGEANT startsgeneratindracksfrom &-rays(> 10keV). We have chosertheErmilovamodel
andthe GEANT Fermiplateaun our simulations sincethis generates higherionizationandtherefore
representaworstcaseestimatdn view of the particleidentificationcapabilities.Note alsothatthe sim-

ulation of the enegy lossis donefor pure Xe gas. For the actuallyusedgasmixture (Xe,CO, (15%))

theionizationis additionallylower thanwhatis implementedn the simulation.

Following the above describedprocedure after eachinelasticcollision an electronclusteris pro-
duced.Thenumberof electronscontainedn this clusterNy is determinedy the enegy of the primary
electronE, which is chosenaccordingto the Ermilova distribution, andthe effective enegy W thatis
requiredto producea freeelectron(W ~ 22 eV for Xe).

E - I ot
Niot = P

+1 (11.4)

Theright panelof Fig. 11.2shawvs the distribution of thetotal numberof electrondNy,; percmin Xe for
aMIP (0.56 GeV/c pions,solid line) andfor 3.0 GeV/c electrongdashedine). The meanvaluefor a
MIP is 280e” /cmand425e /cmfor 3.0GeV/c electrons.
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Figure 11.3: The numberof inelasticcollisions per unit lengthreleasinga primary electronwith enegy E asa
functionof theenegy for Xe gas.

The Color Fig. 4 shavs an eventdisplaywith the simulatedhits in the TPCand TRD generatedn
theabove describedwvay for particlesof differentspeciesOnecanclearlyrecognizethe trackletsin the
6 TRD layers.

11.2.2 Transition radiation

For the studyof the electronidentificationcapabilitiesthe productionof transitionradiation(TR) hasto
be part of the simulation. Sincethis is not includedin GEANT 3.21it hadto be addedto AliRoot. A
straightforvard calculationof a TR spectrumis only possiblefor a regular structureof interfaceslike it
is realizedin afoilstackradiator Thefollowing sectionthereforedescribesiow thisis donein this case
andwhatis usedwithin the simulationcode.

Theory of TR

A practicaltheoryof the TR productionis presentedh ref. [14-16]. Hereonly themostimportantresults
aresummarized.

The enegy densityspectrunradiatedat polarangle® by a chagedparticlewith the Lorentzfactor
y traversingan interfacebetweentwo dielectricmedia(with the dielectricconstant€; ande;) hasthe
following expression:

2 2
W _a 6 0 . (11.5)
dodQ  T@ \y2+62+8 y24+02+E3
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Figure 11.4: The enegy spectrumof the TR photonscalculatedusing eq.11.14togetherwith the parameters
givenin Table11.3.

Thisisdeducedory>1, &},&85<1, 6« 1. Heref?=wh;/w’=1-¢(w), wherewp;istheplasma
frequeng for thetwo mediaanda is thefine structureconstan{a = 1/137). The plasmafrequeny is a
materialpropertyandhasthefollowing expression:

410N, Z
wp =4/ e 88y/py eV, (11.6)

wherene andme aretheelectrondensityin the materialandthe electronmass.Typical valuesfor plasma
frequeng arewp cH, = 20€V, wpair =0.7eV.

As the emissionangleof the TR is small (6 ~ 1/y) oneusuallyintegratesover the solid angleand
getsthe (differential)enegy spectrum:

2, g2 2 2, g2
(ﬁ) _— [Eﬁ?*f‘r In <T2+E;> 2] . (11.7)
do interface n El_EZ \'a +EZ
For onefoil onehasto sumup the contrikutionsof thetwo interfacesyesultingin theexpression:
d2w ) < d2w > .
_ (W X 4sirP(1/2), (11.8)
( dwdQ foil doodQ interface

where4sir?(¢1/2) is theinterferenceactor
For a stackof N foils of thicknesds, separatethy a medium(usuallya gas)of thicknesd,, onehas:

W [ Pw 1— N\ sir(Nid12/2) + sinfP(No /4)
(dwdQ>stack_ (dwdQ>fO“><exp< 2 G) sir(¢12/2) +sintP(c/4) (11.9)

whered12 = ¢1+ 2 is the phaseretardation$; ~ (y 2+ 62+ &?)wli /2 ando = 01 + 07 is the total
absorptiorcrosssectionfor theradiator(foil + gas).
The TR producedby a multifoil radiatorcanbe characterizedby the following qualitatve features:
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Figure 11.5: Themassattenuatiorcoeficientp/p in Xe gas[19].

e Onecandefinethe so-called‘formation zone”: Z; = (y 2+ 62+ &2)~12/w, which is interpreted
asthe distanceafter which the separatiorbetweenparticle and emittedphotonis of the orderof
the photonwavelength[14]. Theyield is suppressed |; < Z; andthis is called“formation zone
effect”.

In the oppositecasd; > Z; interferencecanbe ngglegtedandonehas:

2 2 2
(d"V) :2><<dw> ; (—dzw) :Nf><<dw> NCERT)
dwdQ foil dwdQ interface dwdQ stack dwdQ foil

e TheTR spectrumhasthemostrelevantmaximumat wmax = Ilwﬁ 1/2mandthisallowsthe“tuning”
of theperformancef a TRD by varyingthe materialandthicknessof the radiatorfoils.

e Forly/l1 > 1theTR spectrums mainly determinedy thesinglefoil interference.

e Themultiple foil interferencegovernsthe saturatiorat highy, above the value:

1 1
Vo= (I1+|2)(,0p,1+J(Ilwﬁl—klgwﬁz) : (11.11)

)

A corvenientway to studythe TR featuress to usescaledvariableq15]:

F=vy/yi, V=w/wy, (11.12)

wherey; = l1wp1/2, w1 =Yyiwp1. In termsof theabove variablesthe TR productionof afoil canthen
bewritten as:

aw 20
(%>f0il N ?G(V’r)' —

A simpleexpressionthatdescribeghe TR productionandis usedin our simulationis the following
[17]:

aw  4a °°<1 1

—_— = 1—exp(—Nio)) x 0 —
( p( f)) z " pl‘l‘en pZ‘I‘en

2
dw  o(k+1) 2 ) [1-cogpr+6n)],  (11.14)
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Figure 11.6: Thesimulatednmomentundependencef thepion efficiency for isolatedtrackstogethemwith results
from thetestbeammeasurements.

where:

= 0ly/20(y 4 8), K=lg/ly, 8= 2T (PLEKPD) g (11.15)

Implementation in simulation

For eachelectronenteringthe drift volume of a readoutchamber TR photonsare createdwith a dis-
tribution describedby Eq. 11.14(seeFig. 11.4). The positionof the absorptionof the TR photonsis
determinedy themassattenuatiorcoeficientp/p (shavn for pureXe gasin Fig. 11.5,in thesimulation
/p for the Xe,CO, (15%) gasmixtureis used)andthedirectionof theincomingparticle,definedby its
momentumcomponentslf the absorptionis insidethe gasvolumea hit is createdat this point whose
chage contentis givenby

Err—|
NER = TRTP‘“ +1, (11.16)

whereErg is theenegy of agiven TR photon.

Table 11.3: Parameterén the TR photonsimulation.

Numberof foils N; 100
Thicknessof thefoils |1 17 um
Thicknessof thegapsl, 400um
Densityof thefoils p; 0.92g/cm?
Densityof thegasp, 1.977-103g/cm®
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Figure11.7: TheLorentzangley, asafunctionof thedrift velocityvp for differentmagnetidield strenghtsThe
pointsrepresentesultsof a GARFIELD simulationfor a Xe,CO, (15%)gasmixture. The lines are polynomial
fits to the pointsandareusedasparametrizatioimnside AliRoot.

The parameter®f the TR photonspectrumfor a foil radiator(seeEq. 11.14)have beentunedto
approximatelyreproducethe testbeamdataat p = 2GeV/c (seeChap. 14), measuredvith the final
muchmore complicatedradiatorconfiguration. Figure 11.6 shavs the simulatedpion efficiengy using
the likelihood methodon the total chage depositfor differentmomentain the ideal caseof isolated
tracksfor the parametergivenin Table11.3. The simulationresultsare comparedvith dataobtained
in prototypetests.Despitereproducinghe grosstrendof the data,we foundit difficult to reproduceahe
measurementsith anuniquesetof parametersThe parametersveretunedto the dataata momentum
of 2 GeV/c, andfor the sameparameterpion efficiency is sizeablybetterfor the simulationsthanthe
dataat lower momenta. Also, our simulationsshav a deteriorationof the pion efficiency for higher
momentavhichis not seenin the datatakenfrom theliterature[18].

11.2.3 Signalgeneration

In the secondstepthe electronclusters(hits in AliRoot) have to be transformednto ADC-like signals
(digits). Thereforethe chage that the electronsin a given time bin induceon a given pad hasto be
computed.Apart from summingup the chage depositedoy differenttracksin one detectormixel (pad
andtime bin) andtransformingt into an ADC channehumbey this procedureequiresto alsotake into
accountall known detectoiproperties.

Diffusion

While drifting throughthe gasvolumetheelectroncloud, producedat position(xo, Yo, 20), is sSmeareaut
in spacedueto diffusion. Its spatialdistribution canbe describedn thefollowing way:

ﬁ%&exp [_ (x;géo)j — [_ (yEa)éo)z] \/%Térex [_ (Z_;ZFO)Z

P(X: Y Z) = :| , (11.17)
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Figure 11.8: Theresponsef the preamplifiershapei(120ns FWHM, 6.1 mV/fC) to a padsignalsimulatedwith
GARFIELD for a6 keV pointchagedeposit(correspondingo 9-10timesthe signalof a MIP).

with
or = DrvLarint
o = DrvLarit-

HereDt andD, denotehediffusionconstantsn thetranserseandlongitudinaldirectionandL gs; is the
drift length. In orderto simulatethis effect eachelectronthereforeis assigned new positionaccording
toEq.11.17.

E x B effect

For the TRD readoutchamberghe drift directionis always perpendiculato the magneticfield vector
This meanghatthedrifting electronswill experiencea Lorentzforceresultingin a displacementf the
positionin the directionalongthe wires. For an electronproducedat position (xo, Yo, Z0), wherey andz
directionsareperpendiculato the drift directionalongx andthe y-axisis parallelto the wires, the nev
y-positioncanbe calculatedby the expression:

Y=Yo+WI(X—X),  wi=tany, (11.18)

wherey_ is the Lorentzangle. This parametedependsstrongly on the strengthof the magneticand
electricfieldsin thereadoutchamber Figure11.7 shavs the variationof . with the drift velocity vp

for differentmagenticfields, ascalculatedoy a GARFIELD [20] simulation. Thesedependenciewere
parametrizedndusednsideAliRoot to automaticallysetthe Lorentzangleaccordingo thechoserdrift

velocity for agivenB-field. For the standarccombinationof B= 0.4T andvp = 1.5cm/ps thisresults
in avalueof Y = 7.7° andamaximaldisplacemendf ymax— Yo = 0.4cmfor thefull drift length.

Gasgain fluctuations

Eachelectronarriving atthe anodewire createsanavalancheof chage g. Themagnitudeof the average
amplifiedchage q is determinedy the appliedhigh voltage.Following [6, 7] thefluctuationsof thegas
gainaremodelledusinganexponentialdistribution:

P(q) = é_exp <—g_> : (11.19)
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Figure 11.9: Thepadresponsdunction.

Time response

Thesignalsrecordedon the padsaredeterminedy thefollowing effects:
e Theslow drift of the Xe ionswhich introducesalongtail in thetime distribution.

e Thenon-isochronityof the electrondrift, dependingon the positionof the electronrelative to the
anodewire position.

e Theresponsef the preamplifiershaperto theincomingdetectorsignal.

To determinehetotal time reponseof the detectorandpreamplifierto a singleelectrona simulation
hasbeenperformedhattakesall threeeffectsinto account.Figure11.8shavs theresultof asimulation
of the preamplifiershaperesponséo a signal(correspondingoughlyto a 6 keV point chage deposit)
thathasbeengenerateavith GARFIELD. This curve, normalizedat the maximumto 1, is thenusedin
the digitization partof AliRoot to samplethe time distribution of eachelectronsignalaccordingto the
given ADC frequeng. It is furtherassumedhatdueto the shapingtheratio of the integratedchage to
theinputsignalis equalto 0.4.

Pad response

The chage thatis inducedon the padplaneby the electronscollectedat the anodewire is spreadover
several pads.Using the Mathiesonformalism[21], the padresponsdunction (PRF)thatdescribediowv

the chage is distributed over adjacentpadscanbe calculated.Figure 11.9 shavs the PRFfor chevron
typepadswith awidth of w= 10mm, astepof s=5mm, andadistanceo thewire planeof h=2.5mm,

whichis usedin thecurrentsimulations.Notethatthis PRFis very similar to the oneof rectangulapads
(seechaptergd and14), which areusedin the actualpadgeometry A padcouplingfactorequalto 0.5
(seesection4.6.3)is applied,which takesinto accounthatonly afractionof the chage collectedatthe
wire is seerby thereadoutpads.

Electronic noiseand conversiongain

To provide arealisticdescriptionof the outputsignal,alsothe electronicnoisehasto beincluded.In the
presensimulationit is assumedhatthe noisedistribution canbe describedy a Gaussiarwith a sigma
of onoise= 1000e™. Following from this the conversiongain of the amplifieris chosernsuchthat oygise
correspondso ADC channell.
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Figure 11.10: A typical sampleof signalsasa functionof thedrift time producedby p = 3.0GeV/c electrons
in onereadoutthamber

Table 11.4: Thedigitizationparameters.

B-field 04T
Drift velocity vp 1.5cm/ps
Transersediffusioncoeficient | 180um/,/cm
Longitudinaldiffusioncoeficient | 250um /,/cm
Lorentzangley 7.7
Gasgaing 2.8-10°
Electronicsgain 6.1 mV/fC
Electronicsnoiseongise 1000e™
Padcouplingfactor 0.5
Time couplingfactor 04
ADC range 1V
ADC resolution 10 bit

Table 11.4 summarizeshe parameterghat are usedin the simulationof the TRD response.The
diffusion coeficients and the Lorentz angle are determinedby the actualvaluesof drift velocity and
B-field. Theaveragegasgainis chosersuch(2.8- 10°) thattheenegy losssignalof aminimumionizing
particleis aroundADC channel0. Figure11.10shavs sometypical electronsignalsthatresultfrom
theabove describedligitizationprocedure.



152 11 Detectorperformance

o o

& 5-012 012 009 011 0.1 & 5-036 036 032 035 033
4-012 012 0.1 0.1 0.1 4-037 037 034 035 033
3-012 013 011 01 0.1 3-037 036 036 035 032
2012 012 011 011 01 2-036 036 037 035 032
1-012 012 011 01 009 1-037 036 039 034 031
0-012 011 012 009 0.1 0-036 035 038 033 031

| | | | | | | | | |

0 1 2 3 4 0 1 2 3 4

Stack Stack
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11.3 Point reconstruction

11.3.1 Clustering method

The currently employed clusteringmechanisnsearchegor adjacentpadsin y-directionwith a signal
above thresholdthat could form a padcluster Sincethereis only little chage sharingin z-direction
no clusteringis performedhere. The sameis true for the drift direction, sincea track, dueto the high
ionizationin Xe, creates signalin basicallyevery time bin. Thereforethe positionof a clusterin z- and
drift directionis determinedy the padandtime bin position. The positionin y-direction,wherea good
resolutionis mandatoryfor the momentummeasurementanbe extractedwith muchhigherprecision,
dueto the chage sharing.Here onecaneithercalculatethe centerof gravity of the chage distribution
insidea cluster or usea lookuptableto determinethe positionof the cluster The latter method,where
thepositionis takenfrom atablethatcontainghe deviation from the padcenterasa functionof theratio
of thetwo largestsignalsprovidesgenerallya betterresolution.

Ideally, all clusterscontainonly signalsfrom two or threepads(2.4 on averagefor anisolatedhit).
In the high multiplicity ervironmentof the ALICE experimenthowever, thereis alarge probability that
clustersoverlap. Currently only clusterscontainingsignalsfrom five padsare unfolded,usingthe pad
responsdunction asan estimatorfor the clustershape.By applyinga more sophisticatednechanism
onealsocandisentanglelusterscomposeaf 4 andmorepadstherebyreachinga furtherimprovement
in resolutionat high multiplicity.

11.3.2 Occupancy

The occupany, definedasthe percentagef detectorpixels (pad andtime bin) with a signalabove a
threshold(2 ADC-channels)jnfluencescrucially the detectorperformance.Figure 11.11displaysthe
occupang numbersin the caseof full (dNcn/dy = 8000) and quarter(dNg,/dy = 2000) multiplicity.
The numbersaregiven for thefive stacksin zdirectionandfor the six detectorayers. The occupang
is highestfor the stackclosestto mid-rapidity in the innermostiayer. For the middle stackit decreases
slightly whengoingto theoutermostayers while for themoreforwardstacksnor-dependencis visible.
In the stackon the sidewith theabsorbefor the muonarm (stack4) alower occupang canbeobsered
thanin the stackon the otherside(stacko).



11.3 Pointreconstruction 153

—_ ~ 18
E 14 5 |
L0 75| L i .
e L E [ &—e —O®—0 o
2 af “1-7‘X<:>X:I:X
08 165
06 I
sk 161" ¢ 0.3Gevic
r - A | m0.55GeVic
ook ¥ Y 155 A 1.0 GeVic
N - ¥ 1.5 GeV/c
0-...I...I...I...I...I...I...I...I... 15 ool b by by by by by Ly
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Number of time bins Number of time bins

Figure 11.12: The pointresolutionasa function of the numberof time binsfor differenttrans\ersemomenteof
the particles(low multiplicity, dN¢,/dy = 150). The datapointsarefrom fits of a Gaussiarto the distribution of
thedifferencebetweersimulatedandreconstructegosition. Only non-overlappingclusterswereused.
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Figure 11.13: Thepointresolutionasa functionof the eventmultiplicity for differenttrans\ersemomentaof the
particles.Thedatapointsarefrom fits usinga Gaussiano thedistribution of the differencebetweersimulatedand
reconstructegbosition. In this analysisalsooverlappingclusterswereincluded.

11.3.3 Position resolution
Dependenceon the number of time bins

Oneimportantquestionis whetherthereis an optimal choicein the numberof time bins. To reducethe
datavolume,asmallnumberof time binsis preferable However, ary deteriorationsn theresolutionand
efficienciesdueto arestrictednumberof time binsshouldbe minimal. Varyingthe numberof time bins
heremeando vary the samplingfrequeng andto keepthedrift lengthconstantFigure11.12shovsthe
dependencef the point resolutionasa function of the numberof time binsin all 6 layersfor different
transersemomenta.ln theleft columnthe differencebetweernthe y-positionof the reconstructegoint
andthecorrespondingimulatedhit is plotted,while theright columnshavs the samefor the z-position.
While the zresolutiondoesnot dependon the numberof time bins, they-resolutionis gettingworsefor
lessthen60-80time bins. Basedon this resultwe choose90 time bins (15 perlayer) asdefault value.
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Figure 11.14: The point resolutionfor positive tracksin y-direction as a function of the incident angle for
differenttracktotal momentausingonly non-overlappingclusterg(Gaussiarfit, low multiplicity, dN\gh/dy = 150).

Thestrongmomentundependencis anangulareffectasdiscussedelov (seealsoFig. 11.14).

Dependenceon event multiplicity

Figure 11.13summarizeow the point resolutiondependson the event multiplicity. While a wors-

eningof the resolutionin y-directionon the orderof 10-20%obsered, in z-directionthe resolutionis

essentiallyindependenbf the multiplicity. Thisis quite understandablsincethe zresolutionis essen-
tially determinedy the padlength.In y-direction,however, the positionis measuredia chage sharing
betweeradjacenfpads,which is subjectto deteriorationwith increasingoccupang dueto overlapping
clusters.

Dependenceon the track angle

The momentumdependencén the point resolutionis mainly causedby the differentaverageincident
angledor differentmomenta.This canbeseerfrom Fig. 11.14,shaving thatthe positionresolutionin y
asafunctionof theincidentangle,measuredavith respecto the normalof thereadouichambersglosely
follows a uniquecurve for all tracks,regardlesf their momentum.Due to their highercunaturelow
momentuntrackshave alargerincidentangleandthereforespreadchage overalargerregion, resulting
in a deteriorategositionresolution(seealsoFig. 4.16). The optimal resolutionis achieved for tracks
with anincidentanglecloseto theLorentzangley, = 7.7° , whenall thechage producedy thepatrticle
is focusedon the samepoint on theanodewire.

11.4 Tracking

11.4.1 Algorithm

Offline trackingin the TRD is basedon the Kalman-filteringapproachwhich we have chosentaking
into accountthe similaritiesof the trackingervironmentin the ALICE TPCandin the TRD andbased
onthesuccessfuimplementatiorof the Kalman-filterfor trackingin the TPCandITS. As mentionedn
theTPCTDR [5], oneof theadwantage®f the Kalman-filterconcepis thatit providesa straightforvard
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Figure 11.15: Thetrackingefficiengy asafunctionof thetrans\ersemomentunfor piontracksin low multiplicity
events(dNg/dy = 150).

way to propagatdrack sgmentsbetweensubdetectorsn our casebetweertheadjacenfTRD layersas
well asbetweerthe TRD andTPC.

Theimplementatiorof the TRD trackingsharesnary featuredevelopedfor the ALICE TPCtrack-
ing describedn detailin the TPC TDR. The tracking startswith finding track seedsn the outermost
detectorlayers. The track candidateis followed inside the drift volume of the readoutchamberdan
stepswhich correspondo the effective radial distancebetweenwo consecutie time bins. At eachex-
trapolationthe track helix parameter&and covariancematrix are re-evaluatedusing information about
the expectedmultiple scatteringandenegy loss. The uncertaintiesn track parameterslefinewindows
alongthey andz direction, within which it is checled whetherthereis a closeclusterwhich canbe
associatedvith the track candidate.Sincethe measuremerit z directionis relatively coarsewe first
requirethatthe residualin z directiondoesnot exceedhalf the sizeof onepadrow in z direction. The
width of a window in y directionis definedby the uncertaintyin the track positionandthe expected
errorof theclustermeasurementf two or moreclustersarefoundin ay window, theoneclosestto the
track positionis assignedo thetrack candidateIf no clustersarefoundin ay window, we repeathey
selectionfor clusterswith residualsn z directionincreasedo 1.5 timesthe padsizein z direction. If a
closeclusteris found, thetrack parameterandcovariancematrix areupdatedln the casethatno cluster
satisfieghe above criteriathe procedureof track extrapolationandclustersearchs allowedto continue
for severaliterations(dueto the deadregionsbetweerthe sensitve volumesof thereadoutchambershe
allowed gapin thetrackcandidatecanbe aslarge as1.5timestheradialdepthof the readoutchamber).

11.4.2 Performance

To studythe performanceof the trackingalgorithm, eventsof differentmultiplicities up to dN\g,/dy =
8000have beensimulatedwith AliRoot usingthe parametrizedHIJING eventgeneratar Theseevents,
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Figure 11.16: Themomentunresolutionasafunctionof thetrans\ersemomentunfor piontracksin eventswith

low multiplicity (dNg/dy = 150) usinga numberof time binsof 180. The prediction(opencircles)is for thecase
of 68 independenimeasurements.

composedf primary pions, kaons,and protons,have beenprocessedhroughthe full reconstruction
chain,usingtheaborve describegrocedures.

Efficiency

Figure11.15shawvs the TRD trackingefficiency asa function of the track momentum.This efficiency
is definedasthe ratio of the numberof reconstructedracksandthe numberof “trackable” tracks. To
fulfill thisrequirementatrackhasto have pointsin thethreeoutermostayersof the TRD. This definition
resultsin afractionof ~ 80%of all chagedprimarytrackswith 45° < 6 < 135 andp; > 0.2GeV/c that
areconsideredstrackable.Theanalysisshavn in Fig. 11.15wasdoneon eventswith low multiplicity.
For trans\ersemomentagreaterthan1 GeV/c the efficiengy is abose 90%, while it dropssharplywhen
goingto lower momenta.

Momentum resolution

The achiezed momentunresolutionis shovn in Fig. 11.16. The extractedpointsare comparedwith a
predictionfor theresolution.This predictionis basedon thefollowing formula[22]:

(3K)? = (Bkres) + (Bkms) 2. (11.20)

Heredk denotegheerrorin thetrack cunature,composeaf the contritution from finite measurement
resolutiondk.es andfrom multiple scatteringdks. Underthe assumptiorthatthe total errorin the very
low momentunregime is dominatedoy multiple scatteringthe latter contritution canbe estimatedo
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Figure 11.17: Thetracking performancefor pion tracksasa function of the numberof time bins for different
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Figure 11.18: The tracking performancefor pion tracksas a function of the event multiplicity for different
trans\ersemomenta(90 time bins). The left panelshows the resolutionin transversemomentumandthe right
panelthe efficiengy.

be dkms ~ 0.003/ p. Thefirst contritution canbe describedy:

€ 360

HereN is the numberof independentlyneasuregointsalongthetrack, L’ the lengthof the track pro-
jectedontothebendingplane,ands themeasuremergrrorfor eachpoint, perpendiculato thetrajectory
Sincel’ ande areknown for agivenmomentumN canbe derived from the momentumdependencef
theresolution(theion tail andthe shapingleadto correlations).lt is foundthata goodagreementvith
thesimulationscanbeachiezed by assumindN = 68. Sincethe numberof time binsdirectly determines
themaximumnumberof independentlyneasuregboints,we conclude pasedn this finding andon Fig.
11.12 thata numberof time binsof 90 s sufiicient to achie/e the desiredperformancef the detector
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Figure 11.19: Thepercentagef overlappingclusters(left) andwrongly assignedlusters(right) asa functionof
theeventmultiplicity.

Dependenceon the number of time bins

Thechoiceof thenumberof time binshasno significanteffect on theoffline trackingperformanceif the
numberof time binsis above 80. Thisis evidentfrom Fig. 11.17,shaving theresolutionin trans\erse
momentumin the left panelandthe tracking efficieng in the right panelas a function of the chosen
numberof time bins. The samebehaiour wasalreadyvisible in the pointresolutionof isolatedclusters
(seeFig. 11.12),whichis alreadyconstanfor morethan60 time bins.

Dependenceon event multiplicity

Figurell.18summarizefiow thetrackingperformancelependentheeventmultiplicity. Theresolution
in trans\ersemomentundeteriorate®nly slightly, but remainswell belov 4% at p;= 1.5GeV/c, when
going from low multiplicity to the maximummultiplicity of dNcn/dy = 8000. The tracking efficiency
dropswith increasingevent multiplicity by ~ 15% for p; = 1.5GeV/c andalmost~ 25% for very
low trans\ersemomenta. The reasonfor this canbe seenin Fig. 11.19thatdisplaysin the left panel
how the percentageof clustersthat have contrikutions from more than one track increaseswith the
eventmultiplicity. Similarly, the fraction of pointsthatareassignedo the wrongtrackincreasegright
panel).However, apreliminaryanalysishasshavn thatby emplg/ing amechanisnto unfold overlapping
clustersan improvementin the tracking efficiency by ~ 10%is easily achiezed so that efficienciesof
about85%andhigherfor trackswith p; > 1.0GeV/c arepossible.

11.5 Pionrejection

While testbeanmresultswith isolatediracksin the TRD prototypeshave shavn thata pionrejectionfactor
in therangeof 300to 500canbeachieved (seeChapterl4), the performancef thedetectormsafunction
of eventmultiplicity hasto be evaluatedusingMonte Carlomethods.Thereforethe pion rejectionfactor
wasstudiedasa functionof the eventmultiplicity with AliRoot simulations.

In this simulationthe parametrizedHlJING eventgeneratowasusedto createarealisticeventback-
ground,with afull eventcorrespondingo dN¢»/dy = 8000. Into this backgroundb00electronsor pions,
of afixedmomentumwereembeddedThesesimulatedeventswerethenreconstructedvith thefull re-
constructiorchaindescribedabove. Finally, distributionsof the enegy depositwereaccumulatedrom
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Figure 11.20: Thedistribution of the depositecenegy for electronsandpion of a momentumof p = 3GeV/c
afterthey arereconstructedh eventswith differentmultiplicities. The dataarecorrectedor the numberof points
contributing andfor thetrackinclination.

the clustersassignedo the reconstructelectron(pion) tracks. A trackis definedto belongto anelec-
tron (pion) if the majority of its pointsweregeneratedy the input Monte Carlo electron(pion). Using
thesedistributionsthe pion rejectionfactorfor a specificelectronefficiengy canbe determinedoy em-
ploying thelikelihoodmethod(L-Q). A full descriptionof thecommonlyusedmethod=f extractingthe
pion rejectionfactoris givenin Chapterl4. This procedureallows to studythe degradationof the pion
rejectiondueto thefollowing effects:

¢ In a high occupang ervironmentclustersmight pick up chage from anotherparticleandthere-
fore the chage measuremergetsdistorted(seeFig 11.19,left panel). Evenwhenrestrictingthe
analysigo small(2 and3 pad)clustershis effectis visible.

e Thetrackingalgorithmassignsnrong clustersto a giventrack (seeFig 11.19,right panel),also
resultingin anincorrectmeasuremerdf the enegy deposition.

¢ Clustersarenotfound,becauseheir positionis distorted which deteriorateshe resolutionof the
chage measurement.

Figurell.20shaws thedistributionsof thereconstructedlepositedenegy E; perdetectodayeri for
differentevent multiplicities. The enegy depositis only calculatedusingclusterscomposedf 2 or 3
pads. An additionalrequiremenis that a track hasat least10 points (out of maximal 15) in a given
chamberwhich removes ~ 7% of the single measurement®or isolatedtracksand ~ 33% in the full
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tracksof p = 2GeV/c totalmomentum.
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Here ngim is the correctedchage of a single point. Sincea track with non-perpendicutaincidence
relative to the readoutchambersuriacedepositsmore chage in a given time bin thana track that has
no inclination, a correctionfactor dependingon the geometryof the track, hasbeenapplied. It canbe
clearly seenfrom Fig. 11.20thatthe meanenegy depositincreasesvith increasingevent multiplicity.

This effect is more pronouncedor the pions,which, sincethey have no contrilution from TR photon
absorptiondepositessenegy thantheelectronsandarethereforestrongeraffectedby thresholdeffects.
The ratio Re/r = (Eie)/(Ein), giving an indication for the rejectionpower, thereforedecreasesvith

increasingaventmultiplicity.

The effect of this multiplicity dependencef the enegy distributions on the pion rejectionfactor
T canbeseenin Fig. 11.21. Thevaluesfor T have beenextractedfor differentelectronefficiencies
e usingthe distributions shovn in Fig. 11.20as probability distributions. Following the discussion
in section11.2.2it is evidentthatthe simulationdoesnot reproduceall the available datawith a single
setof parametergseeFig. 11.6). Therefore,a calculationof the absolutepion efficiengy in the high
multiplicity ervironmentfrom thesimulationalonewould notbereliable.However, therelatve deterio-
rationof the pion efficiency with increasingmultiplicity shouldbe describedrery well. By adjustingthe
simulationto thetestbeamdata,measuredt p = 2GeV/c, thereforea goodestimateof the achievable
pion efficiencgy at full multiplicity canbe derived. Goingfrom well isolatedtracksto a full multiplicity
event, a worseningof the pion rejectionby a factorof 6-7 is obsered. For an electronefficiengy of
90%the pion efficiengy T is still about2% whenusingthelikelihoodmethodonthe depositecthage.
Thereforeeventhis “worst case”scenaricstill leadsto pion rejectionfactorscloseto the desiredfactor
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100asdiscussedn chapterl. As will beshavn in chapterl4 a furtherimprovementof 30-40%canbe
achiered by emplgying a combinedchage/positionlikelihoodanalysis.
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12.1 Intr oduction

The TransitionRadiationDetector(TRD) wasaddedin the centralbarrelof the ALICE experiment[1]
to identify electronsandpositronsin the centralrapidity region primarily in centralPb—Pbcollisionsat
thefull LHC enegy of 5.5 TeV /nucleonpair[2]. Thephysicsmotivationis the measuremerdf heavy-
vectorresonances)y andY familiesin the dielectronchannelandof opencharmandopenbeautyi.e.
theD andB mesonsyia theirsemi-leptoniaecays Furthermorecoincidencesf electronsn thecentral
barrelwith muonsin the forward muonarm are expectedto provide information on the productionof
D andB mesonsat therapidity interval 1 < y < 3, intermediatebetweenthat of the centralbarreland
the dimuonarm. With the TRD providing a L1 trigger on high p; chaged particlesthe measurement
of high E; jets might be possiblein the centralbarrel. The contritution of suchmeasurementt the
understandin@f the phaseransitionandthe propertiesof the deconfinedphaseis detailedin the TRD
TP[2], in Ref.[3] andreferencesherein.

This chapterfocuseson centralPb—Pbcollisions that presentthe major challengefor a dedicated
heary-ion experiment. Emphasiss placedon acceptancesf the TRD for measurementf quarlonia
andopencharmandopenbeauty We alsoprovide informationon resolutionandbackgroundsources.

12.2 Primary collision

Therearelarge uncertaintiesn thetheoreticapredictionsof the particlemultiplicities andtheir spectral
distributionsproducedn centralPb—Phcollisionsat LHC enegies. Hencethe uncertaintie®f theinput
distributionsusedin thesimulationgpresentedheredominateby farthe statisticalandsystematicagrrors
of thepresentedesults.

Thestratgy in ALICE hasbeento performall the TDR studiesfor the detectoroptimizationassum-
ing the highestanticipatedchaged particlerapidity densitydN.y/dy = 8000at mid-rapidity for central
Pb—Pbcollisions, in accordancavith the oneusedfor the ALICE TP [1]. The predictionsat the time,
summarizedn Ref.[4] vary in therangeof 1600to 8000.

The rapidity density of dNcp/dy = 8000resultsin ~ 20000 chaged particlesenteringthe TRD.
However, thereis increasingevidencethat suchextrememultiplicity densitiesmight not be reached.
Recentdatafrom the Relatvistic Heavy lon Collider (RHIC) on centralAu—Au collisionsincludingthis
summers measurementat /s = 200 GeV provide today first constraintson the theoreticalmodels.
Within a high densityQCD modelKharze® andLevin [5] have recentlyderived an analyticalscaling
function for the multiplicity densityasa function of /s. We have usedtheir modelto fit the results
of the chaged particledensityfor Au-Au at /s = 56, /s= 130and./s = 200GeV measuredy the
PHOBOSCollaboratior{6]. Theextrapolationto LHC enegy, afactorof ~ 27 higher givesanestimate
of dN¢n/dy = 1700.Theerrorsin themeasuremersdrestill large andgive a maximumof dNy/dy = 2600
anda minimum of dN.p/dy = 1100. Furtherevidencesupportingthe expectationof lower multiplicities
is provided by the calculationof Eslola et. al. [7] of the /s dependencef the chaged particledensity
in termsof a perturbatre QCD modelincluding partonsaturation.Their resultsareshowvn in Fig 12.1
andpredicta dN¢y/dn = 2300at LHC enegies.

Consideringthe uncertaintlyin extrapolationfrom RHIC to LHC enegy aswell asthe systematic
uncertaintyin the modelsfor particle productionthe prudentstratgy adoptedoy ALICE for all other
detectorsyasalsofollowedin the preseniTDR.
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Figure 12.1: Midrapidity chagedparticledensitiescalculatedn a perturbatve QCD modelby Eslolaet. al. as
functionof /s. Thefull dotcorresponds$o theworstcasescenariausedin thepresensimulations.

The shapeof the transersemomentumspectraof producedparticlesis alsonot known for LHC
enegy. Forthe simulationof pionsto evaluatethe performanceof the TRD the shapeof the p; spectra
wasparametrizedby a power law fitted to the CDF data[8] in agreemenith the shapepredictedby the
HIJING [9] model. For kaonsa p; scalingfrom the pion distribution hasbeenused.However, the pion
spectraneasureth centralAu—Au collisionsby thePHENIX collaboratior[10] areconsiderablysteeper
thanthoseof pp andthe HIJING model,seeFig. 12.2. Spectran Pb—Phcollisionsat LHC enegiesthat
aresofterthancurrentlyassumedwould resultin amuchsmallerpion yield at high p;.

Thus, the recentRHIC dataindicatethat both the chaged particle densityat mid-rapidity andthe
shapeof the pion p; spectraassumedn the presensimulationanduponwhich dependshe background
in the TRD detectorrepresentheworstcasescenaricandmight alreadyprovide a large safetyfactor

Theyieldsof Jg andY, alsounknavn in suchcollisions,wereestimatedxtrapolatingfrom existing
pp datain the framework of the colourevaporationmodelandscalingup to centralPb—Phbcollisions,as
describedn the CMS note[11], seealsoSection6.5. Accordingto this extrapolation0.5 Jy and0.012
Y pereventareexpected.

The yields of D and B mesonsn centralPb—Pbcollisions are expectedto be large. To estimate
them[12] a reasonabldaselinefor the productionof cc andbb in pp collisionsat /s= 5.5 TeV had
to be obtainedfirst. For this, PYTHIA [13] was usedto calculatein leadingorder a(cc) and o(bb)
usingthe MRST [14], CTEQ5M1[15] and GRV(98)HO [16] setof partondensityfunctionsincluding
the ESK98[17] parametrisatiorof nuclearshadaving effects. A K factor of 2 was usedto estimate
the next to leadingorder corrections. The yields were thenscaledup from pp to centralPb—Pbusing
the averagenumberof collisionsfrom a Glaubercalculation. The averageof thesecalculationsgive
dN(ct)/dy = 115anddN(bb)/dy = 4.6. PYTHIA wasthenusedto calculatethe hadronizationresulting

in atotal multiplicity pereventof 230D mesons140D° andﬁo, 45D%, 2752 and9 B mesons3.7 Bg
andBy, 3.6B* and1.1BY.
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Figure 12.2: Trans\ersemomentumspectrameasurecby PHENIX for Au-Au collisions at /s = 130 GeV
comparedo theHIJING predictions.

In Ref.[2], the signal/backgroundatio Rs for the detectionof JU andY mesonswvasevaluatedfor
dN¢/dy = 8000andusingcrosssectionsandtransersemomentundistributionsasdiscussedbove. It
leadto Rs > 1 for Y andRs > 0.1 for J». Sinceglobaltrackingthroughthe whole ALICE apparatus
is not yet available,we will not provide new estimatef Rs here. We note,however, thatwith chaged
particlemultiplicities and p; spectralshapessextrapolatedrom recentRHIC datathe Rs valuesmight
increasesubstantiallyperhapsgy anorderof magnitude.

12.3 Simulation environment

AliRoot [18], the object-orientedramavork developedin ALICE, versionV3.05, wasusedfor thegen-
eration,detectoresponseaimulationandanalysisof the simulateddataasdescribedn Chapterl1. The
frameawvork provides a seamlessnterfaceto GEANT3 [19], GEANT4 [20] and soonto FLUKA [21]

for particletransport. It providesthe flexibility to useGEANT3 or GEANT4 with the samedefinition
of detectorgeometry FLUKA is usedstandalondor radiationbackgroundstudies with a lessdetailed
descriptionof the geometryof the layoutwhich is describedusingthe ALIFE module[22]. Recently
FLUKA wasextendedwith theimplementatiorof thermalneutroncapturein Xenonfor the TRD back-
groundcalculationg23].

In AliRoot thereare differentmodulesfor the generationof the input particlesaswell asfor the
simulationof the detectorresponséor eachdetector Thegeometryof the detectorss describedn detail
while for thedetectoresponsea ‘detailed’ anda‘f ast’ modehave beenimplementedThereconstruction
stratgiesandalgorithmsfor thedifferentdetectoraswell asfor theglobaltrackingin the centralbarrel
are currently being actively developedaiming at a ‘physicsrun’ for the ALICE PhysicsPerformance
Report.
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12.3.1 Simulation of the detector layout

The detectionof di-leptonicdecaysof heary quarlonia and semi-leptonicdecaysof B andD mesons
requirethe measuremenodf high p; electrons;thereforethis study was performedassuminga 0.4 T
magneticfield, which the L3 magnetcan provide accordingto currentevaluationsandtests[24]. The
productionvertex of theprimaryparticleswasfixedatthecenterof theexperiment. Thefull configuration
of the TRD detectorwasusedasis implementedn AliRoot anddescribedn Chapterll. A pictureof
the TRD layoutis shavn in ColourFig. 3. The TRD detectolis embeddedn the spacerameasshavn
in Fig. 2.1. The spacdramegeometryis alwaysincludedin the simulationwhenthe TRD is activated.

In the‘detailed’ TRD simulationmode,chaged particleslosing enegy in the chambeigasproduce
primary andsecondaryelectronsfrom ionizationasdescribedn Chapterll. Eachelectronproducesa
‘hit” from which the digitized signalfor every padis derived. Thatway detailedstudiesof the chamber
performanceanbe carriedout. However, for somepurposeshis is atoo detailedandslow procedure.
Therefore a ‘fast’ simulationmodefor the detectorresponsavasalsoimplementedchaged particles
that crossthe active areaof oneof the multiwire proportionalchambergproduceone hit only which is
placedin the centerof the active partof the chamberHenceparticlestraversingall 6 planesof the TRD
throughtheir active areaproduceatotal of 6 hits.

12.3.2 Simulation of input particles

Differenttype of eventgeneratorsprovidedin AliRoot, wereusedto generatehedifferenttypeof input
particlesdependingon the performedstudy:

¢ the ‘signal’-generatig particleswere producedaccordingto a parametrizatiorof their y and p;
distributions

e thebulk of producedparticlesin a Pb—Phcollision, pionsandkaons weregeneratedisingthe so
called‘parametrizedHIJING’ eventgeneratqgrusingtheir parametrized and p; distributionsas
well astheirrelative yields,normalizedo atotal numberof chagedparticlesof 8000in theregion
—-05<n<05.

The'signal’-generatingparticlesY, Jy, aswell asB andD mesonswereproducedwith flat rapidity
and p; distributionsandthenwereweightedwith arealistic p; distribution [2]:

dn o

dp. = [T+ (BT -

with theparameterg; andn asgivenin Table12.1for thedifferentparticles.

Table 12.1: Parametersf thefunctionalform usedto describethe p; distribution of differentparticles.

| particle| p; | n |

Y | 47]35
Jy | 35|23
B 40 | 36
D | 4.08] 9.4

Y mesonsveregeneratedn therapidity intenal —1.2 <y < 1.2andp; < 10GeV/c, Jyin —1.5<
y<1l5andp: < 10GeV/c, B andD mesonsn theintenal -5 <y < 5andp; < 10GeV/c. PYTHIA was
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usedto forcethedecayof the primarypatrticles:Y andJy exclusiely into di-electronsB andD mesons
exclusively into the semi-leptonicchannelsTherapidity interval waschosersuchthatprimary particles
outsidethisinterval do notemittheir decayproductsnto the TRD acceptanceThosedistributionswere
usedto evaluatethe TRD acceptancandthe effect of theL1 trigger

The‘parametrizedHIJING’ eventgeneratomwasusedto generatgionsandkaonsof centralPb—Pb
collisionfor backgroundestimates.

12.3.3 Simulation studies

For the evaluationof the acceptancesnly the TRD detectorandthe spaceframewereincludedin the
simulationof the ALICE set-up. For the transportof all generategarticlesthroughthe TRD layout
only decaysgenegy lossandmultiple scatteringwere enabledrom all physicsprocessesmplemented
in GEANT3. In thisway all primaryelectronsouldbeaccountedor until they exitedthe TRD andthere
wasno othersourceof backgrouncelectrons.The ‘fast’ detectorresponseimulationoption wasused.
Theacceptancéor ary of the parentparticleswasdefinedby the requirementhatits daughteiparticles
have to traverseat least5 planesof the TRD throughtheir active area,i.e. to produceat least5 hits in
total. Optimizationof thereconstructioralgorithmsusingthe dataproduceduy the ‘detailed’ simulation
hasshavn thatthis would insurea goodtrackreconstructiorandparticleidentificationprobability The
L1 TRD trigger, asdescribedn Chapter6, is designedo selectchaged particleswith p; > 3 GeV/c
traversingthe TRD detector A Y or J trigger requiresa pair of oppositechaged electronswith py
above thisthreshold.

For the reconstructiorof the invariantmassandthe estimateof the backgrounddueto primary and
secondaryparticles,aswell asy corversions,all detectorsin the centralbarrelwere includedin the
simulationandall physicsprocessesn GEANT3 wereactvated.

12.4 Y and J\) mesons

12.4.1 Acceptance

To evaluatethe Y and Jy acceptanc®00000 primary particlesof eachkind were generatedvith flat
rapidity and p; distributionsin theintenal —1.2 <y < 1.2 (-1.5 <y < 1.5 for Jy) andp; < 10GeVjc,
all decayinginto e"e~ pairs. The acceptancandthe effect of the L1 trigger wasthenevaluatedusing
the p-weighteddistributions of the parentparticles. The pi-weightsweregeneratedisingeq.12.1and
the correspondingparametergiivenin Table12.1.

Figures12.3and12.4shaw, on thetop row, therapidity and p; distributions of the parentparticles
and,on the lower row, thoseof their decayelectrons.Thefull curve in eachfigure correspondso the
inputdistribution. Thedashedcurvesshaw the distributionsof particlesin the TRD acceptancith the
conditionthat both decayparticlescrossat least5 chambers.The main conditionfor a L1 triggeris a
p; cutof, e.g.,3 GeV/c for eachparticle(seeChapter6). The dottedhistogramshaws the effect of the
L1 trigger: thedistributionsareplottedwith anadditionalrequiremendf p; > 3 GeVjc for bothdecay
particles.Therapidity distribution of theacceptedr” coverstherangely| < 1.0 andis Gaussian-lik with
ao = 0.39; thatfor J hasthe samecoverageandis somavhatflatterwith ac = 0.41.

The Y and Jy» acceptancesnderthetrigger requirementreshavn differentially in they-p; plane
in Fig. 12.5for Y andin Fig. 12.6for Jy. In thelego plot of the Y acceptanca small dip is clearly
seendevelopingat p; ~ 6 GeVjc . Thisis dueto thefactthatlow p; Y mesonglecayby emittinge*e~
pairswhereboth leptonshave a p; abore 3 GeV/c andhencepassthe trigger condition. The decayof
intermediatep; Y mesonspf p; ~ 6 GeV/c, canbe asymmetridn the laboratoryframewith oneof the
decayparticleshaving p; lessthan3 GeVjc ; thereforethoseY arelost dueto the L1 trigger condition.
Thedifferential Y acceptancat mid-rapidityandp; < 1 GeV/c is 54%,while atp; = 6 GeV/c, is 47%.
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Figure 12.3: Rapidityand p; distributionsof Y andits decaye™e™. Thesolid linesshaw theinput distributions,
dashedhrethoseacceptedn the TRD andthe dottedhistogramsshaw the fraction acceptedn the TRD with the
L1 triggerrequiremenbf p; > 3 GeV/c onthedecayparticles.
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Figure 12.4: Rapidityand p; distributionsof Jy andits decayete™.Thesolid linesshav theinputdistributions,
dashedhrethoseacceptedn the TRD andthe dottedhistogramsshaw the fraction acceptedn the TRD with the
L1 triggerrequiremenbf p; > 3 GeV/c onthedecayparticles.
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acceptance

Figure 12.5: Differentialy-p; acceptance % for the detectionof Y'in the TRD underthe L1 triggercondition.

acceptance

Figure 12.6: Differentialy-p; acceptancé % for thedetectionof J the TRD underthe L1 triggercondition.
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Thetrigger cut on the p; of e"e~ hasa muchstrongereffect on the Jy distribution sincethe mass
differenceof the J is muchsmallerthanthat of the Y; hencethe decaysof low p; Jy producee*e™
pairsthatdo not male it throughthe p; thresholdof 3 GeV/c of thetrigger It is only at ratherlarge
pt thatthe J@ decaykinematicsallow both of thee*e™ to have p; > 3 GeVjc . This resultsin no Jy
acceptancéelov a p; of ~ 5.2 GeV/c underthe L1 trigger condition. The differentialacceptancat
mid-rapidityreache87%for a p; of 10GeV/c.

The geometricalacceptancefor Y and JU integratedover the rapidity range—1.0 < y < 1.0, the
region wherethereis someacceptancearesummarizedn Table12.2. They aretakulatedwithout and
with the L1 triggerconditionon their decayparticlesandfor differentp; rangeof the parentparticle.

Table 12.2: Geometricahcceptancéor the detectionof Y andJy in the TRD. They aregivenfor differenty and
p; rangesof the parentparticles with andwithoutthe L1 trigger p; cutontheete™ pair.

| parentparticle| pofe'e” | yandp of parent | TRD accept(%) |
Y no cut ly| < 1.0,all p 26.6
Y no cut ly| < 0.5, p < 3GeVc 42.4
Y Pt > 3GeVic ly| < 1.0,all p 24.0
Y pe>3GeVe | |yl <05, pr<3GeVie 41.7
Ju no cut ly| < 1.0,all p 29.5
Jy no cut ly] < 0.5, pt > 6 GeV/c 62.8
Ju P > 3GeVc ly| < 1.0,all p 1.4
Ju pe>3GeVe | |yl <05, pr > 6GeVic 16.3

12.4.2 Yinvariant massdistrib ution

The bestmomentumresolutionfor electronsidentifiedin the TRD will be obtainedby combiningthe
informationof theTRD, TPCandITS in aglobaltrackfit. SuchaproceduraisingKalman-filtertracking
techniquesvasimplementedn the AliRoot framevork andis currentlybeingoptimized.

To evaluatethe massresolutionwith trackingin the TRD only, eventscontainingonly Y in the
rapidity interval —0.5 < y < 0.5 andwith arealistic p; distribution given by eq. 12.1 were generated.
All the detector=of the centralbarrelandall physicsprocessesvere enabledfor the particletransport.
The'detailed’ TRD detectoresponsasimulationmodewasused.The pointreconstructiorandtracking
wereperformedasdescribedn Section11.3and11.4. Fromthe momentunresolutionsobtainedwith
thefull off-line trackingthe massresolutionsveredeterminedisingthe samealgorithmaswasusedin
thesimulationsfor the TRD trigger (seeChapter6).

Applying the TRD L1 trigger conditionthat both ete™ have a p; > 3 GeV/c resultsin anete”
invariant massdistribution shovn in Fig. 12.7. The invariant massdistribution is asymmetricwith a
tail to lower masseslueto radiative lossesof the electronsin the materialbeforethe TRD. The mass
resolutionfor trackingin the TRD only, ignoringthelow masdail resultingfrom bremsstrahlungpsses,
hasao = 245MeV/c?.

The globaltrackfit givesanimproved estimatorfor the original momentumof the ete~ pair and,
at the sametime, will provide a muchbettermomentunresolution. A studywas performedusingthe
trackreconstructionn the TPCandITS, but yetwithoutthe TRD, to evaluatethe massresolutionat the
massof the Y asfunction of the eventmultiplicity for two magneticfield values. The results,shavn in
Fig. 12.8,give amassresolutionof aboutl1% for thefull multiplicity andB = 0.4 T.
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Figure 12.7: Di-electroninvariantmassdistribution for ete~ pairsfrom Y decaysasreconstructeéh the TRD,
includingthe TRD L1 triggercondition.
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12.5 B and D mesons

For the calculationof the acceptancdéor B and D mesons4 million primary particles,of eachkind,
weregeneratedvith flat distributionsin theintenal —5 <y < 5andp; < 10 GeVjc . All particleswere
forcedto decaysemi-leptonically The p-weighteddistributions were then obtainedas describedin
Section12.3.

The rapidity and p; distributions of the parentparticlesand of their decayelectronsare shavn in
Fig. 12.9andFig. 12.10for B andD mesonsyespectiely. The upperrow shawvs the parentparticle
distributions, the lower onethe distributions of their decayelectron. The rapidity intenal of the pri-
mary particleswasrestrictedto —4 < y < 4 in theseprojections.The solid linescorrespondo theinput
distributions. The dashedines shav the samedistributionsin the TRD acceptanceThe rapidity dis-
tributions of acceptedB and D mesonsare Gaussian-lik with a 0 = 0.93 for B ando = 0.89 for D
mesonsTheacceptedlectrondrom B decayshave a < p; >= 2.54 GeV/c, thosefrom D decaysyield
a< p; >= 1.32GeV/c. TheB andD differentialacceptancasfunctionof rapidity and p; areshavn in
Fig. 12.11andFig. 12.12respeciiely. At mid-rapiditythe acceptanceariesbetweerb0%and90%.

The finite lifetime of B andD mesonsct = 496 um andct = 315 um, respecitely, wasused
to develop a stratgy to separateelectronscomingfrom B and D decaysfrom thoseoriginating from
other (promptly decaying)particles(m°, p, w, @, Ji) as describedin the TRD TP [2]. It is basedon
the selectionof non-primaryhigh p; electronsby optimizing selectioncriteriabasedon their transerse
distanceof closestpproactio theprimaryvertex, dg, andontheir p;. Completesimulationof theimpact
parameteresolutionwill be obtainedonly after optimizationof the globaltracking, matchingthe TRD
tracksto thosein the TPCandITS. For the presengeometricaktudiesdy is calculatedrom thenominal
momentumof the decayleptonandthe positionsof the primary and secondaryerticeswithout taking
into accountary detectoresolutions.The effect of the detectorresolutionwasinvestigatedn the TRD
TP[2].

Figures12.13and 12.14shav the rapidity and transversemomentumdistributions of accepted
mesonsunderdifferentselectioncriteria. The solid line shavs the distributions of accepted’s with no
furthercutsonthedy and p; of the decayelectronthe otherlinesthe samedistributionsfor do > 200 um
andp; > 0.5 GeVjc (dashedine), p; > 1 GeV/c (dottedline) andp; > 3 GeV/c (dash-dottedine). The
integratedacceptancearesummarizedn Table12.3. Thosecutsneedto be optimizedon the basisof
the globaltrackingresults.However, in Refs.[26,27] it wasshavn thatwhile adp > 100 pm might be
optimistic,a 200 um cut shouldbe safe. It wasalsoshavn in the TRD TP [2] that p; cutssignificantly
reducethebackgrounddueto the primary particlemultiplicity.

Similarly, Fig. 12.15andFig. 12.16shav the samedistributionsfor D mesonsandthe integrated
acceptanceasresummarizedn Tablel2.3. Thedy andp; cutsmalke astrongereffectontheD acceptance.

Table 12.3: Integratedacceptancdor B and D mesonsin the rapidity range|y| < 4.0 without and with the
do > 200um and p; cutsonthedecayelectronacceptedn the TRD.

| parentparticle| docut | acceptp; >0 | acceptp; > 0.5 | acceptp > 1 | acceptp; > 3 |

B no cut 17.3% 12.3% 8.1% 1.5%

B do > 20Qum 7.4% 3.7% 1.9% 0.17%
D no cut 15.0% 5.9% 2.1% 0.055%
D do > 20Qum 5.5% 4.4% 0.05% -
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Figure 12.11: Acceptancdor B mesonsn they-p; plane.
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Figure 12.12: Acceptancdor D mesonsn they-p; plane.
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12.6 TRD acceptancefor differ ent geometricalconfigurations

The numberof detectormodulesthat canbe afforded by the Collaborationon time for the start-upof
the LHC is not presentlyknown. Thereforea studywasperformedto evaluatethe TRD acceptancéor
differentgeometricatonfigurationg25]. Differentconsiderationsveretakeninto accounin optimizing
the detectoracceptancenamelythe numberof currentlyaffordablestacksof detectomodulesdifferent
stratgjiesfor the completionof the detectorandhow they would affect the overall installationplanning.

The financingof the constructionof the full TRD detectoy consistingof 540 detectormodulesar
rangedn 90 stackswhichwould coverthepseudo-rapidityange—0.9 < n < 0.9 andthefull azimuth
is sofar notassuredThe presencommitmentauntil the start-upof the LHC aresuficient to build only
abouthalf of thetotal numberof the TRD modules.Participationof othergroupsthatwould make pos-
sible the constructionof the full TRD on time for the start-upis soughtbut currently not guaranteed.
Additional funding for the completionof the full TRD detectoris expectedfrom the funding agencies
of the TRD groups;in this casethe detectorwill be completedater thanthe start-update. Therefore,
at presentjt cannotbe ruled out that a partial TRD will be finally all that might be affordableby the
Collaboration.

Thoseconsiderationteadto threepossiblescenarios{a) completionof the full detectorfor start-up,
(b) partialconstructiorandinstallationof the TRD for start-upwith its completionafter2 or 3 yearsand
(c) undesirabldut notexcludedcurrently apartial TRD only.

As discussedn Chapterl6, the TRD stackswill be assembledh supermodulesvhich will thenbe
insertedin the spaceframe. In the casethatonly a part of the full TRD detectorwould be constructed
at start-upandits completionwould follow at a later stage ,onewould have to optimisethe installation
procedureeven at the expenseof the physicsperformancdor thefirst yearof running. It is difficult to
imaginethat the supermodulesvould be only partialy filled andinstalledin the spaceframeat a first
stage,to be taken out and completedin a later stage;this would also imply redoingall the services,
alignmentandcalibrations.

The acceptancéor the detectionof the semi-leptonicdecaysof D andB mesonss proportionalto
thesolid anglecoveredby agivenTRD layout. For Y'andJU thisis notthecasesinceelectronpairshave
to be detectedn coincidencejntroducinggeometricakorrelations.The low p; primary particlesdecay
emittingthe e"e~ pair backto backin the laboratoryframe andthereforethe coverageat the opposite
sidesof the interactionpoint givesthe largestyields of detectedY. As the p; of the primary particle
increasesthe decaykinematicsfocuseghe electron-positromair closerandcloserandthereforealarge
coverageatthe samesideof theinteractionpointis optimal.

Theacceptancef Y, Jy, B andD mesonsverecalculatedor threepartial TRD configurationsand
comparedo thatfor thefull TRD detector

The configurationcalled'WING’ has10 fully filled supermoduleslistributed asa symmetrictwo-
armspectrometewith atotal of 50 stacks.Fromtheinstallationpointof view thiswould bethepreferred
configuratiorfor a partial TRD atafirst stagewhich would be completecdneor two yearsafterstart-up.

Ontheotherhand,if atacertainpointit becomesglearthattherewill notbeenoughfundsto complete
thefull TRD detectoronewould have to optimizethe phasespacecoverageanddistributing theavailable
modulesnto completesupermodulemight not bethe beststrateyy.

Thetwo otherconfigurationsSHORT’ and'SHORTASYM’ consistof acompaciTRD with noholes
in azimuth,however, with only 3 out of 5 stacksof eachsupermoduléeinginstalled.Both of themhave
54 stacks. The configuration'SHORT’, being centeredn z aroundthe interactionpoint, provides a
symmetriccoveragein rapidity The ‘'SHORTASYM' is displacedhaving the two empty stackson the
sameside of the supermodule.In this way the ‘SHORTASYM’ provides larger coverageof rapidity;
however it implies an asymmetricweight distribution on the spaceframe. Thosetwo configurations
representhetype of solutiononemightchoosen caseit would beclearthatthe TRD couldnotbefully
financed.
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Figure 12.17: Theinnerlayer of the TRD for the differentgeometriesonsideredthe horizontalaxis givesthe
sementatiorin z andthe verticalin ¢. Eachmoduleis representetby a rectangle.The areaof eachrectangleis
proportionalto the acceptancef the correspondingnodulefor ete~ from Y decays.Fromthetop left to bottom
right thegeometriesre:'TRD’, ‘WING’, ‘SHORT and ‘SHORTASYM'.

Figurel2.17shavsin agraphicalway the Y acceptancéor the differentgeometricatonfigurations.
Figure12.18shavs the B acceptancéor the sameconfigurations.Top row left shawvs thefull TRD ge-
ometry(labelled“TRD”) andrightthe'WING’ configuration.The bottomrow left shaws the ‘SHORT’
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Figure 12.18: SameasFig. 12.17for electronsrom B decays.

andright the'SHORTASYM’ configuration.Sincethedistribution of chamberss identicalfor all layers
only theinnermostayerfor eachconfigurationis shavn with eachrectangleepresenting module;the
horizontalaxis givesthe sgmentationin z andthe vertical thatin ¢, henceeachrow correspondso a
sectorandrepresents supermoduleClearlyvisible arethe holesin the TRD layoutfor eachoneof the
studiedconfigurations.The areaof eachmoduleis proportionalto the numberof electronsrom Y or B

decaysrespectiely, thatthemoduleaccepts.
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Theacceptancefr thethreestudiedpartialconfigurationsrelative to thefull TRD, aresummarized
in Table12.4.

Table 12.4: Fractionalacceptancén % of the different TRD configurationsrelative to the full TRD for the
detectionof decayelectronsrom Y, J{, B andD mesons.

| primaryparticle | ‘WING’ | ‘SHORT’ | ‘SHORTASYM’

Y 17.4 42.8 46.1
Jy 34.5 47.9 43.3
B 55.9 64.3 59.9
D 55.7 63.7 59.7

12.7 Background

Thereareseveral sourcef backgroundhathave to be consideredvhile reconstructing” andJy from
theire™ e~ decaydetectedn the TRD.

e Oneofthemisrealete pairsoriginatingfrom Dalitz decayf 1€ , n, p, w, @ or semi-leptonide-
caysof B andD mesonsTheir contritution asevaluatedn the TRD TP [2] is shawvnin Fig 12.19.
At large p; this backgrounds dominatedby e" e~ originatingfrom semi-leptoniacdecaysf B and
D mesonsaswell asfrom Dalitz decaysof 1° .

e Anothersourceof backgroundrom realelectronor positronsjs dueto y corversionspremsstrahlung
andsecondarynteractions.

e A third sourceof backgrounds dueto chagedpionsmisidentifiedaselectronsy the TRD detec-
tor.

Thelasttwo sourceof backgroundvereevaluatedusing100‘parametrizedHIJING’ eventsasinput
to the simulationwith all the centralbarrel detectorsenabled. Figure 12.20 shaovs the p; spectraof
chagedpions, electronsfrom corversions,bremsstrahlun@nd secondanjnteractionsaswell ase™e~
from Dalitz decaysof T thatreachthe TRD detector Theete~ from cornversionsandbremsstrahlung
in the materialbeforethe TRD areanorderof magnituddargerthanthosefrom 1© Dalitz decays.

Whatfraction of the chaged pion spectrumwill contritute to the backgrounddependson the elec-
tron identificationand pion rejectioncapabilitiesthat the final detectorwill achieze. As wasshavn in
Chapterll thefractionof pionsmisidentifiedaselectronsdepend®n therequiredpurity of theelectron
sampleandon the multiplicity of the event. Also the globaltrackingwill acceptonly a fractionof elec-
tronsand‘electronlike’ particles namelythosehaving a goody? for beingprimary particlesandhaving
agoodlikelihoodof beingelectronsaccordingto thedE/dxin thel TS, TPCandTRD andaccordingto
thetransitionradiationin the TRD.

12.8 Summary

Themainconclusiondrom thestudiespresentedhereare:
1. Acceptance$or Y andhigh p; J§ measurementseedthefull TRD.

2. The massresolutionfor Y measurements of the order of 1% if the magneticfield of the L3
magneis B= 0.4 T or larger.

3. Themainbackgroundsourcesn theelectronchannelremisidentifiedpionsandcorversions.
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4. Themeasuremeraf D andB mesongia their semi-leptoniadecayscanbe performedwith high
efficiency for p; cutsof theorderof 1 GeV/c andhigher
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13 Detectorcontrol

The ALICE DetectorControl System(DCS)is designedor monitoringandcontrol of correctoper
ationalconditionsof the ALICE sub-detectorsAs this taskalsoinvolves safetyaspectsthe hardware
links usedareindependenbf the DAQ. The ALICE DCS projectis presentedn Ref.[1]. The ALICE
DCSsystems describedn Ref[2] andwill bedescribedn detailin afuturedocumentlts functionalities
include(seealsoRef.[3]):

¢ startingor shuttingoff adetectoror component®f adetectorin acontrolledway;

e monitoringof characteristicgéanalogand/orstatusvalues)which arenecessarjor detectoropera-
tion and/orthe physicsdataanalysis;

¢ reportingof alarmconditionsandinitiation of theappropriateesponse;
¢ loggingandarchiing of characteristicsalarmsandoperatorinteractions;

¢ retrieving archveddatafor trenddisplaysor detectoranalysis;

In addition,interactionsarerequiredwith a numberof externalsystemdik e the areasafetysystem,
gassystem,cooling and ventilation system,electricity mains supply LHC, and magnets. However,
certainof thesesystemsawill only provide informatie links to the DCS:

¢ during normalphysicsdata-takingthe DCSwill control startingandoperationof all the ALICE
sub-detectorsFor this purposestandardoperatorcommandswill be available. Malfunctioning
will besignalledto the detectordedicatedcontrolstationvia centralizedalarms.

e duringinstallationand/ormaintenanceperiodsit will be necessaryo run differentdetectorsor
partitionsof them, separatelybut simultaneously In this caseinterferenceamongdetectorsor
betweerthemandexternalserviceanustbe screened.

To satisfythe above requirementshe DCS architecturewill have two essentiafeatures-scalability
and modularity—and will be basedon distributed intelligence. The detectorcontrol systemwill be
designedand organizedin layers,correspondingo differentlevels of visibility andaccessights. The
higherlevelswill have amoreglobalview, andwill only beallowedto malke alimited setof macroscopic
actions.Ontheotherend,lower layerswill have accesgso moredetailedinformationandcontrol. At the
highestlevel of the experimenta SupervisoryControllayerwill provide thecommunicationgmongthe
main ALICE subsystemsuchasthe DataAcquisition Control (DAQC), the Trigger Control (TRC) and
theDCS.The DCSwill beaccessethroughthe SupervisoryControllayer No peerto-peerconnection
betweerDCSandDAQ is ervisaged.The SupervisoryControlwill have thefollowing features:

¢ provide aglobalview of thewhole experimentto the operator

¢ allow the control of the experimentthroughcommanddo the DCS, the DAQC andthe TRC. It
will be capableof generatingthe sequencef operationsin orderto bring the experimentto a
givenworking condition.However, detailedactionswill betheresponsibilityof the subsystems.

¢ collectanddispatchall thecommunicationdetweerthe subsystems.

e monitor the operationof the subsystemsgeneratealarms,and provide the interlock logic where
necessary
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¢ allow the dynamicsplitting of the detectorinto independenpartitionsandthe possibility of con-
currentdata-takingrom the partitions.

Hardware protectionof TRD componentsvill be implementedvhererer possible.This is the case,
for example,for theramp-davn of sensewire high voltagesin the presencef sustainedver-currents.

13.1 Hardware

Within ALICE we intendto developa DCSsystermwhichis asstandardizedndidenticalacrossdetector
boundariesas technically feasible. Consequentlysimilar to the generalALICE DCS, the hardware
structureof the TRD DCSwill bestructuredn threelayers.

¢ Field layer. Thisis thelayerof field instrumentatiorsuchassensoheadsactuatorsetc. Thefield
instrumentatiorhasto comply with the requirement®f the detectorhardware. The interfacesto
thecontrolequipmentill follow well-establisheelectricalstandarddike 0-10V for voltagein-
terfacesor 4—20mA for current-loopnterfaces.The signalsto be monitoredfor the TRD detector
arelistedin Table13.1.

Eachfront end Multi Chip Module (MCM) which acquiresand processesignalsfrom 18 pads
alsoimplementsneasurementsf chip temperaturepower voltagesandcurrentsandpower on/off
controlof thereadout-relatedectionof MCM.

Sensor®f gastemperaturel, V connectoandcabletemperaturel,.V regulatorcurrentandvoltage
andhumidity will bereadout by adedicatedCSADC locatedon the MCM.

For monitoringof the detectorstatusoutsidethe runningperiodwe foreseeoperationof the MCM
in standbymode,whereonly the partessentiafor DCS (multiplexed ADC, duplex synchronous
daisy-chainederiallink andDCS control)will be powered(Seearchitectureof the DCScommu-
nicationin Fig. 13.1).

Independenpower distribution will be usedonly for key component®f the systemsuchascon-
trollers,sensoraindactuatorf the coolingandgassystemandhubsdistributing theinformation
betweerthemandworkstationson controlandsupervisoryayers.

In the processcontrollersthe CAN interfacewill beimplementedasbackupoption.

e Control layer. Thiscorresponds multipurpose-contratomputerequipmentf theProgrammable
Logic Controller (PLC) type, in compliancewith the relevant recommendatiorj4]. However,
wherever corvenientin the caseof a large numberof field-instrumentatiorchannelsto be con-
trolled, VME-basedcontrollersmay be used. This hardware layer also includesself-contained
intelligentinstrumentdik e high- andlow-voltagepower supplies.

For the part of the DCS systemlocatedon the detectorwe currently investigateEthernetas a
detectorcontrol field bus. Ethernetis ratherruggedand AC coupled. In tree configurationand
usingtwisted pair distributionsit permits100 Mbit/s throughputover long distances.Failure on
one of the branchnodesdoesnot disturbthe restof the network communication.This solution
is two ordersof magnitudefasterthanthe top speedof CAN Bus over shortdistances.For the
Ethernetsolutionto beviable,it hasto be ensuredhatthe implementatiorof all links underary
operationatonditionis provided by fully standardwell supportedndustrialsolutions.

Thecurrentlyveryrapiddevelopmenbf single-boardCPUsandprogrammablgatearrays(FPGA)
runningLinux permitstheuseof miniaturecontrollerswhich allow implementatiorof the Ethernet
interfaceandary othercontrolsfunctionality togethemwith the CPU.The only additionalexternal
componentsequiredarean Ethernetiranscerer (smallSMT chip), oneflashROM, anda single
chip DRAM. Typical configurationsnclude8 MB flashROM and64 MB DRAM.

Concerninghedevelopmentof controllerswe planthreephases:
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Figure 13.1: Architectureof the DCScommunication.

— aminiaturesingle-boarcdcomputetbasedn MC68EZ328DragonBallmicrocontrolleris cur
rently usedfor evaluationtests. It will be usedalsofor testsof compatibility of Ethernetand
the ALICE ervironment(operationin 0.5 T magneticfield) this year This boardsupports
only the10 Mbit Ethernet.

— in the secondphase a controllerbasedon the ALTERA 20K200FPGA chip will be devel-
oped. This controllerwill implementa synthesizedJC ( NIOS processowith a 40 MIPS
16-bit CPU)togethemith Ethernetandanoptional CAN interface.

— finally, at the beginning of next year the Altera Excalibur chip (alsofrom ALTERA 20k
FPGA family but with a hardprocessorcore ARM or MIPS both ableto run beyond 200
MHz) will be availablealsowith Ethernetonthe FPGAasIP corewith no needof external
chips. Both FPGA Ethernetimplementationsun 100 Mbit/s. In thelong run ALTERA will
probablynot be the only supplierof suchdevices. Otherpossibilitiesmight include Xilinx,
appropriatenarket sureys areundervay.

e Supetvisory layer. The equipmentn this layer consistsof general-purposeorkstationswhich
will belinkedto thecontrollayerthroughTCP/IP Theworkstationswill providetheMan-Machine
Interface(MMI) to the DCS andwill behae assener stationsfor detectormonitoringanddata



186 13 Detectorcontol

logging, or asclient stationsfor detectorcontrol. At the level of generalsupervisorycontrol, the
workstationswill be dedicatedo the managemendf configurationdatafor all the detectorsand
equipmentpartitioning,alarmsoggingandarchving, anddatacommunication.

13.2 Communication

The datatransmissiorlinks canbe classifiedin layersequialentto the hardware architecture.At the
field-instrumentatiomevel, point-to-pointlinks for voltageor currentsignalswill bethegeneralkase.

Most analogsensorgplacedon the detectorwill be readby the DCS ADC locatedon the MCM.
Voltagefor the MCM is regulatedon-boardandoutputvoltageandload currentof theregulatorwill also
bereadby theDCSADC onthe MCM .

Devicesandsensorglacedon the detectorend-capandin UX25 will be readout usingoneof the
recommendedield buses.

For communicatiorbetweerthe DCScontrollerandthe MCM we foreseea fastduplex synchronous
seriallink runningat ~100 Mbit/s. This link will be usedfor downloadingthe MCM CPU software,
setup,DCS control, and preamplifierpulsertest. A seriallink will be connectedn both sidesof the
MCM chainto thecontroller sothatafailure of oneMCM will notcutthecommunicatiorto therestof
chain.

This configurationdoesnot changethe hardwarearchitecturesincethe bus systemwill beseemasan
extensionof the controllerstation.

13.3 Software

The controllerlevel software,which will residein the control computerghataredirectly linked to the
processwill beconfiguredndividually for eachsub-detector

For controllersbasedon the proposed=PGA, Linux (UCLinux) kernelsareavailablewhich do not
implementa man-machine-inteaice (MMI) but otherwiseare completeLinux systemsallowing, for
example,to NFSmountexternaldiscs,run http, secureshellor telnet.

Software developmentbecomesvery simple, the front-endmountsthe hosts disk, the softwareis
crosscompiledinto the mountedbin partitionandthe programundertestis startedvia remoteshell.

For developmentand maintenancef the detectorseachgroupwill also configurea personalized
MMI. This softwarewill bebasedonthe sameproduct(s)asfor the ALICE DCS systemandwill there-
fore allow integrationinto the overall systemduring operationof the experimentandwill grantseparate
accessndcontrolof eachsubsystenduringotherperiods.

It is plannedthatthe driver softwarefor the controllerstationsto interfacethefield instrumentation
to the ALICE DCS architecturewill be basedon the OPC [5] standard.This meanghathardwareand
applicationdrom differentmanufcturerscanbe easilyconnected OPCis currentlybeingevaluatedin
the contet of the CERN JCOPproject. It is basedon the Microsoft technologyDCOM (Distributed
ComponentObject Model) and provides a standardizediccessanethodand unified interface between
the controllayeranda SCADA (SupervisoryControl And DataAcquisition) systemon the supervisory
layer The OPCinterfacestandards definedanddevelopedby the OPCFoundatiorwhich includesthe
majorcompaniesn theautomatiorsector(SiemenskFisherRosemountNationallnstrumentsRockwell
Software, et al.). A wide rangeof OPC senersand applicationsare alreadyavailable and additional
companiedhave announcedheir adherencéo this standard.
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13.4 Safetyand quality management

13.4.1 Mechanical

All mechanicalcomponentswill be designedand built accordingto the quality assurancestandard
ISO 9001 0r anequivalentnationalstandard.

Althoughthe TRD detectomwill be operatecat a pressuref 1 mbarabove atmospheripressurethe
detectorsaredesignedor a maximumover-pressuref 2 mbar

13.4.2 Gas

In additionto adherenceéo mechanicakolerancesthe fabrication,finishing, and choice of materials
mustensureanadequategaspurity in orderto run the detectowith the desiredperformanceandwithin
operationalcost. Sincethe TRD detectorsarefilled with a Xe,CO, mixture, excessie leaksleadto
intolerablegasflows and the needfor the injection of fresh gas. Avoiding suchleaksis especially
importantin view of thecostof Xe gas.lt is thereforeforeseerthatdetailedleaktestswill be performed
atthedetectorconstructiorsites.

The gasesusedin the TRD are non-flammable.As far asthe detectorsare concernedyedundant
andstand-alonesafetymechanisméave beenimplementedn orderto protectthe TRD from under or
over-pressures.

13.5 Radiation protection

The two main mechanismshatmay induceradioactvity in the TRD arelow-enegy neutronactivation

andinelastichadronicinteractionsat high enegy. The maximumneutronfluencesover a periodof ten

yearsatthemeanradiusof the TRD arebelav 1.0 x 10tY/cn?, respectiely. Scalingfrom the equivalent

doseratesinducedby the high-luminositypp interactionregions[7] to thoseof the ALICE experimental
conditions(approximatelya factorof 100 lower), we do not expectary radiationhazardgo be caused
by theaccumulatiorof radionuclidesn the TRD.

13.6 Electrical systemprotection

13.6.1 High voltagefor readoutchambers

The readoutchambergequirean operatingvoltage of lessthan1700V. In total, 540 supplylines are
needed.In addition,thereare540 supplylinesfor the HV to the field cageof eachchamber Herethe
operatingvoltagewill be lessthan3000V. The installationis basedon standardcoaxial high-wltage
cablegatedfor atleast3 kV, togethemwith standarchigh-wltageconnectors.

Standardremotely-controllegoower supplieswith voltageand currentmonitoringwill be used. If
anover-currentis detectedthe correspondingoltagewill berampeddown at a presetrate. Operation
of theHV systemwill beinterlockedin caseof a coolingwaterleak. No partsof the readoutchambers
underhigh voltageareaccessibl®@ncethe chamberdiave beeninstalled.

13.6.2 Low voltage

The front-endelectronicsof the TRD is a typical low-voltagehigh-currentsystem(a 20 kA in total),
which mayrun therisk of fire in caseof uncontrolledcurrents.To avoid ary dangerto the TRD andits
readoutsystemthefollowing stratgy hasbeenadopted.

Thepower supplieshemselesareground-free Thegroundreferencas obtainecbnly atthedetector
side. This avoids ary accidentalparasiticcurrentsin the conductingpaths(not adaptedo suchlarge
currents)lowing backto the power supplyif oneof thegroundlinesis broken.
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Pawering of the systemwill be monitoredby the DCS. EachMCM providesa measuremerf all
theincomingvoltagesandcurrents.If thereis avoltagedropor over-current,thesystemcanbe powered
down on atime-scaleof milliseconds.By monitoringalsothe temperaturef eachMCM, the DCS can
reactto temperaturexcursions andshutoff therelevantsectionof the system.

Furthermorethe designof the MCM andtheir connectiondo the groundof the readoutchamber
is suchthat the coppercross-sections suficiently large to accommodatéigh currentdensities(see
Section9.1.2). This could berequiredif the groundreturnline is accidentallyconnectedo the general
ground,whichwould leadto a parasiticcurrentthroughthe TRD supportstructure.
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13.6 Electrical systenprotection
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Table 13.2: Main parametersf the DetectorControl Systemfor the TRD, continued.

Systems/sub- Location Controlledparameters Number Link type Parameters | Control
systems
Drift HV UXx25 HV supplyon/off 540 serial voltage R/W
UXx25 HV setttingsandreadings 540 serial comple R/W
UXx25 safetyswitch 1 binary voltage on/off
Readouthambers | PX24 HV supplyon/off 540 serial voltage R/W
PX24 HV settingsandreadings 540 serial comple R/W
PX24 safetyswitch 1 serial voltage on/off
Gassystem PX24 primary inlet and outlet gastempera-| 2 analog temperature | R
ture
PX24 primaryinlet andoutletpressure 4 analog pressure R
PX24 primaryinlet andoutletgasflow 2 analog flow R
PX24 regulation 5 serial comple R
PX24 safetyswitch 1 serial voltage on/off
PX24 purity control 2 serial comple bit pattern
detector primary inlet and outlet gastempera-| 28 analog temperature | R
ture
detector primaryinlet andoutletpressure 28 analog pressure R
detector primaryinlet andoutletgasflow 28 analog flow R
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14 Testswith prototypes

In this chaptemwe describethe mostrelevantresultsof thetestswith detectomprototypescarriedout
duringthe pastthreeyears. Section14.1 containsa brief descriptionof the prototypesandof the data
acquisitionsystem. In Section14.2we presenthe resultsof testswith radioactve sourceg>°Fe) and
in Section14.3theresultsof testsin beamwill be shavn. In Section14.4we summarizehe on-going
actvities andthe plansfor futuretestmeasurements.

14.1 Prototype description

Most of the resultswere obtainedusing a prototypeDrift Chamber(DC) with dimensionsidentical
to thoseanticipatedfor the final detector(seeChapter4), exceptconcerningthe area,which is only
0.5x0.6 m?. Chevrron padplanes[1] with a padareaof 4.5 cn? areusedfor the readout.A sketch of
the chevron geometryis presentedn Fig. 14.1. Thewidth of the padsis w=10 mm, the step(matching
the anodewire pitch) is s=5 mm, andthe overlapfactor f,=1.05. Nine chersron units (shadedarea)are
connectedogetherto form a padof 4.5 cm length. For mechanicabtability, the padplanethicknesss
3.5mm. Theaveragecapacitancef a padis about22 pF. Both theanode(W-Au, 25 um diameter)and
cathodewires (Cu-Be, 75 um diameter)have a pitch of 5 mm andwe usea staggeredjeometry The
drift regionis 30 mm in lengthandthe anode-cathodgap(h) is 3 mm. The entrancewindow of 25 pm
aluminizedkaptonsimultaneoushgsenesasgasbarrierandasdrift electrode.

i-1 i i+1

a;&]‘e wire
zL

y

Figure 14.1: Sketchof the chevron padplanelayout.

Current-andchage-sensitie preamplifiers/shape(®ASA) were speciallydesignedandbuilt with
discretecomponentsThey aredescribedn Section5.3.3. For theresultspresentedn thefollowing, the
chage-sensitie PASA wasused. It hasa gain of 2 mV/fC anda noiseof about1800electrons.m.s..
The FWHM of the outputpulseis about100 ns. For the readoutof the DC we usean 8-bit non-linear
FlashADC (FADC) systemwith 100 MHz samplingfrequeng, 0.6 V voltage swing and adjustable
baseline. The FADC samplingwas rebinnedin the off-line analysisin orderto be closerto the final
detectorspecifications.The dataacquisition(DAQ) is the GSI-standardMBS [2], basedon the VME
eventbuilder RIO2[3]. Usuallywe limited thereadouf the DC to 8 pads to minimizethedatatransfer
ontheVSB busconnectinghe FADC to the eventhbuilder.
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14.2 Sourcetestswith *°Fe

The prototypeshave beentestedwith Ar- and Xe-basedgasmixtures,usingan °°Fe X-ray sourceof
5.9keV. Thesemeasurementsereaimedat determiningthe operationpoint of thedetector(in termsof
gasgain),checkingits enepgy resolutionandfor determinatiorof the padresponsdunction (PRF).

14.2.1 Signalsand spectra

In Fig. 14.2 a collection of signalsis shavn, asobtainedwith the >>Fe sourcefor four gasmixtures:
Ar,CH4 (10%), Xe,CH, (10%), Xe,CO, (15%)andXe,CO, (20%). Thesesignalsarefrom thepadon

whichthecollimatedsourcewvascentered Theshapeof thesignalsis a corvolution of thedetectorsignal

(determinednainly by theslow ion motion)andthe PASA responseThelongertailsin caseof Xe-based
mixturesis the resultof the slower ion motion. Note thatthe mobility of the Xe ionsis almost3 times
lower thanthatof Ar ions[4]. Fromthe signalsillustratedin Fig. 14.2we producethe enegy spectra
of the ®Fe sourcewith two methods:i) integratingthe pulsesover a gateof 1 s, startingat 0.2 ps;

i) taking the maximumpulseheight. In both casesve performeda sumover padsto obtainthe total

depositectchage,assharedby theadjacenpads.

*Fe, center pad
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Figure 14.2: Averagesignalson the centerpadfrom the >*Fe sourcefor four gasmixtures.
In Fig. 14.3 we presentthe spectrumof >°Fe for the Ar,CH, (10%)gasmixture for the voltages

Ua=1.45kV andUd=-2.5kV, usingtheintegratedchage Q (left panel)andthe maximumpulseheight
PH (right panel).Besidegshemainpeakcorrespondingo thefull enegy depositof of 5.9keV, theescape
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peakcorrespondingo the partialenegy depositof 2.9keV is clearlyvisible. The curvesaretheresults
of gaussiarits to the main peak.Resolutiondelov 10% areachiezed with both methods.

Ar,CH,(10%), Ua=1.45 kV, Ud=-2.5 kV Ar,CH,(10%), Ua=1.45 kV, Ud=-2.5 kV
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Figure 14.3: Thespectreof °°Fe measureavith Ar,CH4(10%). Left panel:integratedchagevalue,right panel:
maximumpulseheight. The curvesaretheresultsof gaussiarfits of the mainpeak.

In Fig. 14.4we presenthespectraf °°Fe for thecaseof theXe,CHs (10%) mixture. In this casetoo,
resolutiondelov 10%atthe mainpeakareobtained.For roughlyequalvaluesof Q for thetwo mixtures
(Fig. 14.3and14.4),thecorrespondind?H spectraareclearly smallerin caseof Xe,CH, (10%) mixture.
As notedabove in connectiorto the signalspresentedn Fig. 14.2,thisis theresultof a differentcontri-
bution of thetails from positive ions.

Xe,CH,(10%), Ua=1.65 kV, Ud=-3.0 kV Xe,CH,(10%), Ua=1.65 kV, Ud=-3.0 KV
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Figure 14.4: As Fig. 14.3,but for Xe,CH,; (10%)gasmixture. Notethe highervoltagegUd=-3kV, Ua=1.65kV)
usedto achieve integratedchagevaluescomparableéo the Ar,CH, (10%) case(seeFig. 14.3).

In Fig. 14.5we presenthe enegy spectraof >°Fe for the Xe,CO, (20%) gasmixture, for different
anodevoltages.Note thatthe resolutionis in all caseselov 10%. For high valuesof the gasgainthe
Xe escapegeakof aboutl.2keV becomewisible.
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Xe,CO,(20%), Ud=-3.0 kV
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Figure 14.5: %5Fe spectrameasureavith Xe,CQ, (20%)for four differentanodevoltages.

14.2.2 Gasgain

In Fig. 14.6 we presentthe averageenepgy depositcorrepondingo the full enegy of 5.9 keV of the
5SFe sourceasa functionof the anodevoltage.Four differentgasmixtures(both Ar- andXe-basedjpre
comparedbothin termsof the averagepulseheightandof the averageintegratedchage.

The gasgain for eachanodevoltagewasdeterminedn a separataneasuremertty measuringhe
anodecurrentandtheactiity, usinganon-collimatec®®Fe sourcgto gethigh activity for goodprecision
of the currentmeasurement)A pulseheightof 100mV correspondso a gasgain of about10* in case
of the Ar mixture. For the Xe mixtures,dueto alarger primary numberof electrong~270, compared
to ~220), the gasgainis correspondinglyjower at the samepulseheight. The drift voltageswerenot
kept constantandthis influencesthe gasgain (seeSection14.4). Despitethis effect, one canseethat
differentanodevoltagesare neededn orderto achieve the samegain, dependingon the gasmixture.
In caseof CO, quencherthe highervoltagenecessarjor Xe,CO, (20%)comparedo Xe,CO, (15%)is
almostcompensately thelarger drift voltage which contritutesto the gain (seebelaw, section14.4).

14.2.3 Padresponsdunction

ThePRFis ameasuref thedegreeof sharingof theimagechage onthecathodeplaneby adjacenpads.
The PRF, measuredisingthe °°Fe source,is presentedn Fig. 14.7. Shavn is the ratio of the chage
(integratedover a gateof 1 ps) onthecentralpad(Qcen) to the sumof chageson the centerpadandtwo
neighbouringoneson eachside(Q;q) asfunctionof the positionof thehit. This position,y, is expressed
relative to the padwidth, w, whichis 10 mm in our case.lt hasbeencalculatedusinga formuladerived
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Figure 14.6: Gaincurvesfor four gasmixtures. Averageintegratedchaige (left panel)andaveragepulseheight
(right panel)of the main peakof °°Fe asfunction of the anodevoltage. An averagepulseheightof 100 mV

correspond$o agasgainof ~10% in caseof Ar,CH, (10%).

assuminga gaussiarPRF[5, 6]:
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Figure 14.7: Padresponsédunction: measureavith °Fe source for Ar,CH, (10%)(dots)and calculated(cir-

cles). The continuoudinesareresultsof gaussiariits.
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whereQ; is theintegratedsignalfor padi (whichis thepadwith thelargestsignal). Thefull dotsdenote
the measuredralues,while the circlesarefor calculatedvaluesusing the Mathiesonrecipe[7]. It is
evidentthatthe measured?RFdoesnot agreewith the calculatedone,which is clearly narraver. This
broadenings the effect of capacitve cross-talkbetweenadjacentPASA channelswhich is discussed
belon. The continuoudines areresultsof gaussiarits. While the measuredPRFis perfectlyapprox-
imatedby a gaussiar{with 0=0.6xw), the calculatedoneis not. The gaussiarshapeof the measured
PRF could be an artifact of the method,but a differentmethod,namelymaving the collimatedsource
acrosshe padandrecordingthe above ratio asa function of position,givesidenticalresults. Note that
in thedervation of the Mathiesornformulaa symmetricamplificationgapis assumedThetransparenc
of the cathodegrid may destrg this assumption.From our mostrecentstudiesusingdifferentcathode
wire pitches(seeSectionl4.4)we canrule outthatthe densityof the cathodegrid hasa majorinfluence
onthemeasured®PRF

Ar,CH4(10%), Ud=-2.0 kV, Ua=1.45 kV chevron 4.5cm2, 100mu gap
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Figure 14.8: Signalsproducedy the®°Fe sourceon  Figure 14.9: Signalson threeadjacentpadsfrom a
threeadjacenpads. pulsersignalon thecenterpad.

To understandhereasorof thediscrepang betweerthemeasure@dndcalculatedRF, we lookedin
detailinto the effect of the preamplifiercross-talk.We have noticedearly on thatthetail of >>Fe pulses
in the neighbouringpadshasa time decaysmallercomparedo the centerpad. Fig. 14.8 shavs an ex-
ampleof the averagepulses(the averageis doneover mary events)on threepads,whena collimated
55Fe sourcewascenteren the middle pad. The differenttime behaiour is the resultof the cross-talk
betweentwo neighbouringchannelsof the PASA, dueto the padto pad capacitance.This is demon-
stratedin Fig. 14.9,wherewe presentveragesignalson threepadswhena stepsignal (28 mV on 1 pF,
5 nsrisetime) from a pulsegeneratomwasfed to the centerpad,directly on thedetector In this casethe
neighbouringchannelsshouldideally seeno signal,sincethereis no chage sharing. Instead,a bipolar
cross-talkis seen. On this spurioussignalthe true >>Fe signalfrom pad sharingwould add, creating
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the shapegpresentedn Fig. 14.8. Oneobseresabout12% cross-talkin the pulseheightin eachof the
adjacentchannels.This cross-talkfigure would explain the differenceof the measured®RFcompared
to the calculatedone. However, whenintegratingover 1 ps (asit wasdonefor the °°Fe signalswhen
derving the PRF),the cross-talkis reducedo 4%. Note thatwithout load the channelto channelross-
talk is belov 0.5%. In a secondstepwe investigatedhe cross-talkasfunction of rise time of the input
pulse(apartof 5 ns, we used20 and50 ns) and of the shapingtime of the PASA andfound only little
dependenceThe cross-talkis mainly determinedoy the inputimpedanceof the PASA, which wasin
the presentaseaboutl kQ. Naturally the cross-talkincreasessa function of the capacitve coupling
betweemeighbouringchannels We establishedhata channelto channelcapacitancef 8 pFis repro-
ducingthe cross-talkmeasuredn the detector(Fig. 14.9), in agreementvith our measurementand
calculationsof the padto padcapacitance.
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Figure 14.10: Pulsersignalson the main padandon a neighbouringonefor differentshapesf theinput pulse.
Notethedifferentscalesfor they axis.

Thesignalfrom thedetectomaybe quitedifferentfrom a simplesteppulse.To checkthis particular
detail, we injectedpulsesthat simulatethe time evolution of the signalsfrom the real detector These
pulseshave a fastrise time, followed by a slow logarithmicrise. The measuredignalsfor the main
pad (left panel)andneighbouringpad (right panel,notethe differentscaleon the y axis) are presented
in Fig. 14.10. Thedifferentopensymbolscorrespondo differenttime constant®f the fastcomponent,
while thedotsarefor ameasure@®Fe signal. Thevaluesof thepulseheightcross-talkarevery similarto
thoseseenwith the simplesteppulse(Fig. 14.9). However, onecannoticethatthe shapeof thecross-talk
signalis quite differentin the presentcase. Although the time dependencef the signalon the neigh-
bouringpad(right panelin Fig. 14.10)is differentcomparedo the oneof the main pad(left panel),no
undershoots seenfor this morerealisticinput pulse.Whenintegratingover 1 ps, the cross-talkis about
4%, identicalto the caseof the stepinput pulse. In orderto improve our understandingf the discrep-
anciesbetweenhe obsered andthe calculatedPRF, the problemof the cross-talkis beinginvestigated
further However, the presentesultsareobtainedwith a preamplifier/shapewhich is differentthanthe
final one (seeChapter5). This integratedversionis particularly optimizedfor a low inputimpedance
andmeasurementsn the detectowill follow soon.
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14.3 Beamtests

The measurementsave beencarriedout at beammomentabetweerD.7 and2 GeV/c[8]. Theelectron
contentof the beamvariesasfunction of momentumandis of the orderof 2-3%for 1 GeV/c. We used
mixedelectron-piorbeamsprovided by the secondarypion beamfacility at GSI Darmstad{9].

14.3.1 Setup

The setupusedfor the beamtestsis sketchedin Fig. 14.11 (seealso Color Fig. 8). It compriseshe
following detectors:

e aone-layefTRD, composedf aradiator(R) andareadoutthamber(drift chamberDC).
e threescintillatorcountergS0,S1,S2),usedfor beamdefinition. Their dimensionsare5x 10 cn?.

¢ agas-filledthresholdCherenkv detector(Ch), 2 metersin length,readout via a mirror by two
photomultipliersfor electronidentification.

e aPb-glasscalorimeter(Pb), with dimensionssx 10 cn? anda depthof 25 cm (equivalentto 10
Xo) for electronvalidation.

e amultiwire proportionalchambeMWPC) [10] with a 20x 20 cn? active area,usedfor monitor
ing the beamprofile.

e twosiliconstripdetectorgSil, Si2)with active areaof 32x 32 mn¥. Eachhasstripsof 50 um pitch
in bothx andy direction, representing total of 1280channelger detector As thesesignalsare
readoutin a zero-suppressiomode,they do not contrikute significantlyto the datavolume. They
areusedoff-line for trackingfor the positionreconstructiorusingthe DC (seeSection14.3.7).

DC

MWPC
S2 Pb

Beam

e |

< o oS S2R
7]
U U

Figure 14.11: Sketchof the setupusedfor the beamtests(not to scale).The differentcomponentsreexplained
in thetext.

Thebeamtriggerwasdefinedby the scintillator countersS1andS2,to which the Cherenkv signal
wasaddedasthe electrontrigger Both electronand pion eventsare acquiredsimultaneouslyby using
appropriatepion scaledwn factors.Off-line the eventswereselectedusingthe correlationbetweerthe
signalsdeliveredby the Cherenkv andthe Pb-glassletectorsshovn in Fig. 14.12for the momentum
of 1 GeV/c. As seen by requiringthresholdsignalsin both detectorqthelinesin Fig. 14.12)onecan
isolatecleansamplef pionsandelectrons.For this momentumwe useda pion scaledwn factorof 8.
Measuredvith the MWPC, the horizontalsizeof the beamwasabout4.5 cm FWHM.

The gasewsedfor the DC were Xe-basednixtures. We usedboth CHy (10%)andCO;, (15% and
20%) quenchersWe selectedhe anodevoltagessuchthatthe gasgainof the chambemwasin therange
of 5000to 8000for mostof themeasurementgxceptwhenwe intentionallyvariedit for someparticular
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Figure 14.12: The correlationof the signalsfrom the Cherenlov detectorand the Pb-glasscalorimeter The
thresholdsusedto identify negative pionsandelectronsareindicated.

studies(seebelown). The oxygencontentin the gaswascontinuouslymonitoredandkeptbelov 10 ppm
usingaflow of 2-3liters/hour

14.3.2 General propertiesof the detector

Distributions of averagepulseheight, (PH), asa function of drift time for differentdrift voltagesare
shavn in Fig. 14.13for pionsof 1 GeV/cmomentum ThreeXe-basedjasmixturesarecompared15%
CO,, anodevoltageUa=1.75kV (upperleft panel),20% CO,, Ua=1.80kV (upperright panel)and10%
CHg, Ua=1.75kV (lower panel).Notethatin thecaseof Xe,CO, (20%)theincidencewasperpendicular
to the anodewires, while in the othertwo casest wasat about17° with respectto the normalto the
anodewires.

Thetime zerohasbeenarbitrarily shifted by about0.4 us to have a measuremendf the baseline.
Notethatthe averagepulseheightin thedrift region exhibits a slightincreaseasa functionof drift time.
Thisis theresultof build-up of detectorcurrentsfrom ion tails, cornvolutedin additionwith theresponse
of the preamplifier The peakat the beginning of thesedistributionsoriginatesfrom the primary clusters
in the amplificationregion, wherethe ionizationfrom both sidesof the anodewires contritutesto the
sametime channel.Thesecharacteristichave beenreproducedy simulationsof detectorsignalsusing
GARFIELD [12]. Thedrift voltageshave beentunedto cover a similar rangeof drift velocitiesaround
1.5cmius. Thevoltagesaredifferentfor the mixturesinvestigatedespeciallybetweerthetwo quencher
gasesCO, andCHy,), asexpected.Noticealsothatthe behaiour with thefield strengthis different(see
below).

Analysisof thedistributionspresentedh Fig. 14.13allows aroughestimateof thedrift velocitiesfor
the differentmixtures. This accuray is limited by the accurag in assigningthe beginning of the drift
region out of the tail of the signalsin the amplificationregion. The results(opensymbols)are plotted
in Fig. 14.14asfunctionof thedrift field for threeXe-basedjasmixtures,alongwith calculationsusing
GARFIELD/MAGBOLTZ [12,13] (full symbols). While for the CO, mixturesour drift fields of the
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orderof 1 kV/cm correspondo therising part of the distribution, in caseof the CH, quenchemwe are
alreadyin the slowly decreasingegion afterthe first maximum. Within the limitations of the method,
onecansaythatthecalculationgeproducehedrift velocitiesin caseof CO, mixtures,butthereseemso
beadisagreemenfor the CH,4 case.For this particularcasewe includein the comparisorthe measured
dataof Christophorouwet al. [14], to which our valuesare compatible. Note that a more recentsetof
measurementd 5] aresignificantlydifferent. We mentionthatthe watercontent,which influenceshe
drift velocity quite strongly wasabout150 ppmin caseof CO, mixtures,but wasnot measuredn case
of Xe,CH; (10%).

Onecannoticein thedistributionspresentedn Fig. 14.13thattherelative magnitudeof the peakto
theplateaus varyingasafunctionof thedrift field. Thisis dueto thecompressiomf the samesignalin
progressiely shortertime intenals. In detail, this behaiour seemdo be mixturedependentA detailed
look at thesefactsis presentedn Fig. 14.15. Herewe shawv the drift field dependencesf the measured
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Figure 14.14: The dependencef thedrift velocity on the drift field for threeXe-basedyasmixtures. The data
extractedfrom Fig. 14.13(opensymbols)arecomparedo calculationsusingGARFIELD/MAGBOLTZ [12,13]
(full symbols).For the Xe,CH, (10%) casewe includein the comparisorthe measurediataof Christophorotet
al.[14].

chagesin thedrift region, Qd andin the amplificationregion, Qa. Thesequantitiesareintegralsof the
pulseheightover the timespanof the plateauand peak,respectiely. The sum of them (upperpanel,
notethe logarithmicscale)is increasingasa function of drift field, a resultof increasinggasgain (see
Sectionl4.4). Theratio Qd/Qais presentedh thelower panel.lts dependencenthedrift field, different
for CO, andCH, quencheris the effect of the differentdrift velocity variation,asseenin Fig. 14.14.
The decreasingf this ratio for higherdrift velocitiesmay alreadypoint to a spacechage effect (see
belaw), whichis morepronouncedn caseof anelectronarrival morecompresseth time.

Figure 14.16shaws the dependencef Qd+Qaand Qd/Qaasa function of the anodevoltage. The
integratedchage (upperpanel,noticethelogarithmicscale)is exhibiting thegasgaindependencenthe
anodevoltage(seeSectionl4.2.2).Theratio Qd/Qa,shavn in thelower panel,givesanindicationof the
gasgain saturation(lower gainfor the late electronsdueto the screeningof the anodepotentialby the
ionsfrom previous clusters)asfunction of gasgain. For no gain saturatiorthis ratio is flat. The small
decreas@ointsto a small gain saturation.However, this conclusionis somavhat ambigoushecausef
theuncertaintyin delineatingheamplificationregion, which mayextendinto thedrift regionasfunction
of increasinganodevoltage. We note though,that the distributions of the averagepulseheightsfrom
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Figure 14.15: Summaryof drift field dependencesf Figure 14.16: Summaryof anodefield dependences
the chagesmeasuredn the drift (Qd) andamplifica- of the chagesmeasuredn the drift (Qd) andamplifi-
tion (Qa)region. cation(Qa)region.

which theratio Qd/Qawasderved arevery similar for all the anodevoltagesunderconsiderationthus
pointingto a genuinegain saturatioreffect. The effectis rathersmallbecausegheincidentanglein this
casewasl17 with respecto thenormalto theanodewires.

In Fig. 14.17we presentan exampleof the evolution of the averagepulseheightsasa function of
drift time with respecto theincidentanglealongthe anodewires. Thesedistributionswererecordedor
amoderategasgain of about6000. However, decreasinghe angletowardsnormalincidence the signal
getsprogressiely attenuatedsfunctionof drift time. Thisis aclearsignatureof thegasgainsaturation,
whichis alocal effect. Whenspreadinghe primary electronsalongthe anodewire, the effect becomes
lessandlessimportant. Simulationsconfirmthis interpretation(seeChapter4). Notethatthe signalin
the amplificationregion (the peak)is independenof the angle(thereis no relatve normalizationof the
datafor differentangles)sincethereareno precursorvalancheshatcanscreent.

In Fig. 14.18we presenthe summaryof the above effects. Theratio Qd/Qais plottedasa function
of theincidentanglealongtheanodewiresfor threevaluesof gasgain,separatedy factorsof 2.35. The
variationof theratio with theangleis very pronouncedor smallangleswhile a saturatioris reachecht
largeranglesdueto thelocality of the screeningasmentionedabove. Theratio hasa strongervariation
for larger gains,asexpected.As we will shav in Section14.3.6the gasgain saturations affectingthe
pion rejectionperformancef the detector Dueto theseeffects,we ervisageto operatehe chamberst
thelowestpossiblegasgain (around5000).
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Figure 14.17: Averagepulseheightsasfunctionof drift time for differentincidentanglesalongthe anodewires.
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Figure 14.18: Ratiosof chagesrecordedn thedrift andamplificationregionsasfunctionof incidentanglealong
theanodewiresfor threevaluesof the gasgain.
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14.3.3 Pion and electron distrib utions

In this sectionwe presentypical distributionsfor pionsandelectrondor amomentunof 1.0GeV/cand
afibre radiator Unlessspecifiedtheincidentangleis 17° with respecto the normalto theanodewires.

p=1.0 GeV/c - fibres-17um
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Figure 14.19: Typical signalsas
L L L B B B a function of drift time for a pion
| andanelectronfor themomentum
electron of 1.0 GeV/c. Note the different
scaleontheverticalaxes.
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In Fig. 14.19we shav an exampleof the signaldistribution as a function of drift time for a pion
andan electron. Hereandin whatfollows we areusinga time bin of 50 ns, a value smallerthanthat
of thefinal configurationof the TRD in ALICE. We checledthatby increasinghetime bin from 50 ns
to 100 nsthe performanceof the detectorwith respecto the pion rejectiondoesnot change.Note the
differentmagnitudeof the two signalsand,for the electron,the big clusterat late drift time, possibly
correspondingo a TR photonabsorbecearly nearthe entranceof the DC. Detailedsimulations[11]
shaved that the electronidentificationis significantlyimproved by using,alongwith the pulseheight,
thedrift time information(seebelaw).

Weshaw in Fig. 14.20thedrift timedistribution of theaveragepulseheightsummedvertheadjacent
pads,(PH), for pionsandelectronsn caseof afibreradiatorwith 17 um fibre diameter(thicknessx=0.3
g/c?). For electrongsquaresymbols)thereis a significantincreasen the averagepulseheightat later
drift times,dueto preferentiabbsorptiorof TR neartheentranceof theDC. Thedashedine in Fig. 14.20
is the expectedpulseheightdistribution for electronswithout TR; it hasbeenobtainedby scalingthe
piondistribution with afactorof 1.45,measuredn a separat@xperimentwithout radiator Pulseheight
distributions as a function of drift time have beenreportedby other experiments[16,17,19,20]. A
decreasef thepulseheightasafunctionof drift timewasobseredin all thosecasesandit wasattributed
to electronattachmenf20]. We stresghatit is for thefirst time thatthe expectedsignalis directly seen
in suchadetector

Thedistributionsof theintegratedenegy depositareshavn in Fig. 14.21for pionsandelectrongor
amomentumof 1 GeV/c,in caseof a 17 um fibresradiator The pureLandaudistribution exhibited by
pionsis spreadowardshighervaluesin the caseof electrongdueto the contritution of the TR.

Thedistributionsof thepositionof thelargestclusterfoundin thedrift regionareshavnin Fig. 14.22.
Thedetectordepthis expressedherein time bin (50 ns)numberwherethe countingstartsat0.75us (see
Fig. 14.20)andincreasesowardsthe entrancewindow for atotal of 32 time bins. The trendsseenin
Fig. 14.20arepresenin thesedistributionsaswell. For the caseof electronghe probability to find the
largestclusteris stronglyincreasingtowardsthe entranceof the detector(highertime bin number)due
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electrons.

mainly to the contritution of TR, while for pionsthereis only a slightincreasewhich is dueto theion
andpreamplifiertail build-up explainedabove. Thedistributionspresentedn Fig. 14.21andFig. 14.22

arenormalizedto the samenumberof events.



206 14 Testswith prototypes

14.3.4 Radiator comparison

Variousradiatorsveretestedrregularfoils of polyprogylene(PP),matsof irregular PPfibreswith various
fibre diametergbetweerl5 and33 um) andfoamsof differentmaterialtype: PR, polyethyleng PE) and
Rohacell(RC). Theseradiatorsspannedh large rangein densitiesand structuralpropertiesasonecan
seein Table14.1. The quantityd quotedhereis thelineardimensionof the structuralunit, which for the
foils meandoil/gap thicknessedor thefibresthe diameterandfor the foamsthetypical poresize. The
variationin total thicknessess alsolarge,from 3to 10 cm.

Table 14.1: The propertiesof variousradiators.

Name Material | p (g/cn?) | d (um)
foils120 PP 120foils 20/500
foils220 PP 220foils 25/250
fibres17 PP 0.074 17
fibres20 PP 0.05 15-20
RG30 PP 0.03 1300
RG60 PP 0.06 700
WF110 RC 0.11 700
HF110 RC 0.11 ~75
HF71 RC 0.07 ~75
IG51 RC 0.05 ~75
HF31 RC 0.03 ~75
EF700 PE 0.12 800
S-HF110| RC/PP 0.086 sandwich
S-HF71 RC/PP 0.073 sandwich

To studytherelative performancef the variousradiatorspresentedn Table14.1we have classified
themaccordingo the equivalentthicknessnto two classeswith roughly X=0.3 g/cn? andX=0.6 g/cn?
(theradiationlengthfor somethis materialss providedin Chapter3). Themeasuremeneresummarized
in Fig. 14.23in termsof theratio betweertheaveragepulseheightof electronsandpions,(PH)e/(PH) 1,
as function of detectordepth. The detectordepthis divided hereinto 5 zones,wherezone0 is the
amplificationregion andeachof the othersis a quarterof the chambers drift region (drift time between
0.75and2.35psin Fig. 14.20). The numberinggoesfrom the cathodewire planetowardsthe entrance
of the DC. In this representatiorg betterrelatve performanceof the radiatoramountgo a higherratio
betweenelectronand pion pulseheight, while the increasetowardsthe entranceof the detectorgives
informationaboutthe characteristicef the spectrunof the TR. The caseof no TR would producea flat
distribution ataboutl.45for themomentunof 1 GeV/c. Thesemeasurementsereperformedusingthe
Xe,CH,; (10%)gasmixture.

Themostimportantconclusionfrom Fig. 14.23is thatthefibre radiatorsexhibit performancesom-
parableto thatof radiatorswith foils, beingonly slightly worse.Takinginto accounthatthefoil radiators
aresignificantlylighter thanthe otherradiatorsin both casegwith X=0.22 g/cn? andX=0.5 g/cn?, re-
spectvely), our conclusionis in agreementith previous studies[17]. The fibreswith lower density
fibres20,produceslightly more TR comparedo the moredenseones fibresl7.In a separatestudywe
have foundthatthefibre diametelinfluenceghe TR yield only maginally. Radiatorscomposeaf fibres
with 17 and33 um diametershav similar TR performancdor the samedensityandthickness We note
thatin a previous measuremenit was found that the momentumdependencef the pion rejectionis
influencedby thefibre diamete23].

Theperformancef thefoamsis comparabléo thefibresonly in thecaseof thelight PPfoam,RG30.
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Figure 14.23: Averagerelative electron/piorpulseheightasfunction of thedrift zonefor variousradiators(see
Table 14.1) of two thicknessedor the momentumof 1 GeV/c. Thesemeasurementaere performedusingthe
Xe,CH,; (10%)gasmixture. Seetext for details.

However, in this casethe 10 cm thick radiatoris a seriousdisadwantage(at leastfor the ALICE TRD).
The more pacled versionof the samematerial,RG60, producessignificantlylessTR (furthermore,it
is thicker, X=0.36 g/cn?). We foundthatthe RohacellfoamsHF110andWF110exhibit very different
features. Contraryto the expectationsit is the versionwith lessstructure(invisible pores),HF110,
that gives higher TR yield. The other Rohacellfoam, WF110, aswell asthe Ethafoam,EF700,are
basicallyexcludedasradiatorcandidates Judgingby their apparenstructure thesefoamswould have
beenexpectedo deliver reasonablyoodTR performanceTheirlow TR yield maybethe consequence
of ahigherabsorptiordueto their chemicalcompositionsin particular especiallyconcerningheir TR
spectrakFthafoamawvereestablishe@arlyon aspromisingcandidates$or radiatord18]. Notethatit was
foundthateven PEfoil radiatorsexhibit poor TR performancgl17], presumablydueto alow TR yield.
In general similar resultsconcerningthe relatve comparisorof differentradiatormaterialshave been
obtainedn otherexperimentq17,21,22].

After thefirst stepof selectinghe bestcandidatesor aradiator we have extendedour studytowards
findingamorerealisticradiatorthatwould satisfyboththe TR performancendthe mechanicastability
requirementgseeChapter3). We have investigatedsandwichradiatorscomposedf 17 um fibresand
Rohacellfoams. Theresultsarepresentedn Fig. 14.24,wherewe compareheratio of electronto pion
pulseheightsasfunctionof drift zonefor sandwichradiatorgS-X) andfor pureRohacelfoamsandpure
17 um fibre radiators.A measuremenwithout radiatoris included. This comparisoris donefor afixed
geometricalthicknessof 4.8 cm. The purefibre radiatorhasa thicknessof only 4 cm, to allow direct
comparisorto our previous measurementsThe sandwichegontain3.2 cm of fibresbetween2 sheets
of Rohacellfoamsof 0.8 cm each. The detectiongaswas Xe,CO, (15%). It is evidentthatall cases
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understudyyield very similar TR performancegssentiallybecausef their differentdensitieswvithin the
constraintof the samethicknesse$with the exceptionof purefibresradiator asmentioned).

14.3.5 Pionrejectionperformance

The distributions presentedn Fig. 14.21andFig. 14.22have beenusedas probability distributionsin
simulationsaimedat determiningthe pion rejectionfactorfor the proposedconfigurationof the ALICE
TRD. To extractthe pion rejectionfactorwe have studiedthreedifferentmethods:i) truncatedmneanof
integratedenegy deposit,TMQ; ii) likelihoodon integratedenegy deposit(seeFig. 14.21),L-Q [23];
iif) two-dimensionalikelihood on enegy depositand position of the largestclusterfoundin the drift
region of theDC (seeFig. 14.22),L-QX [19].

For acertainenegy depositE; in layeri, P(E;|e) is theprobabilitythatit wasproducedy anelectron
andP(E;|m) is the probability thatit wasproducedby a pion. Thelikelihood (to be anelectron),L, is
givenby:

Pe
L= :
Pe+ Pr

(14.2)

where
N N
P=[]P(ElS) i Pu=[]PEIM. (14.3)

Weassumehatthesix layershaveidenticalperformanceasrepresentetly themeasuredistributions
of Fig. 14.21andFig. 14.22andthatthereis no correlationbetweerthelayers.Both thetruncatednean
(thetruncationis doneby excluding the highestvalue of the integral enegy depositamongthe layers)
andthelikelihooddistributions (Eq. 14.2) were constructedver the six layersfor the samenumberof
simulatedpion andelectronevents.Cutson electronefficiengy wereimposedon thesedistributionsand
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the pion efficiency wasderived within thesecuts. We notethatanothemethod, clustercounting”[25]
is widely used,in particularfor “fine grained” TRDs like thoseusedin ATLAS [26] andin HERA-
B [27]. As it wasshavn in [17,19] andasour own simulationshave demonstratefiL 1], the likelihood
onintegratedchage givesbetterpion rejectionthanthe clustercountingmethod.
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Figure 14.25: Pion efficiency asa function of electronefficiency determinedwith truncatedmeanon enegy
deposit(TMQ), likelihoodon total enegy deposit(L-Q), two-dimensionalik elihood on chage depositand DC
depth(L-QX).

Theradiatorusedfor thesestudiess composeaf purefibreswith 17 um diameterandthedetection
gasis Xe,CH, (10%). In Fig. 14.25we presenthe pion efficiengy (the inverseof the rejectionfactor)
asfunction of electronefficiengy (90% electronefficiencgy is the commonlyusedvalue)for the beam
momentunof 1 GeV/c. Thethreemethodsntroducedabore arecomparedThetruncatednmeanmethod,
althoughit delivers sizeablyworseidentification, hasthe adwvantageof beingvery easyto use,being
adwantageousspeciallyfor an on-line identification. The bidimensionallikelihood delivers the best
rejectionfactorandwill bestudiedfurtherin orderto optimizethefinal detectordesign.As emphasized
earlier[19], theuseof FADCsto procesghesignalsin a TRD canimprove the pion rejectionpower by
up to a factorof 2. In generalthe threemethodsemplo/ed heregive resultsin good agreementvith
earlierstudieq17,19].

By doublingthe equivalentthicknessof the radiatorfrom X=0.3 g/cn? (left panelof Fig. 14.25)to
X=0.6 g/cn? (right panel)onegainsa factorof about2 in pion rejectionpower. However, asdiscussed
before,it remaingo beseerhow theadditionalmaterialwill influencethe performancef theTRD itself
andwhetherit canbetoleratedby otherALICE subdetectors.

Thepionefficiengy at90%electronefficiency asafunctionof momentums shavnin Fig. 14.26.The
steepdecreas®f pion efficiengy at momentaaroundl GeV/cis dueto the onsetof TR production[23,
24]. Towardsour highestmomentunmvalue,2 GeV/c,the pion efficiengy reachesaturationdetermined
by the TR yield saturatiorandby therelatvistic rise of the pion. Due to theseeffectsthe pion rejection
is expectedo getslightly worsefor momentaabore 3 GeV/c[16,17,23,28].

As onecanseein Fig. 14.26,at momentaaround2 GeV/c the pion rejectionfactorof 300to 500
achieredduringthesetestsis above therequiredvaluefor the ALICE TRD. However, onehasto bearin
mind thata significantdegradationof TRD performancéasbeenregisteredwhengoingfrom prototype
teststo realdetectorg30]. Thisis the effect of detectodoadsin a multiparticleervironment,asdemon-
stratedfor our caseusingsimulations(seeSection11.5). On the otherhand,impressie pion rejection
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Figure 14.26: Pion efficiency asa function of momentunfor a radiatorwith 17 pum fibres. The threemethods
usedarediscussedn thetext.

factorsof 1000andabove have beenachievedin full sizeTRDsby NOMAD [24] andHERMES[29].

14.3.6 TR performanceasa function of incident angle

As shavn above (Section14.3.2),the detectorperformancedependn the incidentanglewith respect
to the anodewires. Becauseof the higherenepy depositin caseof the electrons(electronsareat the
Fermiplateauin the enegy loss),they will suffer from strongergasgain saturatiorthanthe pionsand
this will expectedlyaffect the pion rejectionperformance. The radiatorusedfor thesestudiesis the
S-HF71sandwichandthe detectiongaswas Xe,CO, (15%). In Fig. 14.27we shaw the electron-pion
performancesfunction of theincidentangle. The ratiosof pulseheightsasa function of the detector
depthareshawn in the left panel. Onecanseethe expecteddegradationof theseratiosastheincident
angleapproachesormalincidence.Thistranslate$nto adegradationof the pion rejectionperformance,
asshawvn in theright panel. The L-Q methodwasusedto obtainthesepion efficienciesextrapolatedor
6 layers. The sandwichradiatorS-HF71hasbeenused for themomentunof 1 GeV/c. The gasgain of
thechambemasabout7000.

A highergasgain obviously contributesto a strongerdegradationof the pion rejectionperformance
asseenn Fig. 14.28,wherewe presenthe dependencef the pion efficiengy at 90% electronefficiency
asfunction of incidentangle. Threevaluesof the gasgain are comparedjncreasingfrom about7000
by a factorof 2.35for each100V of the anodevoltage. The momentumis 1 GeV/c andthe radiator
is the sandwichS-HF71. While at the lowestgasgain the degradationin pion rejectionis about30%
from 17° to normalincidence for the highergainsthe situationis considerablyworse. Almost a factor
of four worsepionrejectionis obseredfor the highestgainat normalincidence.Onecannoticethatfor
incidentanglesabore roughly10° thereis basicallyno differencen pionrejectionfor differentgains.As
discusse@bore (Sectionl4.3.2) thegasavalancheas alocal processandthis explainsalsothe obsered
dependencef thepion efficiengy asa functionof anglefor differentgains(seealsorelatedrig. 14.18).

Thedeggradationof the pion rejectionperformancesa function of incidentanglefor high valuesof
thegasgainis animportantargumentfor operatingthe detectorsatthelowestpossiblegain.
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Figure 14.27: Pion rejectionperformanceas a function of incidentanglealongthe anodewires. Left panel:
averagepulseheightratios; right panel: pion efficiency asa function of electronefficiency. The momentumis
1 GeV/candtheradiatoris a sandwichof HF71foamand17 um fibres.
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14.3.7 Position reconstructionperformance

In this sectionwe presentresultson the positionreconstructiorperformanceusinga singledrift cham-
ber We studythe dependencef the performanceon the signal-to-noiseatio for the datawithout ary
corrections Thenwe justify andapplycorrectiondor thetime evolution of the signalandconcludewith
a studyon the influenceof atail cancellationtechnique proving its suitability for our dataprocessing
chain.

Unlessspecifiedfor this studywe usel4 time binsof 100 ns each,spanninghefull drift region of
the DC. Note thatthereis anuncertaintyin assigninghe beginning of the drift region (seeFig. 14.13).
While this influencesthe value of the reconstructe@ngleof incidence the resolutionis changednly
maiginally. In Fig. 14.29we presenanexampleof theanglefit. The pulseheightdistributionsovereight
padsarepresentedn theleft panel. Thefit of the displacemenfwith respecto the centerpad)for each
time bin is shavn ontheright panel. Theincidentanglewas17° alongtheanodewires (acrosgpads).It
corresponds$o a 9.2 mm deflectionover the 30 mm drift length.

Entries 14
Mean 4936 ‘7
RMS 3274 -

Xx'/ndf 8364 | 12
P1 -7.482

P2 0.5827

“Displacement (mm)

Time bin

Figure 14.29: Left panel:the pulseheightin thedrift region versustime bin numberon eightpads.Right panel:
thedisplacementrom the centempadasa functionof time bin number

In Fig. 14.30is shavn a summaryof resultsasfunction of signal-to-noiseatio, S/N. The signalis
theaveragepulseheightpertime bin (for thedrift region only) onthecenterpad,for pions.To vary S/N
weincreasedhegasgainof thedetectolby varyingtheanodevoltage. Thebeamincidencenvas1 7 with
respecto thenormalonthedetectoralongtheanodewires. Theupperrow presentsheaveragenumber
of pads,(Npad), with a signalabove threshold(clusterwidth) for eachtime bin (the thresholdwas 2
timesthenoisevalue)andthe averagenumberof pointsusedfor theanglefit, (N fit). We comparethree
methoddor the positionreconstruction:

1. the centerof gravity using5 pads,labeledCOG5. The displacementrom the centerof the pad
with the maximumsignal(padi) is:

X — —-2:B 2—-RB 1+Ra+2-R
P 2+P 1+R+PR1+PR2

(14.4)
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Xe,CO,(15%), Ud=-2.64 kV, pions p=1 GeV/c, 17 deg.
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Figure 14.30: The position performanceas function of signal-to-noiseratio, S/N. Clockwise from top left:
averagenumberof padswith signalover thresholdfor eachtime bin, (N pad); averagenumberof pointsusedfor
theanglefit, (Nfit); angularresolution;r.m.s. of theresiduals.The methodsusedfor the positioncalculationare
describedn thetext.

whereR is the signal(pulseheightfor a giventime bin) for padi. Thethresholds requiredonly
for thecentralpad.

2. using (for eachtime bin) formula 14.1, derved underthe assumptiorof a gaussiarPRF[5, 6],
labeledLOG3. For this methodwe requirethatthreepadshave signalsabove threshold.

3. ananalyticafformulausingthemeasureghadresponséunction(seeSectionl4.2.3) labeledPRF2
[4]. At leasttwo padsarerequiredto be above thresholdn this case.ln casethreepadsareabove
threshold a weightedmeanof two measurements used[4], sothatthe displacementor a given
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timebinis:

1 o2, P w 03 Po1 w
= P = —Pnt= 4 = 14.
X [wl( n >+W2<W N5 +5 )1 (14.5)

whereop=0.6w is theknown (gaussianyvidth of the PRE w=10 mm is the padwidth andw;, w,
areweights:wy = Pﬁr Wo = PEH [4]. In casethe signalin oneof the neighbouringoadsis below
theresholdthis padis notincludedin thepositioncalculation.Notethatfrom the beamdatausing

Xe,CO, (15%), we foundthe PRFto beidenticalto thatmeasuredvith Ar,CH4(10%).

As a consequencef their specificconditions,the threemethodshave differentaveragenumberof fit
points,asseenin Fig. 14.30upperright panel.

The lower row in Fig. 14.30 presentghe position reconstructiorperformance:the r.m.s. of the
residualgdistancerom fit pointto thefit value)andthe angleresolution(o of gaussiariit). Hereagain
the threemethodsshav specificbehaiour. As expected,asa consequencef differentsensitvities to
noisefor thethreemethodaisedtheLOG3 methodgivesthebestresolutionatlow S/N, while the COG5
methodis the worst case.Both the LOG3 andthe PRF2methodreacha saturationfor S/N>50, while
the COG5 methodconvergesto the sameresolutiononly at very high valuesof S/N. This saturation
of resolutionasfunction of S/N indicatethe presenceof additionalsourcesof errorsbesideshe noise
contrikution (seebelaw).

Concerninghe angularresolution the threemethodddiffer substantiallyonly atlow valuesof S/N.
Thepoorresolutionin caseof LOG3 methodis aresultof the smallnumberof fit points(seeupperright
panelof Fig. 14.30),while the PRF2methodis acompromisédetweemoisesensitvity andnumberof fit
points. Surprisingly despitethe scatterof thefit pointsfor the COG5methodeadingto sizeablyhigher
valuesof r.m.s. of residualstheresolutionin angleis only slightly worsethanfor the PRF2methodat
low S/N andevenslightly betterat large valuesof S/N.

Onecannoticefrom Fig. 14.30thattheangularesolutionsaturatesitlower valuesof S/N compared
to the pointsresolution(r.m.s. of residualswhich we shall denoteasay). This hintsto a systematic
contrilution to the error of theanglethatis investigateelon. Theangleresolution,oy, canbewritten

asfunctionof oy:
12 oy
Y 14.6
2T Nw D (149

whereNysj; is the numberof (independentjit pointsandD is the detectordepth. For Ny;;=15 over the
drift region D=30mm, oneexpectsatthelimit of high S/N valuesalimiting resolutionof aboutl® . The
measuredaluesof about2® aresizeablyworse.

Theangledeterminations sensitve to the Landaufluctuationsof the enegy depositalongthetrack.
They arebiasingthe valuesof the displacemenasa function of drift time (andhencethe angle)via the
asymmetridime responsdunction (TRF) of the detector dueto theion tail, andof the PASA, dueto
pole/zeracancellation(seeFig. 14.2,Section14.2.1).In Fig. 14.31we give anexampleof thecorrelation
of the reconstructednglewith the shapeof the individual signal. The left panelshovs two (extreme)
casesjn which the signalis predominantlyat the beginning or at the end of the drift time (expressed
astime bin number). The arrovs mark the drift time positionof the averagesignal,t q,, for eachcase.
The right panelshaws, for both casesthe displacementlistributions, alongwith the fits. Thereis a
considerablaifferencebetweenthe two cases:in caseof larger clustersat the beginning of the drift
(dots) the reconstructeagngleis much smallercomparedto the casewith large clusterslater in time
(squares)Hereandin the following, unlessspecified the studiesareperformedfor a moderatevalueof
SIN~32.

In Fig. 14.32we presenthe correlationof thereconstructe@nglewith thedrift time positionof the
averagesignal,t/q) for samplesof eventsin caseof pionsandelectrons.The scaleon z is logarithmic.
Theincidencewas17° with respecto thenormalto theanodewires. Pionsandelectronsshav a similar
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Xe,CO,(15%), Ud=-2.64 kV, Ua=1.75 kV, p=1 GeV/c, 17 deg.
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Figure 14.31: Left panel:two examplesof the pulseheightin the drift region summedup over all pads. Right
panel:the displacementrom the centerpadasa function of time bin numberandthe resultof thefit for thetwo
eventsof theleft panel.

Xe,CO,(15%), Ud=-2.64 kV, Léazl.75 kV, p=1 GeVi/c
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Figure 14.32: The distribution of reconstructe@nglevs. the position of the meanchage depositin the drift
time, tq). Theaveragevaluesareoverlayedasdots. The PRF2methodwasusedfor the positionreconstruction.

correlation,namelya systematicallysmalleranglein caseof eventswith large clustersearlyin time, as
illustratedin Fig. 14.31. For highervaluesof t o, thereconstructedngleapproaches saturation.The
dotsin Fig. 14.32denotethe averagevaluesof the respectre distributions (the errorsarether.m.s.).
Thesevalueshave beenusedto establisha correctionfor the angle taking asreferencehelargestmea-
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suredvalue (which is actuallythe true incidentangleof 17° ). The correctionof the angleis donefor
eachtrackindividually, asfunctionof t ). Thecorrectionis the samefor electronsandpions.

Xe,CO,(15%), Ud=-2.64 KV, Ua=1.75 KV, p=1 GeV/c
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Figure 14.33: Angle reconstructiorperformanceor pionsand electrons before (upperrow) and after (lower
row) the correctionfor the meanchage deposit. The PRF2methodwasusedfor the positionreconstructiorand
theincidentanglewas17° .

Figurel4.33presentshedistributionsof thereconstructedngledor bothpionsandelectronsbefore
(upperrow) andafter (lower row) the correctionfor the meanchage deposit.Thethicker curvesarethe
resultof gaussiariits. A clearimprovementof theangularresolution,by aboutl® , is seenasaresultof
thecorrection.Obviously, the centroidof theangledistribution is alsoaffectedby the correction.

A summaryof the effect of the above correctionas a function of the incidentangleis presented
in Fig. 14.34for both pions andelectrons. The correctionwas determinedseparatelyffor eachangle.
Notice that not only the resolutionis worseprior to the correction,but alsothe reconstructedngleis
smallerthanthe real angleby several degrees. The correctionrestoreghe original angleandimproves
theresolution asseeralreadyin Fig. 14.33. Thecorrectionis lesssignificantfor smallerincidentangles,
with no effectat normalincidence(in fact,at normalincidencethereis no correlationof anglevs. t q)).

We turn now to a more detailedstudy of the position and angularresolutionas a function of the
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Xe,CO,(15%), Ud=-2.64 kV, Ua=1.75 kV, p=1 GeVi/c
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Figure 14.34: Angle reconstructiorperformancefor pionsand electrons,asa function of the incidentangle,
before(full symbols)andafter (opensymbols)the correction.The PRF2methodwasusedfor the positionrecon-
struction.
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Figure 14.35: Left panel:r.m.s. of residualsasa function of incidentangle.Right panel:r.m.s. of residualsasa
functionof signalmagnitudeor differentincidentangles.

incidentangle. In Fig. 14.35we shav a summaryof the positionresolution(r.m.s. of the residuals)
asfunction of the incidentangle. The left panelshavs the resolutionasa function of incidentangle,
while theright panelpresentsa differentialview of the resolution,namelyits variationasa function of
the amplitude(the sumof the signalover the padclusterin eachtime bin) for the four incidentangles.
The noiselevel is about1.2 ADC channels.In thelimit of large signals,resolutionsdovn to 200 pm
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areachieved for normalincidence.Also in this representatiornthe resolutionexhibits a saturationasa
function of the signal magnitude however, the saturationis reachedor highervaluesof S/N andfor
lower valuesof theresolutionascomparedo theintegral valuespresentedhn Fig. 14.30.Noticealsothe
differentamplitudedependencen the approachto saturationasa function of the incidentangle. Here
andfor the following resultsa look-up table method(LUT) basedon the knovn PRFwasusedfor the
positionreconstruction.It givesresultscomparablgo the PRF2methodpresentedbore and hasthe
adwantagethatit is easyto usefor positioncalculationsat thetriggerlevel (seeChapter6).

Despitethe fact that the correctionof the anglesdue to Landaufluctuationsis quite effective, a
morenaturalapproachs the so-called'tail cancellation”,namelysubtractinghe knowvn signaltail asa
functionof time. It canbedoneeitheratthelevel of theanalogelectronicsasit wasoriginally proposed,
usinga pole/zeronetwork [31] or at the level of the digitized signalby emplgying a digital filter [32].
In eithercase the operationsarethe equivalentof de-cowoluting the signalwith the following transfer
function[31]:

s+1/t
f(s) = / (14.7)
s+Kk/t
EREIS 3 b
S r 8 L
o L ¢ no tail canc. o L ¢ no tail canc.
° °
2, ql 2nal
'E.O-Bf O tail canc. 60x100 E.O-Bf O tail canc. 60x100
c | c |
0.6 0.6
0.4 0.4
0.2~ 0.2~
O‘“““““‘—‘“““‘h“—"‘:"—““““ O\\\\‘\\\\‘h\\k_‘\'_‘u\h‘\h\ﬁ\nﬁ\h‘\\\\‘\\
0 0.5 1 15 2 25 0 0.5 1 15 2 25
time (ps) time (ps)

Figure 14.36: Averagesignalsfor °>Fe sourceon center(left panel)andneighbouringpad(right panel),before
(diamondsymbols)andafterthetail cancellationsquares).

We appliedsucha decowolution for the measureddatain the off-line dataanalysis. Fig. 14.36
shaws averagesignalsfrom the >°Fe sourceon the centerpad (left panel)andon a neighbouringpad
(right panel)beforeandafterthe decowolution with thefunction 14.7. Onecanseethatthelong tail is
cancelledquite accuratelyfor the chosernsetof parametergk x t, wheret is expressedn time bins of
10nseach).Thevaluest=1.0us, k=1.67werefoundto provide the optimumangulamresolutionandare
usedin thefollowing studies.

In Fig. 14.37we presentan exampleof the averagepulseheightasfunction of drift time for pions,
before(left panel)andafter(right panel)thetail cancellation.Two effectsof thecancellatiorareseen:)
theoriginally slightly rising plateau(left panel)is madeperfectlyflat (right panel);ii) theaveragesignal
in the drift region is reducedby about37%, ascanbe seenfrom the fits of the plateauregions (thick
straightlines); this impliesthe necessityto work at highergasgainin orderto compensatéor the signal
loss.

In Fig. 14.38we comparetheangularresolutionfor the original data(upperleft panel) afterthet q,
correction(upperright panel)andafterthetail cancellatioralgorithm(lower panel).For thisinvestigation
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Figure 14.37: Averagepulseheightasfunctionof drift time for pions,before(left panel)andafter (right panel)
thetall cancellation.

the amplificationregion wasincludedin the anglefit, amountingto additional3 time bins of 100 ns

each. Despitethe fact that the drift velocity is not constantn the amplificationregion, cleanclusters
contrikute thereto a betterangleresolutionfor the uncorrecteddata,comparedo the casewhenonly

the drift region wasused(seeprevious Fig. 14.35andbelow). Differentmethodsof dataanalysisare
comparedn Fig. 14.38: i) 17 points (time samplesof 100 ns each)are usedfor thefit (this is closest
to the configurationof the final detector);ii) 33 samplesof 50 ns arefitted; iii) 160 samplesof 10 ns

(our highestsamplingresolution)eachareused;iv) 160samplesreused but thefit pointsareweighted
by ther individual pulseheights. For the lasttwo casesn additiona cut on the clusterwidth (in the

pad direction) is used,to minimize the contritution of &-rays. The differentways of analysisshav

little differencesn caseof bothuncorrectedndt g -correctedcasesput in caseof thetail cancellation
analysis,asexpected,a finer time samplingclearly leadsto a betterangleresolution. Overall, the tail

cancellationleadsto angularresolutionsbelav 1° for all the incidentangles,sizeablybettercompared
to the t ) correction. Note that at the lowestincidentanglethe tail cancellationamountsto a small

deggradationof theangleresolution mainly asaresultof the degradationof the S/N ratio.

In Fig. 14.39we summarizehe S/N dependencef the position(left panel)andangle(right panel)
resolutionfor 17° incidence usingvariouscorrections.The uncorrectedlata(crossesparecomparedo
thevaluesafterthetq, correction(dots)andafterthetail cancellation(squaresjor 14fit pointsin the
drift region. Obviously, thetq, correctiondoesnot affect the point resolution(the dotsareoverlapping
the crosses)put actsonly on the angularresolution. Corversely the tail cancellationis affecting the
point resolutionas well andthis translatesnto a betterangularresolution. The trianglesindicatethe
tail cancellationmethodfor the caseof including the amplificationregion into the fit. For this last
casethe S/N valueis improved for a given gasgain. However, for the samevalue of S/N, the point
resolutionsuffersadegradation presumablasa resultof non-constandrift velocity in theamplification
region. This is reflectedin the angularresolution,wherethe improvementis lessthan expectedfrom
the scalingto the numberof fit points(afactorof 1.16improvementcomparedo theratio 17/14=1.21).
Onecannoticethatthe approachowardssaturatiorfor increasingS/N is differentfor the variouscases
presentedessentiallythe correctedvalueshaving a more accentuatediependencef S/N, asexpected
afteressentiallyemaoving the systemati¢dominant)contritutions.

Finally, in Fig. 14.40we shaw the distribution of the time of the first electronarrival, tsi;, asa
function of the position acrossthe anodewires, y, measuredvith the Si-strip detectors. The 5 mm
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Figure 14.38:. Angle reconstructionperfor
manceas function of the incidentangle, before
correction(upperleft panel), after the t o, cor-
rection (upperright panel)andafter the tail sub-
traction (lower panel). Differentmethodsof fit
arecomparedasdescribedn thetext.

periodicityreflectsthewire pitch. Thevariationof thearrival time within onedrift cellis theresultof the

isochronityvariationdueto thefield configuration.Whenexploitedin a padgeometrystaggeredcross
the anodewires (in the real detectorz direction,alongthe beam),the informationon ts;;¢ canprovide

apositionaccurag muchbetterthanthe wire pitch. This featurecanbe animportantconstraintfor the

TPCtrackingandmayalsobe usedfor its absolutedrift calibration.
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Figure 14.39: Position(left panel)andangular(right panel)resolutionas a function of S/N for datawithout
correction(crosses)afterthet ) correction(dots)andafterthetail cancellation(squaresjor 14 fit pointsin the
drift region. Thetrianglesdenotethetail cancellatiormethod but includingthe amplificationregion into thefit.
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Figure 14.40: Thedistribution of thetime of thefirst electronarrival asa function of the coordinateacrossthe
wires, measuredby the Si-stripdetectors.
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14.4 Work in progress

New prototypesvererecentlybuilt with padshothof chevrontype(w=10mm, =60 mm)andrectangular
(w=7.5mm, 1=80 mm). To have a similar padresponsdunction, the anode-cathodgap(h) is 2.5mm
in caseof chevron padsand3.5 mm for the rectanglesThe anodewire diameteris 20 um. To facilitate
a fastexchangeof differentpad planeson the samedetectorbody, thesenewn prototypeshave smaller
dimensions:25x 31 cm?. Two wire configurationdor the cathodeplanewererealized,with 5 mm and
2.5mm wire pitch. In both casesve useda staggeredjeometry(seeChapter 4). Photographef both
thechevron (left panel)andrectangldright panel)padplanesareshavn in Fig. 14.41. Theseprototypes
were testedwith an °>Fe sourceandin beamat GSIin August2001. We presentherethe detailed
measurementsith the >°Fe sourceandsomeresultsfrom thebeammeasurements.

Figure 14.41: Photographsf the padplaneswith chevron type (left panel)andrectangulagright panel)pads.

In Fig. 14.42we presenthegaincurves: theaveragepulseheightfor themainpeakof the®Fe source
asfunctionof theanodevoltage.Roughly100V higheranodevoltageis necessarin orderto achieve the
samegasgainfor the h=3.5mm configuration(rectangles)comparedo theh=2.5mm case(dots). This
is slightly lessthanthe differencepredictedoy GARFIELD [12] calculationgSection4.6,Fig. 4.17).

Notethatcomparableraluesof the pulseheightareobtainedfor lower voltagescomparedo thefirst
prototype(seeFig. 14.6in Section14.2.2).Theinterpolationof the caseh=3.0mm of thefirst prototype
leadsusto concludethatroughly 150V lessareneededor the samegasgainwhenchangingthe anode
wire diameterfrom 25 to 20 um. In caseof the densercathodewire grid, with wire pitch of 2.5 mm
(opensymbolsin Fig. 14.42),the gasgainis slightly higherfor the sameanodevoltage,asaresultof a
betterconfinedamplificationregion.

In Fig. 14.43we presenthedependencef the >>Fe pulseheighton thedrift voltage.As aresultof
thedrift field penetratinghe cathodewire grid, thegasgainis increasingasfunctionof thedrift voltage.
It is evidentthatthe magnitudeof this effectis differentfor thetwo cathodewire configurationsAt fixed
anodevoltage,in caseof 5 mm cathodepitch (full symbols)the gasgainincreasedy almost60%for an
increaseof 1.5kV in drift voltage.For 2.5mm pitch (opensymbols)theincreasas only 26%. Thetwo
casef anode-cathodgapshav similar dependencef the gasgain asa function of the drift voltage.
Apparently the differenceon gain betweenthe two configurationqat fixed drift voltage)is higherfor
the2.5mm cathodewire pitch, asseemalsoin Fig. 14.42.
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In Fig. 14.44are shavn the PRFsfor the chevron (left panel)andthe rectangle(right panel)pad
planesWe compareghe5 mmand2.5mm cathodewire pitch andconcludethatthe cathodegrid density
influencesonly mamginally the PRFs.As seeralreadyin Sectionl4.2.3(Fig. 14.7),thecalculatedvalues
do notagreewith the measureanes.This disagreemeris similar for chesron andrectanglegpadplanes
andis beinginvestigatedurther

During the beammeasurements August2001we have performedthefollowing:

¢ arelative comparisorof the positionreconstructiorperformanceof the chesron andrectangular
pads.

¢ astudyof sandwichradiatorsreinforcedwith carbonor glassfibre.
e astudyof thedrift chamberperformancesafunctionof theoxygencontentin thedetectiongas.

e we placedthedetectorsn amagneticfield of upto 0.3 T, with theaimto measurd_orentzangles
andto comparethe positionresolutionwith andwithout magneticfield.

While the bulk of the dataevaluationis in progresswe presentherethe resultson the studyof the
chambermperformanceunderoxygencontamination. In Fig. 14.45we shav the averagepulse height
distributions as a function of drift time (left panel)and the pion efficiengy asa function of electron
efficiengy for differentvaluesof the oxygencontentin the rangeof a few hundredppm. From the
measurementsf the pulseheightdistributions as a function of drift time we deducedan attachment
coeficient C4=400 atm 2us ! (seeChapter4). As seenin the right panelof Fig. 14.45, the pion
rejectionperformancas slightly degradingfor increasingoxygencontamination.This is oneargument
to keepthe oxygenatthelowestpossiblevalue.
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Figure 14.45: Drift chamberperformanceas a function of oxygencontent. Left panel: averagepulseheight
distributionsasa functionof drift time. Right panel:pion efficiency asafunction of electronefficiency.

Apart from the analysisof newvly measurediata, ongoingwork include on-detectorimplementa-
tion of the integratedelectronicsandpreparationgor beamtestsat CERN, wherein particularthe TR
performancegor momentaabove 2 GeV/c will be measured.Thesemeasurementare scheduledor
OctoberNovember2001.
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15 Massproduction

As describedn this TechnicalDesignReporta total of 18 supermodulesontainingaltogethet540
individual detectorseedto be constructediested andfinally installedin the ALICE centralbarrelnot
including spares.This taskcannotbe handledby a singleinstitution. Thereforeijt is currentlyforeseen
to involve anumberof majorconstructiorsitesin theassemblyof theindividual detectorsor majorparts
thereof.

15.1 Generalconcepts

The anticipateddesignof the readoutchamberdeadto entitiesthat, onceassembledgcannoteasily be
taken apartagain. This fact makes a high level of quality assurancet eachindividual step during
constructionan essentialrequirement. Sinceit is currently foreseento have five major construction
sites(BucharestDubna,Heidelbeg, Darmstadtand Minster),it is alsonecessaryo standardizeand
mege all datagatheredduring constructionin acommondatabaseTo guaranteequalstandardsn the
productionthe equipmentof the individual constructionsiteswill be standardized.This will include
equipmentf the cleanroomsfor assemblywinding machinestestgassystemsand dataacquisition
systemsothfor opticalalignmentequipmentiswell aselectronictestingof thefinal detectors.

Anotherimportantaspecin this distributedproductionschemas a centrallycoordinatedlistribution
of raw materials. It is anticipatedthat all individual componentswill be acquiredthroughthe same
vendorsandwill bequalifiedin thesamefashion.Also, final stackingalignmentandtestingof complete
supermodulewill bedonein acentralplace

15.2 Equipment of production sites
It is anticipatedhateachproductionsiteis equippedwith:

e acleanroom

¢ largeflattables

e awinding machine

e avideosetupfor opticalalignmentandmeasurements
e atestgassystem

e apulsedX-ray source

¢ adataacquisitionsystem

e accesto acommondatabase

appropriatespacdor storageof raw materialsandfinisheddetectors

15.3 Database

A commondatabasédollowing the internal guidelinesof ALICE for detectordatabasesvill be used
for datastorage. The databasewill archive part numbersfor the constructionof individual detector
elementsaaswell asall datagatheredduringtheindividual production,quality assurancandcalibration
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steps.Whenthe TRD comesonline, this databasevill permitsretrieval of all datarelevantfor setupand
calibrationduringrunningandlaterduringoffline analysis.The exactspecificationgor this databasare
currentlybeingworked out within the ALICE collaboration.
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16 Implementation, infrastructur e, and safety

16.1 ALICE experimentalarea

The ALICE detectorwill beinstalledat Point2 of the LHC acceleratorThe Point2 experimentalarea
was designedior the L3 experiment. The main accessshaft,23 m in diametey providesa 15x7 m?
installationpassagend spacefor countingrooms. The countingroomsare separatedrom the experi-
mentalareaby a concreteshieldingplug (seeFig. 16.1). Theexperimentalkcavernis 21.4m in diameter
andwill bere-equippedvith a2 x 20t cranehaving a clearancef about3 m abore theL3 magnet.The
L3 magnetprovidesan 11.6 m long and 11.2m diametersolenoidalffield of upto 0.5 T. The end-caps
have adoorlike construction.The doorframeswill supportlarge beamdraversingtheL3 magnetfrom
whichthe ALICE centraldetectorswill besupported.
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Figure 16.1: Generallayout of the basicundegroundstructuresat Point 2, shaving the L3 magnetand the
countingrooms.
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16.2 Implementation of the TRD detector

16.2.1 Generalintegration considerations

The TRD detectotis supporteddy a cylindrical spaceframeconstructionwhich alsosenesasasupport
for all the centraldetectorunits. The spaceframeis placedon large supportbeamsstraddlingthe coil

sectionof the L3 magnet. This allows for the completeassemblyof the centraldetectorunits to take

placeoutsidethe L3 magnet.Eachof the 18 TRD supermodulesvill beindividually supportedy two

rails attachedo the innerrings of the spaceframe (seeFig. 16.2). The servicesfor the TRD will be
supportedoy separatesupportframes,which will alsosene asacceslatforms. The servicesupport
frameonthe muon-armsidewill beinstalledasa fixedstructure however, the servicesupportframeon

theaccesshaftside,will beinstalledonthesamerails asthespacdrameandhave thesamediameteiand
modularity(it will bereferredto asthe ‘baby’ spacdrame). Themainpurposeof the‘baby’ spacdrame
is to carry the weightof all servicesof the centraldetectorsput alsosene asa cornvenientinstallation
framefor the TRD modules.

Figure 16.2: Generalview of the TRD detectorandthe spaceframeinsidethe L3 magnet. The ‘baby’ space
frameis alsopartly visible.

16.2.2 The spaceframe

The spaceframe is divided into 18 sectorsof 20° (following the agreedsectorizationof the central
detectors. All materialhasbeenconcentratedit the sectorboundariesand two concentricallyplaced
supportringsasindicatedin Fig. 16.3.
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Figure 16.3: Generalayoutof the spacdrameshaving the geometricabrrangemensf the centraldetectors.

The frameis supportedon two supportbeams.Therearetwo supportpointson eachbeam,which
assureshe samevertical displacemenof the frameandthe beamsat all supportpoints. The horizontal
displacementf theframeis blocked on onesideandfreeto move ontheotherside. The supportbeams
are12.1m long andsupportedat their extremitiesby the L3 door structure.The combinedspacerame
andsupportbeamstructurehasbeencalculatedor atotalloadof 75t (Ref.[1]). Thecalculationsvere
basedon reducingthe deformationof ary two pointson the spaceframeto a few mm andto limit the
overall verticaldisplacemento lessthan5mm. Thesecalculationsshav thatthe movementsof the TRD
supportrails canbelimited to thedisplacementguotedin Chapter2.

16.2.3 Pre-assemblyphase

The presentsurfacezoneat Point 2 includessuficient assemblyhall spaceto meetthe ALICE require-
mentsand no new hall constructionwill be necessaryor the detectorassembly The overall ALICE
planningforeseesa pre-assemblyphasefor the completeTRD detectorto take placein the SXL2 as-
semblyhall prior to theinstallationin the undegroundarea,asindicatedin Fig. 16.4. The detectomwill
befully assembledogetherwith the spaceframestructure. This will allow anearly preparatiorof the
variousdetectorservicesand permit the installationand accessscenariogo be analyzedand corrected
beforeloweringthe TRD into the experimentakavern. All handlingof the TRD outsidethe spacdrame
will be madeusinga transportig, which mustalsobe ableto orientthe modules,suchasto align the
moduleswith the correspondingizimuthalposition.

16.2.4 Installation in the underground cavern

It is concevablethatthe completespacerame,with the TRD detectorinstalled,is lowereddown asone
unitinto the experimentalreahowever, the preseninstallationscenaridoresees separaténstallation
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Figure 16.4: Pre-assemblyf the TRD modulesin the SXL assemblyhall at Point2. The figure shavs the
installationof a supermoduleysingthetransporfig andthe babyspacerame.

of the supermodulessidethe experimentalarea(seeFig. 16.5). The spaceframeandthe babyspace
frame will first be lowereddown into the experimentalareaand placedon temporarysupportbeams
outsidethe L3 magnet.In this positionthe TDR modulescanberelatively cornvenientlyinsertednto the

spacdrameandsomepreparatiorof servicecanbe made.The spacdrameis thereaftemovedinto the

final positioninsidethe L3 magnetAlternatively, the TRD modulescanalsobeinserteddirectly into the

spacdramein thefinal positioninsidethe L3 magnethowever, this would be morerestrictive andtime

consuming.This possibilityis importantfor maintenance possiblestagednstallation.

16.3 Accessmaintenanceand serices

16.3.1 Accessfor maintenanceand repair

Accesdor maintenancéo thevariouspartsof the TRD detectoiis relatvely straightforvard. All services
areconcentratedo the sideof the babyspaceframeandare easilyaccessiblédrom platformsplacedat
severallevels.

16.3.2 Sewices

The TRD serviceshave beendescribedn a previous chapter(Chapter9). All serviceswill have to pass
throughthe narrav chicaneshapedlearancg100 mm) betweerthe magnetdoorsandthe doorframes
(asshavn in Fig. 16.2). In orderto install the serviceghe doorwill have to be openedwhich prohibits
ary furtherserviceinstallationson the absorbeside,oncethe Muon spectrometeis installed. The baby
spaceframewill sene asa supportfor the servicesandallow a corvenientdistribution of cables,gas
tubesandcoolingtubesto the differentsectorqseeFig. 16.6). It is estimatedhatthetotal weight of the
servicedor the TRD detectoiis about20t.
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Figure 16.5: Installationof the TRD modulesinto the spacdrameinsidethe ALICE experimentalarea.
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Figure 16.6: Conceptualouting of services.The servicesareattachedo the outsideof the supportframeand
distributedto the 18 supermodules.
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Thegassupplywill comefrom theexisting suriacebuilding, andthedistribution unitswill belocated
ontheshieldingplugin PX24. In orderto keepthelossesandcostof cableinstallationaslow aspossible
the racksfor the power supplieswill be installedascloseaspossibleto the L3 magnet. They will be
locatedatbothsidesof theL3 magnettfloor level. In theeventof aremoving a TRD moduleall services
will have to bedisconnectedThis s facilitatedby installing ‘patch-panelsbn the babyspacdrame.

16.4 Safetyaspects

The TRD detectorhasbeenthe subjectof a recentlnitial SafetyDiscussion(Ref. [2]). The outcome
of this ISD wasthatthe conceptof the TRD detectordid notincludeary major safetyrisks. The TRD
detectousesnon-flammablgasmixturesandthe absenc®f toxic, corrosve, or flammablecomponents
makesthe TRD anintrinsically safedetector Apartfrom the initial constructiorperiodthe handlingof
the TRD will alwaysrely onthe mechanicaktability of the spaceframe,which will reducethe proba-
bility of any mechanicafailure. The closedvolumeinsidethe dipole magnetandthe partof the Muon
spectrometethatpenetrategto theL3 magnewill beseparatelynonitoredfor bothflammablegasand
oxygendeficieng. Theaccesso theinsideof theL3 magnewill berestrictedandregardedasa confined
spaceAll constructiormaterialsandelectronicgrintedcircuit boardswill conformto the CERN safety
InstructionTIS 1S41andIS 23 concerninghe useof plasticandothernon-metallicmaterialsat CERN
with respecto fire safetyandradiationresistance.
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17 Responsibilities,cost,and schedule

TRD organization

The ALICE TRD organizationcomprisesa projectleader a deputyprojectleader a projectcoordina-
tor andnine sections:Radiatoy Read-OutChambersFront-EndElectronics GasSystem, Servicesand
Cooling, DetectorControl System(Slow Control), Simulation,Calibration,andEngineering& Installa-
tion. The sectionFront-EndElectronicscontainstwo groups (i) the processingstorageandread-outof

thedetectorsignals,and(ii) the hardwareandsoftware preparingthe level 1 trigger decision.Similarly,

the Simulationsectioncontainstwo groups,(i) simulationsof the online tracking and trigger perfor

mance and(ii) developmentandapplicationof the offline software.

Project Leader
Johanna Stachel
Heidelberg

Deputy Project Leader
Peter Braun—Munzinger
GSl

Project Coordinator
Johannes Wessels
Heidelberg

i Read-Out ‘Front—End Electronics‘ ‘Gas SystenT Services |Detector
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& Installation
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TRD task force

Thefollowing persondave contributedto thework presentedhn this TechnicalDesignReport.

A. Andronic, V. Angelos, A. Anjam, H. Appelstauser C. Blume, P. Braun-Munzinger D. Bucher

O. Busch, A. Castillo-Ramirez,V. CatanescuM. Ciobanu,S. Chernenk, V. Chepurng, J. de Cu-

veland, H. Daues,A. Devismes,M. Dorn, M. Eichhorn, L. Efimov, O. Fatee, Ch. Finck, P. Foka,
C. GarabatosM. GersabeckP. GlasselR. Glasav, M. Gutfleisch,J. Hehner N. Heine,N. Herrmann,
A. lerusalimae, M. lvanoy, M. Keller, S.KelRen[F. LesseyV. Lindenstruth,T. Lister, S. Martens,T. Mah-

moud,A. Marin, M. Marquardt,D. Miskowiec, W. Niebur, Yu. Panebratse T. Peitzmanny. Petracek,
A. Petra, M. Petrwici, A. Radu,C. Reichling,A. Reischl K. Reygers,M.J.Richter I. Rusang, A. San-
doval, H. Sann,R. Santo,R. Schicler, R. SchneiderM. Schulz,W. Seipp,S. Sedykh,S. Shimanski,
R.S.Simon,L. Smylov, H.K. Soltweit, H.J. Specht,J. Stachel,H. Stelzer H. Tilsner W. Verho&en,
B. Vulpescu,A. Walte, I. Weimann,S. Wende,J.P WesselsB. Windelband,O. Winkelmann,C. Xu,

V. Yurevich, Yu. Zanevsky, O. Zaudtle, R. Ziegler, A. Zubare.
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TRD TDR editorial committee

TheTRD TDR editorial committeewascomposeaf thefollowing persons:

A. Andronic(editor),H. AppelsfauserC. Blume,P. Braun-MunzingerD. Bucher P. Foka,C. Garabatos,
N. HerrmannyV. Lindenstruth A. Marin, V. PetracekA. Sandeal, R. Simon,J. Stachel J.P Wessels

Participating institutions

Thefollowing institutionswill participatein the constructiorof the TRD detector

BucharestRomaniaNationallnstitutefor PhysicsandNuclearEngineering.
DarmstadtGermaury, Gesellschaftiir Schwerionenforschung
Dubna,RussiaJointInstitutefor NuclearResearch.

Heidelbeg, Germauy, Kirchhoff Institutfur Physik,Ruprecht-Karls-Uniersitt.
Heidelbeg, Germary, Physikalischenstitut, Ruprecht-Karls-Uniersitt.
KaiserslauternGermary, Fachbereictilektrotechnikund Informationstechnik,
Universitat Kaiserslautern.

e Munster Germau, Institutfur Kernphysik WesttlischeWilhelms-Uniersigt.

Responsibilities

Tablel7.1presentshe sharingof responsibilitiedor the constructiorof the TRD detector

Table 17.1: Sharingof responsibilitiefor the constructiorandinstallationof the TRD detector

| ltem | Institution

Radiator Munster

Readouthambers| Bucharestbubna,GSI,HD (PI), Munster
FEEandtrigger BucharestHD (KIP), HD (PI), Kaiserslauterniiinster
GasSystem GSlI

DCS HD (PI)

HV, LV, cooling GSI

Overallmechanics HD (PI)

Table 17.2: Globalcostof the TRD in KCHF.

| ltem | Cost(kCHF) |
Radiator 423
Readouthambers 3057
ServicegHV/LV, cooling) 1919
Frontendelectronicstrigger 7825
Gassystem 525
General 1220
Total | 14969

Costestimateand resources

Whereeer possiblebudgetaryindustrial quoteswere usedin the costestimateof the TRD. This was
doneespeciallyfor specialcomponentsuchas: very large printed circuit boards,chip productions,
specialfoams,andcarbonfiber materials.In the budgetfor the readoutchamberghe numbersrely on
actualcostsfrom previous projectsandprojectsunderconstructiofCERES/M\45, ALICE/TPC). In the
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costfor the electronicsrealistic estimatedor chip yields andyields for mult-chip moduleshave been

consideredThetotal costquotedin Tablel17.2reflectstheamounieededo build 100%of the detector
Theresource®f the participatinginstitutionscover at preseni8.28 MCHF of the costsof the con-

struction,installationandcommissioningdf the TRD. Additional fundsaresoughtactively.

Construction program

The design, construction,test, and installation scheduleof the TRD componentds summarizedn
Fig. 17.1. While it is hopedthat additionalfunds can be found in the nearfuture, the time-line for
the constructionof the TRD assumegproductionof roughly 50% of the detectors. Assumptionswith
regardto the designandprototypingphaseof the varioussub-projectarebasedon the currentprogress
in thesefields.

[2002 [2003 [2004 [2005 [2006 [2007

1D Name Qtr 2 |Qtr 3[Qtr4 |Qtr 1 [Qtr 2 [Qtr 3 |Qtr 4 [Qtr 1 |Qtr 2 |Qtr 3 |Qtr 4 [Qtr 1 |Qtr 2 |Qtr 3 |Qtr 4 |OQtr 1 |Qtr 2 [Qtr 3 |Qtr 4 |Qtr 1 [Qtr 2 [Qtr 3 [Qtr 4 [Qtr 1 |Qtr 2 |Qtr 3
1 1TRD DETECTOR i i
2 2 Technical Design Report
3 3 Radiators
4 3.1 Design&Prototyping
5 3.2 Procurement of Materials
6 3.3 Production
7 4 Chambers
8 4.1 Design & Prototyping
9 4.2 Procurement of Materials :
10 4.3 Production & Testing £ 1
T 5 Supermodules P ——————
12 5.1 Design & Prototyping
13 5.2 Procurement of Materials i
14 5.3 Assembly of Supermodules
15 5.4 Stacking & Alignment & Final Testing ::‘
16 6 Electronics i
17 6.1 PASA ’ '
18 6.1.1 Design & Prototyping
19 6.1.2 Production
20 6.1.3 Testing
21 6.2 ADC
22 6.2.1 Design & Prototyping
23 6.2.2 Testing
24 6.2.3 Implementation in Digital Chip
[25 | 6.3 Digital Chip
[26 | 6.3.1 Design & Prototyping
27 6.3.2 Pilot Run
28 6.3.3 Testing of Pilot Run
29 6.3.4 Production
30 6.3.5 Testing
31 6.4 MCM
32 6.4.1 Design & Prototyping
33 6.4.2 Production Pilot Run
34 6.4.3 Testing of Pilot Run
35 6.4.4 Production
36 6.4.5 Testing
37 6.5 Readout Board
38 6.5.1 Design & Prototyping
39 6.5.2 Production
40 6.5.3 Testing
41 6.6 GTU
42 6.6.1 Design & Prototyping
43 6.6.2 Production
44 6.6.3 Testing
45 7 Gas System
46 7.1 Prototype Gas System
47 7.2 Production
48 7.3 Testing
29 8 Cooling System
50 8.1 Design & Prototyping
51 8.2 Production
52 8.3 Testing
53 9 Detector Control System
54 10 Installation
55 | 10.1 50% of TRD installed : : : :
56 10.2 100% of TRD installed & 5!

Figure 17.1: Chartof thetime-linefor the constructiorof the TRD.
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Detector nomenclature

Module (M)
Layer(L)
Stack(S)

oneunit of TRD (readoutthambeplusradiator)
5 x M in longitudinaldirection
6 x M in radialdirection

Supermodul¢SM) 5 x Sin longitudinaldirection

Plane(P)

Acronyms

A

ADC
ALTRO
ALU

BGA

CAN
CMOS
COG
CPU
CTP

DAC
DAQ
DAQC
DC
DCOM
DCS
DRAM

ENC
EOS
ESD

6 x L in radialdirection
onelayerin full azimuth,P=18x 5xM

Analogto Digital Corverter
ALICE TPCReadou(digital chip)
Arithmetic Lookup Unit

Ball Grid Array

ControllerAreaNetwork
Complementaryetal-Oxide-Semiconductor
CenterOf Gravity

CentralProcessingJnit
CentralTriggerProcessor

Digital to Analog Corverter

DataAquisition

DataAcquisitionControl

Drift Chamber(alsousedfor Direct Current)
Distributed ComponenObjectModel
DetectorControl System
DynamicRandomAccessMemory

EquialentNoiseChage
ElectricalOver-Stress
Electrostatidischage
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FADC
FEE
FIFO
FF
FPC
FPGA
FWHM

GND
GRF
GTU

HBM
HLT
HTTP
HMPID
HV

12C
IP
ITS

JCOP
JTAG

LO
L1
L1A
L1IR
L2
L2A
L2R
LHC
LN
LSB
LTU
LUT
LV
LVDS

FlashAnalogto Digital Cornverter
FrontEndElectronics

FirstIn FirstOut

Flip-Flop

Flat PrintedCircuit

Field Programmablé&ateArray
Full Width Half Maximum

Ground
GlobalRegisterFile
GlobalTrackingUnit

HumanBody Model

High Level Trigger

Hyper Text TransferProtocol

High MomentumParticle IdentificationDetector
High Voltage

Inter-IC
InternetProtocol
InnerTrackingSystem

JointControl Project
JointTestAction Group

Level-0 (trigger)
Level-1 (trigger)
Level-1 Accept
Level-1 Reject
Level-2 (trigger)
Level-2 Accept
Level-2 Reject
LargeHadronCollider
Liquid Nitrogen
LeastSignificantBit
Local TrackingUnit
Look-Up Table

Low Voltage

Low VoltageDifferentialSignal



MBS
MCM
MIMD
MIP
MIPS
MM
MMI
MSB
MWPC

NMOS

OE
OLE
OPC

PASA
PCI
PHOS
PID
PLC
PLL
PMOS
PRF
pRF

QGP

RAM
RMS
ROM

SCADA
SIMM
SMT
SRAM
SIN

Multi BranchSystem(DAQ)

Multi Chip Module

Multiple InstructionMultiple Data
Minimum lonizing Particle
MegalnstructionsPerSecond
MachineModel
Man-Machinelnterface

Most SignificantBit

Multi-Wire ProportionalChamber

Negative ChanneMetal-Oxide-Semiconductor

OutputEnable
ObjectLinking andEmbeding
OLE for Proces<ontrol

Preamplifier/shaper
PeripheralComponentnterconnect
PhotonSpectrometer

Particle ldentification

Programablé.ogic Controller
Phasd_ockedLoop

Positve ChanneMetal-Oxide-Semiconductor
PadResponsé&unction

privateRegisterFile

Quark-GluonPlasma

RandomAccessMemory
RootMeanSquare
Read-OnlyMemory

SupervisoryControlAnd DataAcquisition
Singlelnline MemoryModule
Surface-MounfTechnology

StaticRAM

Signal-to-Noisegatio
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T™MU Track-MatchingUnit

TOF Time-Of-Flight(Detector)

TP TrackletProcessor

TPC Time ProjectionChamber

TPP TrackletPreprocessor

TR TransitionRadiation

TRC TriggerControl

TRD TransitionRadiationDetector

TRF Time Responsé&unction

TTC Timing, TriggerandControl

VDD Pawer Supplyfor Digital partof FEE
VDDA Power Supplyfor Analogpartof FEE

WE Write Enable



