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C. Cicaĺoo,A. De Falco,M.P. Macciotta-Serpi,A. Masoni,D. Mura,G. Puddu,S.Serci,E. Siddi,
L. ToccoandG. Usai.

Calcutta, India, SahaInstituteof NuclearPhysics:
P. Bhattacharya,S.Bose,SukalyanChattopadhyay, L. Das,P. Datta,T. Ghosh,N. Majumdar,
S.Mukhopadhyay, S.Pal, R. Saha,A. Sanyal, S.Sarkar, P. Sen,S.K. Sen,B.C. SinhaandT. Sinha.

Calcutta, India, VariableEnergy CyclotronCentre:
SubhasisChattopadhyay, S.Das,M.R. DuttaMajumdar, M.S.Ganti,P. Ghosh,T.K. Nayak,S.Pal,
R.N.Singaraju,BikashSinha,M.D. TrivediandY.P. Viyogi.

Catania, Italy, Dipartimentodi Fisicadell’Universit̀a andSezioneINFN:
A. Badal̀a,R. Barbera,F. Librizzi, G. Lo Re,A. Palmeri,G.S.PappalardoandF. Riggi.

CERN, Switzerland, EuropeanOrganizationfor NuclearReasearch:
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B. Pastiřcák,L. Šándor, J.Urbán,S.Vokál andJ.Vrl áková.
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Summary

This TechnicalDesignReportdescribestheALICE TransitionRadiationDetector(TRD). This detector
provideselectronidentificationaswell astriggeringcapabilityfor high transversemomentumprocesses.
In thefollowing we briefly summarizethemaindesignconsiderationsandtheproposedtechnicalsolu-
tions.

Hardprocesses,andin particularstudiesof charmandbeautyproductionin boththeopenandhidden
charmsectorhave becomecenterstagefor theALICE physicsprogram.TheTRD, in conjunctionwith
theITS andTPC,providestherelevantcapabilityfor themeasurementof high pt electrons.In addition,
the TRD canbe usedto trigger on high pt ( 	 3 GeV
 c ) particles,thusproviding not only enriched
samplesfor ϒ productionbut alsothecapabilityto selectjets. A survey of thephysicscapabilitiesand
resultingdesignspecificationsis givenin Chapter1.

The designobjectivesandmechanicalstructurearepresentedin Chapter2. An importantissuein
this context is theorganizationof theTRD chambersin supermodulesandtheir supportin theALICE
spaceframe.

Theradiatorstructureandtechnicalrealizationarediscussedin Chapter3. Basedon theexperience
gainedin a seriesof testbeammeasurementsdescribedin Chapter14,a sandwichconstructionof foam
andfiberswaschosen.Thisnot only yieldstherequiredamountof transitionradiationbut alsoprovides
thestructuralrigidity to supportthe front window of thereadoutchamber, at reasonablecostandsmall
radiationlength.Theoverallmaterialbudgetis summarizedin Chapter10,andamountsto lessthan14%
of a radiationlengthfor theactive volumeof thedetector.

The540readoutchamberscontainedin thefull TRD areessentiallyradialdrift chamberswith con-
ventionalwire amplificationandcathodepadreadout.To ensureoptimalabsorptionof transitionradia-
tion thechambergaswill be85%Xe and15%CO2. Thedemandsin termsof resolutionandoperational
conditionsarenot very high for eachchamber:typically a few hundredmicronsof spatialresolutionare
sufficient. Detailedchamberdesignandoptimizationis givenin Chapter4.

In Chapters5, 6, and7 aredescribedthefront-endelectronics,triggerelectronicsandperformance,
andthereadoutanddataflow for thefull detector. With 1.16� 106 channelsahighdegreeof integrationis
required.To optimizethetransitionradiationperformanceandsimultaneouslyto provide thenecessary
tracking capability the electronicschain is basedon a charge sensitive pre-amplifierfeedingsignals
into a samplingADC integratedinto a digital chip, whereall the logic for the trigger resides.Design,
prototyping,andexpectedperformanceof thefront-endelectronicsaresummarizedin Chapter5.

The trigger performancebasedon theseelectronicscomponentsis studiedby detailedsimulations
and resultsare reportedin Chapter6. The simulationsare basedon measuredtest beamresultsand
the detaileddesignof the trigger. The on-line tracking performanceis nearthat of off-line tracking
reportedin Chapter11 for low mulitplicity events,but deterioratessomewhat for very high multiplicity.
Nevertheless,even for the highestconceivable multiplicity densityof dNch/dy � 8000, enhancement
factorsof about20 areachievedfor detectionof ϒstatesin minimumbiasPb–Pbcollisions.

For thereadoutanddataflow oneneedsto considertwo maindatastreamsto behandledin realtime.
Onestreamconcernstheraw datareadout,while anotheris connectedto theshippingof theinformation
on the trackletcandidatesproducedin theglobal trackingunit of the trigger. Thedetailsof thedesign
arediscussedin Chapter7.

Becausethe TRD usesthe ratherexpensive xenonas the main chambergascomponentin its ap-
proximately27m3 volume,specialrequirementshadto beputon thedesignandperformanceof thegas
system,presentedin Chapter8. Thesystemdescribedthereis basedonaclosedloopdesign,makinguse
of componentsstandardizedfor all LHC detectorgassystems.Themaincomponentsandfunctionality
have beentestedin aprototypegassystembuilt for thedetectortestrunsdescribedin Chapter14.

The total power necessaryto run thefull TRD electronicsis about68 kW (52 kW for Pb–Pbcolli-



sions). This placesstrict requirementson theservicesfor theTRD detector, especiallyconcerningthe
low voltagepower distribution. Theresultingdetaileddesignis presentedin Chapter9.

Chapter11is devotedto adescriptionof thedetectorperformance,with mainemphasisonthedepen-
denceof pion rejectionandtrackingon theexpectedhigh multiplicity environmentin Pb–Pbcollisions
at LHC energy. For the relevantmomentaof 1 GeV c andlarger, the trackingefficiency is above 80%
andonly weaklydependentoneventmultiplicity. As expected,thepionrejectiondeteriorateswith event
multiplicity. However, at 90%electronefficiency we expecta pion rejectionfactorof about50, for the
highestconceivablemultiplicity densityof dNch/dy � 8000.

In Chapter12 aresummarizedthe acceptancesandresolutionsexpectedfor the TRD for different
physicsprocessessuchasthemeasurementof opencharmandbeautyandof variousquarkoniavia their
electrondecaychannels.

Detectorcontrolandsafetyareimportantissuesfor a detectorascomplex astheTRD andour pro-
posedtechnicalspecificationsandsolutionsaredescribedin detail in Chapter13.

All simulationsdescribedin thisreportarebasedondetailedtestbeammeasurementsperformedwith
TRD prototypedetectors.This hasled to a wealthof resultssummarizedin Chapter14. Thetestbeam
resultsdemonstrateboth the requiredpion rejectionandpositionresolution.Furthermore,the radiator
andchamberdesignarebasedon theexperiencewith theprototypes.

Carefulattentionto massproductionis anobviousissuefor adetectorcomprising540radiatorsand
readoutchamberswith about770m2 totalarea.Themainrequirementsarecollectedin Chapter15.

In Chapter16 aredescribedtheplansfor implementation,installation,andaccessandmaintenance
for the TRD detector. The plannedsupermodulestructureas well as the decisionto concentrateall
serviceson thesideof thebabyspaceframe(oppositeto themuonarm) will facilitateinstallationand
accesssignificantly.

Organizationalaspects,budgetsandschedulesarepresentedin Chapter17. The TRD groupnow
comprises5 major institutionswith significantexperienceandmanpower. The overall budgetof 14.8
MCHF is in line with previous estimates.We note,however, that the baselinebudgetfor the TRD as
outlinedin the ALICE MoU containsonly abouthalf of the amountneededto build the full detector.
Possiblestrategiesarebriefly discussed.
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1 Physicsobjectivesand designconsiderations

1.1 The ALICE experiment

ALICE (A Large Ion Collider Experiment)[1] is an experimentat the Large HadronCollider (LHC)
optimizedfor thestudyof heavy ion collisions,at a centre-of-massenergy pernucleonpair of 5.5TeV.
Theunderstandingis that in suchhigh energy collisionsof heavy nucleia Quark-GluonPlasma(QGP)
will be formed. The chief differenceascomparedto RHIC e.g. is that gluon distribution functionsat
muchlower valuesof x (x=xt=2pt/ � s= 10� 4 – 10� 3) will beprobedleadingto avery high initial 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 energy densityandtemperatureof theorderof 1000GeV/fm3 and1 GeV,
respectively. ALICE aimsto studythepropertiesof this hot QGP, its dynamicalevolution, phenomena
associatedwith the phasetransitionof rehadronizationandfinally the evolution of the hadronicfinal
stateuntil freeze-out.To achieve this goalALICE, astheonly dedicatedheavy ion experimentat LHC,
is designedto measurea largesetof observablesoverasmuchof phasespaceasachievableandthereby
coveringhadronicandleptonicobservablesaswell asphotons.

The ALICE experimentalset-upis shown in Colour Fig. 1. The experimentwill have a central
barrel,housedin the L3 magnet,covering in pseudorapiditythe range-0.9 � η � 0.9 with complete
azimuthalcoverage.This centralbarrelcomprisesaninnertrackingsystemof Silicon detectors(ITS), a
largetimeprojectionchamber(TPC),a transitionradiationdetector(TRD) – thesubjectof this technical
designreport–, anda time-of-flight array (TOF). In addition therewill be closeto mid-rapidity two
singlearmdetectors,anarrayof ring-imagingCherenkov counters(HMPID) to identify hadronsup to
high momentaandan arrayof crystals(PHOS)for the detectionof photons. This centralbarrelwill
becomplemented[4] at pseudorapiditiesof 2.5 � η � 4.0by a muonspectrometerwith its own dipole
magnet.At moreforwardandbackward rapiditiesdetectorswill be locatedto measurethemultiplicity
of chargedparticlesandthetimeof aninteraction,bothalsofor triggerpurposes,aswell asseveralmore
specializeddetectors.

1.2 Physicsrequirements

Thechiefgoalof theTRD is to provideelectronidentificationin thecentralbarrelatmomentain excess
of 1 GeV� c wherethepion rejectionvia energy lossmeasurementin theTPCis no longersufficient. As
a consequence,theadditionof theTRD [5] significantlyexpandsthephysicsobjectivesof theALICE
experiment[1,4].

1.2.1 Heavy ion collisons

The TRD will provide, in conjunctionwith datafrom the TPC and ITS detectors,sufficient electron
identificationcapabilityfor thefollowing measurements:

� In the di–electron channel, theproductionof light andheavy vector–mesonresonancesaswell
asthedi-leptoncontinuum.Thismeasurement,centeredaroundmid-rapidity, is complementaryto
themeasurementof quarkoniaatmoreforwardrapiditiesin thedi-muonchannel.Also, thevertex
capabilitiesof theITS will allow to distinguishandmeasureJ/ψ mesonsfrom B-decays.Thiswill
not only permit distinctionbetweenprimary andsecondaryJ/ψ mesonsbut alsoleadto a direct



2 1 Physicsobjectivesanddesignconsiderations

measurementof theB–mesonproductioncrosssection.Dependingon themagnitudeof thermal
radiationof theQGPandthemixedphase,a measurementof thedi–electroncontinuumbetween
J/ψ andϒ maybesensitive to this interestingprobe. We aim for a pion rejectionandluminosity
sampledby thetriggerto achieve sensitivity at theDrell–Yanlevel [5].

� Via the single–electron channelandrequiringa displacedvertex usingtheITS information,the
semi-leptonicdecaysof hadronswith opencharmandopenbeauty. This will becomplementary
to thevery difficult measurementof hadronswith opencharmvia identificationof thedisplaced
secondaryvertex in thehadronicdecaychannel.While interestingin its own right themeasurement
of opencharmandbeautyis essentialasa referenceagainstwhich to judgeeffectsof the QGP
concerningtheyieldsof quarkonia.

� Via coincidencesof electrons in the centralbarrelandmuons in the forward muonarm, infor-
mationon the correlatedproductionof hadronswith opencharmandopenbeautyat a rapidity
interval bridgingthecoverageof thecentralbarrelandtheforwardmuonarm. This will provide
informationoncharmandbeautyproductionover therapidity rangey = 0–4.

The trigger capabilityof the detector(seeChapter6 below) opensanotherinterestingandunique
possibility:

� Jetswith high Et canbeselectedatthetriggerlevel by requiringseveral(3 or more)high pt tracks
in oneTRD module,wherethe typical coverageis ∆η � ∆ϕ � 0.35. With individual thresholds
around3–5 GeV� c this trigger reachesfull efficiency at a jet Et of 150 GeV just whererate
considerationsmakea triggeruseful.

Thetheoreticaluncertaintiesin predictingthemultiplicity of producedhadronsarelargesinceeven
proton-protoncollisionsat thisbeamenergy havenotbeenstudiedandsincethegluondistribution func-
tionsat therelevant valuesof x have not beenmeasuredin nuclei. Moreover, first resultsat RHIC asa
functionof centralityandin comparisonto pp collisionshave shown [6] a scalingwith the numberof
nucleonsparticipatingin the collision containinga linear anda quadraticterm. The overall centrality
dependenceis a complicatedinterplaybetweencollective effectsandsaturationof thegluondensityin
theinitial andfinal state,makingquantitative preditionsfor this completelynew energy regimedifficult.
Thetheoreticalestimates[7] for therapiditydensityof producedchargedhadronsfor centralPb–Pbcol-
lisionsrange1 from 2000to 8000. UsingpartonsaturationandclassicalQCD [8] a scalingfunctionfor
multiplicity asa functionof beamenergy wasderived recentlywhich wasusedfor a successfulpredic-
tion for thefull RHIC energy (200GeV) basedon130GeV data.Extrapolatingthisscalingall theway
up to LHC energieswould yield a multiplicity densityat the lower endof thepredictedrange(2000or
evensomewhatbelow). Following thegeneralALICE strategy to bepreparedto dealwith eventhehigh-
estconceivablemultiplicities, thedetectoris designedfor anupperlimit in thechargedparticlerapidity
densityof 8000.In theparametrizationused,actuallythemaximumrapidity densityof primarycharged
particlesaveragedover thecentraltwo unitsof rapidity (-1 � y � +1) is 8400(calledin the following
‘full multiplicity’). Decaysof neutralhadrons,mostlyK0

S , within 5 cm of theprimaryvertex increase
thisnumberto 9300.Secondaryparticlesgeneratedin thedetectors,frames,services,andothermaterial
leadto aboutdoubletheprimarychargedmultiplicity in theTRD.

Identificationof electronsin this high occupancy environmentis clearlyvery challenging.In Chap-
ter 11, simulationswill beshown of theperformanceof theTRD coveringthewholerangeof expected
multiplicity densities.

As a benefitof the high gluon densitiesat the small x-valuesrelevant at LHC, the crosssections
for charmandbeautyproductionaswell asthesemi-hardjet crosssectionsaremorethanoneorderof
magnitudeenhancedascomparedto RHIC.

1EarlyestimatesbasedonGlaubermodelsgaveveryhighvaluesof upto dNch/dy=8000;newercalculationsbasedongluon
distributionsor Gribov-Reggetheoryreducethisestimateby nearlya factor3
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All rate estimatesin this documentare basedon an anticipatedmaximumluminosity for Pb–Pb
collisionsof ��� 1� 0 � 1027cm� 2s� 1 leadingto a minimum biasinteractionrateof 8 kHz anda rateof
0.8 kHz for centralcollisionswith impactparameterlessthan5 fm. With pastand future protection
during the TPC drift time, theseratesarereducedby abouta factorof 4. In fact, the numberof clean
eventsin theTPCis nearlythesameata luminosityof ��� 5 � 1026cm� 2s� 1. Theactualchargedparticle
multiplicity will determinewhethersomeoverlapof intercationsin theTPCis acceptable.

In this luminosityrangeandassumingadataacquisitioncapabilityof 20Hz for centralcollisions[9],
statisticsfor J/ψ, opencharmand openbeautyis not an issueas outlined in [5]. The experimentis
howeverstatisticslimited in theϒmeasurement.At a luminosityof ��� 1� 0 � 1027cm� 2s� 1 therewill be
about13600ϒwith bothdecayelectronsin thecentralbarrelof theALICE experimentin 106 s(atypical
ALICE heavy ion year). This numberrefersto cleaneventsin theTPC.Of these,5400will be for the
10%mostcentralcollisions.AssumingaDAQperformanceof 20Hz for centralcollisionsandanother20
Hz for minimumbiasevents(without triggersthissaturatestheanticipatedDAQ capability[9]) and90%
electronidentificationefficiency (thespecificationfor theTRD), 110and440ϒdecaysto electronpairs
in theALICE centralbarrelwill becollectedperALICE heavy ion yearfor minimumbiasandcentral
collisions,respectively. Thesenumbersdonotyet includethetrackingefficiency andarethereforeupper
limits. This demonstratestheneedfor a trigger. Without it therewould bea marginal measurementof
theϒ yield in centralcollisionsandclearlynot enoughstatisticsto measurethecentralitydependence,
yields for the ϒ substates(1S,2S,...),or thespectraldistributions. For a moredetaileddiscussionand
numbersincludingtrackingefficiency for variousscenarios,seeSection6.5.

 Needfor Trigger: theϒmeasurementandin particularits centralitydependencemakeit essential
to samplethefull minimumbiasrateof Pb–Pbcollisionsof up to 4 kHz (past-protectedeventsin
TPC).TheTRD is designedto provide this triggercapability. For theϒmeasurementthis would
bea triggeron electronpairswith eachelectrontypically having a transversemomentumabove 3
GeV! c . This decisionwill beavailableon a timescaleof 6 µs afterthecollision.

Without this trigger capabilitya measurementof the thermalcontinuumis not conceivable if it is
neartheDrell–Yanlevel. Having this triggercapability, it canalsobeappliedto jet physics.Thiswill be
thesubjectof thePhysicsPerformanceReportof ALICE andhereonly theideasaresketched.Requiring
several(3–5)high pt particlesin a jet coneof a certainsizea jet candidatecanbeidentified.This would
beeffective for jet transverseenergieslargerthen150GeV (seeabove). Thenonecouldrequiretwo such
candidatesbackto back,or onecandidateoppositeto PHOScouldbecombinedwith ahigh momentum
photon,or two closehigh momentumelectrons(photonjet) could be combinedwith an oppositejet
candidate.

Anotheradvantagethis triggerprovidesis to identify theregion of interestfor thehigh momentum
electron.This means,onecould readout only theTPCsectorsto which theelectroncandidatesof the
TRD point. The event size for centralcollisionscould be reducedthento typically 3–4 out of 2 " 18
sectorsi.e. aboutto 1/10of thefull size,thusrelaxingthe20 Hz limitation for theacquisitionof central
collision events.In addition,combinationof theTRD triggerwith theplannedhigh level trigger(HLT)
will leadto significantimprovementsin thetriggerefficiency andselectivity.

1.2.2 Proton proton collisons

TheTRD will alsocontributesignificantlyto theALICE proton-protonphysicsprogram.Proton-proton
(pp)collisionsareanintegralpartof theALICE runningscenario,bothto collectdataneededascompar-
isonfor resultsfrom heavy ion collisionsandto addresstopicsof genuineinterestin elementaryhadron
interactions.Thedetailedphysicsargumentsfor includingALICE in theLHC pp runningscenarioare
summarizedin [10].

ALICE, whichis designedto coverthelow to mediumpt range(between100MeV! c and20GeV! c ),
is uniquelysuitedfor thesetasks.In additionto thephysicstopicswhich arediscussedin theprevious
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subsectionandwhich were the original motivation for the TRD, applicableboth to heavy ion andpp
running,we foreseethefollowing itemsspecificto pp running:

# Charm and Beauty physics: We expect to measuretransversemomentumspectraof D andB
mesonsdown to very low pt (essentiallybelow 100MeV$ c ). Theknowledgeof spectraat low val-
uesof pt is of largeinterestfor theextractionof thetotalc andb crosssections.Today’sextraction
of c andb total crosssectionsrelieson large extrapolationstowardslow pt becauseof relatively
high pt cut-off valuesin theacceptance.In addition,thesecrosssectionsaretheoreticallynotwell
reproducedby presentperturbative QCDcalculations.NeithertheFermilabTevatronexperiments
nor the dedicatedpp LHC experimentswill cover the low pt regionsfor D andB mesons.Low
pt J/ψ andϒ measurementsarealsoimportantsincethe presenttheoreticalunderstandingof the
productioncrosssectionis not entirelyon safeground.Thereareno low pt measurementsin pp
andppcollisionsnorwill therebeany in theforeseeablefuture.

# Topological trigger function for the HMPID : The behaviour of theparticlecompositionin pp
collisionsasa functionof pt andmultiplicity is of large interest.TheHMPID which is dedicated
to extendthe PID to momentaof 3.5 GeV$ c for kaonsand5 GeV$ c for protonscoversonly a
smallpartof thecentralbarrelacceptance.Therefore,it is importantto beableto usetheTRD to
triggeronhighmomentumtrackspointingtowardstheHMPID. OtherwisetheHMPID, dueto the
low trackmultiplicity, wouldbeemptymostof thetime duringpp running.

# Measuring Jets in pp running : Thesegmentationof theTRD modulesallows to triggeron jets
(monojets,dijets) assketchedabove for heavy ion operation;in pp collisionsthe trigger on jets
might be usefulat muchlower jet energies. In this context a topologicaltriggerpointing toward
PHOScouldbeuseful.A triggeronthehardtracksof thechargedparticlespointingtoPHOScould
yield moredetailedinformationaboutthetotal energy of thejet andthefragmentationfunctions,
notachievablewith chargedparticlesonly.

1.3 TRD designconsiderations

Thephysicsrequirementsoutlinedin theprevious sectionhave driven the following designconsidera-
tions:

- The pion rejection capability requiredis drivenmostlyby theJ/ψ measurementandits pt depen-
dence.As outlinedin theAddendumto theALICE proposal[5] a factor100in pion rejectionfor
electrontransversemomentaabove 3 GeV$ c is thegoal. While the requirementfor theϒ is less
stringent,thelight vectormesonsρ % ω% φaswell asthedi–electroncontinuumbetweentheJ/ψ and
theϒareonly accessiblewith this performance.

- The required momentum resolution is primarily driven by the matchingto the TPC.The mo-
mentumresolutionrequirementsfor the centralbarrel are fulfilled by combiningTPC and ITS
reachinge.g.a massresolutionof 100 MeV$ c2 at the ϒ for B = 0.4 T (seeChapter12) andthe
function the TRD needsto fulfill is to addthe electronidentification. This goal canbe reached
by having a pointingcapabilityfrom theTRD to theTPCwith anaccuracy of a fractionof aTPC
pad. TheTRD will provide a momentumresolutionof 5% at 5 GeV (seeChapter11) leadingto
a pointing accuracy of 30% of the padwidthallowing unambiguousmatchingwith exceptionof
very closehits. At thetrigger level goodmomentumresolutionleadsto a sharperthresholdanda
smallerprobabilityof fake tracksbut nostrict requirementcanbederivedfrom this.

- The thicknessof the TRD in radiationlengthshasto be kept to a minimum. Any unnecessary
materialprovidesadditionalbackgrounddominantlydueto photonconversionandincreasesthe
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pixel occupancy. Also, electronenergy lossdue to bremsstrahlungremoveselectronsfrom the
sampleusefulfor reconstructionof resonances.

- The granularity of theTRD, i.e. of thecathodepadsin thereadoutchambers,is driven in bend
directionby the requiredmomentumresolution(seebefore)andalongbeamdirectionby the re-
quiredcapabilityto identify (seeabove) andtrack electronsefficiently at the highestenvisioned
multiplicity. To not affect the reconstructedpair signal drasticallywe designedthe detectorto
achieve 80% trackingefficiency (single track) for this casedriving the designto padsof about
6 cm2 .

- Occupancy: This maximumassumedchargedparticlemultiplicity densityof 8000leadsin the
TRD to a readoutpixel occupancy in centralcollisionsof about34%(includingsecondaryparti-
cles)for thepadsizegivenabove. Thedetectoris designedto functionat thisoccupancy.

1.4 Generaldescription of the TRD

The physicsrequirementsanddesignconsiderationslisted above have led to the presentdesignof the
TRD. Centralaspectsof the designare summarizedin the text below and detailedin the following
chapters.For a quick overview thereis alsoa synopsisin Table1.1. For theoverall descriptionof the
TRD in theALICE experimentwe usecylindrical coordinateswith theorigin at the intersectionof the
beamsandwith thepositivez-axispointingtowardsthemuonarm.Theangleϕ is thenalsothedeflection
anglein themagneticfield. SincetheTRD chambersareflat andnot on a cylindrical surfaceit is often
moreconvenient,whendiscussingprocessesandresolutionsinsidea given chamber, to usecartesian
coordinates.In this casewe keepthesamez-axis,y is thedirectionof thewiresandof thedeflectionin
themagneticfield, x is thedirectionof electrondrift.

Thecoveragein pseudorapiditymatchesthecoverageof theothercentraldetectors( & η & ' 0.9). In
radiustheTRD fills thespacebetweentheTPCandtheTOF detectors.As shown below, for quality of
electronidentificationtheTRD consistsof 6 individual layers.Following thesegmentationin azimuthal
angleϕ of theTPCthereare18sectors.For practicalconsiderationsthereis a5-fold segmentationalong
thebeamdirection(z). The5 detectormoduleshavesimilarbut notidenticallengthin z to matchtheareas
in betweenmoduleswith morematerial(in particularin thespaceframe)with boundariesof detectors
at larger radii in a projective geometry. Thedimensionsof theactive areaof eachdetectormoduleare
givenin Table2.2. In total thereare18 ( 5 ( 6 ) 540detectormodules.

Eachmoduleconsistsof a radiatorof 4.8cm thickness,a multiwire proportionalreadoutchamber,
andthefront-endelectronicsfor this chamber. Thesignalinducedon thecathodepadsis readout. Each
chamberhas144padsin directionof theamplificationwires(rϕ) andbetween12 and16 padrows in z
direction. The padshave a typical areaof 6–7cm2 andcover a total active areaof about736m2 with
1.16 * 106 readoutchannels.

The gasmixture in the readoutchambersis Xe/CO2 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 µs requiringa drift velocity of 1.5 cm/µs. The nominaldrift
velocity will be reachedwith an electricfield of 0.7 kV/cm. In this gasmixture a minumumionizing
particle liberates275 electronsper cm. The gasgain will be of order5 * 103. The inducedsignalat
thecathodepadplanewill besampledin 15 time intervalsspaced2 mm or 133nsover thedrift region.
Diffusionis negligible (seeTable1.1),andat thenominalmagneticfield of 0.4T theLorentzangleis 8+ .

At full multiplicity thepixel occupancy will be34%.As shown in Chapter11aspacepointresolution
in benddirectionof 400µm canbeachievedfor low multiplicity at pt = 1 GeV, c . For full multiplicity
this is degradedto 600µm with someunfolding. Themomentumresolutionof theTRD in stand-alone
modeis determinedby aconstanttermof 2.5%anda lineartermof 0.5%perGeV, c . Thelineartermis
degradedto 0.8%for full multiplicity.
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Table1.1: Synopsisof TRD parameters.

Pseudorapiditycoverage - 0. 9 / η / 0. 9
Azimuthalcoverage 2π
Radialposition 2. 9 / r / 3. 7 m
Length maximal7. 0 m
Segmentationin ϕ 18–fold
Segmentationin radius 6 layers
Segmentationin z 5–fold
Totalnumberof modules 540

Largestmodule 120 0 159cm2

Detectoractive area 736m2

Detectorthicknessradially X 1 X0 2 14. 3%
Radiator fibres/foamsandwich,4.8cm perlayer

Modulesegmentationin ϕ 144
Modulesegmentationin z 12–16
Typicalpadgeometry 0. 725 0 8. 75 2 6. 34 cm2

Timesamplesin r (drift) 15
Numberof readoutchannels 1. 16 3 106

Numberof readoutpixels 1. 74 3 107

Detectorgas Xe,CO2 (15%)
Gasvolume 27. 2 m3

Depthof drift region 3 cm
Depthof amplificatonregion 0.7cm
Nominalmagneticfield 0.4T
Drift field 0. 7 kV/cm
Drift velocity 1. 5 cm/µs
Diffusion,longitudinal DL 2 250µm/4 cm
Diffusion,transversal DT 2 180µm/4 cm
Lorentzangle 85
Occupancy (for full multiplicity) 34%
Typicalspacepoint resolutionat 1 GeV/c

in rϕ 4006 6007 µm for low (high)multiplicity
in z 2. 3 cm (without tilt)

Momentumresolution δp1 p 2 2. 5% 0. 5%6 0. 8%7 p for low (high)multiplicity
Pionsuppressionat90%electronefficiency betterthan100
andpt 8 3 GeV1 c
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2 Designobjectivesand mechanicalstructur e

2.1 General considerations

TheTRD will identify electronswith high efficiency. At thesametime it will provide a triggersignal
for electronswith large transversemomentumpt at Level 1. In order to fulfill both of thesetasksa
carefuloptimizationof 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 details refer to Chapter10) to minimize small angle
scattering,bremsstrahlung,andshowering, it still needsto provide mechanicalstiffnessfor the proper
operationof thereadoutchamber. Oneof themajoraimsof thedetectoris themeasurementof pairsof
high pt leptons.Thereforeit is crucialto minimizedeadareasbetweentheindividual detectorunits.

As outlined in Chapter1 the detectorwill be comprisedof 540 detectormodulesarrangedin 18
supermodules.Eachof thesupermoduleswill containsix layersof detectorssubdivided into 5 sections
in z-direction.Eachof the18 supermoduleswill bea unit of installationandwill besuppliedasawhole
with theservicesasdescribedbelow.

TheTRD is thedetectorwith thelargestnumberof readoutchannelsin theALICE setup.Givenalso
thelargenumberof individualdetectorunitsmajordesignconsiderationsneedto focusonsimplicity and
costeffectiveness.

2.2 Mechanicalstructur e

2.2.1 Spaceframe

Thespaceframeis themainsupportstructurefor almostall detectorsof thecentralarmof ALICE. The
currentversionof thespaceframeis depictedin Fig. 2.1. Its locationandinstallationwithin ALICE is
describedin Chapter16. TheTRD will bemountedinsidethespaceframejustoutsidetheinneropening.
TheinneropeningaccommodatestheTPCandthe ITS. Still insidethespaceframestructure,immedi-
ately following theTRD, TOF moduleswill be insertedandspecialprovisionsaremadeto supportthe
HMPID andPHOS.

For this versionof the spaceframea detailedlist of all the weightsthat needto be supportedhas
beencompiled[1]. Thetotalmassthatneedsto besupportedby thespaceframeamountsto 75 t. In this
total theTRD is includedwith about21 t. Theweightfor theTRD wasbasedon thefollowing estimate:
theweightperm2 of detectorareais about15kg, wherepad/-readoutplanewith its support,theradiator
with its support,andelectronicsandservicesarecontributing approximately5 kg/m2 each.Theservices
for low voltage,high voltage,andcoolingrunninginsidethesupermoduleareincludedin this number.
Theweightof thesupermodulesupportframe,theheatshield,andtherails contributeanother10 kg/m2

(with acontingency of about25%for theweightof thesupport).Therevisedweightsof all detectorsled
to a redesignof thespaceframeusingstainlesssteelprofilesinsteadof aluminumwith increasedcross
sectionslistedin Table2.1below [1].

Finite elementcalculationswereperformedusingANSYSR
9

5.6.2[1]. Maximumrelative displace-
mentsof thefinal positionsof thedetectorswerecalculated.Underthe loadof thedetectorsthespace
frameassumesa slightly elliptical shape.This leadsto a maximumdisplacementof the TRD support
pointsof 1.0mm in horizontaland2.0mmin verticaldirection.

Oneof themainconclusionsdrawn in [1] wasthatthesupermodulesneedto bemountedwith space
for adjustmentof theorderof 3 mm. In thatcasenoneof theloaddueto deformationof thespaceframe
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Figure 2.1: Axonometricview of theALICE spaceframe.

Table2.1: Dimensionsof thespaceframeelementsusedin thesimulations.
externalframebeams 100 : 175 : 3; 5 mm3

supportingrods 200 : 175 : 4; 0 mm3

webrods 60 : 40 : 4; 0 mm3

internalframefront/rearrings 40 : 135 : 6; 0 mm3

innerrings 40 : 100 : 6; 0 mm3

longitudinalbeams 60 : 60 : 3; 0 mm3

TPCbeamswith rails 75 : 100 : 6; 0 mm3

wouldbetransferredontothesupermodulesthemselves.

As thecentraldetectorsof ALICE evolve thedesignof thespaceframemayneedto bereconsidered.
Thefiguresquotedherereflecttheconditionsimplementedin thesimulationframework AliRoot at the
timewhenthisdocumentwasprepared.As describedin Chapter16 thedeformationshave only recently
beenrecheckedwith theaforementionedtotal loadon thespaceframeof 75 t.
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Figure 2.2: Cross-sectionalview (cut throughthexz-plane)of the spaceframesupportingthecentraldetectors
of ALICE. Theangleson top of thefigureindicatetheshadowscastby theindividualdetectorframes.

2.2.2 TRD in the spaceframe

In Fig. 2.2acut throughthespaceframewith theTRD in xzplaneis shown. Insidethesupermodulesthe
six layersof detectorsareshown. In thelayoutchamberboundarieswerealignedwith thecrossbarsof

Table 2.2: Dimensionsof the individual TRD modules.RRa: Radialdistancefrom the interactionpoint at the
front faceof the radiator. L2: overall lengthof the centermodule. L1 < 3: overall lengthof the modulesleft and
right of thecentermodule.L0 < 4: overall lengthof theoutermodules.Ltot : overall lengthof layer. LF : total length
of framesin z-direction(lengthof theactive areaof eachmoduleis L i-LF /5 (i = 0>?>@> 4)). Wtot : overall width of a
modulein onelayer. WF : width of lateralprofiles(width of active areaof eachmoduleis Wtot -WF ). Atot : total
areacoveredby detectors.Aact : total activearea.

plane RRa L2 L1 A 3 L0 A 4 Ltot LF Wtot [mm] WF [mm] Atot [m2] Aact [m2]

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 theTRD detectorscut in ϕ-direction

thespaceframeanddetectorboundariesof subsequentdetectors(eg. HMPID). This wasdonein order
to minimizeshadowing anddeadareas.

A front view of onesectorof detectoris shown in Fig. 2.3 includingthesupermodulecasingandthe
rails thatfacilitatetheinstallationof thesupermoduleasonepiece.

2.2.3 TRD supermodule

Fig. 2.4 shows a drawing of the supermodulecontainerfor onesector. Every supermodulecontains6
layersof 5 detectorseach.The layersarealignedwith respectto onesideof thesupermodule.On this
sidethetravelersthatgo on therails insidethespaceframearefixedwith high precision.Thetravelers
on the othersideallow for adjustmentto compensatethe above mentioneddeformationsof the space
frameunderfull load.

Dimensionsof theindividual chambersinsidethesupermodulearelistedin Table2.2.

Eachsupermoduleis a unit of installation. It will be a closedvolume with only connectionsfor
servicesto theoutside.Thesidepanelswill bethin panelsof aluminumsupportingthelow voltagebus
barsandcoolingpipes.Thefront facetowardtheinsideof thedetectorwill beathin heatshieldensuring
constantoperatingconditionsfor the TPC field cageon the inside, wherea temperaturestability ofB

0.1K hasto beachieved. Theoutsidefaceof thesupermodulewill becoveredby a foil to minimize
heatdissipationinto themagnetvolume.
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Figure 2.4: Axonometricview of thesupermodulesupportstructurewith sidepanels.

2.2.4 TRD readoutchamber

The individual TRD readoutchambersaredescribedin detail in Chapter4 alongwith a descriptionof
the boundaryconditionsthat led to the designdepictedin Fig. 4.6. A TRD readoutchamberconsists
of 48 mm of a compositeradiatormadeof RohacellR

C
andpolyethylenefibers (for a descriptionsee

Chapter3) followedby thedrift electrode,a drift region of 30 mm filled with Xe,CO2 (15%)and2 wire
planesin the7 mm amplificationregion. All componentsaremountedon thesideframesof thereadout
chamber. The readoutchamberis closedon top with a printedcircuit boardthat containsthe cathode
pads.Thebackingof thisprintedcircuit boardis madeof carbonfiber reinforcedRohacellR

C
. On topof

this thereadoutboardfor theelectronicsis mountedwith all layersfor power, ground,andthelinesfor
thedigital readout.Thecoolingis directlyattachedto thereadoutboards.

2.3 Support for services

All services(low voltage,high voltage,cooling, gas,readoutandcontrol lines) for the TRD will be
supportedby theso-called”baby” spaceframe.Currentlyit is foreseenthatthis structureis very similar
to thespaceframeitself, but detachedfrom it. In this way the additionalload dueto the serviceswill
not contribute to the deformationof the spaceframewherepositionaccuracy is needed.The ”baby”
spaceframewill be equippedwith guiding rails on the sideof the magnetdoor for installationof the
supermodules.A somewhatsimplerstructurewill beinstalledonthesidewherethemagnetstaysclosed.
The largestsinglecontributor in termsof weight of the servicesof the TRD will be the low voltage
cables.If all necessarysupplyvoltagesareprovidedfrom theoutsidewithout DC-to-DCconverters,the
weightof thebarecopperconductorthatrunsinsidethemagnetwill beapproximately7.2 t. For further
detailsreferto Chapter9.
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2.4 Tolerancesand alignment

Severalaspectsneedto beconsideredfor thedefinitionof tolerancesof thevariouscomponentsof the
TRD

D tolerancesaffectingtheperformanceof individual TRD readoutchambers,

D mechanicalalignmenttolerancesof the readoutchamberswithin a supermoduleaffecting track
matchingwithin onesector,

D mechanicalalignmenttolerancesof thesupermoduleswithin thespaceframeaffectingtheglobal
trackmatchingwith otherdetectorsin thecentralpartof ALICE.

2.4.1 Tolerancesfor the TRD readoutchambers

To ensuregoodalignmentof themodulesinsidethesupermoduleall referencepointsfor supportof the
readoutchambersaredesignedto have a precisionof betterthan0.1mm. This is at thesametime also
therelativepositionerrorof eachpadwith respectto theouteralignmentfaceof thedetector. For thepad
planethis impliesthatthepositionof thealignmentmarksrelative to thepadsneedsto haveanaccuracy
of betterthan0.05mm. Beforefinal assemblyof the readoutchamberthepositionsof thesealignment
markswill be measuredwith respectto the alignmentsurface,which will be the sideof the chamber,
wherethetravelerof thesupermoduleis fixed.

For gainuniformity it is necessaryto prevent thepadplanefrom bendingdueto its own weightand
thedynamicaloverpressurefrom thegasflow. For thenominaldistanceof 3.5mm betweenanodewire
planeandpadplanethe maximumallowed deviation is 150 µm. Owing to the large numberof wires
crossingeachpad,thewire placementin z-directionis not critical.

In orderto ensurea uniform drift velocity acrossthewholereadoutchambertheflatnessof thedrift
electrodeneedsto bebetterthan1 mm.

2.4.2 Alignment of readoutchamberswithin a supermodule

Onesideof thesupermodule,thatwherethetraveler is fixed,will serve asreferencesurfacefor internal
alignmentof the readoutchamberswithin the supermodule.During final assemblythis side will be
placedagainstanexternalreferencesurfacefrom which measurementswith respectto alignmentmarks
onthetopof thereadoutchamberswill bemade.Therelativepositionof thereferencemarksthemselves
with respectto theindividual padswill bepreciselymeasuredbeforehand.

2.4.3 Alignment of supermoduleswithin the spaceframe

Oncethesupermodulesareinstalledin thespaceframe,they will besurveyedphotogrammetricallyfrom
bothsidesof thespaceframeusingexternalalignmentmarkson thesupermodule.Its positionwill be
measuredpreciselybeforehandwith respectto thereferencesurfaceandthefixedtraveler.
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3 Radiators

3.1 General considerationsand requirements

Transitionradiation(TR) is producedwhena highly relativistic chargedparticletraversestheboundary
betweentwo mediaof differentdielectricconstants[1]. As theaverageenergy of theemittedTR photon
is approximatelyproportionalto theLorentzfactorγ of theparticle(for γ arounda few thousand),this
providesanexcellentway for discriminatingbetweenelectronsandpionsfor momentaof a few GeV/c
andhigher. However, theprobabilityof photonemissionfrom a singleboundaryis very small, so that
a large numberof boundarieshave to be combinedto obtaina reasonableefficiency. Commonlyused
arestacksof a few hundredpolypropylene foils which have a regular periodicstructureandwhich in
earlier testshave beenshown to be the mostefficient radiatorsavailable [2, 3]. For a generalreview
abouttransitionradiationdetectorssee[4].

In theenvironmentof thecompleteALICE detectortheradiatorof theTRD,besidesproviding ahigh
efficiency for transitionradiation,hasto fulfill geometricalandmechanicalconstraints.The detector
consistsof 6 identical layerseachof which hasfull azimuthalcoverage.Within thesecylindersthere
hasto beaslittle deadmaterialaspossibleto avoid acceptancelosses.Furthermorethetotal amountof
materialshadowing otherdetectorshasto beminimized.Strongmetalframeswhich would berequired
to mounthundredsof foils arethereforenot adequate.Eventhen,for thesizeof theradiatorsforeseen,
andtakinginto accountthecollider geometry, it would not bepossibleto maintaina uniform separation
of thefoils. Alreadythesecircumstancesexcludetheuseof foil radiators.In addition,afoil baseddesign
would leadto anunacceptablecomplexity in theconstructionof the540radiators.

The radiatoritself is intendedto supportthe front window of the readoutchamberswhich serves
simultaneouslyasthedrift electrode.Theradiatorhasto guaranteethata maximumallowed deviation
from aflat surfaceof thewindow is notexceeded.Slightbut nonnegligible overpressurein thechambers
due to gravity andflow of the Xe,CO2 gasmixture leadsto a bendingof the window. This bending
would leadto nonuniform drift timesin thechambersdueto distortionsin thedrift field configuration
anddrift length.Also theradiatorshouldaddasmuchaspossibleto thetotalmechanicalstability of the
chambers.

Two othertypesof radiatormaterialshave thereforebeeninvestigated:
E fibreslayeredin predominantlytwo-dimensionalmats

E foamswith moreor lessrandominternalstructure.

The fibre matscanbe regardedasapproximationsto foil stacks,asthe fibre thicknessprovidesa well
definedspatialseparationbetweentwo consecutive boundariesanda reasonablylarge fraction of the
boundariesis approximatelyperpendicularto the measuredparticles,while foamswith their irregular
structurehave bothrandomorientationof theboundariesandvariablesizespatialgapsbetweenthem.It
is thereforenot surprisingthat theTR responseof fibre radiatorsis comparableto foils andthat foams
areslightly lessefficient. However, themechanicalpropertiesof foamsarefar superiorto thoseof fibre
mats(seeChapter14).

Sinceinteractionslikemultiplescattering,conversionandbremsstrahlungin theusedmaterialaffect
theperformanceof theTRD itself andof theotherALICE subdetectorspositionedbehindit, theoverall
materialbudgetis limited. This setsanotherrestrictionto thechoiceof materials.

Therequirementson theTRD radiatorcanbesummarizedasfollows:
E It hasto generatetransitionradiationwith sufficient efficiency while not exceedingthe foreseen

thicknessof 4F 8 cm .
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G It shouldprovide supportto the entrancewindow andconstrainit deflectioncausedby the gas
pressureto below 1 mm.

G The6 layersof radiatorasthemostimportantsinglecontributor shouldbring thetotal amountof
materialof theTRD notsignificantlyabove 15%of a radiationlength(seeChapter10).

3.2 Radiator design

Variousradiatormaterialsandtypes(foils, foamsandfibres)weretestedduringextensive testmeasure-
mentsat GSI darmstadt(seeChapter14). From this experience,in conjunctionwith the requirements
explainedabove, the following radiatordesignwaschosen.We plan to usea sandwichconstructionof
foamandfibresproviding theoptimalcombinationof TR efficiency andmechanicalstability.

Rohacell' HF71
(glass fibre-enforced )

17 µm fibre

Rohacell' HF71

G
H

lass fibre laminate

Figure 3.1: Theprincipialdesignof theTRD sandwichradiator.

Fig. 3.1shows theprincipial designof theradiatorsandwich.Thesupportingstructureis madeout
of RohacellHF71 foam [5]. This materialis a PMI (polymethacrylimide)foam with low densityand
high mechanicalandchemicalstability. In additionto thesupportingfunctionthefoamhasalsoa quite
goodtransitionradiationproductionrate(seeChapter14). The upperandlower coversaremadeout
of Rohacellplateswith a thicknessof 8 mm reinforcedby glassfibre sheets.The glassfibre sheets
laminatedontothesurfacehavea thicknessof 0I 1 mm. Theinnersideof theradiatorwill becoveredby
a 25 µm aluminizedMylar foil which formstheentrancewindow andthedrift electrodeof thereadout
chamber.

Theupperandlower coversof thesandwichareconnectedby a grid-like structurealsomadeout of
8 mm Rohacell.Thecell sizeswill beadjustedto thedimensionsof eachradiator. Theinnervolumeof
thesandwichcellsis filled with polypropylenefibres[6] whichserve asthemainradiatormaterial(later
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on calledfibres17). Testshave shown that the fibres arecomparablein performanceto foil radiators
(seeChapter14). Scanningelectronmicroscopepicturesof bothmaterialsareshown in Fig. 3.2. The
propertiesof theusedmaterialsaregivenin Table3.1.

Figure 3.2: Scanningelectronmicroscopeimagesof the usedradiatormaterials. Left panel: RohacellHF71
foam;right panel:fibresmat.

Table3.1: Thepropertiesof thecomparedradiatorsandtheirmaterials.ThelabelS-HF71denotestheHF71/fibre
sandwichconstruction.

radiator material density elastic radiation thickness
modulus lengthX0 absolute X J X0

[gJ cm 3] [MPa] [gJ cm 2] [cm ] [ K 10L 3]

HF71 RohacellHF71 0M 075 92 40M 6 4M 8 8M 88

fibres17 Polypropylene 0M 074 - 44M 6 4M 0 6M 75

RohacellHF71 0M 075 92 40M 6 2 K 0M 8 2M 96
S-HF71 Polypropylene 0M 074 - 44M 6 3M 0 5M 30

sandwich
sumof materials - - - 4M 8 8M 26

S-HF71 Glassfibrecoating 1M 7 N 103 33M 0 2 K 0M 01 1M 03
with reinforcement sumof materials - - - 4M 8 9M 29

A prototypeof a radiatorsandwichwhich coversthe largestreadoutchamberwasconstructedus-
ing Rohacellfoamwithout reinforcement.Its mechanicalpropertieshave beenmeasured.Assuminga
maximumoverpressureof 1 mbarthemeasureddeviation from a flat surfacewas3M 25 mm. Themea-
surementsweredonewith a uniform arealoverpressuresimulatedby addingwateron top of thesurface
of thehorizontallyorientedradiator. In additiontestsweremadewith a reinforcedradiatormodelof the
dimensions120 O 20 cm2, whichcorrespondsto thefull sizeradiatoronly in thesmallerdimension.The
modelwassupportedat theshortedgesandthedeflectionmeasuredunderload.Thesetestscanbeseen
asconservative with respectto the full sizeradiatorasthe latter would have additionalsupportat the
othersides.A reinforcementwith carbonfibre rodswith a diameterof 2 mm on bothsidesreducedthe
deflectionbelow 0M 9 mm. In this testsetupthe reinforcementis approximatelyequivalentto a carbon
fibrelaminateof 30µm thicknessonbothsidesof theradiatorsandwich.A photographof thereinforced
radiatormodelduringthetestsis shown in Fig. 3.3.

Calculationsshow thata reinforcementwith 100µm glassfibre on bothsidesof thesandwichalso
leadsto adeformationof below 0M 9 mm for anoverpressureof 1 mbar, whichmeetstherequirements.
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Figure 3.3: Thebendingtestof the reinforcedradiatormodel. Onecanseethe radiatormodel(white) andthe
carbonfibre rod (black)gluedto it. Theoverpressureis simulatedby weights(in thiscasescrews)distributedover
thewholelengthof themodel.Thedeflectionis measuredby thedial gaugepositionedat thecenterof themodel.

3.3 Radiator performance

Thetransitionradiationyield of thesandwichasdiscussedaboveandindicatedin Fig. 3.1wasmeasured
andcomparedwith similar measurementsof theindividual materialsusedin this design.This wasdone
during several testbeamtimesat GSI. A mixed beamof electronsandpionswasused. For a detailed
descriptionof thesetupandthemeasurementsreferto Chapter14.

In the left plot of Fig. 3.4 onecanseea typical spectrumof averagepulseheightvs. drift time for
electronsof 1 GeV/cmomentum.Thesignalwasmeasuredwith an8-bit flash-ADCsystemin 60 time
bins of 50 ns each. The distribution shows a peakat early times, originating from the amplification
region (seeChapter14). Without transitionradiationonewould expecta plateauat later times,caused
by theenergy lossof particlesin thedrift region. Thetransitionradiationsignalsitson topof thisplateau
andcausesa riseof theaveragesignal.This riseis mostprominentat latertimes(around2P 1 µs in this
configuration,correspondingto the entranceof the readoutchamber)whereit builds a secondpeakin
thedistribution.

To allow a qualitative comparisonof theradiators,theratio of electronandpion signalsareplotted
in the right part of Fig. 3.4 asa function of the depthof the chamber, expressedin drift zonenumber
(0 is the amplificationregion and4 correspondsto the entranceof the detector). Here the sandwich
radiatorS-HF71is comparedwith thepurematerialsHF71 andfibres17for themomentumof 1 GeV/c.
Without the contribution of TR oneexpectsa flat distribution at about1.45 (shadedareain the right
panelof Fig.3.4). At latertimes(largedrift zonenumber)onecanclearlyseetheeffectof theTR,which
causesa strongriseof theratio (about25 %). This riseis equallypronouncedfor all threeradiators.In
this measurementtheabsolutethicknessof theradiatorfibres17wassmallerthanthatof thetwo others
(40mm insteadof 48mm). Thereforetheelectronto pionratioof this radiatoris slightly below theone
of thesandwichradiatorS-HF71at laterdrift times.

Whereastheratioof theaveragesignalsfor electronsandpionsis usefulfor acomparisonof different
radiatortypes,for thefinal estimateof theperformanceof thedetectorit is moreappropriateto look at
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Figure 3.4: Left: Averagepulseheightvs. drift time for 1 GeV/celectronsmeasuredwith thesandwichradiator
S-HF71. Right: Comparisonof the differentradiatormaterials(seetable3.1). Shown is the ratio of the mean
signalsfor electronsandpionsvs. thedrift time for 5 drift zonesfor 1 GeV/cmomentum.Thefibre radiatorhada
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thepionrejectionperformance.In Fig.3.5thepionrejectionefficiency is plottedasafunctionof electron
efficiency extrapolatedto a stackof 6 TRD modules.For this analysisa likelihoodmethodwasused,
basedon theenergy depositedin thedrift region (L-Q, seesection14.3.5).Theproposedradiatormeets
the designcriteria of a pion rejectionof 10T 2 with an electronefficiency of 90% alreadyat a particle
momentumof 1 GeV/c.
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4 Readoutchambers

TheALICE TRD detectoris subdividedinto 540individual detectormodules,asdescribedin Chap-
ters1 and2. Their taskis to identify electronsby their largerenergy depositiondueto transitionradiation
andtheirlargerspecificenergy loss,combinedwith chargedparticletrackingcapability[1]. Eachof these
detectormodulesis a full TR detectorin itself, containingaradiatorandareadoutchamber. Thereadout
chambercontainsa conversionanddrift gasvolumeanda conventionalwire amplificationregion with
cathodepadreadout.While theTRD readoutchambersarenot very demandingin termsof resolution
andoperationalconditions,thesizeandnumberis considerable.In addition,a low massdesignof the
readoutchambersis mandatoryto reducetheloadof backgroundto subsequentTRD modulesandother
ALICE detectors.Therefore,apartfrom the requiredperformancein termsof electronID andposi-
tion resolution,emphasiswasput on mechanicalreliability at minimal radiationlength,combinedwith
technicalsimplicity.

In thefollowing, wedescribetheconceptfor thereadoutchambersanddemonstratehow thetechnical
solutionis adaptedto therequirements.

4.1 Choiceof gas

The baselinegasmixture for the ALICE TRD is 85% Xe and15% CO2. The needof a high X-ray
photoabsorptionprobabilityrulesoutany of thelowermassnoblegasesasmajorcomponent,asdemon-
stratedin Fig. 4.1.For a typicalTR photonenergy of 10 keV, theabsorptionlengthin Xenonis 1 cm.
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Figure 4.1: X-ray absorptionlengthin differentnoblegases.

The useof CO2 asquencheris attractive becauseit is nonflammable,in contrastto many organic
gases.In addition,organicmoleculescontainhydrogen,which causesadditionalbackgroundfrom en-
ergeticknock-onprotons.Sincethefield of theL3 magnetis perpendicularto theelectricdrift field of
thereadoutchambers,also WE XYWB-effectshave to beconsidered.With respectto this, theuseof a ‘cool’
component,suchasCO2, turnsout to beadvantageous.
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4.1.1 Drift velocity and diffusion

Wehavechosenadrift velocityof 1.5cm/µs,resultingin atotaldrift timeof 2 µsoverthemaximumdrift
distanceof 3cm. Figure4.2(left) showsGARFIELD/MAGBOLTZ [2,3] calculationsof thedrift velocity
for differentgasmixturesasfunctionof theelectricdrift field. Thedrift field requiredin Xe,CO2 (15%)is
700 V/cm, fixing the potentialon the drift electrodeto -2.1 kV. Thesecalculationsareconsistentwith
ourprototypemeasurements(seeChapter14).

At thisdrift voltage,thelongitudinalandtransversediffusioncoefficientsareDL Z 250µm/[ cmand
DT Z 180µm/[ cm (Fig. 4.2,right panel).Dueto theshortdrift distanceof 3 cm, themaximumspread
of an initially point-like charge cloud is 300-500µm only. Therefore,the impactof diffusion on pulse
shapeandpositionresolutionis negligible. It shouldbenotedthatwe foundno significantdependence
of thedrift velocityandthediffusioncoefficientson themagneticfield up to B=0.6T.
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Figure4.2: GARFIELD/MAGBOLTZ calculationsof thedrift velocity (left) anddiffusioncoefficients(right) as
functionof theelectricdrift field.

4.1.2 Lor entz angle

TheALICE TRD is operatedinsidethefield of theL3 magnet(Bmax=0.5T) which is perpendicularto
theelectricdrift field. This forcesthedrifting electronson a trajectorywhich is inclinedwith respectto
theelectricfield (seeFig. 4.3).
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Theso-calledLorentzangleψL betweenµvD and µE dependson thestrengthof µE and µB andthegas
properties.It canbeexpressedby:

tanψL ¶ ωτ· (4.1)

Thecyclotronfrequency ω dependsonB while τ is themeantime interval betweentwo collisionsof
theelectronin thegas,connectedwith theelectronmobility µ:

ω ¶ ȩ m ¹ Bº (4.2)

µ ¶ ȩ m ¹ τ · (4.3)

Givena preciseknowledgeof µE and µB, thedisplacementof thearriving electronwith respectto its
creationpoint is well determinedandcanbecorrectedfor. However, theLorentzangleleadson average
to adeteriorationof thepositionresolutionbecauseit enhancescorrelationsbetweenadjacenttime bins,
originatingfrom Landaufluctuationsandthefinite width of thesingleelectronresponsefunctionin time
direction(seeSection4.5). A minimizationof theLorentzangleis thereforedesirable.
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Figure 4.4: GARFIELD/MAGBOLTZ calculationsof the Lorentz angleas function of the electric field for
differentXe mixturesandmagneticfield strengths.

The Lorentz angle as function of the drift field for different magneticfield strengthsis shown
in Fig. 4.4. At nominal operatingconditions(E=700 V/cm, B=0.4 T), the Lorentz angle is 8Ã in
Xe,CO2 (15%). Clearly, the Lorentz anglecould be decreasedby reducingE. On the other hand,
the resultinglower drift velocity would leadto a limitation of the triggerperformance(seeChapter6).
Also the additionof moreCO2 looks attractive. This would, however, tightenthe requirementson the
gaspurity, asoutlinedbelow (seealsoChapter8).

4.1.3 Electron attachment

Ontheirwayto theamplificationregion,drifting electronscanbeabsorbedby electronegative impurities,
mainly O2. The signal lossdueto this electronattachmentfor a given total pressurep andO2 partial
pressurepÄ O2 Å follows anexponentialbehaviour, dependingon thedrift time tdrift :

N Ä tdrift Å ¶ N Ä 0Å ¹ expÄÇÆ p ¹ pÄ O2 Å ¹ Catt ¹ tdrift Å · (4.4)
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Theattachmentcoefficient Catt dependson thegasmixture. It turnsout to beparticularlylarge for
gasmixturescontainingCO2 becauseof its largenumberof low-lying excitation levels. In Fig. 4.5 the
attachmentcoefficient is shown asfunction of the electricdrift field for differentAr mixturesandfor
Xe,CO2 (15%). Similar resultshave beenobtainedfor Ne mixturescontainingCO2 [4,5]. A measure-
mentof thesignalattenuationatdifferentoxygencontaminationlevelsin Xe,CO2 (15%)wasperformed
with theTRD prototype(seeChapter14). TheresultingattachmentcoefficientCatt È 400atmÉ 2µsÉ 1 leads
to asignalattenuationof lessthan10%afterthemaximumdrift timeof 2 µs, for anO2 contaminationof
100ppm.
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Figure4.5: Electronattachmentcoefficientasfunctionof theelectricdrift field andfor differentAr mixtures[6]
andfor Xe,CO2 (15%).

4.2 Mechanicalstructur e

Figure4.6 shows a crosssectionthrougha TRD detectormodule. Thewalls of thedrift box aremade
of fibreglass-epoxyandreinforcedby aluminiumprofiles. The drift voltage(-2.1 kV) is appliedto an
aluminium-coated50 µm mylar foil which is gluedon the radiatorunit (seeChapter3). The radiator
unit itself is gluedinto thedrift box andaddsmechanicalstability to the detectormodule. It provides
gastightnessof thedrift volumeandkeepsthedeformationof thedrift electrodewithin thespecification
( Î 1 mmatanoverpressureof 1 mbar).

Thedrift field is terminatedby aplaneof cathodewireswhichis attachedto theupperrim of thedrift
box. It is followedby aplaneof anodewires,providing thenecessarygasamplification.In this scheme,
thewire tensionis transferredto thedrift box,causingnomechanicalstresson thereadoutplane.

To avoid drift field distortionsat theedgesof thereadoutchamber, potentialstripsarerunningalong
the inner wall of the drift box. The strip patternis etchedinto a printedcircuit board(Fig. 4.7). The
potentialof eachof thestripshasbeenchosento minimizefield distortions.Theappropriatevoltageto
thepotentialstripsis suppliedby avoltagedivider resistorchain(Fig. 4.7). Thevalueof thelastresistor
in thechainhasbeentunedto optimizetheelectrostaticmatchingbetweendrift regionandamplification
region (seeSection4.6).
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Figure 4.6: Crosssectionthrougha TRD detectormodule.
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Figure4.7: Potentialstrip PCBandvoltagedividerchain.

Thecurrentof thebackdriftingpositive ions( Û 0Ü 5 µA perreadoutchamber, seeSection4.6)could
potentiallycauseamodificationof thevoltagesettingsonthepotentialstripsandthedrift electrode.The
total resistanceof 5.85MΩ from drift electrodeto groundpotentialleadsto achaincurrentof 360µA at
a drift voltageof -2.1 kV. This is sufficiently large to avoid significantion-inducedchangesof thedrift
voltagesettings.Thepower dissipationin theresistorchainis negligible ( Û 1 W).

Thereadoutplaneis acompositestructurecontainingthepadplane,alayerof carbonfibrereinforced
RohacellR

Ý
foam andthe Multi Chip Module (MCM) motherboardswhich carry the front-endpart of
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the readoutelectronics(Fig. 4.8). The padplaneis madeup of threeindividual printedcircuit boards
(2 layers,0.25mm),carryingthereadoutpadpatternattheinsideof thedetector. Chargesignalsinduced
on thepadsarepassedvia plated-throughconnectionsto thebacksideof thepadplane.Flexible cables
aresolderedto the backsideof the padplaneandtransmitthe analogsignalsto the MCMs which are
mountedon the MCM motherboards(4 layers,0.4 mm). Thesemotherboardscarry a groundplane,
voltageandclock distributionsandthedigital signals.

The mechanicalrigidity of the readoutplaneagainstgravitational forcesandpressuregradientsis
providedby a 20 mm layerof RohacellR

Þ
foam. It is gluedto thebacksideof thepadplanePCBsand

guaranteestheflatnessof thepadsurface.It alsocoverstheplated-throughholesandthejoints between
the individual pad planePCBsto ensuregastightness. For mechanicalrigidity the back side of the
RohacellR

Þ
foam is coveredwith a thin carbonfibre laminate,thusforming a sandwich-like structure.

Optionally, also thin carbonfibre rods (2 mm diameter)can be used. Prototypemeasurementsand
calculationshave indicatedthat themaximumdeformationof thepadplanecanbekeptbelow 150µm
at themaximumoverpressureof 1 mbarif theRohacellR

Þ
foamis laminatedwith a200µm carbonfibre

layer.

Figure 4.8: Top view of a TRD readoutchamber.

4.3 Wir eplanes

The numberof electronsliberatedby the passageof a charged particle in the ALICE TRD (275 per
cm for a minimum ionizing particle) is not sufficient to producea measurablesignalwithout further
amplification.Thereadoutchambersthereforeemploy aschemeof two planesof wires,bothrunningin
azimuthaldirection. They provide gasamplificationin the rangeof 104 by avalanchecreation.At this
gasgainwe expecta chambercurrentof 1 µA/m2, resultingin a total chargeaccumulationof 50 µC per
yearandper cm of wire. For theselow doses,we do not expectparticularproblemswith ageing[7],
providedpropergaspurity andchoiceof detectormaterials.
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Figure4.9: Wire geometryof theALICE TRD readoutchambers.

Thedrift andamplificationregion areseparatedby thecathodewire plane(Fig. 4.9). Thecathode
wiresarekeptat thesamepotentialasthepadplane(ground). Electronsproducedin thedrift volume
passthe cathodegrid andstartan avalanchecloseto the anodewires, which arebiasedby a positive
potential(typically +1.4kV, seeSection4.6).

Theanodewire planeis centeredbetweenpadplaneandcathodewire plane,with a gapof 3.5 mm
betweenanodewiresandpadplane.This gaphasbeenoptimizedto provide appropriatechargesharing
betweenadjacentpads(seeSection4.4). Thepitchbetweenanodewiresis 5 mm.

The cathodewires arestaggeredwith respectto the anodewires andhave a pitch of 2.5 mm (see
Fig. 4.9). Thecathodewire planedecouplesthedrift field from theamplificationregion andthusallows
independentadjustmentof drift velocity andgasgain(seealsoChapter14). It is morethan99%trans-
parentfor electrons,but preventsabout72%of thepositive ionsproducedin theavalanchefrom drifting
backinto thedrift region (seeSection4.6).

Materials,dimensions,andtensionof thewiresusedin theALICE TRD arelistedin Table4.1.

Table4.1: Materials,dimensions,andtensionof thewiresusedin theALICE TRD readoutchambers.

Anodewires Cathodewires

Material Au platedW Cu/Be
Diameter 20µm 75 µm
Tension 0.45N 1.2N
Length 100ß 120cm 100ß 120cm
Totalnumber 140k 280k

4.4 Readoutpads

The positive ions createdin the avalancheprocessin the vicinity of the anodewire move towardsthe
surroundingelectrodes,inducing a positive signal on the pad plane. A precisedeterminationof the
location of the avalanchein azimuthcan be obtainedif the inducedcharge is sharedamongseveral
adjacentreadoutpads.Themeasurementof theazimuthalpositionin eachof the15 time binsallows a
determinationof thetrackanglein therϕ-planein eachTRD layer.

Theactualsizesandnumbersof padsin eachof thereadoutchambersarelistedin Table4.2.Wehave
chosenrectangularpadswith averagesize7.25à 87.5mm2 (Fig.4.10).Thisresultsin apadareaof about
6.3cm2. In eachreadoutchamberthepadsaregroupedin rows of 144,runningin azimuthaldirection.
Thetotalnumberof padrows in z-directionis 70-76,dependingon thelayer. Theactualsizeof thepads
is constantwithin a givenreadoutchamberbut variesslightly for differentdetectormodules,becauseof
thechangeof theoverall detectormoduledimensionsasfunctionof radiusandz (seeChapter2). The
totalnumberof padsis 1156032.
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Table 4.2: Dimensionsthatdefinethe active areaandpadsizesin differentreadoutchambers.Thenumbering
schemefor thedetectormodulesis describedin Chapter2.

Layer Module Width (y) Length(z) Padrows Padwidth w Padlengthl Area
[0-5] [0-4] [cm] [cm] # [cm] [cm] [cm2]

0 (inner) 0 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
1 102.5 135.5 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) 0 115.8 131.5 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

Otherpadsizesandshapes,suchaschevrons[8] have alsobeenconsideredduringtheR&D phase.
An appropriatechoiceof thechevron geometryallows to adjusttheshapeof thepadresponsefunction
over a wide rangeof padwidthsandanode-paddistances(for anoverview seeChapter14). However,
chevron padsrequirehigh precisionduringmanufacturingof thepadplaneandpositioningof theanode
wires. In addition,chevron padscomparedto rectangularpadsgive rise to a higherpad-to-padcapaci-
tanceandthuslarger signalcross-talk.Sincewe found a goodsolutionto achieve the requiredcharge
sharingalsowith rectangularpadsanda reasonablewire planeseparation,chevron padsarenot partof
thebaselinedesignpresentedhere.
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Figure 4.10: Padgeometryof theTRD readoutchambers.Also shown aretheanodewires.

4.4.1 Pad responsefunction

To achieve thebestpossiblepositionresolutionin azimuthaldirection,the inducedcharge distribution
needsto be sharedby typically two or threeadjacentpads. If morethanthreepadsfire, the resolution
suffers from a poorersignal-to-noiseratio, connectedwith an overall increaseof the datavolumeand
a limitation of the two-trackseparation.Therefore,a propermatchingof thepadwidth w to thewidth
of the inducedcharge distribution is required. The relative pulseheightdistribution on adjacentpads,
inducedby apoint-like avalancheat theanodewire, is calledthepadresponsefunction(PRF)[7]. It can
becalculatedby integrationof theinducedchargedistribution over thepadareaS:

PRFá xâ yãåä
S
Qá xæçâ yæèã dSé (4.5)

The two-dimensionalinducedcharge distribution Qá xæ â yæ ã dependson the wire geometryandwascal-
culatedaccordingto [9]. Figure 4.11 shows the calculatedpad responsefunctionsfor a distanceof
h ä 3é 5 mm betweenthe pad planeand the anodewire plane. For the rangeof pad widths in the
ALICE TRD (seeTable4.2), the resultingPRFsareapproximatelyGaussiananda reasonablecharge
sharingcanbeachieved.

4.4.2 Impr ovementof z-resolution

In thepresentpaddesign,thecoordinateϕi of a reconstructedpoint i is directly relatedto its centerof
gravity ê ypadë in padspace,while thez-resolutionis limited by thefinite lengthl of thepadsin a given
padrow:

ϕi ä ϕ áìê ypadë ãÇâ (4.6)

zrow í l
2 î zi î zrow ï l

2
â (4.7)

zrow beingthez-coordinateof thecenterof apadrow.
Optionally, we considerto tilt thepadsslightly by anangleα with respectto thez-axis. If this tilt is

performedin oppositedirectionin consecutive layersof theTRD (Fig. 4.12),significantimprovementof
thez-resolutioncanbeachieved.
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Figure4.11: PRFfor differentpadwidths.

In thecaseof tilted pads,thecoordinatesó ϕi ô zi õ of a reconstructedpoint in a givenlayerarerelated
to ö ypad÷ andthetilt angleα:

ϕi ø ϕ óìö ypad÷Çõúù ó zi û zrow õ sinα ü (4.8)

Thisway, themeasurementsof ϕi andzi in asinglelayerareno longerindependent.However, if thenext
layeris tilted by -α thepointcoordinatesaregivenby:

ϕ j ø ϕ óìö ypad÷Çõ û ó zj û zrow õ sinα ü (4.9)

By matchingtrackpointsfrom differentlayersandassuminganappropriatetrackmodel(helix), the
bestz-positioncanbedeterminedby aminimizationprocedure.

Layer i Layer i+1

z

y

z
row

−αα

Figure4.12: Geometryof tilted pads.
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We have simulatedthe ϕ- andz-resolutionasfunction of the padtilt angleα. For simplicity, we
consideredonly two layersandstraighttrackswith θ=90ý . In thatcase,the trackmodelis very simple
(ϕ=const.,z=const.). Figure4.13shows the resolutionin ϕ- andz-directionasfunction of the padtilt
angleα. Thenumberscorrespondto theaveragedϕ- andz-positionsof thetrack,using10pointsin each
of thetwo layers.As expected,theresolutionsscalewith α:

r∆ϕ ∝ 1þ cosα ÿ (4.10)

∆z ∝ 1þ sinα ÿ (4.11)

asindicatedby thedashedlinesin Fig. 4.13.Obviously, alreadyat tilt anglesaround5ý thez-resolution
canbesubstantiallyimprovedwithout a noticeablelossin ϕ-resolution.Notethat for individual points
thez-resolutionis limited by theanodewire pitch (5 mm).

Sincethe impactof tilted padson the triggerschemeandtheoffline reconstructionis not yet fully
exploredthey arenotpartof thebaselinedesignpresentedhere.
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Figure 4.13: Resolutionof trackaveragedϕ- andz-positionsasfunctionof thepadtilt angleα (seetext). Two
layerswith tilt angle � α areassumed.

4.5 Track reconstruction

Chargedparticlesleave a traceof ionization in the drift volume. The momentumof a particlecanbe
determinedby themeasurementof thedeflectionangleof theparticletrackin therϕ-plane.By sampling
the time distribution of thearriving electronsin 15 time bins,a setof individual r,ϕ measurementsfor
eachtracksegmentcanbeobtained.Givenpreciseknowledgeof thedrift velocity, the r-coordinateof
eachpoint is given by the arrival time. The ϕ-coordinatecanbe derived from the distribution of the
inducedchargeover two or threeadjacentpadsin eachtimebin.

The charge signal inducedon the pad planeis that of the positive ions createdin the avalanche
processdrifting away from theanodewire. Dueto thevery low mobility of Xe ions(0.57cm2/Vs) the
inducedsignalon thepadsof a point-like primaryelectronclusterhasa considerabletail (seeFig. 4.14,
upperpanel).After pulseshaping(shapingtime125nsFWHM) thesignalhasawidth of approximately
200ns.However, becauseof theion tail thetimeresponsefunction(TRF)is non-Gaussian(seeFig.4.14,
lowerpanel).
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Figure 4.14: Simulatedresponseto a 55Fesignal.Upperpanel:thecurrentinducedon thereadoutpads.Lower
panel:electronicsresponseafterpulseshaping(TRF).

Sincethetail of theTRFis longcomparedto thedistanceof timebins(133ns)it leadsto asignificant
correlationamongconsecutive time bins. If a largechargedepositionoccursdueto Landaufluctuations
or TR absorptionon an inclined track, adjacenttime bins are ’pulled’ away from the trajectory(see
Fig. 4.15for simulatedexamples).

200

400

600

800

0 5 10 15

A
m

pl
itu

de

200

400

600

800

0 5 10 15

-1.5

-1

-0.5

0

0 5 10 15
Time Bin

rφ
 (

cm
)

-1.5

-1

-0.5

0

0 5 10 15
Time Bin
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(straightline).



4.6 Electrostaticcalculations 31

This resultsin adeteriorationof thepositionresolutiondependingon theincidentangleof thetrack,
similar to thewell-known tanα-effect in TPCs[7]. This is demonstratedin Fig. 4.16,wheretheangular
resolutionwassimulatedasfunction of the track angleof incidencerelative to the padplanenormal.
Notethatin thepresenceof amagneticfield thisdistribution will beshiftedby theLorentzangle.

Oneway to reducethis effect is to stretchthetime scaleof themeasurement.This canbeachieved
by a reductionof thedrift velocity. However, a significantincreaseof the readouttime would limit the
onlinetriggercapability.

The inclusionof an electronictail cancellationis underway. Its effect hasbeendemonstratedby
applyinganoffline deconvolution of consecutive timebinsto prototypedata(seeChapter14).
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Figure4.16: Angularresolutionasfunctionof thetrackanglerelative to thepadplanenormal(B=0).

4.6 Electrostaticcalculations

In this sectionwe describetheelectrostaticpropertiesfor the readoutchamberdesignpresentedin the
previous sections. We determinethe operationalpoints and show that the designwe have chosenis
suitedto meettherequirements.All calculationspresentedhereareperformedin theframework of the
GARFIELD [2] simulationpackage.

In thecalculations,a Xe,CO2 (15%)gasmixtureat atmosphericpressureis assumed.Furthermore,
thewire materials,diametersandtensionsaslistedin Table4.1areused.

4.6.1 Gasgain

To achieveareasonablesignal-to-noiseratioweareaimingfor agasamplificationof 5� 103-104. Theam-
plification achievedon theanodewire dependson thegasmixture,thepressure,thewire geometry, and
thebiasvoltages.Thegasmixture (Xe,CO2 (15%)) andtheoperatingpressurearemainly determined
by otherconstraints(seeSection4.1andChapter8).

Thegasgainasfunctionof theanodewire voltageis shown in Fig. 4.17.Theresultfor ourbaseline
designwith ananode-cathodedistanceof h 	 3
 5 mm andstaggeredwire planesis comparedto a non-
staggeredwire geometryand to a smalleranode-cathodedistanceof h 	 2
 5 mm. While thereis no
noticeabledifferencebetweenstaggeredandnon-staggeredwire planes,thegasgainatagivenvoltageis
largerby almostafactor5 in thecaseof h 	 2
 5 mm. However, thedesiredsharingof theinducedcharge
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amongseveraladjacentpadsrequiresananode-cathodeseparationof h � 3� 5 mm. For thisgeometry, we
achieve agasgainof 8000atananodevoltageUa � 1420V.
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Figure4.17: Gasgainasfunctionof theanodevoltage.

High momentumtracksoriginatingfrom themainvertex traversetheTRD preferentiallyundersmall
angleswith respectto the wire normal. For a given track, this can lead to a relatively large charge
depositionalonga limited pieceof anodewire. The ions createdin the avalancheprocessbuild up a
cloudof positivechargeslowly moving awayfrom thewire. This leadsto areductionof theelectricfield
in thevicinity of thewire andthereforeto a lower gasgainfor subsequentelectrons.As a consequence,
thegasamplificationdecreasesasfunctionof thedrift time for trackswhich crosstheTRD undersmall
angleswith respectto thewire normal. Following [7] we calculatedthegainattenuationfor minimum
ionizing particlesin Xe,CO2 (15%). Figure4.18 shows the pulseheightasfunction of the drift time
for differentanglesof incidence.Thepulseheightwasnormalizedto thatof 17� trackswheretheeffect
is negligible. An attenuationof thegasgain is clearlyvisible, mostpronouncedfor small trackangles.
Thecalculationsfor a gasgainof 104 areconsistentwith our prototypedata(seealsoChapter14). This
observationunderlinesthattheTRD readoutchambersshouldbeoperatedatgasgainsnotexceeding104,
in line with theplannedvalues.

4.6.2 Gain stability

Thepositivevoltageappliedto theanodewirescausestheanodewiresto sagtowardsthepadplane.The
sagittaof the sagginganodewire dependson thewire material,diameter, lengthandtension,the wire
geometry, andthe appliedvoltageUa. For this computation,we usethe maximumwire length in the
TRD of 120cm. Weshow theanodewire sagasfunctionof Ua in Fig. 4.19(left panel).Again,different
wire geometriesarecompared.Thesagis significantlysmallerfor h � 3� 5 mmcomparedto h � 2� 5 mm.
At a typical operatingvoltageof Ua � 1400V (h � 3� 5 mm) theanodewire sagis 35 µm. Not shown
is thecontribution from gravity, which amountsto about � 20 µm, dependingon theorientationof the
readoutchamber.

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

The anodewire sagleadsto a variationof the gasgainalongthewire. The relative gainvariation
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Figure4.19: Anodewire sag(left) andcathodewire sag(right) asfunctionof theanodevoltage.Thedashedline
refersto thenon-staggeredgeometry.

asfunction of the sagis computedfor Ua  1400V andshown in Fig. 4.20. At the maximumsagof
35µm wecalculatearelativegainvariation∆Gain/Gain! 1.7%.Addingthecontribution from gravity we
concludethatthegainvariationscausedby wire sagarebelow 3%everywherein thedetector, assuming
aperfectlyflat padplane.

The operationof the detectorat a slight overpressureof 1 mbar leadsto a deformationof the pad
planeof about150 µm. From our calculationswe expect this to causea gain variationof 7%. This
gainvariationis partially compensatedby theanodewire sag.Thepossibilityof a minimizationof the
gainvariationsby placingtheanodewire planeslightly asymmetricbetweencathodewire planeandpad
planeis underinvestigation.
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4.6.3 Pad coupling

Thechargeinducedby themovementof thepositive ionsaway from theanodewire is sharedamongall
surroundingelectrodes.Only a fractionof it couplesto thereadoutpadsandcontributesto themeasured
signal. The fraction of the charge which couplesto the padsis a function of the ion drift time and
directionandthereforedependson theangulardistribution of theavalanche.It shouldbenotedthatonly
for gasgainswell above 104 theavalanchecanbeassumedto beisotropicaroundthewire [7].
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Figure4.21 (left panel)shows the fraction of the inducedcharge flowing to the variouselectrodes
duringthefirst 500nsasfunctionof theangleunderwhich theionsleave theanodewire. As expected,
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thesignalinducedon thepadsis maximalif the ion drifts into thedirectionof thepadplane(90* ) and
minimal if it drifts to the cathodewires (-90* ). On average,we expectabout50% of the signal to be
inducedon thereadoutpadsand36%on thecathodewires.Notethata significantfractionof thesignal
is inducedon theneighboringanodewiresandthedrift electrode.

The ion drift time dependenceof the inducedcharge is shown in Fig. 4.21 (right panel)for ions
drifting towardsthepadplane(90* ) andtowardsthecathodewires (-90* ). The fractionof the induced
chargeonagivenelectrodeis approximatelyconstantover thefirst 1 µs (notethatthetypical integration
time of thereadouteletronicsis + 500ns,seeFig. 4.14). By that time, the ionshave movedaway from
theanodewire by about200µm.

4.6.4 Ion feedback

Unlike many other drift detectors,the readoutchambersin the ALICE TRD containno gating grid.
Therefore,all ionizationproducedin the drift region will inevitably lead to avalanchecreationat the
anodewires. This causesa continuouscurrentof positive ions drifting backinto the drift volumeand
endingat thedrift electrode.However, notall ionsfind theirwaybackinto thedrift volume.Figure4.22
shows thedrift linesandlinesof equaldrift time(isochrony lines)of positive ionsproducedat theanode
wire. Only about28%of themdrift backinto thedrift volume,the remainderreachesthesurrounding
electrodes.This leads,underoperatingconditions,to an ion feedbackcurrentof about0, 5 µA through
thedrift volume(seealsoSection4.3).Fromthatweexpectachargedensityin thedrift volumeof about
1, 6 - 105 ions/cm3. Theresultingdistortionsof theelectricdrift field canbecalculatedandwerefoundto
bewell below 10. 3 with respectto thenominalfield strengthof 700V/cm.
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4.6.5 Isochrony

The finite pitch betweenthe wires causesa systematicdrift time variationfor electronsstartingat the
sameradius,but from differentz-positions. In thepresenceof Landaufluctuationsthis canpotentially
leadto a deteriorationof thedrift time determination.The drift time variationfor electronsstartingat
constantr closeto thedrift electrodeis shown asfunctionof their z-positionrelative to theanodewire
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in Fig. 4.23. We have implementedtheobservednon-isochrony into a microscopicdrift simulationand
foundno noticableeffecton thepositionresolution.
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4.6.6 Electrostatic matching

Dueto thefinite pitchof thecathodewires(2.5mm)notall field linesfrom theamplificationregionend
on thecathodewires. As a result,theeffective groundplaneis not at thepositionof thecathodewires
but shiftedby about0.7mmtowardsthedrift electrode(Fig. 4.24).
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This canbecompensatedby properchoiceof the last resistorin thevoltagedivider chain(seeSec-
tion 4.2). Figure4.25shows theelectricfield 5 cm away from thevoltagedivider andasfunctionof the
distancefrom thedrift electrode(Ua h 1400V andUdrift hji 2100V). Fixing all otherresistorsin the
chainto 1 MΩ, we obtainthebestresultfor Rlast=850kΩ.
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Moving closerto theedgeof thedrift volume,thegranularityof thevoltagedividerbecomesvisible,
asshown in theright panelof Fig. 4.25. However, only 10 mm away from thepotentialstripsthefield
becomessmoothandvariesby lessthan0.5%with respectto its nominalvalue.
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5 Front-End Electronics

This chapterdescribesthe on-detectorelectronicsaswell asrelevant work on prototypingthat has
alreadybeenperformed.ConcerningtheTRD trigger, its functionalityis outlinedin Chapter6 with em-
phasison theimplementationof the tracklet searchandelectroncandidateidentification.This Chapter
detailstheimplementationof thefront-endelectronics(FEE)with its real-timeconstraints,togetherwith
its integrationinto theALICE triggersystem.

5.1 Electronicsoverview

In this sectiontherequirementsfor theFEEarereviewedandthegeneralarchitectureandbasicbuilding
blocksareintroduced.Becauseweareinterestedin boththeidentificationof thetransitionradiation(TR)
signalandalsoin theTRD onlinetracking,momentum,andinvariantmassreconstructioncapability(see
Chapter6), theFEEis rathercomplex andmoreTPC-like involving a samplingADC, tail cancellation,
detectionof overlappinghits etc. Thetriggerwill generatea Level-1 accept(L1A) andthereforehasto
occuron a time scaleof 6 µs. This requirementdrivestheover all architecture,clock speedsandlimits
theextentof multiplexing possible.

5.1.1 General requirements

As detailedin Section4.4 the FEE is usedto readout andanalyzefor the Level-1 trigger the charge
inducedon 1.156.032padslocatedin 540individual readoutchambersarrangedin 6 layersin theTRD
barrel.Most of thefront-endelectronicssitsdirectly on thereadoutchambers.For thetrigger, however,
informationfrom the6 layershasto be combinedat a convenientpoint closeto all readoutchambers.
Thereadoutchambersdeliver on their padsacurrentsignalwith a very fastrisetime anda long tail due
to theslow motionof theXe ions(seeFig. 4.14).Thetypical currentfor a minimumionizing particleis
of theorderof 0.2 µA. Thepadon which thesignalis inducedcanbeviewedasa purecapacitanceof
10-20pF.

The main requirementsfor the front-endelectronicsaresummarizedin Table5.1 andbriefly dis-
cussedbelow.

t The spacepoint resolutionin the bendingdirection (y) is derived by charge sharingbetween3
adjacentpads.Thepadresponsefunction is chosensuchthat for a hit centeredon onepadeach
neighbourstill sees10 % of thesignal(seeFig. 4.11and11.9). This meansadequatespacepoint
resolutioncan be reachedfor a signal to noiseratio of at least30:1. Also, it was shown that
digitization errorscontribute visibly to the spacepoint resolutionif the channelnumberof the
peakpadis below 30.

t For a minimumionizing particletypically a chargeof 3u 104 electronscontributesto thesignalon
themaximumpadfor eachtime bin. The requirementof signalto noiseequalor larger than30
definesthegoalfor anupperlimit for thenoiseof 1000electrons(r.m.s.).

t In orderto notwastedynamicrange,oneaimsto keepthenoiseamplitudewithin theADCsLSB.
For anADC with 1 V dynamicrange(seebelow), thisfixestheconversiongainof thepreamplifier-
shaper(PASA) to 6.1mV/fC.

t Our main interestis the detectionof the TR signalsuperimposedon the normal ionization. As
shown in Fig. 11.4 the TR photonenergies reachwith noticeableprobability up to 20-30 keV.
Simulationshaveshown thattheelectron-to-pionseparationimproveswith dynamicrangeandfor
aminimumionizing signalamplitudeat ADC channel30,a10 bit ADC is desirable.
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Table5.1: Front-endelectronicsrequirements.
Parameter Value

Numberof channels 1.156v 106

Signal-to-noise(MIP) 30:1
Dynamicrange 1000:1
Noise(ENC) 1000e
Conversiongain 6.1mV/fC
Timebinsin drift region w 15
Separationof time bins x 133ns yz 2 mm
Samplingfrequency (8-)10MHz
Shapingtime (FWHM) yz 120ns
Crosstalk x 0.3%
Bandwidthreadout 15 TB/s
Bandwithdetectorto GTU 216GB/s
BandwithDDL 1.8GB/s
Triggerlatency at TRD 6.0µs
Triggerdeadtime (L0/L1 reject) 1.7 ... 7.0µs
Triggerdeadtime (L1 accept) 20 ... 40.5µs
Powerconsumption x 50 mW/channel

{ In Chapter11 it is shown thatin termsof trackingefficiency andmomentumresolutionit is suffi-
cientto samplethedrift region in 15 points(timebins).

{ As shown in Section4.5,for non-perpendicularanglesof incidencetheresolutionis limited by the
long ion tail of theXe leadingto a correlationof the individual time bins. This effect getsworse
asthedistancebetweentimebinsgetsshorteror asthedrift velocity is increasedandthetotaldrift
time decreased.This constrainsthedrift time to benot smallerthan2 µs andto ancorresponding
distanceof two consecutive time bins of 133 ns for 15 time bins. That would correspondto a
samplingfrequency of 7.5 MHz. Sinceit is for otherreasonsconvenientif the time intervals are
multiplesof thebunchseparationa frequency of 8 MHz would bea goodlower limit. Of course
higherfrequenciescombinedwith a largernumberof time sampleswould bepossibleandwould
slightly reducethetriggerlatency dueto thefasterdrainingof theADCspipeline.

{ In orderto keepthecorrelationbetweentheconsecutive time binsof a tracksegmentminimal to
optimizeresolutiononewould likeashapingtimeasshortaspossible.This is however connected
with a loss in signalandalsothe existing long ion tail makesvery shortshapingtimesuseless.
A shapingtime of 120ns,comparableto theseparationof thetime bins,wasfoundto bea good
choice.

{ Thepositionandangularresolutioncanbe improved by unfolding the time responsefunctionas
demonstratedin Fig. 14.38and14.39usingatail cancellation.Sincethisalsonoticeablyimproves
thetriggerperformance(seeSection6.4.2.1)it is desirablethat this deconvolution is doneon the
digital chipbeforetheprocessingof thetriggerinformation.

{ Thechannel-to-channel crosstalk is limited by thepad-to-padcapacitancewhichis betweenneigh-
boringpadsin onepadrow 6.5pF. Thiswill leadto acrosstalk of about5 % for thepresentPASA
design.Thecrosstalk within thePASA chip itself andin thecableshouldbenegligible ascom-
paredto this. It turnsout that a valuebelow 0.3 % waseasilyachievable in the existing PASA
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prototypeandthis is thenumberquotedin Table5.1.

5.1.2 Systemoverview

Thefront-endelectronicsfor theALICE TRD consistsof 1.156| 106 channels.Thebasicbuilding blocks
areshown for onechannelin Fig. 5.1. They are: a charge sensitive PreAmplifier/ShAper(PASA), the
analogchip,a10Bit 10MHz low powerADC, anddigital circuitry wheredataareprocessedandstored
in event buffers for subsequentreadout.Thedataprocesingis performedon onehandduring the drift
timeatdigitizationrateby theTracklet PreProcessor(TPP)in orderto preparetheinformationnecessary
for theTracklet Processor(TP). On the otherhandat theendof thedrift time theTrackletProcessor,
a micro CPU implementedasMultiple InstructionMultiple Data(MIMD) processor, operatingat 120
MHz, processesthedataof all time bins in orderto determinepotentialtracklet s. Thesetracklet s are
shippedto a GlobalTrackingUnit (GTU), which combinesandprocessesthe trigger informationfrom
individual TRD readoutchambers.

Uponreceiptof a L1 accept,theMIMD processoralsoshipsthezerosuppressedraw datafrom the
eventbufferson thefront-endchipsto theGTU, wherethey arestoredin a largememoryuntil read-out
(seeChap.7).
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Figure 5.1: Basic logical componentsof the TRD front-endelectronics. Everythingbut the GTU is located
directly on thereadoutchamber. TheADC, digital circuitry, eventbuffer andMIMD CPUarecombinedinto one
digital chip. Thischip determinesthetracklets andis thereforealsoreferredto aslocal trackingunit (LTU).

The requirementfor minimal radiationlength,power andcostdrive the integrationdensityashigh
aspossible. In order to supportmassproductionof the electronics,18 channelsaregroupedtogether
ononemulti-chip module(MCM), housingboththepreamplifierandthedigital back-end(Section5.8).
Theparticularchoiceof 18channelsperMCM is acompromiseof diesize,MCM countandtracelength
of theanalogpadsignals.Figure5.2 indicatesthecomponentson oneMCM. Basicallythis moduleis
targetedto containjust thosetwo chips,andpossiblytheadditionof minimalmiscellaneouscomponents,
suchasblockingcapacitors.As sketchedin Fig. 5.2, the18 entitieslabelled’PS’ areon onechip, the
PASA, everythingenclosedby the thin grey rectangleis on a seconddigital chip. The logic integrated
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on the digital chip includesthe ADCs, the tracklet preprocessor, and the high-speedmulti-threaded
processor(MIMD CPU).Thereforethischip is calledthelocal trackingunit (LTU). Thepadplaneitself
carriesthereadoutsignalsandthey areroutedto thePASA inputvia shortcables.TheMCMs, whichare
implementedasBall Grid Arrays(BGA), aresoldereddirectlyontothereadoutmotherboards.Theonly
additionalcircuitry requiredon the readoutboardsarethe drivers for the clock fan-outandadditional
power filtering circuitry. All signalsconnectingthe MCMs are routedon the readoutmotherboard.
Thereare64224MCMs mountedon thedetector, makingtheMCM oneof themostcrucialelectronics
components,whichhave to bemassproduced.
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Figure 5.2: Overview of theelectronicsfor 18channelsononeMCM.

Giventhehigh (digital) clock ratesandthelow duty cycle of thetriggersystemof lessthan3%, the
digital part of the electronicsis operatedwith gatedclocks,allowing for the disablingof the clock to
any partof thecircuitry that is inactive. This methodalsopermitsthereductionof digital noiseduring
digitization.All clocksaresynchronousto theLHC clock.

In orderto avoid granularityeffectsat theMCM border, somedataneedto beexchangedamongthe
neighboringmulti-chip modules.For a detaileddescriptionof the tracklet preprocessingarchitecture
andthe tracklet merging within theMCM andamongneighboringMCMs, refer to Section6.3. Since
it is sufficient to merge tracklets only in ascendingpadnumberdirection,a total of threeadditional
channels(two left andoneright) is requiredto be processed,as indicatedin the figure. Therefore,a
total of 21 ADC channelsis requiredfor each18-channeltracklet processor. Consequently, threeout
of 18 preamplifieroutputsarerequiredto drive two ADC inputs. In orderto avoid any non-linearities,
thosechannelsimplementtwo independentoutputstages,driving oneADC inputeach.Thepreamplifier
outputsareanalogdifferentialsignals.

All digitized ADC outputs,including the redundantchannels,arestoredin 32x10Bit deepevent
buffers. During the digitization, the tracklet preprocessoridentifiescandidatesandpreparesthemfor
laterprocessingby theMIMD CPUs,the tracklet processor(Chapter6.3). During that time, however,
thedigital back-endis operatedat exactly theADC clock rate.
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At the endof the drift time, the fastdigital clocksareenabledstartingthe MIMD processor. Any
additionaldigital noiseproducedhereis irrelevant asthe relevant dataalreadysit in the internalevent
buffers. During stand-by, all digital clocksaredisabled.Figures5.5and5.6sketchwhich digital clocks
areactive at whatpoint. TheMIMD processoris capableof processingup to four tracklet candidates
simultaneously. If a tracklet is identified and matchesthe requireddeflectioncut requirements,its
tracklet parametersareprojectedontotheglobalreferenceplanewhich is in themiddleof thesix planes
andthenforwardedto thereadouttree.

The MCM output is a single16 Bit differentialdatalink, implementingLow VoltageDifferential
Signals(LVDS). Thereareadditional5 bits for correctingonebit errorsanddetectingtwo bit errorsper
dataword. This formatis usedasstandardlink everywherewithin thereadouttree.

Thereadouttreeterminatesthedifferentialoutput(LVDS) of all MCMs into four 16 Bit datalinks
on eithersideof thedetectorper layer andsector, thusmerging up to 304 MCMs into onehigh-speed
datalink to the global trackingunit. The readoutis performedin a strictly orderedfashionto support
consecutive readoutandhighly parallelglobaltracking.Any of thereadoutsignalsis keptinactiveduring
acquisitionor stand-byin orderto minimizetheelectronicnoisecontribution. For a detaileddescription
of thereadouttree,referto Chapter7.

5.2 Chip technology

In general,therearefivemajorcomponentsof thefront-endelectronicschainassummarizedbelow:

} shapingpreamplifier

} 10Bit analogto digital converter

} digital filter for tail cancellation

} eventbuffer andtracklet preprocessoroperatingatADC clock rates

} high-speedtracklet processorandfilter

} high-speedreadouttree

Theshapingpreamplifieris a full customanalogdesigntailoredtowardslow noiseandlow power
(in this orderof priorities). The last threecomponentsarepurelydigital systemsrunningat clock rates
rangingfrom 10 MHz to 120 MHz. Theseclock ratescan well be implementedusing standardcell
designs. The only requirementfor full customdesignare somespecialcells, suchas the quad-port
memories(referto Chapter6, Section6.3.3.3).Althoughthefirst implementationsof thedigital circuits
were designedfor the AMS1 0~ 35 µm process,they can be portedto basicallyany silicon process.
All threecomponents,the tracklet preprocessor, filter andreadout,arepurelydigital. They canall be
implementedon the samedie without presentingany particulartechnologicalchallenges.In order to
separatethe analoganddigital circuitry, the preamplifierwill be designedasa separatechip in AMS
0~ 35 µm technology. Onechannelrequiresabout0~ 3 mm 2 in area,makingthisa fairly smallchip.

TheADC, however, is acombinationof analoganddigital componentsandis acquiredasanexternal
cell. In principle,it couldbeimplementedonbothdies.TheTPCdesignwill integratetheADC together
with theALTRO digital readoutchip. A similar choicewasmadefor theTRD. This choicerepresentsa
compromisewith theadvantagesanddisadvantagesoutlinedbelow.

1AustriaMicro Systems,www.amsint.com
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5.2.1 ADC Integration

Herewe discusstheargumentsto integratetheADC on eitherthePASA or thedigital chip.
Advantagesof merging ADC with digital tracklet processors:

� clearseparationof thepurelyanalogandmixed signalparts;no potentialcouplingof theADCs
digital statemachinesnoiseinto thesensitive preamplifierfront-end

� useof availablespaceasthedigital chipalonewouldbepad-limited

� separationof thepreamplifierdesigncyclesfrom theADC selectionprocess

� lowest digital/analoginterconnectionpin-count(one differential pair per channelinsteadof 10
signalsperchannel)

Disadvantagesof merging ADC with digital tracklet processors:

� couplingof thedigital designto theprocesschosenfor theADC, makingretargetingof thedigital
tracklet processordifficult

� 21ADCsrequiredfor 18channels(� 2 mm2 perADC channel)

� someanalogoutputshave to drive two ADC inputs,andthusrequiretwo individual outputstages
with correspondingmatchingproblems

� functionalchip testingrequiressomeadditionallogic on theanalogfront-end

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

5.2.2 ADC technologychoices

The choiceof ADC silicon technologyis critical asit alsodrivesthe choiceof the processto be used
for the digital back-end.The majority of digital designis basedon standardcells, providing for easy
retargetingto anotherprocess,particularlyif it implementsa smallerfeaturesize,andthusis inherently
fasterwhile using lesspower. However, therearea few specialcomponentsrequired,suchasLVDS
I/O, PLLs for high-speedclock generation,temperaturesensors,etc. Thesecomponentsarelikely to be
availablefor modernprocessesor will beeasyto procure.However, therearealsomultiple instancesof a
quad-portmemorythatarerequired,whichareimplementedasfull customdesignandthereforehave to
beretargetedaswell. Althoughtherequiredclockratesarecomparablyslow, this retargetingis basically
a redesignof the quad-portmemoryas the optimizationparameters,area,speedand size, that drive
a certainmemoryarchitecturedependon theavailablenumberof metallayers,via stacking,minimum
spacing,sizeof contactsandvias,etc.,typically changeenough.Forexample,theAMS 0� 35µm process
supportsthreemetallayerswhile all deepsub-micronprocessessupportaminimumof fivemetallayers.
On theotherhand,it shouldbe notedthata first prototypequad-portmemory, which wastapedout in
June2001in theAMS 0� 35 µm process,alreadysupportsaccesstimesof about3 ns,which aremuch
fasterthanrequired(referalsoto Chapter6, Section6.3.3.3).

TheADC chosenfor theTPC(STTSA1001)is adequatefor theTRD aswell (for ADC requirements,
referto Chapter5). ThisADC is acommercialproductandavailableasintellectualpropertycore.As the
preamplifieroutputstageis designedto deliver botha 1 V differentialvoltageswingandthecapability
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to drive high capacitive loads,the particularchoiceof ADC is ratherindependentof the designof the
preamplifier. The final choiceof ADC dependson a variety of parameters,suchasprice of both chip
realestateandlicensing,powerconsumption,latency, thelong-termavailability of its silicon technology
(whichis relevantastheTRD productionscheduleis differentfrom thatof TPC,particularlywhentaking
into accountthatonescenariois a stagedproduction),andmany othersimilar issues.Currently, several
optionsareevaluated. However, in order to have a crediblearchitecture,the ST TSA1001ADC was
chosenasbaseline.ThisADC is implementedin theST HCMOS70� 25 µm process.

5.3 Preamplifier / Shaper

Thepreamplifier/shaper(PASA) is thefirst blockof thefront-endelectronics,receiving thesignalsfrom
thedetectorpads.

5.3.1 Requirements

Thecurrentsignalsof thedetectorpadsarefirst amplifiedby a charge-sensitive preamplifier. It is fol-
lowedby a pole-zerocancellationcircuit andtwo second-ordershaper-filters, assuringa shapedoutput
pulsewith about120nsFWHM. Thelast functionalelementof thepreamplifier/shaperchainis anout-
put amplifier, which deliversdifferentialoutputsignalaccordingto the ADC requirementsconcerning
driving capabilityandoutputlevels.

The overall gain of the preamplifier/shaperis 6.1 mV/fC andthe shapingtype is CR – RC4. The
differentialoutputsof thepreamplifier/shaperdrive a10 Bit differential1 V rangeADC input.

Thefunctionalblock diagramof thepreamplifier/shaperis shown in Figure5.3.
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(from  ADC)
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Figure 5.3: Block diagramof thepreamplifier/shaper.

Fromthepoint of view of theimplementation,18 channelsof preamplifier/shaperwill beintegrated
ononechipwith acoreareaof about7.7mm2.

Themainrequirementsof PASA for theTRD front-endelectronicsandreadoutaregivenin Table5.2.

5.3.2 Implementation

Thefinal implementationtakesinto accounttheexperienceachievedfrom previously developedpream-
plifiersbuilt with discretecomponentsandfrom thefirst versionof thepreamplifier/shaperchip. Impor-
tant input wasalsoderived from a designreview of thepreamplifier/shapercircuit which took placeat
CERNonJanuary24-25,2001.

Thepreamplifieris built arounda NMOS input transistorfoldedcascodecircuit. TheNMOS input
transistorallows achievementof a greatertransconductanceparameterthan a PMOS input transistor
andalsoenablesa designwith a singlepower supply. A greatertransconductanceleadsto lower input
impedanceof thepreamplifierandconsequentlyto lower crosstalk.Also, it enablesthemaingainto be
distributed towardsthe front of the preamplifier/shaperchain(preamplifierandpole-zerocircuit). For
the given short shapingtime, the advantageof a PMOS input transistorconcerning1� f noiseis not
important.
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Table5.2: Preamplifier/shaperrequirements.
Parameter Value

Gain 6.1mV/fC
Shapingtime (FWHM) � 120ns
Shapingtype CR – RC4

Max. equivalentinput noise(on thebench) 500e
Max. equivalentinput noise(in system) 1000e
Inputdynamicrange 164fC
Outputpulselevel 1 V differential
Max. internalchipcrosstalk 0� 3%
Max. power consumption/channel 10mW

The preamplifieris followed by a pole-zerocancellationcircuit andtwo second-orderfilters. The
additionof two morepoles,relative to thefirst versionof the chip, translatesinto a moresymmetrical
responseat theoutputof thepreamplifier/shaper.

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

Thesimulatedmainoutputsof thepreamplifier/shaperchainareshown in Figure5.4.

Figure 5.4: Simulatedpreamplifier-output,first shaper-outputandchanneloutput+/output-signalof thepream-
plifier/shaper. They correspondto the block diagramin Figure5.3. As stimulusan equivalent input charge of
165fC is used.

Considerationconcerning input protection

The classicalprotectioncircuit of the chip I/O padsavoids effectsof electricalover-stress(EOS).
Therearethreetypesof electricalover-stress[2]:
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� electrostaticdischarge(ESD)

� electromigration:slow wear-out mechanismcausedby highcurrentdensities

� antennaeffect: chargeaccumulationon gateelectrodesduringetchingor ion implantation

From all of these,ESD protectionmustcorrespondto a humanbody model (HBM) andmachine
model (MM). For the TRD PASA, additionalstressmay comefrom abnormaldetectorsignals(like
sparks).For a normalprotectionto ESD,verifiedI/O standardpadsfrom AMS wereused.For negative
input surges,two diodesaretied to ground. Onediodetied to analogsupplyprotectsagainstpositive
input surges. To limit thepeaktransientcurrentsandelectromigration,a resistorof 10� 6 Ω is addedin
serieswith thepadinput. Thevalueof this resistoris limited by noiseconsideration.For example,for a
25 pF detectorcapacitance,a 10� 6 Ω resistorincreasestheoverall noiseby 8%. For thenext versionof
thechip,anadditionalarrayof resistorsto limit anddissipatethepositive inputsurgeswill beadded.

Someconsiderationsconcerning latch-up protection:

MixedPMOS-NMOStransistorstructuresarepresentin many partsof thePASA circuits.For exam-
ple, in asimpleCMOSinverter, parasiticstructuresof bothtransistorsform aninactivePNPNsandwich,
having inversepolarizedjunctions. Due to a parasiticcurrentinto the substrateor to a parasiticelec-
trostaticcoupling,thePNPNstructurecanaccidentallybecomeconductive from VDDA to GND, like a
thyristor. Thethyristormaybelatchedupandthewholechipmaybedestroyeddueto highcurrents.

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

� Electrostaticprotective structurefor I/O pads,which allows low resistancepathsfor accidental
currentslike transient-typecurrents;

� Diffusion-typelow resistanceringsaroundMOS transistors.

For theTRD PASA, thelatch-upis preventedby:

� Theuseof dedicated,verifiedI/O standardpadsfrom AMS

� Guardringsfor eachMOS transistor

� A separateguardfor eachanalogchannel

� A complex guardof thetype’P diffusion-n well -Pdiffusion’ is placedin betweenchannels

� For eachchannel,thedifferentfunctionalblocksareseparatedby guardcircuits

5.3.3 Prototypes

The first threemodelsof preamplifier/shaperwere built at GSI-Darmstadtwith discretecomponents.
Also, all weretestedin beamwith detectorprototypes.

As themaincomponent,thefirst onehadthecurrentfeedback-typeMAXIM 2 MAX4182 operational
amplifier. It wasusedtodesignaneightchannelpreamplifiermodule.Having thecapabilitytochangethe
input impedance,it wasalsousefulin determiningtheoptimuminput impedancefor agoodsignal/noise
ratio andcrosstalk. The main specificationsfor 1600Ω input impedanceare: gain 0.7 mV/fC, noise
about11000e,andcrosstalkbetweenadjacentchannels10%.

Thesecondpreamplifier/shaperwasalsobuilt aroundtheMAX4182 operationalamplifier, but in a
current-typeconfiguration.Having a low input impedanceof about160Ω, it exhibitedlow crosstalkfor
adjacentchannels(only 2%). It hadagainof 1.3mV/fC, andnoiseabout7000e.

2DallasSemiconductorMAXIM, www.maxim-ic.com
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Thethird preamplifier/shaperwasacharge-sensitive type.With againof 2 mV/fC, CR – RCshaping
andanoiseof only 1500e andacrosstalkof 8%betweenadjacentchannels.It wasusedfor mostof the
measurementswith detectorprototypes(seeChapter14).

Thefirst chip,with 21 channels,wassubmittedat theendof October2000.The21 analogchannels
arebasicallyidentical. Theonly differenceis in thevalueof the input padresistance.Thereareeight
channelswith 0 Ω, eightchannelswith 50Ω, two channelswith 200Ω, andtwo channelswith 500Ω, to
estimatetheinfluenceof thepadinput resistanceto theoverall noise.Oneadditionalchannelwith 50 Ω
input impedanceallows monitoringof thesignalsateachstageof thepreamplifier/shaper.

Eachof the21 channelsis implementedasachargesensitive amplifier. Themainspecificationsare:
gainabout5.2mV/fC; outputpulseFWHM = 125ns;shapertypeCR – RC2; input dynamicrange0 to
330fC for 2 V outputsignal;andnoiseabout1500e. It waspartof amulti-projectrun, togetherwith the
TPCpreamplifierandadigital multi-port memory

Thesecondprototypeof thePASA chip hasthecharacteristicspresentedin Table5.2 andwassub-
mittedto AMS in June2001. Thephotoof the layoutof this secondversion(18 channels)is shown in
ColorFig. 5. Theevaluationof its performanceis underway.

5.4 ADC

The requirementsof the ADC for the TRD aresummarizedin Table5.3. It shouldbe notedthat the
wholesystem,includingeachMCM, will beactively cooledin orderto guaranteeenoughtemperature
stability. Therefore,no particularrequirementsarepresentedwith respectto temperaturestability.

Table5.3: ADC requirements
Parameter Value

Resolution 10Bit
Digitization rate 10MHz
Max Powerconsumption 20mW
Input 2 V differential(+/- 1 V)
Input bandwidth 5 MHz
Max. differentialnon-linearity 0� 7 LSB for channels�0� 511�

1� 5 LSB for channels�512� 1023�
Max. integral non-linearity 1� 0 LSB for channels�0� 511�

2� 0 LSB for channels�512� 1023�
Effective Numberof Bits � 9 Bit
Max. latency 5.5clocks
Min. input impedance 100kΩ
Max. inputcapacity 7 pF
Max. area 2 mm2

Max. channelto channel
variationson samedie 0.5%

TheADC coreswill beoperatedwith individualpowerandthedigital chipsfloor planarrangedsuch
that theADCs aregeometricallyisolatedfrom thedigital back-end.Oneof theADCs will beusedfor
detectorcontrolandreadoutindependentlyfrom thedatareadoutchannels.
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5.5 TRD trigger states

TheTRD triggeroperatesin differentstatescorrespondingto thedifferenttasksit performs.An overview
of thesestates,togetherwith theassociatedexternalstimuli, is sketchedin Figure5.5. TheTRD default
stateis in stand-bywith all digital clocksswitchedoff. A pretriggerstartsthe archival of the ADC’s
raw dataandthe tracklet preprocessor(TPP)andcomputestheappropriatesums(seeChapter6). The
ALICE TriggersystemissuesaLevel-0(L0) triggeratafixedlatency (about900ns)aftertheinteraction.
ThisL0 triggeris thefirst confirmationof theTRD pretrigger. Shouldthecentraltriggerprocessor(CTP)
havedecidednot to issueatrigger, themissingL0 trigger(whichconstitutesaL0 rejectfor theTRD asit
startsearly)will leadto theTRD beingcleared,abortingthetriggersequenceasindicatedin Figure5.5.
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Figure5.5: ThevariousTRD triggerstatesfrom pretriggerto readout.NotethatdatashippingthroughtheDDL
is doneconcurrentlyandindependentof theTRD front-endelectronics.Thevariousfunctions(TPP, TP, TM) are
labeledtogetherwith their associatedoperatingclock frequenciesin MHz.

As it is describedin Chapter6, Section6.3 at the endof the drift time andwhenthe preprocessor
hasfinishedits task,theMIMD processorcalculatesthe tracklet parametersandappliestheconfigured
selectioncuts. After identificationof the tracklets they aretransposedinto the TRD referenceplane
andformattedfor shippingto theGTU, which is completed3� 9 µs after the interaction.Datashipping
concludesat the4� 5 µs mark,assuminga maximumof 40 tracklets perchamber. Excesstracklets are
ignored.Thereadoutis performedin anorderedway, suchthattheglobaltrackingunit canalreadystart
processingthefirst tracklets oncethey havearrived(seeChapter7). Theresultof theGTU processingis
apotentialtriggeranda36Bit vector, whichdefinestheregionsof interestfor readout.This information
is shippedto theCTPat the6 µs mark.

After delivering the trigger to theCTP, theTRD triggerawaits theresponseasLevel-1 (L1) accept
or reject.NotetheALICE CTPdoesnot implementspecificL1 acceptandrejectsignals,but deliversa
L1 triggerat adefinedtimeslot aftertheinteraction(about6� 4 µs mark),like in thecaseof L0 triggers.
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However, for improved legibility andlessredundancy, a missingL1 triggerwill hereinafterbereferred
to asL1 reject(L1R) andaL1 triggerat theappropriatetimeslotwill bereferredto asL1 accept(L1A).
TheTRD electronicsoperatesin stand-bymode,with all fastclocksdisabledto avoid excessnoise,while
waitingfor theCTPL1 triggerdecision.A L1 rejectwill abortthependingevent,placingthesystemback
into stand-bymode.However, aL1 acceptwill triggerthereadoutof theeventbuffersthroughthesame
datapaththatwasusedto ship the tracklet candidatesto theGTU. The GTU implementsappropriate
readoutbuffers to absorbthe216GB/secdatastream.Shouldtheactivation of the fastreadoutclocks
generateany noiseproblems,for examplewithin theTPC,theL1 acceptsignalcanpurposelybedelayed
transparentlywithin theTRD to thetriggersystem.

Thecompletionof thefront-endreadoutleadsto clearingtheTRD electronicsandputtingthemback
into stand-bywithout further outsideinteraction. The given event residesnow in an appropriateevent
buffer, which is implementedaspart of the GTU. A Level-2 accept(L2A) will schedulethe event for
transmissionoff thedetector. A L2 reject(L2R) will freetheappropriatebuffer space.Thedatatransfer
functionalityis independentof theTRD statesequence(referto Chapter7).

It shouldbenotedthattheTRD triggerelectronicsis not pipelined.Onceenabled,it cannotprocess
any otherevent until it is cleared,which, in the caseof a L1 accept,canbe aslate as40 µs after the
interaction.For detailsof theTRD readout,refer to Section7.1.2.However, assuminga 200Hz accept
rate,which is themaximumTPCPb-Pbgateopeningrate,thecorrespondingdeadtime is 0� 8 %. The
handlingof the correspondingTRD busy is discussedin Section5.7. For a detaileddiscussionof the
timing relationshipbetweenthevarioustriggerstates,referto Section5.6.

Someof the activities do not dependuponeachotherandareexecutedin parallel. For example,
assoonasthefirst datawordsarrive at the global trackingunit (GTU), they areprocessedratherthan
waiting for thecompletedelivery of all tracklets from the front-end. Further, the datashippingto the
high level triggeror eventbuilder systemis donein parallelupona L2A while theTRD front-endmay
alreadybeoperatingin stand-by, thusincreasingits lifetime.

5.6 Trigger timing

For Pb-Pbrunning,theTPCtriggerrateis limited to about200Hz. In orderto inspecta largernumber
of events,theTRD hasto derive its decisionprior to theTPCgateopening.On theotherhand,theTPC
drift beginswith theinteraction.Therefore,any trigger latency effectively reducestheactive volumeof
theTPC.Givena drift time of 80 µs , anoverall TPCpretriggerlatency of 6� 5 µs correspondingto 8 %
of thedrift time is definedasanacceptablebaseline.

Figure5.6outlinestheresultingsystemtiming. A very fastminimumbiasTRD pretrigger, which is
gatedwith theTRD BUSY, is usedto wakeuptheTRD electronics.ThispretriggerbypassestheALICE
CTPandis expected100nsafter the interactionat theTRD point of presence(POP),from whereit is
fannedout to all the individual detectormodules(seealsoSections5.6.1and5.6.2). Given the large
surfaceareaof the TRD detector, the definition of sucha referencepoint (POP)is requiredin order
to allow unambiguousdefinition of the requiredtiming relationships.The pretriggeris alsocopiedas
L0 input into the CTP. The distribution of the TRD pretriggerto the variousMCMs requiresanother
200ns,correspondingto a total of 10%of theTRD drift time for pretriggerdistribution asindicatedin
Figure5.6. However, thefirst 250nsarenot crucial to bereadout, asthey containtheionizationof the
primarytrackfrom theamplificationregion.

Low-powerADCstypically implementaninternalpipeline.Theparticulardevicechosenasbaseline
implementsa 5� 5 clock pipeline,effectively storing5� 5 analogsamplesin a kind of analogmemory,
thus implementingan equivalent pretriggerhistory of 550 ns at a digitization rateof 10 MHz, which
correspondsto 1/4of theLHC clock. This is indicatedasvisibledrift region in Figure5.6.However, the
samelatency hasto beaddedat theendof thedrift time in orderto draintheADC’spipeline.

As outlined in Chapter6, the computationof the sumsrequiredfor the linear fit can alreadybe
performedduringthedrift time. For eachtime bin, every ADC channelis checked to matchthecriteria
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Figure5.6: TRD Timing. Thetimeaxisis calibratedin unitsof LHC clocks,whereeachtick correspondsto four
LHC clocksor about100ns.

for a clustercentroid. In suchcase,the appropriatelyderived entriesfor the sumsarecalculatedand
storedin the channelssum-memoriesusingread-modify-writecycles. In order to influencethe ADC
performanceas little as possiblewith the associateddigital noise,the appropriatelogic is run at the
ADC digitizationspeed.OnemoreADC clock cycle is requiredat theendof thedigitizationperiodby
thepreprocessorin orderto provide it’s results.To shortenthe latency, thedigital clocksareswitched
to full speedoperatingmode,amountingto 120 MHz, at the endof the digitization. This reducesthe
preprocessorpipelinelatency to 67 ns. Note thatat this point, (about2� 55 µs after the interaction)any
digital noiseproducedwill affect neitherTRD nor TPC,astheTRD datais alreadystoredin its event
buffersandtheTPChasnot yet starteddigitizing.

Thepreprocessorpipelineis fully drainedatthe2� 55µs mark,atwhichtheembeddedMIMD micro-
processorstartsanalyzingthevarioustracklet candidates.Up to four tracklet candidatesareassigned
automatically, oneeachto a processorthread,at the conclusionof the preprocessortask. Therefore,
the tracklet processingtime is independentof thenumberof tracklets. Theavailabletime for tracklet
processingandselectionis 1� 5 µs .

Eachidentifiedtracklet is forwardedto theglobal trackingunit usingthehigh-speedTRD readout
tree.Sincethereadoutof eachchamberis ordered,theglobalprocessingof thefirst regionsof achamber
canhappenwhile otherpartsarestill beingreadout. However, thereis aminimumreadoutlatency, which
correspondsto theworstcasereadouttime of thefirst tracklet candidates.No pipelinedprocessingcan
be doneduring this time, amountingto 200 ns asindicatedin Figure5.6. The remainderof the data
shipping,which correspondsto a maximumof 40 tracklets perchamber, is overlappedwith theglobal
trackingof theGTU.

Thefirst andlasttracklet arrive at theGTU at latest4� 3 µs and4� 7 µs aftertheinteraction,respec-
tively, allowing 1� 3 µs for theglobaltrackingfunctionality. It shouldbepointedoutthatthisfunctionality
will beimplementedin FPGAs,runningata targetclock rateof 40MHz.

TheTRD triggerdecisionhasto bedetermined6 µs aftertheinteraction,allowing a total of 500ns
for shippingit to theCTPandbackto all involveddetectorsin caseof aL1 accept.
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5.6.1 Clock distrib ution and clock domains

In order to reduceclock noise,all TRD clocksarederived from andsynchronizedto the LHC clock.
It is distributedusingtheRD48Trigger, Timing andControl (TTC) system.Eachdetectorimplements
oneTTC receiver moduleasmezzaninecardtogetherwith theappropriateslow controlsfunctionality,
which fansout the systemclock to about200 clock nodesper chamberusingthe IEEE 1596.5LVDS
standard[1]. Thesignalfan-outis implementedsuchthattheindividual skew betweenthevariousclock
nodesis minimized.Clock rateshigherthantheLHC clock aregeneratedon thedetectorsusingPLLs.

Thereadouttreerunsat 120Mwords,usinga 120MHz clock. Thedigital processoralsooperates
at 120MHz, while thereadoutandtracklet preprocessoroperatesat 10 MHz or 1/4 of theLHC clock,
usingthesameclockastheADC.

In orderto keepthedigital electronicsasquietaspossibleandto save power, all digital clocksare
gatedandswitchedoff whenthe TRD is idle. Theonly exceptionis the differentialclock fan-outand
thePLLs,whichcannotbestartedquickly. TheADCsanddigital filter for tail cancellation,however, are
keptrunningduringstand-bylike thepreamplifiercircuitsasthey cannotbeenabledquickly enough.

After a pretrigger, the10 MHz clock to the tracklet preprocessoris enabledfor thedurationof the
drift time. After 2� 55 µs , the fast 120 MHz clocks are enabled,startingthe multiprocessorand the
tracklet readoutto theGTU. Uponcompletionof the tracklet readout,thevariouschipsfall backinto
stand-byoperation.They arere-enabledby eithera L1 acceptor a L1 reject,performingthenecessary
cleanupin order to get readyfor the next pretrigger. The clock usageandcorrespondingpower con-
sumptionis indicatedin Figure5.6. In thiscontext it shouldbenotedthatthelifetime of thegateddigital
circuitry is asshortasa few microsecondsperactivation. The requiredenergy for this activity will be
storedin filter capacitors,suchthat therewill not be large currentsswitchingon thepower distribution
linesif theTRD is activated.

5.6.2 Distrib ution of fast signals

EachTRD MCM requiresthefollowing fastlogical input signals:

� Synchronizedclock reference

� PretriggeratTRD point of presencewithin 100nsaftertheinteraction

� L0 accept/rejectat configuredfixedLHC clock

� L1 accept/rejectat configuredfixedLHC clock (only afterL0 accept)

� L2 accept/rejectatundeterminedtime in chronologicalorderfor eachL1 accept

All thesesignalsaredefinedwith respectto theLHC clock. In orderto guaranteethecorrectphase,
all LHC clock-relatedsignalsareroutedtogetherwith theclocksfor thegivendevice.

The systemdefault stateis stand-by, operatingat minimum power. The first TRD trigger is the
pretriggerstartingthesystem.The front-endchipswill continueprocessingaccordingto the time line
assketchedin Figure5.6 until a triggerdecisionis deliveredto theCTP. During this process,the logic
canbeabortedany time, which is doneby assertingtheTRDTriggersignalfor at leasttwo consecutive
clocks.

Thepretriggeris themosttime-criticalsignal.Table5.4showsabreakdown of all latenciesinvolved
in transmittingthe pretriggersignal to all MCMs. Negative latenciesare definedas signalsarriving
early. Themostefficient way to avoid additionaltrigger cablingis utilizing theTTC system,which is
goingto beusedfor thedistribution of theclocksignals.TheTTCvi modulewill forwardminimumbias
pretriggersasTTC L0 acceptson its A channelonly if theTRD electronicsareoperatingin stand-by. It
shouldbenotedthatthepipelinelatency of theADC chosenasbaselineallowsfor muchlargerpretrigger
latencies.However, theADCs digitization latency is technologydependentandcanbe aslittle asone
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clock. Therefore,in orderto allow for otherADC technologies(refer to Section5.4), this requirement
is not relaxed. On the otherhand,in the event the final ADC doesnot implementa pipelineand the
pretriggerresultsin an unavoidablelarger latency asspecifiedhere,anappropriatedigital pipelinecan
be implemented,which would have the advantageof not addinglatency at theendof thedrift time as
the pipelineADC does. Sucha digital pipeline,however, comesat the price of moredigital circuitry
continuouslybeingoperated.

Table5.4: A breakdownof all latenciesinvolvedin distributingtheTRD pretriggersignals.Thesameparameters
areapplicableto theotherfastinput signals.

What (source) t � ns � tmin � tmax� � ns clocks

Interactionto TRD point of presenceinput (ALICE requirement) � 100 �100� 150� 4 ����� 6
TTC systemlatency (RD12measurement) � 68 �65� 100� 3 ����� 4
Signal propagationincluding fan-out(20 m, eachTTC fan-out
countsfor 1 m)

� 100 �50� 150� 4

Clock/Triggersignalsfan-outon detector(2 stagesestimated) � 15 �10� 25�
Signalpropagationon detector(3 meterestimated,periodicsig-
nalscanbeadjustedto compensatelatency - triggersignalscan-
not; all signalsarerelative to referenceclock)

� 15 �10� 20�

Sum total � 298 �235� 445� 12
PipelineADC @ 10MHz (5� 5 clocks) � 550 �0� 600� 25
Ignorebeginningof drift time � 250 �200� 300� 8 ����� 12
Total TRD Pretrigger latency (negative meansearly) � 502

TheTRD Triggersystemis notpipelinedandis thereforeBUSY startingwith thepretriggeruntil the
readoutof the front-endbuffers completesor theevent is aborted.This allows for theuseof thesame
trigger input (hereinafterreferredto asTRDTrigger) for different functionsdependingon the stateof
theTRD trigger. Differentinputsat onestatecanbeencodedin pulselengthasmultiple back-to-back
triggersarenot possible. The signalTRDTrigger is fannedout to all front-endsystemsasTTC L0A
trigger on the TTC A channel. For examplea pulseof the TRDTrigger during the TRD idle stateis
considereda pretrigger, a TRDTriggerpulseat the900nsmark(L0A time slot) is a L0 trigger. Longer
TRDTriggerburstscanbeusedto encodeotherfunctionality, suchasclears.

Thefixedlatency of theALICE Triggersystem’s L0 triggerallows implementationof a L0 rejectas
a missingL0 trigger. This conditionis detectedat theTTCvi root module. In thecaseof a missingL0
trigger, two consecutive L0A triggersaretransmittedthroughtheTTC systemto all chambers.Thelogic
requiredto generatethethispulselengthclearcodeof theTTC L0A signalis requiredonly oncefor the
entiredetector.

After delivering theTRD triggerdecision,thesystementersa wait state(idle state)while awaiting
receiptof theCTP’sL1 decisionasanotherTRDTriggerpulse,which is now interpretedasa L1 accept.
ThisL1 acceptallowsto startthereadoutof theTRD front-endbuffersatany timeaftertheTRD entered
this idle state. Thus this readoutcan purposelybe delayedpast the TPC drift time in caseof TPC
coincidenttriggersin order to keepthe TRD electronicschainquiet during the TPC drift, shouldthis
becomea noiseproblem.However, suchfunctionalitywould beimplementedat theTTCvi root module
like the L0 clear functionality, which is entirely transparentto the CTP. Note that the CTP’s decision
canbe completelyindependentof the TRD’s trigger suggestion,resultingin TRD L1 acceptsafter a
TRD rejectandvice versa.However, no L1 acceptis expectedby theTRD without having receivedan
appropriatepretrigger.
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The L1 acceptresultsin the readoutof the front-endsystem,andthusallows releaseof the TRD
BUSY assoonasthis functioncompletes.Thesystemreturnsto thestand-bystatewhile awaiting the
next pretrigger.

Thedatareadoutthroughthedetectorlinks is triggeredupona L2A. TheL2A andrejectsignalsare
not requiredat the detectorfront-endandareshippedto the appropriatefunctionalunits of the global
trackingunit. TheLevel-2 (L2) decisionsarein isochronousorder, thussimpleaccept/rejectsignalpairs
areadequate.A L2R simply freestheappropriateeventbuffer spacewithin theglobaltrackingunit.

Thearchitectureoutlinedabove allows theimplementationof thelocal trackingunits(LTU) assim-
ple statemachinesthat operateafter a pretriggerup until they receive a clear. Only two fast signals
(TRDTriggerandclock)arerequiredto bedistributedto all MCMs. TheLTUsimplementtheadditional
featurehandlingtheassertionof theTRDTriggersignalfor two or morecontiguousLHC clocksasclear.
No specificclearsignal is required. This scenariooperatesthe TTC in a simplified mode,using the
L0A channelfor all synchronoustriggers. However, given the short latency budgetfor the pretrigger,
theTTCvi root modulewould have to be locatedcloseto theTTC point of presence.Shouldthis turn
out to bea problem,thenthepretriggerhasto bedistributedindividually. Therestof thesignalcoding
would remainunchanged.The implementationof this codingcanbe donein a simpleprogrammable
logic device (PLD) aspartof theTRD triggerlogic.

5.7 Interface to the ALICE trigger system

The TRD requiresa fast pretriggeras a wake-up signal. The sole purposeof this signal is to allow
the operationof the digital componentswithin the systemin low-power modewhile the systemis in
stand-by. The timing requirementsfor this signalarediscussedin Section5.6. The pretriggerhasto
beissuedbeforetheALICE CTPhasissueda L0 trigger. It is implementedasa minimum-biastrigger.
Further, in orderto have cleaneventswithin theTRD, particularlyfor Pb-Pbrunning,theTRD requires
the pretriggerto be pre-historyand pile-up protected. Futureprotectionis implementedby rejecting
appropriatepile-upeventsatL1 time. All TRD relatedtriggershave to becountedbeforeandafterdead
timeby theCTPin orderto allow propercalibration.

Given thoserequirements,the integrationof the TRD is morecomplex thana canonical,stateless,
dead-timefreetriggerdetectoror agenericdetector, whichis triggeredby L0A or L1A, suchastheTPC.
Figure5.7sketchesthearchitecture.Thecritical pathtiming of thepretriggeris designatedby thethick
line (thesignal).Thepretriggeris issuedby afastminimum-biastriggerdetector, whichis routeddirectly
to theTRD usingtheshortestpossiblepathin orderto minimizeits latency. A secondindependentcopy
of thesignal,which is lesstime critical, is routedto theCTP. In orderto avoid unnecessarilywaking-up
the TRD electronics,the pretriggeris to be issuedonly in caseof a cleanhistory. This functionality
hasto be implementedby theTRD systemasit is in thecritical pathof thepretriggerandthe time to
routesignalsto andfrom the CTP would far exceedthe maximumallowable latency. The cleanTRD
minimumbiassignalcanberecreatedby theCTP. In general,pastprotectionis easilyimplementedby
usinga retriggerableone-shot,which is triggeredwith theminimum-biastriggerandwhich hasa decay
time correspondingto theTRD drift time. Theresultingpretriggersignalis relevantonly in caseof the
TRD beingidle, which is sketchedin 5.7,by gatingthecleanminimumbiassignalwith theTRD BUSY
status.TheTRD BUSY itself is startedby eachvalid pretriggerandclearedeitherby rejectingtheevent
or after the L1A relatedreadouthascompleted.The valid TRD pretriggerwakesup the TRD digital
electronicsandstartstheTRD statemachineassketchedin Figure5.5. This signalis forwardedto the
CTP, whereit is treatedasregularL0 trigger input. All triggerclasses,includingtheTRD, requirethis
signalto bepresent.

A TRD pretriggermayor maynotresultin anappropriateTRD L0 trigger. Not receiving aL0 trigger
at thespecifiedtime slot will behandledasanabort. ShouldtheTRD receive a L0 triggerat any other
time, anerror is flaggedandthetrigger is ignored.Sucha scenariowould mostlikely becausedby L0
triggerclassesinvolving theTRD, but without requiringtheTRD pretriggerasinput.
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Figure5.7: TRD Pretriggerarchitecture.Note: theTRD past/futureprotectionis implementedasprogrammable
counters,and suchcan be configuredwithin a rangeof 1����� 100 µs . The pastprotectionlocatedon the TRD
detectoris logically partof theCTPandconfiguredby theCTP in orderto guaranteecoherentconfiguration.In
caseof coincidentrunningwith anotherdetectorrequiringa largerpastprotection,suchastheTPC,theTRD past
protectionwill beadjustedaccordingly.

After receiptof the L0, the TRD trigger will proceedto determineits trigger decision,which it
forwardsto theCTPat the6 µs mark,andwhich mayresultin eithera L1 acceptor reject,depending
on thetriggerclassor classes.

The TRD canbe abortedat both L0 andL1 time. It shouldbe explicitly notedthat the TRD will
abortonly uponanappropriateCTPdecisionandnever by itself. Any pile-uprelatedabortshave to be
issuedby theCTP.

Pastandfutureprotectionis standardcircuitry, which is implementedby theCTP. Anotherdetector
requiring suchlogic is the TPC. The only variation is the different time constantof 2 µs insteadof
80 µs in caseof theTPC.The fact that thepastprotectioncircuitry is mirroredby theTRD shouldbe
consideredasan implementationdetail solely driven by the pretriggerbeing in the critical path. The
appropriatelogic within the TRD front-endwill be connectedto the Trigger DCS in order to ensure
coherentconfiguration.However, only a very smallnumberof parametersis concernedhere,which do
not changeoften. Architecturally, thepastandfutureprotectionlogic hasto bepartof theCTPin order
to allow for propercross-sectioncalibration.All futureprotectionis implementedby theCTPandresults
in rejectingpile-upeventsatL1 time. However, in orderto reducetheoverallTRD deadtimeandpower
consumption,TRD pile-up shouldalsobe usedasqualifying input to the appropriateL0 trigger. This
resultsin all pile-up eventshappeningduring the first half of the drift time being rejectedbeforethe
high-power digital circuitry is evenenabled.

TheTRD BUSY signalis not requiredfor normaltriggeroperationasit is alreadyincludedin the
TRD pretrigger. This is alsodrivenby thelong roundtripdelaysto andfrom theCTP. However, in order
to allow for propercountingof before/afterdeadtime, this signalis sentto theCTP.

It shouldbenotedthattheTRD BUSY mustnotbequalifiedfor triggerselectionasthiswouldalways
preventTRD L0 triggersdueto thenatureof theTRD startingearlywith thepretriggerand,thus,also
assertingits BUSY early.
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In summary, the TRD will deliver to the trigger systemits dead-timestate(BUSY) plus the TRD
triggerbits,consistingof onebit for eachtriggertypeplustheregionof interestbit maskselectingsector
andhemisphere(2x36Bit). All othertriggersignalsreceivedfrom theCTP(L0A, L1A, L1R,L2A, L2R)
arereceivedcentrallyat theTRD pointof presenceanddistributedappropriatelywithin theTRD.

5.8 Multi-Chip Module (MCM) overview

Thenumberof channelsperMCM is drivenby variousparameters,resultingin thechoiceof 18channels
perMCM. On onehand,the tracklet preprocessorarchitecturerequiresonly processingof neighboring
padsof one pad row. The preamplifierinputs are the direct pad signals. In order to minimize the
padcapacity, signalcrosstalkandpad-to-padvariations,themaximumlengthof any givenpadtraceis
limited to about100mm. Further, thenumberof channelsperMCM or local trackingunit (LTU) and
preamplifierchip(PASA), respectively, drivesupthechipsize,andthusdrivesdown theyield. However,
this additionalcostis offsetby theproductioncostof theMCM itself, which doesnot scalemuchwith
the numberof channels,asonechanneladdsonly oneanaloginput anda few bondingwires because
mostof theadditionalcircuitry is consolidatedinto theLTU on theMCM. Theresultingoptimumis 18
channelsperMCM and8 MCMs perpadrow.

A numberof scenarioswasiteratedwith respectto the architectureof the MCM. The original ap-
proachof ratherlarge readoutboardsrequiredthe MCMs to be mountedusingmezzanineconnectors.
Therefore,theonly componentson themotherboardswouldhave beensuchconnectors,simplifying the
production.However, evenin thatscenario,thecostfor just theconnectorswasratherhigh.

The baselinescenario(refer to Chapter4) implementssmall enoughreadoutboards,so that they
couldbemass-producedusingstandardproductionfacilities. This architecturalchoiceenabledthe im-
plementationof the MCM as Ball Grid Array (BGA), which can be producedand solderedwithout
requiringexpensive mezzanineconnectors.The disadvantageis the increasedcomplexity for replace-
mentof agivenMCM. However, takinginto accounttheeffort requiredto remove achamberfor repair,
theadditionalBGA solderingto replaceanMCM becomesaminor issue.Ontheotherhand,thenumber
of I/O pinspermoduleis now asmallcontribution to theoverall cost.Thechoiceto usesolderedBGAs
asopposedto MCM mezzaninecardsmountedvia connectorsresemblesatrade-off betweenoverallcost,
materialbudgetandmaintainability.

5.9 MCM prototypesand performance

5.9.1 Prototype Motherboard

The first digital chip that wasdesignedis a prototypeof the tracklet preprocessor(TPP) in the AMS
0� 35µm process,whichalsoimplementsappropriatereadoutcircuitry. Oneof thegoalsfor thischipwas
to betterunderstandthenoiseintroducedby thecloseproximity of fastdigital clocksandsensitive ana-
log preamplifiers.In orderto testthe tracklet preprocessorprototype,togetherwith thewell-understood
existing discretepreamplifier, anappropriatemotherboardwasdesigned,hostingboththe tracklet pre-
processorandthedigital readoutchip. Figure5.8shows thedevice. It hostseightADCs,thedigital chip
in theceramicpackage,andsomeadditionalgluelogic for generationof miscellaneoussignals,suchas
clocks.

5.9.2 Prototype MCM

Theblock structureof theMCM reflectsthealreadydiscussedconnectiondiagramof the tracklet pre-
processorprototype1 with eight channels:PreamplifierChip with 8 analoginputs/outputs,10 ADCs
(includingtwo neighbouringchannels,8 Bit NSC3 ADC08351),thetracklet preprocessoritself, andthe

3NationalSemiconductor, www.national.com
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Figure 5.8: PrototypeMotherboard.

connectors.Therearetwo possibilitiesto deliver thedataof neighbouringanalogchannelsof MCMs:
analogor digital. In thefist case,therearetwo extra ADCs on theMCM thatdigitize theanalogsignal,
coming from the neighboringMCMs. In the secondcase,the digital outputsof the boundaryADCs
from adjacentMCMs arefed in parallelto theMCM. Thetracklet preprocessorprototype1 has5 � 8 Bit
inputs for ADC data;eachof the two ADCs arecombinedtogetherwith a commonreadoutbus and
multiplexed in time. This is possible,as the ADC samplingrate is 10 or 20 MHz, while the tracklet
preprocessorworksat the4 � speed(40or 80MHz). Thetwo ADCs,belongingto thesamereadoutbus,
have 18 commonpinsandonly theOE (outputenable)andVin (analoginput) lie on differentnetworks.
We decidedto solderthesecondADC directly onto the first one,while the two pins mentionedabove
areconnectedto theboardvia small vertically-mountedSMT 0 Ω resistors.This topologysavesa lot
of spaceandviason board.Sometechnicaldetails: theMCM is a twin-layerboard,andwith minimal
distances/routewidths6 mil/6 mil (152µm), thesizeof theboardis 51 � 40 mm2. Therearetwo FPC
connectors(30pins)for inter-MCM communication,oneFPCconnector(18pins)for thecommandbus
andoneFPCconnector(18 pins) for the analoginputs. All FPCconnectorsarecommercial0� 5 mm
pitchconnectors(eg. HARWIN4).

Thefirst MCM wasmountedon a smalluniversalboard.Color Fig. 7 shows a photowith both the
preamplifieranddigital back-endchip integrated.TheADCsareimplementedasdiscretechipswith two
stackedontopof eachotherin orderto savespace.Thiscarrierboardcontainsthevoltageregulators(two
3.3V, one1.65V), aquartzoscillator, andnormalconnectorsfor easiertests.Thedigital control/readout
wasmadeby an universalPCI I/O board(alreadyusedfor testsof the tracklet preprocessor).Due to
difficultiesat bondingof thedigital chip,someinputsfrom onepair of ADCs wereaccidentallyshorted
to groundandthereforethecorrespondingtwo ADCs werenot solderedon theMCM. Theprimaryaim
of theMCM wasnot to testthe tracklet preprocessorasa digital chip,but to testtheMCM technology
andto estimatetheperformancewhenweput in closeproximity ahigh-speeddigital chip (TPP),several
pipelinedADCs,andavery sensitive analogchip (PASA).

Figure5.9 shows the digital outputof oneADC with reducedreferencevoltage. The input of the
correspondingpreamplifierchannelwasopen. If thereis a signalappliedto anadjacentchannelof the
preamplifier(sothatwehavemaximalamplitudeat thepreamplifieroutput),thereappearsadisturbance
for 1-2timebins,with amplitude1-2LSB of theADC. If weshorttheinputof thepreamplifierto ground
andapplythesamesignalto theadjacentpreamplifierinput,wedonotseeany changeattheoutputof the
ADC. In thiscase,however, thefirst stageof thepreamplifierwith groundedinput is outof DC stability,
while thesecondstageof thepreamplifieris still DC stableanddeliversnormalvoltageto theoutput.In
Fig. 5.10theshapedpulsesmeasuredfrom six ADCsareshown. Thereis aslight shapevariationin one
of thechannel.

4HARWIN Components,www.harwin.com
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Figure 5.9: ADC responseon MCM with digital clock enabled.For this test,the ADC referencevoltagewas
reducedin orderto increaseits gain.Only theleastsignificantbit changes.

Figure 5.10: Superpositionof all analogchannelsdigitized with the ADCs on the MCM and readoutby the
tracklet preprocessor. TheADCsareimplementedasdiscretechips.

5.10 Designfor test

Forahighyield in theproductionof multi-chipmodules,it is essentialto verify thechipsbeforebonding.
TherearetwochipsontheMCM, whichwill haveto betestedindependentlyprior to assembly. However,
this testingrequiresonly simplefunctionalitytestingasit alreadywill identify mostof thebrokenchips.

5.10.1 Preamplifier

A cheapandfastsolutionfor analogfunctionaltestingis theuseof a factorystandardautomaticdigital
tester. A 4 Bit DAC will beimplementedon thepreamplifierdie togetherwith theappropriatemeansto
inject differentcharges,definedby theDAC, into thepreamplifierfront-end. ThehighestDAC setting
wouldcorrespondto aPASA outputpulsewhichhasanamplitudecloseto theADC full scale.Thispulse
canbeeasilymeasuredby thedigital testerif its readoutthresholdsareadjustedappropriately. Caremust
betakenin orderto preventthiscircuitry from increasingthepreamplifier’s channel-to-channel crosstalk
andinput capacitance.A simpleinternalstatemachineis programmedthroughanexternalsingle-ended
two-wireserialinterface,suchasPhilips5 I2C.Thisstatemachineimplementsoneenablebit perchannel,
thusallowing any combinationof channelsto beactivated.TheDAC is programmedthroughthesame
interface.Theclockrequiredfor this testcontrolleris heldlow duringnormaloperation,thuskeepingthe
logic in stand-byandnotgeneratingany digital noise.Thiscircuitry allowssimplefunctionalverification
of the preamplifierchip while being operatedon a digital testerand using its digital inputs with an
adjustablethreshold.

5PhilipsSemiconductors,www.semiconductors.philips.com
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5.10.2 Local Tracking Unit (LTU)

All majorbuilding blocksof theLTU will beencapsulatedby JTAG boundaryscanlogic (IEEE1149.1),
allowing for the isolation and diagnosticsof errors. However, since the LTU implementsa multi-
processor, in-situ self-testingis implemented,which includesthe testingof all internalmemoriesand
registers.The eventbuffers canbe uploadedwith simulatedevents. The tracklet preprocessorcanbe
configuredto processthis data,insteadof readingthe ADC outputsandfilling the event buffers. The
testroutinescanbeuploadedquickly via the readouttreewhenconfiguredin uploadmode. Given the
availablefour processorkernels,four testinstructionscanbeexecutedperclock cycle, for example,si-
multaneouslytestingfour regionsof the datamemory, thusallowing shorteningof the test time. This
moderesultsin thetestvectorsbasicallyuploadingthetestprogramanddata,providing theclock, and
expectingthetestresults.

5.10.3 MCM testingand verification

After assembly, theMCMs requiretestingandburn in. Thetestinfrastructurerequiredshallbeassimple
aspossiblein orderto allow a largenumberof modulesto betested.Allowing six monthsfor thetesting
of all MCMs for the entire detectorrequires,for example,the completionof one MCM per minute,
assuminganeight-hourwork day. Thesetestsareexpectedto beperformedperiodicallyin-situwhenthe
detectoris idle. TheMCM shallbeableto completesuchtestingwith aminimumof externaladditional
logic. Thelist below specifiestheMCMs self-testfunctionality.

  verificationof checksumon internalcodeanddataRAM

  memoryread/writetestingon all internalmemories(code,data,eventbuffer, look-uptables,con-
figurationregisters)

  processorconfiguration,synchronization

  testof coreregisterfile

  testof tracklet preprocessorby uploadingsimulatedeventsfirst intoeventbuffers,thenconfiguring
the tracklet preprocessorto acceptinput from theeventbuffers ratherthanfrom theADCs, and
finally by performinga regulartriggerandverifying theresultsin thesummemories

  measurementof supplyvoltagewhile switchingon fastclocks

  measurementof tracklet processorchipcoretemperatureduringburn-in andin-situ

  injectionof testcharge (6 Bit granularity)into any individual or groupof preamplifierchannels,
allowing themeasurementof crosstalkandlinearity of eachindividual channel.

  measurementof analogsupplyvoltageduringacquisition

EachMCM will carryanuniqueID. Testandrepaircycleswill bearchivedin a databaseandstored
for thelifetime of theexperiment,basedonthis ID. TheMCM testsoftwarerunningonthetracklet pro-
cessorwill utilize its readoutbusin orderto forwardstatusandprogressmessagesto thetestenvironment.
Thisscenarioallows a largenumberof MCMs to betestedsimultaneously.
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6 Electron trigger with the TRD

6.1 Physicsmotivation

The studyof rareprobeswith crosssectionsin the orderof ¡ 100 µb (correspondingto probabilities
per collision of ¡ 10¢ 5) to diagnosethe propertiesof the QGPrequiresdedicatedtriggersto enhance
the eventscontainingthe signals. Especiallyelectromagneticprobesthat arenot affectedby hadronic
reinteractionsand thereforeprovide the most direct view of the reactionscenarioneeda substantial
effort dueto theirsmallcrosssection.Equallyrarearetheelectromagneticdecaysof hadronresonances,
of which theheavy vectormesonsJ/ψ andϒareof specialimportancedueto theexpectedsignaturesof
their yield for specificplasmaconditions[1–3].

The ALICE dataacquisitionhasto serve all the differentparallel trigger requestsfor the various
physicsobservables;for thesake of thepresentdiscussionit is assumedthatthebandwidthavailablefor
high pt electronphysicsis limited to an equivalentof 20Hz of centralevents. Underthoseconditions
about2 £ 107 eventsperyearof ALICE operationwill berecordedfor theTRD trigger.

To test variousmodelsandresolve ambiguitiesit is of utmostimportanceto measuredifferential
distributions,i.e. thetransversemomentum(pt) andthecentralitydependenceof thesignals.A triggeris
especiallyneededfor i) largetransversemomentaof theresonancesthataretypically suppresseddueto
theexponentialfall-off of thespectraandii) for largeimpactparametereventsfor which theprobability
to producetheinterestingprobesis substantiallyreduced.

In orderto make a variety of physicssignaturesaccessibleto ALICE with sufficient statistics,the
TRD trigger is designedto i) find andselecttrackswith transversemomentaof more than 3GeV/c, ii)
separateelectrons from pionsandiii) allow to computecorrelationquantitieslike theinvariantmassof
trackpairsor themultiplicity in spatialregions.

Thephysicsobservablesthatbenefitfrom theTRD triggerare:

¤ J/ψ productionat largetransversemomentum

¤ ϒproduction

¤ TheThermalDileptonContinuumin theinvariantmassrangefrom 4 to 9 GeV/c2

¤ Jetproductionwith JetEnergiesof morethan100GeV

Thedi-electroncapabilityof theTRD will beusedto measureobservablesatmidrapidityandthusde-
livers(complementaryto thedi-muonarm)valuableinformationfor thediagnosticsof theplasmaunder
themostcleanconditions,i.e. at thehighestenergy densitycombinedwith thelowestnetbaryondensity.
An uniqueadvantageis thepossibilityto correlaterareprobeswith theotherinformationobtainedwith
thecentralALICE detectorin thesamerapidity interval on anevent-by-eventbasis.

To make efficient useof the solid angleavailablefor the TRD, the trigger systemhasto cover the
whole rangein rapidity andtransversemomentumwith a high anduniform efficiency. The systemis
designedfor a minimum biasmeasurementsinceimportantinformationis containedin theproduction
ratestherareprobesfor differentimpactparameter[2,4].

Thereis a large uncertaintyaboutthe multiplicity to be expectedfor Pb-Pbcollisionsat LHC en-
ergies(seediscussionin Chapter12). The systemworks well even for the maximumpossiblecentral
multiplicitiesof dN ¥ dy ¦ 8000,but substantialimprovementsareachievedfor minimumbiasconditions
or if thecentralmultiplicity is significantlybelow 8000.
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6.2 Concept

TheTRD trigger(andthewholedetectionscheme)is implementedto selectonhigh pt electronpairsex-
ploiting thetransitionradiationsignatureona5 µs timescale.Thereforethetriggerschemeis organized
in thefollowing way (seeFig. 6.1):
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Figure6.1: Triggerscheme.

1. Local track segment(tracklet ) searchindependentlyin all chambersof the detectorin parallel
processorscalledLocal TrackingUnits (LTU).

2. Selectionof stiff trackletsby meansof maximaldeflectioncomparedto thatexpectedfor straight
(pt § ∞) trajectories.

3. Computationof particle identification(PID) informationbasedon the total energy lossand the
depthprofileof thedepositedenergy.

4. Shippingof datafrom all stiff trackletcandidates(pt ¨ 2 GeV/c)to aglobaltrackingunit (GTU).

5. Selectionof high transversemomentumcandidatesby requiringa sufficient numberof merged
tracklets(3 outof 6) with aglobaldeflectioncorrespondingto pt ¨ 2.7GeV/c.

6. Computationof the globalparticleidentificationinformationfrom combinationof the local PID
measures.

7. Globalcountingof positive andnegative trackcandidates(possiblyalsowithin agivenarea).

8. Computationof two-particlecorrelationquantitieslike theinvariantmass.



6.3 Hardware implementation 63

9. Transmissionof theresultto theALICE trigger(CentralTriggerProcessor).

Theidentificationof interestingphysicssignalsby theTRD requiresto inspectall Pb-Pbinteractions
for theoccuranceof rareprobes,i.e. thetriggerhasto runatminimumbiaseventrates.Sincethegating
grid of the ALICE TPC cannotbe openedat this rate the trigger decisionbasedon the TRD detector
alonehasto becomeavailableon a timescalethatis shortascomparedto thetotal drift time of theTPC
(TTPC © 88 µs). A decisiontime of about6 µs is consideredacceptablesincethedelayin openingthe
gatinggrid involves at mosta shorteningof sometracksin the TPC at large forward/backward polar
angles.Alternatescenarioslike openingthegatinggrid with theminimumbiastriggerrateandclosing
it with the non occuranceof the TRD trigger arealsounderdiscussion.In any casethe whole trigger
sequenceneedsto becompletedwithin amaximumdecisiontimeof about6 µs.

With theenvisionedmaximummultiplicities of up to 20000primarychargedparticlesin theaccep-
tanceof theTRD detectorthe implementationof the triggerschemedictatesa massively parallelcom-
putingmodel.Themostdemandingpartis theonlinetrackingof thefull eventwith highenoughquality
to selecteventsthatoccurwith probabilitiesof theorderof 10ª 5. Thewholearchitecturedescribedin
thefollowing is optimizedto achieve thisgoal.

6.3 Hardware implementation
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Figure6.2: TriggerSystemOverview

Within thedetectorenormousamountsof data
areproducedon the lowestlevel, which have
to be processedin a very short time. To re-
duce the incoming data volume as early as
possiblesuccessive selectionstepsareimple-
mented. Figure6.2 shows the differentpro-
cessingstepswith the associatedamountof
data.

6.3.1 Trigger concept

Thebasicideaof thetriggersystemis to find high-momentumelectronsandseparatethemfrom pions
by a reconstructedtrack line anda transitionradiation(TR) signature.Theelectron-pionseparationis
performedvia theTR photons,which areprimarily detectedat theendof thedrift-time (seeFigs.11.10
and14.20). The track reconstructionalgorithmtakesthe known track modelfor high-pt particlesinto
account.Suchparticletracksareessentiallyperpendicularto thereadoutchamberspadplane,neglecting
theLorentzangleandthefactthatthechambersareflat. For adetailedgeometriclayoutof thechambers,
refer to Chapters2 and4. Only a small numberof channelsis requiredto readout a completetrack,
allowing for the implementationof a tracklet reconstructionenginein a highly parallelfashion.In the
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following we will refer to a tracklet asthe segmentof a track in onereadoutchamber. Trackswith a
largeinclinationangle,andthusa low transversemomentum,arenot includedin thetrackingmodeland
arethereforeignored.All spacepointsaboveonegivenpadareconsideredto belongto thesametracklet
and are includedin a straight-linefit. This methodperformsworseas the occupancy increasesand
eventuallyfails in caseof amulti-trackpileupaboveagivenpad.Thishasbeentakeninto accountin the
microscopicsimulationsof thetrigger(seeSection6.4). Trackswith a largedeflectionanglecrossinga
stiff trackwill distortthepositionresolutionin theregionof overlap.However, thecorrespondingpileup
clusterscanbedetectedat thehit level andwill beexcludedfrom thefit.

Figure6.3: The tracklet fitting principle.Thepadrow runsin y direction.Thedrift directionis radial.

An overview of thetrackingprinciple is sketchedin Fig. 6.3. Theordinateidentifiesthepadrow of
thedetector, alongwhich thetrack is bentin themagneticfield. Theabscissashows thedrift direction,
discretizedin anumberof timebins(configurableup to 32). Thetriggersystemcalculatesfor eachtime
bin andchannelthepositionof aclusterbasedonchargesharing.

Dueto thepadresponsefunction,onaverage,2« 4 padsarehit by ahighmomentumtrack.Padswith
a local maximumin charge depositareselectedandthe precisey positionof the correspondinghit is
determinedfrom thepulseheightof this padandits two neighborsfor every time bin. Thepositionis
determinedbasedon lookuptablesandindexedby thepadamplituderatioscenter/rightandcenter/left.
For a well definedcharge sharingoneof this ratiossufficesfor positionreconstruction.Given the in-
volvementof threepadsandthereforeasecondredundantpositionmeasurementpertimebin, pileuphits
canbe detectedandrejectedon a time bin basis. Refer to Section6.4 for a detaileddiscussionof the
onlinechamberpositionresolution.

The trigger is designedto performa straight-linefit basedon the calculatedspacepoints in y asa
function of drift-time. As describedin moredetail in the next section,during the drift-time, for each
channelthe input parametersfor a straight-linefit arecalculatedandupdatedin summemories.After
thedrift-time, thetriggerprocessorcalculatesthefinal tracklet parameterssuchastheslope,intercept,
variance,etc..Only tracklets areconsidered,which involve a maximumof four pads,correspondingto
amaximumy-deflectionof onepad.After thisoperationeachindividual tracklet candidateis subjectto
anangleand(possibly)particleidentification(PID) cut, selectinghigh-pt tracklets . ThePID is based
on energy deposit(seeSections6.4.5and11.5).Low momentumparticleshave a largedeflectionin the
bendingplane. They will be rejectedeitherby slopeor they will not meetthe criterion on minimum
numberof spacepoints requiredfor a valid tracklet . The tracklets identified as high pt (electron)
candidatesareshippedthrougha readout tree to the global track matchingunit, which combinesthe
tracklets of thesix TRD layersinto onetrackwith improvedmomentumresolutionandPID.

The whole of TRD electronicsis arrangedin groupsof 18 channels(adjacentpadsin the same
padrow), mountedon multi-chip-modules(MCM). Thecharge-sharingandfinite deflectionof high-pt
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tracklets requirethe neighboringMCMs to sharethe dataof their borderlinechannels.For example,
for thepositiondeterminationvia charge-sharingof channel17(countingfrom 0) of MCM m, channel0
of MCM m ¬ 1 is requiredandvice versa.In orderto not have trackinginefficienciesat MCM borders,
tracklets with the maximumforeseeninclination have to be considered,assketchedin Fig. 6.3. One
possibleimplementationcouldbetheexchangeof thecontentof the tracklet SUM memories,which is
calculatedduring thedrift-time, at theendof thedrift-time for thecalculationof thecompletetracklet
parameters.However, this would result in an increasedprocessinglatency due to the requireddata
exchange,whichcannotbepipelined.On theotherhand,theinclusionof asecondchannel(for example
channel1 of MCM m ¬ 1) would allow thecompletereconstructionof a boundary-crossingtracklet on
MCM m. Note that no further efficiency will be gainedby the shippingof channel16 of MCM m to
MCM m ¬ 1 asthegiventracklet will alreadybereconstructedby MCM m. Therefore,thetotalnumber
of inputson each18-channelMCM is 21, wheretwo channelsareshippedto andoneis received from
MCM m  1 andonechannelis shippedto andtwo arereceivedfrom MCM m ¬ 1.

Simulationshave shown thatcommunicationbetweentwo chipsin z directionis not necessary(see
Section6.4). Tracklets split in thatdirectioncanberecombinedat thelevel of theglobaltrackingunit.

6.3.2 Local Tracking Unit (LTU) functionality

An overallpictureof theelectronicsis givenin Fig. 5.2.TheLTU functionalityincludeseverythingafter
theADC. It comprisesa socalledtracklet preprocessor(TPP),which includesstorageof theraw ADC
datain theeventbuffer, a MIMD microprocessor, which subsequentlycomputesandselectsthe tracklet
andthereadoutpart.

Figure6.4: Functionalityonededicatedchannelof thepreprocessor.

TheTPPperformsdataacquisitionfrom the21 ADCsand,in parallel,executestherequiredtracklet
preprocessingin orderto speedup thedeterminationof thetrackparametersafterthedrift-time ends.Its
functionalityis shown in Fig. 6.4. Thetrackingmodelassumesastraight-linefit accordingto:

yi ® a ¬ bxi ¯ (6.1)

wherei is the time bin number. Theresultingslopeandinterceptfor N spacepoints ° xi ¯ yi ± aredefined
as:

b ® N∑xiyi  ∑xi ∑yi

N∑x2
i ²° ∑xi ± 2 ¯ a ® ∑x2

i ∑yi  ∑xi ∑xiyi

N∑x2
i ²° ∑xi ± 2 ³ (6.2)

The spacepoints are given by the drift distancexi and the measuredposition yi along the wire.
Althoughthey-positionresolutiondependsonthetotalchargeof thecluster, thefit is notperformedwith
weightsasthosewouldhaverequiredmorehardware.All N clustersarejustrequiredto haveaminimum
total charge(thesumof threeneighboringpads),whichcanbeconfigured.

All digitizedADC valuesarestoredin theeventbuffer. Thevarioussumsshown in equation6.2can
be accumulatedduring the drift-time in a multi-portedregisterfile (FIT), implementingread-modify-
write cycles. At the end of the drift-time, all requiredinput parametersfor the fit are storedin the
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appropriateregistersof thefit registerfile. At thatpoint,thefastclocksareenabled,startingthemultiple–
instruction–multiple–data (MIMD) processorsandcomputingthetracklet parametersaccordingto equa-
tion 6.2. This final computationrequiresonly multiplication,additionandonedivision. The startand
endtimeof thefit algorithmcanbeconfiguredwithin aninterval of up to 32 timebins.

A spacepoint is alwaysassignedto thepadcarryingthemaximumsignal.However, valid tracklets
can spantwo pads,which resultsin thosetracklets being split over thesetwo padsas their cluster
maximummovesfrom onepadto thenext (Fig. 6.3).

In orderto avoid trackinginefficiencies,thosetracklet segmentshave to bemerged. Themerging
makesuseof theconstantwidth ∆yof theindividualpadswhichallowsfor thederivationof thecombined
sumsfrom thetwo adjacentchannels(ṕ p µ 1). Parametersfor thefull tracklet with respectto channel
p arecomputedby merging its datawith thedatafrom channelp µ 1:

∑xi ¶ ∑
p

xi µ ∑
p· 1

xi ´ ∑x2
i ¶ ∑

p
x2

i µ ∑
p· 1

x2
i (6.3)

,

∑yi ¶ ∑
p

yi µ ∑
p· 1

yi µ Np· 1∆y ´ ∑xiyi ¶ ∑
p

xiyi µ ∑
p· 1

xiyi µ ∆y ∑
p· 1

xi ´ (6.4)

∑y2
i ¶ ∑

p
y2

i µ ∑
p· 1

y2
i µ 2∆y ∑

p· 1

y2
i µ Np· 1∆y2 ¸ (6.5)

Thesumof y2
i is requiredfor thecomputationof afit qualityparameter.

Thisfunctionalityis implementedby theMIMD processor. In orderfor a tracklet segmentto becon-
sidered,it hasa programmableminimumlengthof typically four measuredspacepoints.Theequations
aresymmetricwhethera left or right neighboris merged. Therefore,it is sufficient to alwayshave one
predeterminedsidehere,whichwill betheascendingpadnumber.

6.3.2.1 Tracklet Preprocessor

TheTPPcalculatesparametersfrom stiff tracksof 18 datachannelsfor a linearfit duringthedrift-time
of 2 µs . All TPPconfigurationparameterscanbe setexternally. Thewholearchitecture(asshown in
Fig. 6.5)canbesplit into threesections.

¹ The first part is the front-endinterfacing to theADCs, which arealsoimplementedon the chip.
Thisstageintegratestheeventbuffersto storetheraw datafor laterreadoutuponaL2 acceptand
a logic block to selectspacepointsin real-timefor all channelssimultaneously. Also, two lookup
tables(LUT) perchannelareimplemented.Thefirst LUT builds theratiosbetweenthecenterand
neighborpads,andthesecondcalculatesthepositionon thecurrentpad.

¹ Thesecondpartof theTPPcalculatestheparametersneededfor thefit.

¹ Thethird partis theread-modify-writeblock (FIT), whichallows for updatingof thevarioussums
in one clock cycle and provides supportfor the interfaceto the MIMD processordescribedin
Section6.3.2.

Now follows amoredetaileddescriptionof thefunctionalityandarchitectureof all threeparts.
For eachclockcycle, thesumof threeadjacentchannelsis built for eachchannel.An incomingdata

valueis acceptedasaninterestingdatapoint if two conditionsaremet:
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(i) The amplitudeof the left, Al , and right, Ar , channelsare smaller than the middle channelAc

(Al º Ac andAr » Ac).

(ii) Thesumof thesethreeamplitudesis greaterthanaconfigurablethresholdth, i.e. Al ¼ Ac ¼ Ar ½ th,
whichcanbesetto full scalein orderto maskany givenchannel.

This first block operatesat the samplingfrequency of the ADCs of about10 MHz. Note that in
orderto keepall internalclock frequenciesaslow aspossible(ADC clock), morelogic thanabsolutely
necessaryis usedhere. Thearithmeticsis fastenough,easilysupportinga 4 ¾ or highermultiplexing,
which is not implementedin orderto avoid higherclock frequenciesandrelateddigital noise.

If a three-channelamplitudegroupmeetsthe specifiedconditions,a four-parameterblock (Ax, As,
ID, hit) is queuedfor furthercalculations.It containstheamplitudeAx of the largerof the left or right
neighborsof thecurrentchannel,thesumamplitudeAs of thesethreechannels,thechannelnumberID,
anda flag hit that indicatesthat thedatafrom this channelform a valid candidateto computefurtherfit
parameters.If nochannelcomplieswith thehit conditions,nothingis calculatedor storedin theregister
file (FIT). For eachvalid time bin, theacquisitionkernelcomputesthefollowing setof parameters: xi ,
yi , xi ¿ yi , x2

i , y2
i , hc, trd. The parameterxi representsthe position in drift directionandis encodedas

a samplingtime bin number. The parameteryi is the location of the charge cloud in the given time
bin in y direction, which is determinedusing two lookup tables,encodingthe pad responsefunction
andproviding two independentmeasuresof the position. The comparisonof the two ratios with the
tabulatedexpectationbasedon thepadresponsefunctionallows at this stagealsoto rejectmergedhits.
Theparameterhc is aflagthatfor avalid groupis oneandtheupdateof which in FIT encodesin theend
thenumberN of spacepointsfor a tracklet (seeequation6.2). Theparametertrd reflectstheamplitude
of thegroup.

In thethird part,thecalculatedparametersareusedto updatea read-modify-writememory(FIT). In
eachcycle, a full parameterline is readout andthesumsof thecalculatedparametersarewritten back
to thememory. For eachdatachannel,amemoryline for all parametersis implemented.Thefit register
is alsothe interfaceto theMIMD processor, which workson thesecalculateddataafter thedrift-time.
While theTPPworksin acquisitionmode,theMIMD processoris in sleepmodewith its clocksdisabled.
At theendof thedrift-time, if parameterswerecalculated,theTPPwakesup theMIMD.

Figure6.5: Schematicblockdiagramof theTPPchip.

TheTPPblock diagramis shown in Fig. 6.5. Altogether, theTPPcomprisesthefollowing building
blocks: 19 datachannelswith eventbufferscapableto storetheADC values;a clusterfinder to select
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interestingdataandsumthreechannels(’ConditionCheck’);aunit thatselectsupto four clusters(largest
amplitudes)for further processing(’Hit SelectUnit’); a positioncalculationblock to calculatethe fit
input parameters;anda read-modify-writememoryblock to storethecalculateddatain theregisterfile
(’FIT’) which is alsothe interfaceto theMIMD processor. Note that the19 channelTPPincludes2+1
additionalchannelsof its neighboringMCMs andthusfrom differentpreamplifierchips(referto section
6.3.1),which arealreadydigitized andstoredat theseneighboringMCMs. In orderto verify the gain
matchingbetweenthedifferentchipsthesesharedchannelsarearchivedalsowithin theTPP. In addition
to thebasicfunctionalblocks,eachchannelhasa configurableblock to subtracta pedestalandapplya
threshold.Eachblock containstwo fastmultipliers,asprovidedby thelibrary of thesiliconsynthesizer,
andonespecialdivider thatis implementedasa lookuptable.Thespecialdivider actuallyapproximates
thedivision by transformingthe datato a logarithmicscale.This is realizedby generatinglogic from
lookup tablesandadjustingtheprecisionof thecalculationto thequality of themeasurementprocess.
Thenext chapterdescribesthebuilding blocksin moredetail.

Front End

Thefront-endworkswith a frequency of about10 MHz, andprovidestheinterfaceto theintegrated
ADCs. Eachchip receivesdatafrom 21 ADCs, andeachdatachannelreceivesdatafrom threeADCs:
from thecurrentADC, andfrom its left andright neighbor. First, a multiplexer selectsthe largervalue
outof theright andleft channel;this choiceis madeby acomparatorblock (seeFig. 6.4).Thentheratio
to thecenterchannelis built andthepositionyi is calculated.Both, thenormalizationandtheposition
reconstructioncanbeperformedby programmablelook-uptables.

Configuration

The TPPallows for individual configurationof pedestal,thresholdsanddrift length. The pedestal
valuecanbeconfiguredfor eachchannelin theTPP. Thepedestalis 10 Bit wide, thusallowing for the
eliminationof defectchannels.The secondis the 12 Bit wide thresholdthat is usedto checkthe th
conditionin theTPP. It alsoservesfor thezerosuppressionthateliminatesnoise.Thedrift length,a 6
Bit number, is necessaryto configuretheaddresscounterof theeventbuffer. Theeventbuffer startsto
fetchdatawhenthepretriggeris detectedin thechipandstopswhentheaddresscounterreachesthedrift
length.This is commonfor all 19channelsin achip.

TheTPPconfigurationis doneby theMIMD processorin a programmedI/O fashion,whenin the
configurationstate.A device is addedto theI/O memoryspacesupportingtheTPPconfigurationfunc-
tionality. In order to keepon-chip routing simpleand to avoid complex configurationbusesthe TPP
configurationis shiftedin or out sequentially, allowing to implementtheconfigurationregistersasshift
registers.Thereis,however, ashadow registerallowing to (re)definetheactualconfigurationin oneclock
by copying to/from theshadow register. In orderto settheconfigurationshift registersefficiently, one
of theMIMD CPUswrites to theTPPconfigurationlogic. As a consequencean internalstatemachine
shifts the received 32 Bit wide configurationword sequentiallyinto a shadow shift registerof the real
configurationregister. TheMIMD processorcontinuesuntil all bits have beenshiftedin. Thenumber
of bits in theshadow configurationregisterarealwaysmultiple of 32 bits. Theshadow registeris then
copiedinto theactualconfigurationregistersby assertinganappropriatestrobesignal,which is triggered
by writing to anotherdefinedregion within theTPPconfigurationblock. Configurationreadsareimple-
mentedequivalently, with the exceptionthat the shadow configurationregister is copiedfirst from the
actualconfigurationregistersandthenreadoutby theMIMD processor, reading32 bitspertransaction.

Theconfigurationparametersaretaken from theMIMD processorsglobaldataRAM. They canbe
uploadedduring theLTU configurationusingtheserialconfigurationlink. This link is terminatedin a
configurationunit, having accessto both the I/O bus andthe global dataRAM, usingthe addressand
databusof CPU1 assketchedin Fig. 6.6 (seealsosection 6.3.3.6).However, theserialconfiguration
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Figure6.6: Configurationof internalRAMs.

unit canalsowrite directlyto thememorymappedTPPconfigurationregistersmockingtheprogramming
functionalityof theMIMD processor, supportingexternalconfigurationof theTPPwithouttheassistance
of theMIMD processor.

Different operating modes

The TPP hasthreeoperatingmodes. By default, if not idle, it is in acquisitionmodeto receive
datafrom theADCs andcalculateall fit parameters.In thesecondmode,theeventbuffer is accessible
by the MIMD processor. Sincethereis no explicit storeinstructionfor the event buffer, the portsare
accessedvia theglobal I/O memoryregion andwill becontrolledby a dedicatedregisterin theglobal
I/O memory. This modewill beusedfor self testfunctionalityof theLTU. In thethird mode,theTPP
readsits input from theeventbuffer ratherthanfrom theADCs. In this modeaneventcanbereplayed
or a known simulatedevent canbe downloadedandrun throughthe systemin order to verify system
integrity. If chip realestatepermits,it is plannedto implementtheeventbuffersdeepenoughin orderto
allow having alwaysabackupor storedeventon-line,whichallows to injectasimulatedeventwith zero
deadtime.

TPP prototype chip FaRo1

The first prototype(FaRo 1) hasbeenproducedusing the AMS1 0À 35 µm CMOS process. This
prototypehaseightdatachannels.Thefront-endis designedto work externallyat20MHz andinternally
at80 MHz. Theresultingchip integratesabout50kgatesandhasa coresizeof 14À 4 mm 2. A testboard
generatingtherequiredexternalclockshasbeenproduced.As apatterngenerator, anappropriateFPGA
wasused,which implementsaPCIcore,therebyallowing accessvia PCI.Thetestvectorsaregenerated
by softwareanddownloadedthroughthePCI bus into the internalmemoryof theFPGA.On a trigger
signal,theFaRochip is subjectedto thepreviously downloadedtestdataandsubsequentlyperformsthe
processingthattakesplaceduringthedataacquisitiontime. Following this,theFPGAgeneratesreadout
signalsandcollectstheresultsfrom theprototype.Thenall dataareshippedthroughthePCI businto a
Linux PC’smemoryandarecomparedwith theexpecteddata.TheFaRo1 chipwasvalidatedby testing
it with morethanthreemillion testvectors.Thesetof testvectorswasdesignedto covercritical areasof

1AustriaMicro Systems,www.amsint.com
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thedesign.In addition,randomlygeneratedtestvectorshavebeenused.During thetests,noerrorswere
detected.TheFaRo1 test-boardwith theOrcaFPGAboardis shown in Fig. 6.7.

Figure 6.7: FaRotestboard.

Calculationof thepower consumptionof theFaRo1 TPPis donewith a separatepower supplyfor
FaRoin thetestsetup.A fatiguetestshows that thepower consumptionis only dependenton theclock
frequency. Onechannelin thewholearchitecturehasa power consumptionof about100mW. Thetest
chip works internally with a fourfold clock frequency comparedto the front-end. The testresultsare
shown in Fig. 6.8.

Figure 6.8: Powerconsumptionof theFaRo1 chip.

6.3.3 Tracklet processor

This chapterfocuseson thearchitectureandfunctionalityof theMIMD triggerprocessorwhich is inte-
gratedinto thereadout systemandwill beimplementedon theMCM thatis describedin Section5.8.

6.3.3.1 Ar chitecture and functionality

Thearchitectureallows theconcurrentexecutionof multiple threadson a sharedmemoryandprovides
an efficient meansfor inter-threadcommunicationandsynchronization.Four Harvard-styleCPUsare
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closelycoupledby sharingthesamedataandinstructionmemory. In addition,asubsetof their registers
is globally accessible.

Thetaskof thesystemis to executeflexible triggercodein lessthan1 µs . As described,theTTPdig-
itizesandcapturestheamplitudesof 18 channelsandexecutesa hard-codedalgorithm,which provides
afirst selectionof up to four trackcandidatesandcalculatesparametersfor thelinearfit.

This processingstageis performedby a four-nodeMIMD processor. Eachnodeimplementsa pri-
vateregisterfile anda globalregisterfile to shareparametersandprovide a meansfor synchronization.
To simplify thedecode/fetchphase,all arithmeticinstructionswork register-to-register. Thesizeof an
instructionis limited to a single24 Bit word. TheHarvard-stylearchitectureforeseesonly two pipeline
stages: onefetch/decodestageandoneexecute/writebackstage.Thedataandprogramstoresareimple-
mentedassharedinternalquad-portedRAMs. ThedataRAM is accessiblevia loadandstoreoperations.
Datafrom the acquisitionstageof the TPPareretrieved by a dedicatedload instruction. The instruc-
tion set is RISC-like. In addition to the commonarithmeticand logical operations,instructionshave
beenaddedto handlesynchronizationbetweentheCPUs.An overview of thearchitectureis sketchedin
Fig. 6.9.

Figure 6.9: Schematicblockdiagramof theMIMD processor.

Most instructionscanbeexecutedin two clockcycles.Thefour independentCPUswork on thedata
from the TPPto executefour independenttrigger algorithmssimultaneously. Due to the read-modify-
write capabilityof the global registers,dataconflicts in the pipelineareavoided. This allows for the
productionof highly efficient codefor the expectedcomputations.First versionsof the codeindicate
that,in many cases,theresultsfrom oneinstructionareusedduringthenext cycle. In deeplypipelined
RISC architectures,the resultsmustbe forwardedusing dedicateddatapaths. As an alternative, no-
operationinstructions(NOP)canbe insertedinto the instructionstream.This architectureavoidsboth,
thehardwareandsoftwarethecomplicationsresultingfrom datadependencies.

Theinterfaceto externalcomponentsis realizedvia theprivateregisterfile. TheCPUalsosupports
synchronizationbetweenthenodesby a synchronizationregisterfile. Writing to thoseregisterscreates
signalswhich, togetherwith someadditionalinstructions,provide aversatilemeansof synchronization.

Eachnodehasa 32 Bit wide datapath. Thus,for thosearithmeticelementsemploying morethan
32 Bit wide operands/results,multiple registershave to be used. As can be seenin Section6.3.3.2,
only threeoperandscan be addressedby one instruction. Thus, for the upperpart of the results,a
dedicatedregister is used. Eachimplementeddatamemoryis 32 Bit wide. The processorhasfour
independentinstructionsequencers.The instructionmemoryis a full custom24 Bit wide quad-ported
memorythat is implementedasinternalRAM with 2048entries.Thefirst testprogramrequiresabout
200entries(excluding thezerosuppressingreadoutprogram)andwe estimatethat2048is enoughfor
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all enhancements.Eachnodehasaseparatedecodeblock to decodethecurrentinstruction.Thedecoded
instructionsarestoredin a pipelineregister. In every cycle, the nodescanfetch datafrom oneof the
following sources: theprivateregisterfile (pRF);theglobalregisterfile (GRF);thefit registerfile (FIT)
containingtheresultsof theTPP;the internalRAM; theglobal I/O memory;andtheeventbuffer from
theTPP. To allow simultaneousaccess,theinterfaceto theTPPis implementedasamulti-portedregister
file (FIT) with a fixedassignmentof a given tracklet candidateto a CPU,which is determinedby the
TPPat theendof thedrift time. Resultscanbewrittenbackeitherto thePRFor theGRF. It is expected
thatanodeworksmainlyonits PRF. To exchangedatabetweennodes,theGRFor theRAM canbeused.
To accesstheRAM, load/storeinstructionsareused.TheGRFhasto provide four write andfour read
portsto allow concurrentaccessby all thenodes.It hasprovento beconvenientto keepcertainconstants
in read-onlyregisters.In this architecture,we have foreseensomeconstantvalues.Theseconstantsare
implementedby usingtwo of thebits thatencodethesourceregisterblock. Thismechanismcanbeused
to introduceup to 16 constants.

6.3.3.2 Instruction setand format

TheRISCinstructionsetimplementsfixed-length24Bit wideinstructions.Fourmajoraddressingmodes
aresupported: immediate,registerdirect,registerindirect,andmemorydirect.Figure6.10sketchesthe
sevendifferentsupportedinstructionformats.

Figure6.10: Instructionformats.

The instructioncodeis representedby a 7 Bit wide field to allow sufficient room for additional
instructions.Currently, 70instructionsareimplemented.Thesupportedinstructionssketchedin Fig.6.10
arein thegivenorder:

Á Arithmetic,logical,rotate,move,compare,interruptinstructions,instructionsfor synchronization,
andregisterindirectload/storeinstructions

Á Shift instructions

Á ImmediateMoveandLoad

Á ImmediateCompareandStore

Á ImmediateBranchinstructions

Á Registerindirectjumps
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Â Specialinstructionsfor synchronizationandinterrupts

Most of the instructions,known from generalpurposeprocessorsaresupported.However, thereis
oneextragroupof instructionsfor synchronizationbetweentheCPUs.

Theinstructionsethasnoexplicit instructionfor subroutinecalls.However, any registercanbeused
asstackpointerandtheprogramcountercanbelinked,thusallowing theimplementationof subroutine
calls.Thewholeinstructionsetis shown in Table6.1.

6.3.3.3 Quad Ported Memory

A staticRAM cell wasdesignedto beusedin theTRD triggersystem.In theMIMD processor, it will
serve asinstructionmemoryandinternalRAM to provide accessfor thefour CPUsin eachclock cycle.
Thesharedinstructionmemoryallows considerablesavings in die area.SincethestaticRAM is asfast
asregistersare,thesystemdesignis simplified.

To minimizechip areaandpower consumption,bothof which arecritical for this triggerprocessor,
a full custommacrocell hasbeendevelopedin theAMS 0Ã 35µm CMOSprocesswith threemetallayers
anda VDD voltageof 3Ã 3 V. It is a scalablememoryblock with a maximumblock size of 64 lines
anda maximumline width of approximately60 Bit. Specialemphasishasbeenput on accesstime and
chip spaceutilization. Both implementedmemoriesareorganizedin blocksof 64 lines. Theinstruction
memoryincludeseightmultiplexedblockswith 24Bit perline. Thedatamemoryconsistsof four blocks
with 16 Bit perline. All dataportsarebi-directional.

Figure 6.11: Block diagramof a memoryblock,aswell asaschematicandlayoutview of a one-bitcell.

The structureof onememoryblock is shown at the left sidein Fig. 6.11. Eachblock includesan
independentsetof addressdecoders(not shown), a write unit, a precharge unit, anda senseamplifier
for eachport,whichallows themto operateasynchronously. In addition,ablock containsanarrayof 64
linesof SRAM bit cells.

A singlebit cell, shown in Fig. 6.11 (right panels),consistsof two cross-coupledinverters. Each
inverteris madeup of onePMOSandoneNMOS transistor. ThePMOStransistoris connectedto VDD
andpulls theoutputpotentialto VDD if theinput is ongroundlevel. TheNMOStransistoris connected
to groundandpullstheoutputto groundif theinput is VDD. Theoutputof thefirst inverteris theinputof
thesecondandviceversa.Thissystemhastwo states.If theinput of inverteroneis at VDD, it pulls the
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Table6.1: Instructionsetof theMIMD processor.
No. Opcode Source1 Source2 Destination Description

0 NOP - - - No Operation
1 ADD PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a + b
2 ADC PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a + b + carry
3 SUB PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a - b
4 SBC PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a - b - carry
5 MUL PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a * b
6 MUS PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a * b
7 DIV PRF, FitReg GRF, PRF, FitReg - C = a / b
8 DIE - - - C = a / b
9 AND PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a & b

10 ATT PRF, FitReg GRF, PRF, FitReg GRF, PRF a& b
11 ORR PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a Ä b
12 COM - PRF, FitReg GRF, PRF C = ! a
13 NEG - PRF, FitReg GRF, PRF C = (! a)+1
14 EOR PRF, FitReg GRF, PRF, FitReg GRF, PRF C = a ˆ b
15 SHA implicit GRF, PRF, FitReg GRF, PRF C = a sharX
16 SHT implicit GRF, PRF, FitReg GRF, PRF C = a ÅÆÅ X
17 ROR - GRF, PRF, FitReg GRF, PRF C = ROR(a,carry)
18 MOV - GRF, PRF, FitReg GRF, PRF C = a
19 MVI - implicit GRF, PRF C = implicit
20 CMP PRF, FitReg GRF, PRF, FitReg - a - b
21 CPI PRF, FitReg implicit - a - b
22 CPC PRF GRF, PRF, FitReg - a - b - c
23 BSS - implicit - branchif s
24 JSS PRF - - branchif s
25 BSC - implicit - branchif not s
26 JSC PRF - - branchif not s
27 BZS - implicit - branchif zero
28 JZS PRF - - branchif zero
29 BZC - implicit - branchif not zero
30 JZC PRF - - branchif not zero
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 JNS PRF - - branchif n
37 BNC - implicit - branchif notn
38 JNC PRF - - branchif notn
39 BCS - implicit - branchif c
40 JCS PRF - - branchif c
41 BCC - implicit - branchif not c
42 JCC PRF - - branchif not c
43 BBS - implicit - branchif b
44 JBS PRF - - branchif b
45 BBC - implicit - branchif notb
46 JBC PRF - - branchif notb
47 BRA - implicit - unconditionalbranch
48 JMP PRF - - unconditionalbranch
49 SYN - - - wait onALU
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 LoadEvt.-Buff
58 LPA - PRF PRF, GRF Loadfrom privateI/O Mem
59 LPI - implicit PRF, GRF Loadfrom privateI/O Mem
60 SPA PRF PRF - Storeto privateI/O Mem
61 SPI PRF - implicit Storeto privateI/O Mem
62 LGA - PRF PRF, GRF Loadfrom globalI/O Mem
63 LGI - implicit PRF, GRF Loadfrom globalI/O Mem
64 SGA PRF PRF - Storeto globalI/O Mem
65 SGI PRF - implicit Storeto globalI/O Mem
66 CLI - - - ClearInterrupt
67 STI - - - SetInterrupt
68 INT - implicit - Softwareinterrupt
69 IRT - - - Backform interrupt

input of invertertwo down, which subsequentlypulls theinput of inverteroneup,andby this stabilizes
thesystem.Thisstatecanrepresentthedigital valueone.By reversingtheinverters’input potential,the
secondstateis achieved,representingthedigital zero.

A singleportof thebit cell consistsof two minimumsizeNMOStransistorsconnectingtheinput of
inverteroneto thebit line andtheinputof thesecondinverterto thenot bit line. Thegatesof thesepass
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transistorsareconnectedto theword line, which is drivenby theaddressdecoderasmentionedlater.
This setupis usedfor eachof the four ports. Theresultingloadhasto betaken into accountin the

designof the inverters.In theworstcasescenario,a singlebit cell is addressedby all four ports. Then
thecapacityof four bit/not bit lineshasto bedriven. This mainly resultsfrom theparasiticcapacityof
the passtransistorsof all bit cells in a column. This requiresa layout of the NMOS transistorsof the
two inverterswith thethreefoldareaof aminimum-sizedtransistor. ThePMOStransistorscanbekeptat
minimumsize.As a result,thecell candischarge a bit/not bit line quickly, but charging is significantly
slower, of theorderof a factor10. In total,asinglebit cell includestwo PMOStransistors,two threefold
NMOS and eight NMOS passtransistors. The cells are arrangedin a rectangulargrid. The power,
groundandbit/not bit linesrunvertically throughthecells,andthetracesfor thewordlinesarearranged
horizontally.

Theareaof a singlebit cell is determinedmainly by theeightpasstransistorsandtheroutingof the
four word linesandtheeightbit/not bit lines. Theresultingcell is 12Ç 9 µm wide and9Ç 6 µm high. The
neededareais approximately1Ç 6 timesthatof a singleportedSRAM cell with two passtransistorsand
minimumsizeinverters.

Thenumberof memorylinesperblock is limited by themaximumcapacitya cell candrive in the
permittedtime frame. As a compromisebetweenlarge blocksandsmall inverters,we chosea block
lengthof 64. A bigger inverter candrive more memorylines. To realizea 128 word block, at least
fourfold-sizedNMOS transistorsarerequired. Thesetransistorsincreasethe effective sizeof a cell in
suchawaythattheblockwouldrequiremorespacethantwo 64-lineblocks.Thereasonfor thisis mainly
dueto the fact that the threefoldsizedNMOS transistorscanbe placedin an otherwisefree rectangle
formedby four passtransistors.Theseestimatestake into accounttheperipherallogic.

To readout a memoryline throughoneof the four ports,all bit/not bit lines of this port arefirst
precharged. Simultaneously, theaddressdecoderdecodestheaddress.Thentheaddressdecoderdrives
theaddressedword line. This triggersall bit cellsfrom this word line to drive theprechargedbit/not bit
lines. The senseamplifiersdetectthe voltagedifferencesbetweentheselines andwrite out the stored
bits. To write data,the addressdecoderhasto decodethe addressanddrive the addressedword line.
Insteadof precharging, thewrite unit mustdrive bit andnot bit lines to oppositelevels. Dependingon
thedesireddatavalue,thebit line is drivenat VDD andthenot bit line is drivenat groundlevel or vice
versa.

Figure6.12shows theresultsfrom thesimulation.In thesimulation,a logical zeroanda logicalone
is readalternatingfrom two bit cells.Thefirst graph(top)shows theglobalclocksignalthattriggersthe
passtransistors.Thebit/not bit linesareprechargedbetweentwo readingcycles,shown in thesecond
graph.To emulatetheeffect of the restof thememoryblock, they areconnectedto thecapacityrepre-
sentingtheblock. After all passtransistorshave beenenabledto simulatereadingon all four ports,the
bit cell needs4 nsto dischargeeitherthebit or thenot bit line. However, thesenseamplifierneedsonly
1Ç 7 nsto drive its outputto 90%of VDD in caseof a digital one,shown in thethird graph.A standard
buffer (BU2) connectedto the senseamplifier’s outputprovides the digital value0Ç 5 ns after the pass
transistorshave beenenabled,shown in thelastgraph.Theaddressdecoderneeds1Ç 6 nsfrom applying
theaddressto enablingtheword line. This time is usedfor precharging thebit/not bit lines.A complete
readcycleneeds2Ç 1 nsfrom applyingtheaddressto theoutputof thedigital data.

Thewholememoryblockhasalsobeensimulatedandthetimesmentionedabovehavebeenverified.
Thechipshavebeenreceivedfrom themanufacturerbut testinghasnotcompletedin timefor this report.

6.3.3.4 Arithmetic Logical Unit

TheALU appliesarithmeticandlogic operationson two integer operands.It implementsbinary logic
(and,or, xor) andthefull setof basicarithmeticoperations,i.e.,addition,subtraction,multiplicationand
divisionasit’susedfor theequations6.1to 6.5. In addition,bit shiftsof variabledistancecanbeapplied
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Figure 6.12: Simulationresultsof readingfrom onememorycell of the QuadPortedMemory. The addressis
producedwith theclock signalclk. Thesecondrow shows theeffectedbit line andinvertedbit line. Thesignals
senseampout anddoutshow theoutputof thememorycell beforeandaftertheoutputbuffer. Theverticallinesat
40nsshow anaccesstimeof thecorecell of lessthan1 ns(plusaddressdecode).

to oneof theoperands.

To allow efficientcontrolof theprogramflow, theALU generatesfivestatusflags: carry, zero,two’s-
complementoverflow, negative,andsigned.An auxiliary inputport is availableto allow integerdivision
with double-widthdividends.Similarly, anauxiliary outputport allows double-widthmultiplicationre-
sults. All operationscanwork on negative integersin two’s complementrepresentation.Operationis
controlledby a 4 Bit opcode,which is specificallyoptimizedto minimize theneedfor internalcontrol
logic. To improve designflexibility andreusability, theinputandoutputdatawidth is fully parameteriz-
able.

Theprimaryimplementationobjective wasto allow for highclock rates,while still performingmost
arithmeticoperationsin a singleclock cycle usinga non-pipelinedarchitecture.Furtherrequirements
werelow powerconsumptionandthepossibilityto optimizetheimplementationfor differentclockrates.
Theseimplementationgoalssuggestamodulardesign,thusdecouplingpartsfor differentcomplexity and
speedandallowing to switchtheimplementationof acomponentaccordingto specificrequirements.

TheALU mainmoduleimplementsonly thebasicoperationslike addition/subtraction andBoolean
logic. Theseoperationsarenon-pipelined.Multiplication anddivision,beingmorecomplex operations,
areperformedby separatemodulesfor which several different implementationsareavailable. These
implementationsincludeboth pipelinedandnon-pipelineddesigns.The availableimplementationsfor
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thedivider includeaCSA-basedradix-4divider [6], whichhasbeenconstructedfor highclockrates.For
thepresentversionof theALU, a dataword width of 32 Bit is required.To minimizedatadependency
problemswith mostof theoperations,a fully combinatorialmultiplier hasbeenselected.

6.3.3.5 Synchronization

TheMIMD implementsfour CPUsoperatingindependentlyof eachother. However, a meansfor syn-
chronization,wake-upfrom stand-byandthelike, is required.Figure6.13showsaschematicview of the
GRFandtheassociatedflag bits in eachof theCPUs,forming a private16 Bit synchronizationregister.
While eachCPUhasread/writeaccessto all 16GRFregisters,theGRFis groupedinto four setsof four
registers,whereeachgivensetis assignedto aparticularCPUfor useasamailbox-typeregisterin order
to implementthedesiredsynchronizationprimitives. Whenwriting to oneof theGRFregisterswithin
a setthat is associatedto a CPU,a correspondingbit is clearedin thesynchronizationregisterof all the
otherCPUs. This global settingof flags, triggeredby registeraccess,is the foundationon which the
synchronizationis based.

Threeinstructionsareusedfor synchronization: SYN, SEM andSYT. SEM setsthelocal synchro-
nizationregisterto themaskprovidedby theargumentmask16.Thentheprogramcounterof this CPU
is suspendedby theSYN instructionuntil themaskis completelyclearedby write accessof thecorre-
spondingCPUsto their associatedregistersin theGRF. TheSYT instructioncopiesthecontentof the
local synchronizationregister to the private registerspecifiedby the pRF argument. This mechanism
allows for theimplementationof flexible synchronizationpatternsin software.

Figure 6.13: Synchronizationmechanism.

6.3.3.6 Configuration

The trigger processoris configurablein the instructionmemory, internalmemoryandsomeconstants
thatareusedin thetriggerprogram.Thememorythatcontainstheusedconstantsis 16wordsdeep.The
currentlyusedconstantsarelistedin Table6.2.

The memoryof the interrupthandlerfrom eachCPU is accessiblevia the global I/O space.Each
interrupthandlerhas16 entriesin theI/O space.In total 64 wordsarerequiredfrom thememoryspace
for theinterrupthandlerandcanbeconfiguredby any busmaster.

The internalRAM andthe instructionmemoryarenot locatedin the global I/O space,andthusa
priori not directly accessible.Hence,it is necessaryto implementa mechanismthatallows to configure
theinternalmemories.Theinstructionmemoryis programmableby adedicatedport from CPU1. First,
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Table6.2: Entriesin theconstantmemory.
No. Constant

0 0
1 1
2 2
3 3
4 4
5 CPUID (0-3)
6 chip ID
7 max. time bins
8 effective distanceto theprojectionplane
9 unused

10 width of pad(in bins)
11 squareof No. 10
12 0x8000
13 unused
14 -2
15 -1

theconfigurationunit (busmaster)writesa specificword in theglobalI/O addressspace.Thenthedata
andaddressport aredecoupledfrom CPU1 andswitchedto a hard-wiredpathto theglobalI/O address
space.Thememoryis now accessibleby reading/writingappropriateregionsin theglobal I/O address
space.This is doneby presettingastartaddressregisterfirst andthenreadingor writing subsequentdata
wordsin anautoincrementfashion.Finally, thedatapathis switchedbackto CPU1, which is doneby
anotherwrite cyclewith adedicatedword in theI/O addressspace(referto Fig. 6.6).TheinternalRAM
is configuredin asimilarmanner.

Thesizeof theI/O memoryspaceis limited by theaddressingschemeof theprocessor. Hence,the
memoryhasa limit of 2 k words. By usingan indirectaddressingmode,thereis no spacelimit. Each
entryis 32 Bit wide. All connectedclientsat theglobalI/O bushave a synchronousbehavior. They can
only work on privatedataandreceive datafrom theCPUs. It is not allowed for theclientsto work on
internaldataof theprocessor.

6.3.3.7 Interface to Tracklet Preprocessor

Theinterfacebetweenthetrackletpreprocessor(TPP)andtheMIMD processoris theFIT registerfile.
It is aneight-portedregisterfile thatis write-only by theTPPandis read-onlyfor theMIMD processor.
EachCPUhastwo readports,however, eachCPUhasaccessto every line in theregister. Duringthedrift
time, theTPPfills theregisterwith thefit parametersin read-modify-writecycles.TheFIT registerhas
19 lineswith six words,andthe line numbercorrespondsto thechannelnumberof thechip. After the
drift time,upto four tracklets areselected.Also, theparametersfrom thenext channelsareaddressable.
This allows for merging of parametersfrom two channelswithout the needto incrementthe address
register. The selectioncriterion is the numberof accumulatedhits during the drift time. A channelis
selectedasa stiff trackcandidateif it hasa minimumof eighthits duringthedrift time. Thedatafrom
two channelsaremergedif bothchannelshave aminimumof four hitseachduringthedrift time. There
arethreeadditionaldatachannelsoneachLTU (referto Fig. 5.2). In orderto preventshadow tracks,the
lastchannel(labeled0+) is only usedto mergetwo channelson thegivenLTU betweenchannel17 and
0+. If thehit countin channel0+ is largerthanseven,thehits areomittedin thischip andthetrackletis
calculatedin thenext chip.

6.3.3.8 Input/Output interface

Theinterfaceto thereadout module(seeChapter7) is locatedin theprivateI/O addressspaceof each
CPU.EachCPU canwrite directly to this region without arbitrationlogic, usinga dedicatedstorein-
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Figure 6.14: Interfaceto I/O addressspace.

struction.Theinterfaceto all otherintegratedperipheriesis locatedin theglobalI/O addressspace.Only
oneCPUcanaccessthis I/O busat thesametime. Theaccessis managedby apriority arbiter. Theserial
configurationnodeis a busmasterandhasaccessto thememorybus like a CPU.This enableswriting
datainto the global I/O addressspaceby the configurationnode. It hasa serialprimary input port to
receive datafrom externaldevices.An overview is shown in Fig. 6.14.

Figure 6.15: Screen-shotof theMIMD processorssimulatorrunningthetriggerroutine.
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6.3.3.9 Interrupt

The trigger processorhaseight interruptswith two priority levels. The instructionset includesfour
instructionsto handletheseinterrupts: CLI, STI, INT, andIRT. CLI disablesinterruptswith low priority,
STI allows low-level interrupts,INT is theinterruptinstruction,andIRT is thereturninstructionfrom a
interruptroutine.Theinterruptvectortableis accessiblein theglobalI/O memory. EachCPUhassixteen
entries,eightwordsfor jumpaddressesandonewordthatprovidesthecurrentlevel of theeightpossible
interrupts. The rest is 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. ThesecondFF
suspendsall interruptsif a high-level interruptis running. Eachinterruptsuspendstheexecutionof an
interruptwith thesameor lowerpriority. Basically, eachinterruptchecksthecurrentpriority level andthe
suspendflags,thenstoresthenext programcounterandjumpsto theselectedinterruptaddress.A low-
level interruptwill not beexecuteduntil thedecodestagecontainsno CLI or branchinstruction.After
executionof the interruptcode(low priority), theprocessorrestorestheprogramcounterandcontinues
theprogram.

6.3.3.10 Trigger and readout program

Thegivenlatency requirementallows for about150instructionsto performthetriggeralgorithm,which
is an assemblerroutine. The datareadout is not constrainedmuchby latency, andit doesnot require
verycomplex softwareeither. Therefore,nohigh-level languagesupport,suchasC or C++, is expected.
In orderto facilitatethesoftwaredevelopment,particularlywith respectto themulti-threadingcapability
of theprocessor, anemulatorwasdeveloped,which allows simulationof thewholeprocessorincluding
all its statesand internal registers. Figure6.15 shows a screenshotof the processorwhile executing
instructionsof thetriggerprogramwith raw datatakenfrom theslow simulatordescribedin Section6.4.

The emulatoris alsobeingusedto validatethe maximumtrigger processinglatency. The trigger
programshown in Tables6.3 and6.4 calculatesthe slope,interceptand the varianceof a stiff track.
Also, the interceptis projectedonto themiddleplain of thedetector. Thecalculateddataarestoredin
theprivateI/O memoryof eachCPU,which providestheinterfaceto thetrackmergermodule,feeding
thereadouttreeto theglobaltrackingunit (GTU). In theworstcasescenario,thealgorithmwill take101
clockcycles,whichcorrespondwith a latency of 0È 84 µs with acycle timeof 8È 3 ns.

Unlike thetriggerprogram,thereadout programhasfar lessstringentlatency requirements,which
arebasicallydefinedby themaximumavailabletime to drain thezerosuppressedraw datathroughthe
readout tree.Therearemany readoutscenariosconceivable,whichcanbeselectedonaper-eventbasis.
They canbedynamicallychangedsincethis is a real readout program.Thebaselinereadout foresees
zerosuppression.

The power routing on the padplaneis going to be in parallel to a padrow as this is the shortest
distanceacrossthe padplane. Therefore,the eight MCMs per pad row aresupportedby onepower
strip. It hasto be taken into accountthat the power of the MIMD processorscannotbe supportedby
thepower suppliesfor all CPUssimultaneously. In thecaseof a triggerprogram,thoseprocessorsare
poweredby appropriatebuffer capacitorsnext to the digital chip. Therefore,the readout sequenceis
scheduledsuchthat,atany givenpoint in time,only oneCPUperpadrow is active soasnot to overload
thepowersupplyrails. However, given12 - 16 padrows, thereis still enoughparallelismin thereadout
to guaranteesaturationof thereadout link.

The readout is performedin programmedI/O fashion,readingall raw datafrom theevent buffers
andstoringapre-formattedzerosuppressedeventfragmentin theinternalglobaldataRAM, from where
thedataarethenfetchedfor shipmentto thereadout tree.
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Table6.3: Triggerassemblerroutineof theMIMD processor.
# Label 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 1 is Setif CPUhasto calculatedata
5 BZS End

Copyor mergeDatafrom FIT-Registersto PRF– givenare:
FIT[0...7]: N, ∑xi , ∑yi , ∑x2

i , ∑y2
i , ∑xi yi , b, Flags

FIT[8] - FIT[15] thesamefor thenext pad
TO:
PRF[0...6]:N, ∑xi , ∑yi , ∑x2

i , ∑y2
i LSW, ∑y2

i MSW, ∑xi yi
6 ATT FIT[ 7],CON[ 1] Testwhetherto mergeor not
7 BZC merge Mergeif Bit 0 is setin FIT[ 7]

Copydata
8 nmerge: MOV FIT[ 0],PRF[0]
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 merge: ADD FIT[ 0],FIT[ 8],PRF[0] N É NÊ 1 ËÍÌ NÊ 2 Ë
17 ADD FIT[1],FIT[ 9],PRF[1] ∑xi É ∑xi Ê 1 Ë�Ì ∑xi Ê 2 Ë
18 ADD FIT[ 2],FIT[10],PRF[2]
19 MUL FIT[ 8],CON[10],PRF[3] NÊ 2 Ë�Î 127

20 ADD PRF[2],PRF[3],PRF[2] ∑yi É ∑yi Ê 1 Ë�Ì ∑yi Ê 2 ËÍÌ NÊ 2 ËÏÎ 127

21 ADD FIT[ 3],FIT[11],PRF[3] ∑x2
i É ∑x2

i Ê 1 Ë Ì ∑x2
i Ê 2 Ë

22 MUL FIT[ 8],CON[11],PRF[14]
23 ADD PRF[14],FIT[4],PRF[4]
24 ADC PRF[15],CON[0],PRF[5] ∑y2

i É ∑y2
i Ê 1 Ë Ì NÊ 2 ËÏÎ 1272

25 ADD PRF[4],FIT[12],PRF[4] ∑y2
i É ∑y2

i Ê 1 Ë Ì ∑y2
i Ê 2 Ë Ì NÊ 2 Ë�Î 1272

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 not1
31 SHT 1,PRF[14],PRF[14]
32 ORR PRF[15],CON[1],PRF[15]
33 not1: ADD PRF[4],PRF[14],PRF[4]
34 ADC PRF[5],PRF[15],PRF[5] ∑y2

i É ∑y2
i Ê 1 Ë Ì ∑y2

i Ê 2 Ë Ì NÊ 2 Ë�Î 1272 Ì 2 Î 127Î ∑yi Ê 2 Ë
35 ADD FIT[ 5],FIT[13],PRF[6] ∑xi yi É ∑xi Ê 1 Ë yi Ê 1 ËÍÌ ∑xi Ê 2 Ë yi Ê 2 Ë
36 MUL FIT[ 9],CON[10],PRF[14]
37 ADD PRF[14],PRF[6],PRF[6] ∑xi yi É ∑xi Ê 1 Ë yi Ê 1 ËÍÌ ∑xi Ê 2 Ë yi Ê 2 ËÍÌ 127Î ∑xi Ê 2 Ë

LinearFit:
PRF[0...6]:N, ∑xi , ∑yi , ∑x2

i , ∑yi LSW, ∑yi MSW, ∑xi yi

38 Linefit MUL PRF[0],PRF[3],PRF[9] PRFÐ 9ÑÒÉ N Î ∑x2
i l ow

39 MOV PRF[15],PRF[10] PRFÐ 10ÑÒÉ N Î ∑x2
i high

40 MUL PRF[1],PRF[1],PRF[11] PRFÐ 11ÑÒÉÔÓ ∑xi Õ 2
41 SUB PRF[9],PRF[11],PRF[12] PRFÐ 12ÑÒÉ N Î ∑x2

i Ö Ó ∑xi Õ 2 Ó denominator Õ l ow
42 SBC PRF[10],CON[0],PRF[13] PRFÐ 13ÑÒÉ N Î ∑x2

i Ö Ó ∑xi Õ 2 Ó denominator Õ high
43 MUS PRF[0],PRF[6],PRF[7] PRFÐ 7ÑÒÉ N Î ∑xi yi l ow
44 MOV PRF[15],PRF[8] PRFÐ 8ÑÒÉ N Î ∑xi yihigh
45 MUS PRF[1],PRF[2],PRF[11] PRFÐ 11ÑÒÉ ∑xi Î ∑yi
46 SUB PRF[7],PRF[11],PRF[14] PRFÐ 14ÑÒÉ N Î ∑xi yi Ö ∑xi Î ∑yi Ó nominatormÕ l ow
47 SBC PRF[8],PRF[15],PRF[15] PRFÐ 15ÑÒÉ N Î ∑xi yi Ö ∑xi Î ∑yi Ó nominatormÕ high
48 DIV PRF[14],PRF[12] Calculatem (32 BIT : 32BIT)
49 MUS PRF[2],PRF[3],PRF[10] PRFÐ 10ÑÒÉ ∑yi Î ∑x2

i l ow
50 MOV PRF[15],PRF[11] PRFÐ 11ÑÒÉ ∑yi Î ∑x2

i high
51 MUS PRF[1],PRF[6],PRF[8] PRFÐ 8ÑÒÉ ∑xi Î ∑xiyi l ow
52 MOV PRF[15],PRF[9] PRFÐ 9ÑÒÉ ∑xi Î ∑xiyi high
53 NOP
54 NOP
55 NOP
56 DIE PRF[7] PRF[7]=m
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Table6.4: Triggerassemblerroutineof theMIMD processor(part2).
# Label Instruction Operands Description

CautionDIE writesPRF[15]
57 SUB PRF[10],PRF[8],PRF[14] PRF× 14Ø�Ù ∑yi Ú ∑x2

i Û ∑xi Ú ∑xi yi Ü nominatorbÝ l ow
58 SBC PRF[11],PRF[9],PRF[15] PRF× 15Ø�Ù ∑yi Ú ∑x2

i Û ∑xi Ú ∑xi yi Ü nominatorbÝ high
59 DIV PRF[14],PRF[12] Calculateb
60 SHT 1,PRF[7],PRF[14] PRF× 14Ø�Ù 2 Ú m
61 MUS PRF[14],PRF[6],PRF[10] PRF× 10Ø�Ù 2 Ú m Ú ∑xiyi l ow
62 SUB PRF[4],PRF[10],PRF[10] PRF× 10Ø�Ù ∑y2

i Û 2 Ú mÚ ∑xi yi l ow
63 SBC PRF[5],PRF[15],PRF[11] PRF× 11Ø�Ù ∑y2

i Û 2 Ú mÚ ∑xi yi high
64 MUS PRF[7],PRF[7],PRF[9] PRF× 9Ø�Ù m2

65 MUL PRF[9],PRF[3],PRF[9] PRF× 9Ø�Ù m2 Ú ∑x2
i

66 MOV PRF[15],PRF[12] Save highword
67 DIE PRF[8] PRF× 8Ø�Ù b
68 ADD PRF[10],PRF[9],PRF[10] PRF× 10Ø�Ù ∑y2

i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2
i l ow

69 ADC PRF[11],PRF[12],PRF[11] PRF× 11Ø�Ù ∑y2
i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2

i high
70 MUS PRF[14],PRF[1],PRF[12] PRF× 12Ø�Ù 2 Ú m Ú ∑xi
71 MUS PRF[12],PRF[8],PRF[12] PRF× 12Ø�Ù 2 Ú m Ú b Ú ∑xi

72 ADD PRF[10],PRF[12],PRF[10] PRF× 10Ø�Ù ∑y2
i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2

i Þ 2 Ú m Ú b Ú ∑xi l ow
73 ADC PRF[11],PRF[15],PRF[11] PRF× 11Ø�Ù ∑y2

i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2
i Þ 2 Ú m Ú b Ú ∑xi high

74 SHT 1,PRF[8],PRF[12] PRF× 12Ø�Ù 2 Ú b
75 MUS PRF[12],PRF[2],PRF[12] PRF× 12Ø�Ù 2 Ú b Ú ∑yi

76 SUB PRF[10],PRF[12],PRF[10] PRF× 10Ø�Ù ∑y2
i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2

i Þ 2 Ú m Ú b Ú ∑xi Û 2 Ú b Ú ∑yi l ow
77 SBC PRF[11],PRF[15],PRF[11] PRF× 11Ø�Ù SumÜ Yi Ý Û 2 Ú m Ú ∑xiyi Þ m2 Ú ∑x2

i Þ 2 Ú mÚ b Ú ∑xi Û 2 Ú b Ú ∑yi high
78 MUS PRF[0],PRF[8],PRF[12] PRF× 12Ø�Ù N Ú b
79 MUS PRF[12],PRF[8],PRF[12] PRF× 12Ø�Ù N Ú b2

80 ADD PRF[10],PRF[12],PRF[14] PRF× 14Ø�Ù ∑y2
i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2

i Û 2 Ú b Ú ∑yi Þ 2 Ú mÚ b Ú ∑xi Þ N Ú b2l ow
81 ADC PRF[11],PRF[15],PRF[15] PRF× 15Ø�Ù ∑y2

i Û 2 Ú mÚ ∑xi yi Þ m2 Ú ∑x2
i Û 2 Ú b Ú ∑yi Þ 2 Ú mÚ b Ú ∑xi Þ N Ú b2high

82 MOV CON[ 0],PRF[13] DIV usesPRF[13]!!
83 ATT PRF[7],CON[12] m ß�Ù 0 ?
84 DIV PRF[14],PRF[0] Calculatevariance(scaleonN), DIV only changesZero-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 11Bit cmp,nosignextend)
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]=Variancelow PRF[15]=Variancehigh
97 ATT PRF[8],CON[12] b ß�Ù 0 ?
98 BZS bbz
99 MOV PRF[8],PRF[9]

100 NEG PRF[8],PRF[9]
101 bbz: CPI PRF[9],191 absÜ bÝ�ß�Ù 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],PRF[8],PRF[8] Projectionon reference-plane

– herewe havePRF[0...8]:
N, ∑xi , ∑yi , ∑x2

i , ∑y2
i LSW, ∑y2

i MSW, ∑xi yi , m, b
PRF[14]:Variance(only 16Bit!)
To Be Done:Datavalid; Inform restof thesystem

108 SPI PRF[7],0x101 PIO[0]=m
109 SPI PRF[8],0x102 PIO[1]=b
110 SPI PRF[14],0x103 PIO[2]=Variance(only low word is 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 ShouldbeNOP!!
117 MOV CON[ 0],PRF[15]
118 SPI PRF[15],0x100 Inform Datainvalid!

TODO: SPIend-programm,nodata
119 BRA Start And returnto thebeginning
120 idle: BRA idle
121 NOP
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6.3.4 ReadoutScheme

Thestructureandthelayoutof thereadout systemof the72000MCMs is describedin Chapter7. From
thetriggerpoint of view it hasto accomplishthetransferof thelocally determinedtracklet parameterto
thecentralGlobalTrackingUnit (GTU) asfastaspossible(seeFig. 6.1). Thelist of transferredbits per
tracklet is givenin Table7.1.

6.3.5 Implementation of the Global Tracking Unit

All tracklets determinedby thelocal trackingunitsareshippedto aglobaltrackingunit for final trigger
decision.This is implementedasareadouttree.Thetriggerdataof astackof six chambersarecollected
in theGTU. TheGTU implementsa Track-Matching-Unit(TMU) perphi sector. Therewill beno high
pt trackstraversingbetweensectors.EachTMU triesto find stiff tracksasshown in Fig. 6.31.Thiscan
bedonelogically by appropriatehistogrammingtheprojectedtracklets.TheGTU will beimplemented
in largescaleFPGAsto guaranteeaflexible andmassive parallelimplementation.

Figure 6.16: Implementationof thetrackmatchingunits(TMU).

Thestructureshown in figure6.16takesinto accountthat thedataof therespective chambersarrive
in a definedsequenceandcandidatesof a track arein thesamecolumn. Thereforetheprocessingcan
startassoonasthefirst tracklets arrive. All candidatesof a columnarestoredin andaccessedfrom a
table.Thenumberof candidatespercolumnis fixed.Theentriesfor chamber1-4arecomparedwith all
entriesof all othertables.If anaccumulationis found,theseentriesaremarked,so that they cannotbe
usedseveral times. It is sufficient to apply this methodto only four of thesix tablessincea trackmust
consistof at leastthreecandidates.Thereforethe resultingGTU architectureis a massively parallel,
systolicFPGAprocessorperformingasmany aspossibleof suchtrackletcomparisonsin parallel.
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6.4 Simulation

The trigger conceptreliesheavily on the fact that a local tracklet searchcanbe performedefficiently
(step1 of thetriggersequenceshown in Section6.2). Thebasicideais to feedthedatafrom consecutive
time binsinto pipelineADCs andperformanonlineanalysisof thedigitizeddatain orderto determine
theinclinationof thetracksegmentswith respectto thedirectiontowardsthenominalinteractionvertex.
All possiblecomplicationsanddistortions(asdiscussedin Chapters5 and11) like the E à B effect in
theelectrondrift, thepadresponsefunctionof thereadoutchambers,the time responsefunctionof the
signalgenerationmechanismandof theelectronics,andthedifferentialnonlinearitiesof thedigitization
processmustbetakeninto accountquantitatively. Thefirst stepis performedin theLocalTrackingUnits
(LTU). Dueto themassively parallelprocessingthenumberof unitsis verylarge( á 70000)andtherefore
consumingmostof theresourcesin materialthickness,power andmoney. Thenumberof independent
channelsmustbeoptimizedto obtainanacceptablesignalto backgroundratio ataffordablecost.

The modelingof the trigger responsewasdonemakinguseof the AliRoot environment. It allows
for full event simulationemploying different event generatorsand was usedto study the occupancy,
efficiency, andbackgroundperformanceof theenvisionedtriggerscheme.For a detaileddescriptionof
theTRD simulationenvironmentseeChapter11.

Table6.5: Parameterof thetriggersimulation.
eventgenerator HIJING-param+ signalelectrons
multiplicity varying: 400 â dN/dy â 8700
digitizationaccuracy 10 Bit
numberof time samples 15 - 30
signalpulseheightfor minimumionizing tracks channel40 (for cluster)
Signalto Noiseratio 30
Timeresponsefunction ON (asin Fig. 11.8)/ OFF
Padresponsefunction asin Fig. 11.9
magneticfield 0.4T

The input parametersusedfor the triggersimulationsarelisted in Table6.5. Themainobjective is
to find out aboutthemostcrucialparameterfor detectingandselectinghigh momentumelectrons.The
effect of threequantitieswasinvestigatedsystematically:the event multiplicity, the digitization clock
rate(numberof digits)andthepulseshaping.For thelatterthestandardscenariodescribedin Chapter5
and11wascomparedto ananalysisincorporatingadigital filter for tail cancellation(seesection6.4.2.1)
andto anacademiccase,wherethetime responsefunctionwasmodeledby aδ - function(TRF OFF).

To generateenoughstatisticsfor high pt electrontracks,200eã and200eä trackswereaddedto a
parametrisationof pionsandkaonscalledHIJING-param(seeSection12.3)with theoptiongenboxof
AliRoot. Themomentumdistribution of theelectronswaschosento beflat in therange3-5GeVå c .

An exampleof the input transversemomentumdistribution for aneventmultiplicity corresponding
to â dN å dy æèç 8500is shown in Fig. 6.17.Dueto theaddedsignalelectrons,theeffective multiplicity
densityfor thetriggersimulationis â dN å dy æéç 8700.It shouldbenotedagain,thatthereis a largeun-
certaintyaboutthespectralshapeof thehadrons,in particularthepower-law hardscatteringcomponent
(seeChapter12). TheHIJING parametrisationusedrepresentstheworstcasescenario.To mapout the
multiplicity dependenceof thetrackingperformancethetotal numberof primaryparticlesemittedinto
thepolaranglerangeof 35êëâ θ â 145ê wasvariedwith thespectralshapein transversedirectionkept
asshown in Fig. 6.17.
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Figure6.17: Transversemomentumdistributionusedasinputto thetriggersimulations.Thehatcheddistribution
correspondsto electronsthatwereaddedto theHIJING-paramparticlemix.

6.4.1 Local tracklet search

The taskto be performedis visualizedin Figs. 6.18and6.19. In Fig. 6.18 the basicquantitiesof the
local tracklet searcharedefined.In Fig. 6.19thedigitizedpulseheightis shown within onepadrow of
oneof thereadoutchambersof theTRD (atapolarangleof θ õ 85ö ). For eachtimebin thepulseheight
is obtainedafterthedrift of theprimaryelectronsundertheinfluenceof theelectricandmagneticfield,
taking into accountdiffusionandincludingtransitionradiationcontributions. As indicatedin Fig. 6.18
the position of the clustersis systematicallyshifted as function of the drift time due to the presence
of the magneticfield. The taskof the trigger systemis to recognizewith high efficiency stiff tracks
(pt ÷ 3 GeVø c ) despitethe shift due to the LorentzangleΨL. The characteristicsof the interesting
tracksis their small deviation from the infinite momentumlimit, i.e. they have only a small angular
deflectionwith respectto the referenceline that canbe constructedby connectingthe point of impact
with the nominal interactionvertex. As indicatedin Fig. 6.18 the stiff tracksof interestoccupy with
the centroidsof their clustersat most two neighboringpads. Charge sharingdueto the padresponse
functiondistributesthesignalconsequentlyto atmost4 neighboringpads.Thereforethetriggeris based
on theanalysisof 3 neighboringpads.For eachtime bin a positionin paddirection(correspondingto
they - directionin the following) is determinedaccordingto the inversepadresponsefunction thatcan
beparameterizedin a look-uptable.Theresultingy-positionsasfunctionof thetime coordinatetdri f t or
drift distancesdri f t arefitted by astraightline

y õ a0 ù a1 ú vdri f t ú tdri f t õ a0 ù a1 ú sdri f t û
Thefit parameterscanbecorrectedfor theeffectof theLorentzangleby thefollowing expressions

acorr
0 õ a0 ù tanΨL ú smaxü

acorr
1 õ a1 ù tanΨL û
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Figure 6.18: Local trackletquantities

Thelineardeflectiond (shown in Fig.6.18)overthedepthsmaxof thedrift regionof asinglechamber
is givenby

d ýÿþ acorr
1 � a0

D

���
smax�

with smax = 3 cm. D is theradialdistanceof thefront surfaceof thereadoutchamberto the interaction
vertex.

Theangulardeflectionα is givenby theexpression

α ý arctan
acorr

1 � acorr
0
D

1 � acorr
1 � acorr

0
D

� arctanþ acorr
1 � acorr

0

D

�	�

Sincefor thetracksof interesttheslopeparametersaresmall,thesecondtermin thedenominatorcanbe
neglected(for pt= 3 GeV
 c : � acorr

1 � acorr
0

D �� 0
�
015).

For particlesoriginatingfrom theinteractionvertex thedeflectionis relatedto themomentumby

prec
t ý 0

�
3
�
B
�
0
�
01
� þ acorr

0

�
2 � D2

2
�
d 
 smax

ý 0
�
3
�
B
�
0
�
01
� þ acorr

0

�
2 � D2

2
�
sinα �

whereall thespatialquantitiesaregivenin cm,themagneticfield B is expressedin Teslaandtherecon-
structedmomentumis in GeV
 c .

For a magneticfield of B = 0.4 T thedeflectionof a chargedparticlewith a transversemomentum
of 3 GeV
 c over thedrift rangeof oneTRD chamberamountsto α = 3.3� or d = 1.7 mm. The linear
deflectioniswell below thepadwidth of 8mm. Thetriggerconceptwill stayvalidaslongasthecentroids
of from stiff tracksstaywithin aregionof 3 neighboringpads,i.e. dmax ý 1

�
6 cmor αmax ý 28� . Thetotal

inclinationangleof themeasuredtrackhascontributionsfrom thetransversemomentum(αpt
max ý 3

�
3� ),
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Figure 6.19: Local trackleteventdisplay. Thecontourhistogramshows a typical input distribution for thelocal
tracking,i.e. the ADC contentsfor onepadrow versustime for a full multiplicity event. 5 time bins areadded
beforethe15 time binssamplingthedrift rangeof thereadoutchamber.

theangleof incidencedueto theflat surfaceof thechambers(αgeo
max � 10� ) andfrom theLorentzangle

ΨL. ThemaximumallowedLorentzangleis thereforelimited to ΨL � αmax � αpt
max � αgeo

max � 14� 7� . The
Lorentzangleof thedefault gasmixtureXe,CO2 (15%), ΨL=8� , is well within theoperationallimits of
theTRD trigger.

6.4.2 Local tracking performance

In orderto achieve a sufficient resolution,the pulseheightof minimum ionizing trackshasto reacha
certainminimumascomparedto noiseanddigitizationerrors(seeSection5.1).Dueto thenon-Gaussian
featuresof thepadresponsefunction(Fig. 11.9)themostgeneralmethodto calculatethepositionfrom
pulseheightsis realizedby a look-uptable(LUT). With thesignalandsignalto backgroundratio listed
in Table 6.5 position resolutionsof better than σy � 400µm are obtainedfor stiff tracks(Figs.11.12
and11.13)andif theincidenceangleis smallthevaluesareof order200µm (Fig. 11.14).Thereforethe
achievablepositionresolutionshouldallow to selecttrackletswith deflectionsof low asd=1mm(α � 2� ).

Beforediscussingthe performanceof the local trackingconceptin termsof efficiency andoutput
rate,two importantconfigurablestepswill be describedin the following sections:theapplicationof a
digital filter (Section6.4.2.1)to thepreamplifier/shaper(PASA) signalandtheclusterquality selection
(Section6.4.2.3).

6.4.2.1 Digital cancellationof the tail in PASA signal

Theion tail of thesignalasshown in Fig. 11.8canbeparameterizedby thefunctionalform 1��� 1 � t � t0 � .
Sucha tail can be reducedby passingthe pulsethrougha filter (pole/zeronetwork). The procedure
is describedin [7] andconsistsof approximatingthe above expressionby a sumof threeexponentials
andadjustingtheconstantsof thefilter (resistorsandcapacitancesin analogcircuitry) suchthatoneof
themis canceledout. It hasbeenshown [8] that a tail cancellationof equalquality canbe performed
on the digital signal. In order to benefitfrom the improvements,a scenariois consideredwherethe
functionalityof thetail cancellationis includedin theLTU. If it werenot for thetriggerperformancethis
tail cancellationcouldalsobeperformedoffline.
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Figure 6.20: PASA signalandtail cancellationcorrespondinga to onepole/zeronetwork. Thesolid line (filled
circles)representstheinputdistribution (seeFig. 11.8),thedashedline (opencircles)shows theresponseof aone
pole/zerofilter, thedottedcurvedepictsaperfectfilter behavior.

In the online trackingthe tail cancellationis usedasan option to analyzetheperformanceof such
additionalsignalprocessing.It is implementedasa featureof the LTU algorithmin the AliRoot en-
vironment. The 15 time sampleswithin onepadcolumnare “filtered” using the transferfunction of
thepole/zeronetwork with valuescalculatedfrom [7] andadjustedto getbestresults.This simulatesa
digital implementation,superiorin performanceto anRC filter.

In the simulationof the Time ResponseFunction,the PASA signal is numericallygiven in steps
of 10 ns (the solid line in Fig. 6.20). The samplingdonein 15 time bins, correspondingto 133 ns
spacing,is shown in Fig. 6.20by the closedsymbols. The effect of the tail cancellationwith a single
pole/zeronetwork is shown by thedashedline andtheopensymbols.Thedottedline showstheexpected
tail cancellationaccordingto the theory in [7]. With the parameterschosenand implementedin the
following, thetime responseis almostGaussianandextendsto amaximumof 350ns.

6.4.2.2 Occupancy

The mostdemandingrequirementfor the TRD trigger is definedby the multiplicity of the Pb-Pbcol-
lisions. The triggerconceptshouldstayvalid up to occupanciesof 35%asshown in Fig. 6.21thatare
expectedfor arapiditydensityof dN � dy � 8700.Theoccupancy is evaluatedwith thecurrentpadgeom-
etrydescribedin Section4.4for events(generatedwith theeventgeneratorHIJING-paramasdescribed
above) of differentmultiplicities. Theoccupancy for the standardscenario(i.e. 15 time bins, time re-
sponsefunction ON, RMS width of the electronicnoiseequals1 ADC channel,asdescribedin more
detail in Section11) is givenin Fig. 11.11.Thereaswell asin Fig. 6.21a pixel is calledoccupiedonce
thepulseheightexceedstheADC channel2. In orderto save computationaltime theprimarydistribu-
tionsweregeneratedin a restrictedrangeof polarangles(35��� θ � 145� ) leadingto a reductionof the
occupancy by about14%with respectto thefull calculation(solidcircleascomparedto thesolidsquare
at dN � dy � 8700). In Fig. 6.21 the averageoccupancy is shown asfunction of the event multiplicity
for variousadditionalscenarios:theinfluenceof partof thestructuralmaterialwasstudiedby replacing
the trackingmediumof the spaceframewith air (”NO frame”, opensymbols). The effect of the time
responsefunctionwasanalyzedby turningit off (”TRF off (15tb)”,filled triangleup), i.e. by replacingit
with a δ -function.Thesamplingfrequency wasadditionallyincreased(”TRF off (30tb)”, filled triangle
down) from 15 to 30 time bins. As canbeseenfrom Fig. 6.21a majorsourceof theoccupancy at fixed
multiplicity is thetime responseof thechamber/electronicsthatamountsto about25%of theobserved
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Figure 6.21: Occupancy of theTRD detectorasfunctionof multiplicity.

occupancy dueto the long tails (seealsoFig. 6.19). Thespaceframematerialaswell asthesampling
frequency have nostronginfluenceon theoccupancy.
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Figure 6.22: Distribution of themeasureof clusterquality built from amplituderatios(Al * Ar + A2
c, asexplained

in the text) for stiff tracklets (pt , 1 GeV+ c ) in full multiplicity events( - dN + dy , =8700). The grey shaded
histogramis obtainedfor cleanclusters,thesolid line histogramrepresentsclusterswith contributionsfrom more
thanonetrack(sharedclusters).
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6.4.2.3 Cluster quality selection

In orderto achieve thebestresolution(asshown below in Fig. 6.25)onehasto avoid asmuchaspossible
distortionof the informationby overlappingtracks(pile-up). It is thereforemandatoryto inspectall
contributing clustersfor pile-up. This canbedoneby comparingtheamplituderatiosof adjacentpads
with theexpectationsfor asinglehit from thepadresponsefunction.Thedistributionof asimplemeasure
of clusterquality, theproductof theamplitudesof thesidepads(Al . Ar) normalizedto thesquareof the
amplitudeof thecentralpadAc, is shown in Fig. 6.22for two clusterclasses.Thesamplesaredefined
with theinformationavailablewithin thesimulationprogram,namelywith theknowledgewhich tracks
contributed to which cluster. The first sample(grey shadedhistogram)correspondsto cleanclusters,
i.e. thosethataregeneratedfrom a singleparticle. Thesecondclasscalledsharedclusters(solid line)
originatesfrom overlappingtracks. The cleardifferencevisible in Fig. 6.22 meansthat a cut canbe
appliedin the ONLINE processing,requestingan upperlimit in the clusterquality. This requirement
removesto a largeextentclustersthatotherwisewouldspoil theparametersof thestraightline fit.
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Figure 6.23: Local deflectionangleresolutionfor tracklets with (left top) and without (left bottom) cluster
quality checkasfunctionof the transversemomentum.On the right handside,projectionsof the2-dimensional
distributionsareshow for a transversemomentumof pt = 1 GeV5 c (right top) andpt = 3 GeV5 c (right bottom).
Solid (dotted)histogramsrepresenttheresultswith (without) clusterquality selection.

The effect of applying a selectioncut for good quality clusters(Al 6 Ar 7 A2
c 8 09 0136) is visual-

ized in Fig. 6.23 wherethe tracklet quality as definedby the deviation of the deflectionangle∆α :
αtracklet ; αtrack is shown with and without the clusterquality selectionstepfor multiplicities corre-
spondingto 8 dN 7 dy <=: 8700.Thedifferenceof theexpectedtrackdeflectionto thereconstructedone
is plottedversusthe transversemomentumof the particle. The figure is donefor thosetracklets that
havecontributionsfrom only onesingleparticle(calledcleantrackletsin thefollowing). Thetails in the
distributionaresubstantiallyreducedfor all transversemomenta.Theclustercleaningimprovesthelocal
trackletmomentumresolutionby aboutafactorof 2 for transversemomentain therange1 - 3 GeV7 c ,i.e.
theRMSwidth of the∆α - distribution changesfrom 1.7> (0.9> ) to 0.7> (0.5> ) for 1 GeV7 c (3 GeV7 c ),
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respectively. It shouldbe notedthat the clusterquality selectionis not limited to the simplemeasure
displayedin Fig. 6.22but canbe parameterizedin a generalway alsofor non-Gaussianpadresponse
functionsin a look-uptable.As describedin Section6.3.2this selectionstepcanbeimplementedin the
tracklet reconstructionhardware.
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Figure 6.24: Local deflectionangleresolutionfor high pt cleantrackletsasfunctionof thenumberof clusters
(left). The right panelshows the RMS width of the differenceof the measureddeflectionangleto the expected
angleasfunctionof numberof cleanclusterscontributing to the tracklet .

Changesof the tracklet resolutionwith event multiplicity can be expectedin termsof a reduced
numberof clustersthatarecontributing to a tracklet . For a largermultiplicity environmentfewer clean
clusterspassingtheclusterquality selectionwill be found. Theeffect is shown in Fig. 6.24wherethe
resolutionof thedeflectionanglewith respectto thatexpectedis shown for cleantrackletsasfunction
of the numberof contributing clusters.On the right handsidethe correspondingRMS width is given
asfunction of the numberof clusters. It is obvious that the width of the deflectionis increasingwith
decreasingclusternumber. In orderto maintaina sufficient accuracy thenumberof clustersshouldnot
decreasetoomuch.Reasonsfor lossesof clusterswithin theonlinealgorithmare

? trackscrossingpadrows,

? trackscrossingmorethan3 padsin y-direction,

? pile-up.

Whena track crossespad rows (in z-direction) the tracklet is split into 2 halves. The numberof
clustersis reduceduntil 2 tracklets aregeneratedin the symmetriccasewith onehalf of the original
clusternumber. As canbeseenfrom Fig. 6.24theresolutionof thesetrackletsis worseby abouta factor
of 2- 3 comparedto the bestcases.This hasto be taken into accountwhentrying to matchthe local
tracklets in theglobal trackingstep.Thequality of the individual tracklets is still goodenoughthatno
attemptwasmadeto merge themin the LTU. Thereforeno communicationof processorsworking on
differentpadrows is foreseen(seeChapter5).

6.4.2.4 Local momentumresolution

The positionresolutionandthe distortionsdueto the TRF andthe pile-up definehow well a tracklet
canbe measuredwithin a single layer of the TRD detector. Fig. 6.25presentsthe deflectionangleα
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asobtainedfrom a linear regressionanalysisof the clusterswithin 3 neighboringpadsasdescribedin
Section6.3.2.This selectionof cleantrackletsallows to plot thereconstructeddeflectionangleα versus
the momentumof the particle that generatedthe tracklet. Note that the momentumis taken from the
productionvertex of eachparticle.
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Figure 6.25: Trackletdeflectionanglefor cleantrackletsasfunctionof thetransversemomentum(left). On the
right handsidetwo projectionsareshown for transversemomentaof pt = 1 (top) and3 (bottom)GeVF c .

Fig.6.25makesuseof thetail cancellationmethoddescribedin Section6.4.2.1andtheclusterquality
selectiondescribedin Section6.4.2.3.Underthoseconditionsthepositionresolutionfor cleantracklets
is clearlysufficient to selecttracksof about3 GeVG c with goodefficiency andhighdiscriminationpower
againstlow momentumtracklets, e.g.by requestingadeflectionangleof α H 6I .

It is, however, apparentfrom Fig. 6.25 that, besidesbackgrounddue to energy loss and elastic
scatteringthat widen the branchesaroundthe expecteddeflectionangles,thereis a strongcomponent
originatingfrom low momentumparticles.Low momentumparticlesoriginatingfrom conversionsand
interactionsareproducingtrackletswith analmostuniform deflectionangledistribution.

With the clusterquality selectiondefinedabove the local transversemomentumresolutionof the
online methodis shown in Fig. 6.26. Large differencesareobserved betweenthe differentscenarios.
The resolutionobtainedwith the standardscenariois worseby abouta factorof 2 - 3 with respectto
the academiccase,wherethe TRF is modeledby a δ-function. Applying a digital filter recovers the
resolutionat low momentaandsubstantiallyimprovesthe situationfor high transversemomenta.For
transversemomentaof pt = 3 GeVG c a resolutionof σ J pt K /pt= 20%is obtained.

6.4.2.5 Local Tracking Efficiency

The efficiency of the trigger systemcan be decomposedinto two steps,the track finding efficiency
andthe trackselectionefficiency. Trackfinding is achieved by askingfor a certainnumberof clusters
contributing within threeneighboringpads. Track selectionrequiresa certainnumberandquality of
contributing clustersresultingin asufficient qualityof thefit parameter.
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Figure 6.27: Trackletefficiency for stiff tracks(pt R 1GeV/c)asa function of the polar angle. The minimum
numberof clustersrequiredfor a tracklet is 5.

Polar angledependenceof local track finding efficiency

As indicatedabove, due to the chamberand pad geometryand the rangein track topologiesthe
trackswill not alwaysstaywithin onepadrow. Especiallyat forward/backward angles,a substantial
numberwill be split into two pieces. It was analyzedto which extent the efficiency of the tracklet
findingalgorithmsuffersdueto this. Theaveragenumberof clusterspertrackletasfunctionof thepolar
angleis found to be constant,andthe variationof the tracklet lengthwith polar angleis ratherweak.
The dependenceof the track finding efficiency (displayedin Fig. 6.27) is even weaker sincetracklets
areacceptedif the contributing numberof clusteris above a certainminimum value(Nmin

cluster=5 in the
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specificcase).Thepolaranglecoverageof theonline trackingschemeis ratheruniform exceptfor the
dips visible in Fig. 6.27 at polar anglesof 60T , 80T , 100T and 120T , correspondingto the chamber
boundaries.

Local selectionefficiency

Theinfluenceof selectingtrackletswith deflectionscorrespondingto differentmomentais presented
in Fig. 6.28.Theefficiency is definedasnumberof trackletsoriginatingfrom particlesfrom theprimary
vertex thatwerefoundwith adeflectionanglesmallerthanthecutvalue,normalizedto thetotalnumber
of primaryparticleswith accordingmomentaemittedinto thesolid angleof theTRD. Theefficiency is
evaluatedasfunctionof thetransversemomentumtakenfrom theprimaryvertex (referredto asprimary
transversemomentumin thefollowing).
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Figure 6.28: Online tracklet selectionefficiency asfunctionof transversemomentum.Thehistogramsshow the
efficiency (left panel)andthetotalacceptednumberof primarytracklets(right panel)undervariousdeflectioncuts
correspondingto transversemomentaof 1, 1.5,2 and2.3GeVW c for full multiplicity eventsat a magneticfield of
B = 0.4T.

Theefficiency curvesshow a typical thresholdbehavior. By decreasingthecut value(i.e. increasing
the lower momentumlimit) the thresholdis smearedout and the plateauefficiency at large momenta
decreasesslightly. The effect of the selectionon the measuredspectrais shown in the right panelof
Fig.6.28.A substantialdecreasein totalnumberof trackletsis achievedby employing alargertransverse
momentumthreshold. Note that the peakin the spectraat pt X 3.5 GeVY c stemsfrom the additional
electronsof theinput distribution. Thethresholdneedsto beoptimizedsincethereis a balancebetween
the total numberdominatedby low transversemomentumtracklets that shouldbe minimizedandthe
local trackingefficiency at large transversemomentumthatshouldbemaximized.Thetotal numberof
found tracklets shouldbe minimizedsinceacceptingmore low momentumtracklets will increasethe
occupancy at the global matchingstageandpresenthigherdemandsto the readoutbandwidthof the
triggersystem.

Quality dependenceof local tracking efficiency

Anothereffectof theclusterqualityandtheresultingtracklet quality is shown in Fig.6.29wherethe
influenceof theTRF is demonstrated.With thebetterclusterquality availableby theundistortedsignal
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Figure 6.29: SameasFig. 6.28with a selectioncut of 2.3 GeVZ c with andwithout the time responsefunction
(left). The right panelshows thespectralshapeof the selectedtracklets:theblackhistogramcorrespondsto the
total numbers,of which thegrey portionrepresentsthecontribution of trackletsoriginatingfrom tracksfrom the
primaryvertex.

shape,the thresholdis muchsharperandthe yield of low momentumparticlesbelow the thresholdof
pt= 2 GeV[ c is reducedby abouta factorof 1.6. In bothscenariosa plateauin theefficiency is reached
at thetargetmomentumof pt= 3 GeV[ c . Theplateauvaluesof theefficiency differ by about5%. Onthe
right panelof Fig. 6.29thespectralshapeof theselectedtrackletsis shown for the’TRF off ’ case.It is
evidentthatevenunderthefavorableconditionsof goodresolution,thetotalnumberof foundtrackletsis
dominatedby trackletsoriginatingfrom low momentumparticles.Althoughtheoverallnumberof found
tracksdoesnot differ significantlyfrom the casewith the time responsefunction turnedon, the better
definitionof thehigh momentumthresholdfor truetracksfrom theprimaryvertex is againanargument
in favor of applyingdeconvolution schemesto thepulseshapestrying to remove theinfluenceof thetail.

6.4.2.6 Multiplicities fr om local tracking units

The load of the TRD chambersin termsof found tracklets is studiedin Fig. 6.30. This is relevant in
orderto determinethe necessarybandwidthwithin the trigger systemfrom the local processorsto the
globaltracking/matchingunit. Thelargestlocal thresholdmomentum,for whichtheplateauefficiency is
reachedat pt = 3 GeV[ c , wasdeterminedto be pt

threshold=2.3GeV[ c asdemonstratedin Figs.6.28and
6.29.Thenumberof trackletsfoundperreadoutchamberwith acutcorrespondingto pt = 2.3GeV[ c is
shown in theleft panelfor differenteventmultiplicities. ThedistributionsareGaussianshapedandcan
bequantifiedby a meananda width. In orderto definetherequirementof thetransmissionbandwidth,
themeanandthemaximumnumberof trackletsperchamberareplottedon theright panelof thefigure
asfunctionof theeventmultiplicity.

Sincetheshippingof thedatafrom all thedifferentTRD chambersto theGTU is donein parallel,the
chamberwith thelargestnumberof trackletsdeterminesthedeadtime. Thereforeaminimalrequirement
for thedesignof the readoutschemecanbe derived: the triggerhardwarehasto have a bandwidthfor
about40 tracklet perchamber(maximumvaluefor a full multiplicity eventwith aselectionthresholdof
2 GeV[ c ).
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6.4.3 Tracklet Matching - Global Tracking Unit

All track candidatesof the individual layersconsistingof position,angle,amplitude,quality etc., are
projectedto a (virtual) middleplaneby computingtheproperazimuthalangleof intercept,thelongitu-
dinal z - positionandthedeflectionangleα. This transformationcanbedonealreadywithin theLTU,
practicallywithout any additionaltime. Theprincipalconceptof theglobaltrackingunitsis sketchedin
Fig. 6.31.
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Figure 6.31: Globaltrackingconcept
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Thebasictaskis to countthenumberof trackletswithin certainregions.This canbeachievedmost
convenientlyby aglobalhistogram,wherethethreematchingquantities(azimuthalangleϕ, z-coordinate
and deflectionangleα) are recorded. The granularityof the global matchinghistogramneedsto be
adjustedto the extrapolationuncertaintycausedby the resolutionof the tracklet parametersobtained
andtheoccupancy of theglobalhistogram.For agoodperformancea high pt-cut from thesinglelayers
helpsto reducethe occupancy. As shown in Fig. 6.30 underthe conditionof a relatively high local
momentumcut of 2 GeVc c on average20 trackletsareshippedto theGTU, i.e. thehistogramhas8100
entriespercentralevent.

To achieve a sufficient global trackingefficiency anda sufficient electron-pionseparation3 out of
possibly6 trackletsarerequiredfor thedefinitionof a goodprimarytrack. With a singlelayer tracking
efficiency in theorderof ε(pt d 3GeVc c ) e 0.5, theexpectedglobal trackingefficiency canbeevaluated
to

pglobal f 6

∑
i g 3

6!
i! h 6 i i j ! pi

local h 1 i plocal jlk 6 m i n f 0o 66

providedthatall the inspectionwidthsof theglobalhistogramextendto 3σ in theϕ, z andα direction.
To achieveaglobaltrackingefficiency of 90%local trackingefficienciesin theorderof 67%wouldhave
to berealized.
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Figure 6.32: Momentumresolutionof online globally reconstructedtracks. The left paneldisplaysthe global
relativemomentumresolutionσ } pt ~�� pt for trackswith primarytransversemomentaof pt = 3 GeV� c asfunctionof
multiplicity for variouslocal transversemomentumselectionthresholds.Ontheright panelthetransversemomen-
tumdependenceof theglobalmomentumresolutionis shown for full multiplicity conditionsof � dN � dy � =8700.

The important role of the GTU is i) to definea sharptransversemomentumthresholdclose to
3GeVc c , ii) to selectstiff tracksof electrons(positrons)and iii) to calculateinvariantmassesor find
jets. The global transversemomentumis calculatedwith the sameformalismlike the local transverse
momentumby evaluatingtheglobaldeflectionanglewith respectto thenominalprimaryvertex direc-
tion. The globalmomentumresolutionasfunctionof pt is shown in Fig. 6.32. With a commonsetof
parameterslike in Table6.6 themomentumresolutionfor tracksoriginatingfrom theprimaryvertex is
foundto beratherindependentof theeventmultiplicity (occupancy) andthelocal momentumselection
threshold.Typical valuesareσ h pt j�c pt = 3 - 4 % for transversemomentaof pt= 3 - 4 GeVc c . Dueto the
longerleverarmfor determiningthetransversemomentum,this resolutiondoesnotdependsignificantly
on the local resolution(asshown by the ”TRF-off ” calculationin Fig. 6.32). With matchingwidthsas
chosenin Table6.6thedistortionsdueto chancecoincidencesin theGTU matchinghistogramarerather
weakeven underthe worst caseconditionof the full multiplicity of � dN c dy d =8700. In summary,
keepinga distanceof 3σ to the target transversemomentuma thresholdof pt d 2.7 GeVc c canbe im-
plementedin order to selectprimary trackswith a transversemomentumof pt d 3 GeVc c . Note that
electronsexperiencesignificantmomentumlossesdueto bremsstrahlung,i.e. the expectedefficiency
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lossesarelargerthanfor Gaussiandistributions(seeFig. 6.33).
Themomentumresolutionshown in Fig.6.32staysbelow 5%for transversemomentaupto10GeV� c .

This resolutionis obtainedfor all chargedparticles.Thereforeonehasa largeflexibility of definingtrig-
gersrequiringa numberof stiff tracksin a givensolid angle(jet triggers),e.g. it is certainlypossibleto
selectthreestiff trackswithin thesolid angleof onereadoutchamberrequiringfor eachof the tracksa
transversemomentumof pt � 5 GeV� c .
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Figure 6.33: GTU trackingefficiency for electronsin a low multiplicity (400) environment(left). The solid
histogramrepresentsthe track finding efficiency, the dashedhistogramdisplaysthe efficiency to reconstructthe
primaryelectronwith atransversemomentumthatdeviateslessthan10%from theprimarytransversemomentum.
Theright panelshows themomentumlossdistributionof electronswhenenteringthefirst planeof theTRD.

6.4.4 GTU tracking efficiency

The efficiency of the GTU was studiedin comparisonto the offline performanceand undervarious
scenarios.The detectionefficiency as function of momentumfor cleanelectrontracks(at event mul-
tiplicity 400) is shown in Fig. 6.33. A particle is called detected,onceits reconstructedmomentum
haspasseda certainthreshold(prec

t � 2� 7GeV� c ). In thefigure thenumberof thoseparticlesis plotted
versustheir primary momentumnormalizedto all the primary particlesthat areemittedinto the solid
angleof theTRD detector(45��� θlab � 135� ). Theglobal trackfinding efficiency (solid histogramin
Fig. 6.33)is rising asfunctionof theprimarytransversemomentumdueto thelong radiationtail of the
incidentelectronmomentumdistribution. This is evident when inspectingthe momentumlossdistri-
bution ∆pt � pincident

t � pprimary
t that is plottedon theright handsideof Fig. 6.33for electronsthatare

emittedwith a transversemomentumof 3 GeV� c from the primaryvertex. Cutting this distribution at
∆pt � � 0� 3GeV� c correspondingto a global trigger selectionthresholdof pt

min = 2.7 GeV� c reduces
thenumberof foundtracksby 28%.At thethresholdthemomentaof thefoundtracksareessentiallyall
within a 10%window aroundtheoriginal momentumfrom theprimaryvertex, asshown by thedashed
histogramin Fig.6.33.This fractionof about50%of all theemittedelectronthatarefoundwithin a10%
window staysconstantwith increasingtransversemomentumwhile thetrackfindingefficiency risesdue
to theconstantselectionthreshold.Thecorrectmomentumof thoseadditionaltracksthathave experi-
encedasubstantialenergy lossbeforereachingtheTRD canonly bedeterminedby trackingthroughthe
full ALICE detectorandidentifying theinitial curvatureof thetrackwith theITS andTPC.
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Figure 6.34: GTU trackingefficiency for electronsat low multiplicity versuspolarangle(left) andversuspro-
jectedazimuthalangle(right). Theline typesof thehistogramsarethesameasin Fig. 6.33(left panel).

Theuniformity of theefficiency over thesolidangleis shown in Fig.6.34,demonstratingthevalidity
of the underlyingtrackingconcept. The valuesareobtainedby averagingover the signalpart of the
transversemomentumspectra(Fig. 6.17)with the efficienciesshown in Fig. 6.33. The dips visible in
the efficiency arecausedby the structuralmaterialandthe gapsin the acceptance.For the azimuthal
distribution the whole angularacceptancewas projectedonto the openingangleof a single chamber
(∆ϕ � 20� ). Sinceprimaryemissionanglesof thetracksaredisplayedin thehistogram,theinefficiency
causedby theframesandgapsareshiftedby thedeflectionangleof thosetracks,e.g. α ��� 3� for the
electron/positronmomentaunderstudyhere.

The summaryof the resultsobtainedwith the GTU trackingalgorithmareshown in Fig. 6.35 as
function of the normalizedevent multiplicity. The normalizationis such that unity correspondsto
dN � dy � 8700. The left panelshows the trackfinding efficiency for primaryelectronswith transverse
momentaof morethan3 GeV� c including the requirementpt

rec � 3 GeV� c . Thenumberis calculated
by integratingover thesignalelectronspectrumasshown in Fig. 6.17. Figure6.35(middle)shows the
total numberof reconstructedtracksoriginatingfrom any chargedparticleandFig. 6.35(right) shows
thenumberof foundelectronbackgroundtracks,i.e. tracksthatoriginatefrom secondaryelectronsthat
will notbedistinguishablefrom primaryelectronsdueto theTR signature.

A systematicstudywasperformedaimingatthereductionof secondaryelectrontracksto thelevel of
1-2 for full multiplicity eventsfor triggerratereasons(seesection6.5). This canbeachievedby cutting
onthequantitieslistedin Table6.6. In orderto suppresssecondaryelectrontracksthataremostlydueto
conversionsof γ- raysin theinnerpartsof theALICE detectorasmuchaspossiblein additionto tracklet
quality cuts the curvatureof the track wasdeterminedwithout referenceto the primary vertex. This
canbedonefor trackcandidateswith 3 or morecontributing tracklets in differentplanes.Thederived
quantity, the unconstrainedtransversemomentum(called pt

f ree), hasworsemomentumresolutionbut
wasfoundto efficiently suppressbackgroundfrom secondaryelectrons.Theeffect is visible in Fig. 6.35
(right) whencomparingthe solid squaresandtrianglescorrespondingto Cut A andCut B asgiven in
Table6.6.

In order to mapout the dependenciesof the efficiency and the background,several scenariosare
investigatedin Fig. 6.35:

1. Offline trackingperformancewith default digitizationscenario(solid circles),
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Figure6.35: GTU trackingperformanceasfunctionof normalizedeventmultiplicity. Thenormalizationis such
thatunity correspondsto dN ¨ dy © 8700. The left panelshows the trackfinding efficiency for primaryelectrons
with transversemomentaof morethan3 GeV̈c . Figure6.35(middle) shows the total numberof reconstructed
tracksoriginatingfrom any chargedparticleandFig. 6.35(right) showsthenumberof foundelectronbackground
tracks.

Table6.6: Globaltrackingparameters.
quantity CutA CutB

matchingwidth in azimuthalangle 0.11ª 0.13ª
matchingwidth in z-direction 8 cm 8 cm

matchingwindow for deflectionangle 2.4ª 2.4ª
localmomentumthreshold 2.3GeV« c 2.3GeV« c

minimumnumberof clustersper tracklet 6 5
upperχ2-limit for acceptedtracklets 4.0 4.0

minimal numberof tracklets 3 3
minimal numberof planescrossedby track 4 4

thresholdfor pt
rec - pt

f ree 1.7GeV« c 2.5GeV« c
globalmomentumthreshold 2.7GeV« c 2.7GeV« c

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

3. Sameas2 but includingtail cancellation(seeSection6.4.2.1)(solid squares),

4. Sameas2 but with aδ-functionasTRF (opensquares),

5. Sameas4 but with 30 time bins(opentriangles).

The filled trianglesin Fig. 6.35 correspondto scenario3 with different parameters(Cut B from
Table6.6). Severalobservationaremadefrom Fig. 6.35:

¬ The track finding efficiency is at bestabout65% for low multiplicities as determinedwith the
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full offline trackingalgorithm(solid circles). This valueis causedby the radiationlossesof the
electronsin thematerialinsideof theTRD andtheapplicationof afixedmomentumthreshold.

 Thestandardonlinetrackingscenario(opencircles)reachesfor low multiplicitiesapeakefficiency
of about50% only. The reductionwith respectto the offline caseis dueto i) implementingthe
backgroundsuppressioncuts (Cut A of Table6.6) and ii) distortionsof the tracklet parameter
dueto the TRF. The TRF is responsiblefor an efficiency lossof about12% of the total number
of electronsasvisible in Fig. 6.35whenreplacingit by a δ-function(opensquares).Thevarious
selectioncutscostin totalabout4%of theelectrons(for low multiplicities).

 80%-90%of the lossescausedby the TRF can be recoveredby implementingthe digital tail
cancellationdescribedin Section6.4.2.1(filled squares)employing a singlepole/zeronetwork.
Sincethisfeatureturnsoutto beusefulfor theonlinetrackingefficiency, it is plannedto implement
thedigital filter into thedigital chip. Thisscenariois consideredtheeffectivedefault for theonline
tracking.

 The track finding efficiency decreaseslinearly with increasingmultiplicity. The decreaseof the
efficiency is proportionalto theoccupancy (seeFig. 6.21).Suchascalingis to beexpecteddueto
themethodto remove overlappingclusterswhile in theoffline casedeconvolution algorithmscan
beapplied.

 For full multiplicity conditionsincreasingthe numberof independenttime samplesin the TRF
off case(opentriangles)improvestheefficiency by about10%. To which extent this observation
holdswith a tail cancellationalgorithmandrealisticpulseshapesneedsto bestudiedfurther. This
scenariowould suggeststo optimizethetotal drift time undertheconstraintof a TRF determined
by thedrifting ions.

 The improvementin the electronefficiency is reflectedin the averagenumberof tracksthat are
foundundertheglobalmomentumcut (middlepanel).

 Thenumberof backgroundelectrontracks(right panel)dependsonthesetof cutvalues.Themost
crucial cut for removing secondaryelectronsis constructedfrom the unconstrainedtransverse
momentumfit. Theeffect is seenby comparingCut A (solid squares)to Cut B (solid triangles).
At normalizedmultiplicitiesof 0.25and0.5relaxingtheselectionconditionincreasestheelectron
findingefficiency by about6 - 8%. Thisis,however, accompaniedbyanincreasein thebackground
yield by abouta factorof 2 - 3.

With thecomplex featuresobserved for theonline trackingalgorithmandthe largeuncertaintiesof
the input distributions it is difficult to make quantitative statementsthat aregenerallyvalid. It should
be stressed,however, that the event multiplicities and the spectralshapesof the hadronsusedin the
simulationrepresentthe worst casescenario.Even underthoseconditionstheelectrontriggerscheme
describedabove allows to reconstructasufficientnumberof resonancesaswill beshown in Section6.5.

6.4.5 Electron identification

In additionto the track finding problemdescribedin the previous section,the found tracksneedto be
identifiedaselectronsfor thee® ē trigger. For a jet triggerapplicationthisstepis omitted.Theleft panel
of Fig. 6.36presentsthepulseheightsdistribution in a singlechamberobtainedfor pionsandelectrons
with transversemomentaof 3 ° pt ° 5 GeV± c whenintegratingover the full drift time of the readout
chamberin low multiplicity events.A thresholdcanbesetso thatby keeping90%of theelectronswe
rejectthepionswith a factorof 25.

A moresophisticatedanalysiscanbedonefollowing theproceduredescribedin Section11.5. The
likelihoodshown in the right panelof Fig. 6.36 is calculatedfrom the normalizeddistributionsof the
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ber, asfunctionof themultiplicity.

energy depositedin oneTRD moduleby electronsandpions,which canbe implementedastwo look-
up-tables.For a given globally reconstructedtrack the informationconsistsof n valuesof normalized
energy deposit∆Ei for a trackreconstructedfrom n tracklets.FromtheLUTs theprobabilitiespe

i andpπ
i

areobtained,thusthetotal probabilitiescanbecalculatedasPe À ∏ pe
i andPπ À ∏ pπ

i over then layers.
The likelihoodfor the particleto be an electronis given by the ratio PeÁ�Â Pe Ã PπÄ . To this valuea cut
is applied,chosenin sucha way that 90% of the electronsareretained.The resultof the online PID
procedureis plottedin Fig. 6.37asfunctionof thecentralityof thecollision. Thedrop in the rejection
power is causedby thedecreasingnumberof trackletsthatform thegloballyacceptedtrack.
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6.4.6 Background

Backgroundsourcesfor high pt electrons:

Å backgroundelectrons:conversions,δ - electrons,

Å fake tracks,

Å misidentifiedchargedpions.

While thefake tracksandsecondaryelectronsarea problemfor all triggers,thebackgrounddueto
chargedpionsaffect only thedi-electrontrigger. As visible by thesolid squaresof Fig. 6.35(middle),
18 tracksarefoundonaveragepercentralcollision,of which1.4arecleanelectrontracks(right panelof
Fig. 6.35). Applying theonlineparticleidentificationcapabilitydescribedin Section6.4.5reducesthe
totally found tracksto aboutoneelectrontrackcandidatepercentralcollision. Thebackgrounddueto
misidentifiedpionsandfakesandthe onefrom secondaryelectronsare,for restrictive parameterslike
’Cut A’, of thesameorderof magnitude.

The backgroundmultiplicity is of crucial importancefor the fake trigger rate that is discussedin
Section6.5.3. It shouldbe notedthat the backgroundmultiplicity can be reducedfurther in a post-
processingof theeventin theHLT computefarm:

Å Thepionsuppressionof misidentifiedpion trackscanbeimprovedto theoffline performance(see
Section11.5).

Å The secondaryelectrontrackspassingthroughthe selectioncuts have a wide true momentum
distribution. 60%of themhavetransversemomentabelow 3 GeVÆ c . Trackingof theTRD electron
candidatesthroughtheTPCwoulddeterminethecurvatureof thetrackwith abetteraccuracy and
canbeusedto removethiscomponent.Thelargemomentumbackgroundtracksresultfrom photon
conversionsin theinnerpartof theALICE detector. They canberecognizedat leastpartially by
full trackingthroughtheTPCandITS aswell.

Thecorrespondingtriggerratesfor eÇ eÈ coincidencesandtheimportantroleof theHLT is discussed
in Section6.5.3.

6.5 Performance

The variousphysicsobservablesarediscussedin [3]. A typical exampleof an interestinghardprobe
physicsobservableis thefamily of ϒ resonances[9]. Theperformanceof thetriggerschemedescribed
above is presentedin thissectionfor theϒsystem.

6.5.1 Generalitiesof Pb-Pbcollisions

With an extrapolatedinelasticnucleon-nucleoncrosssectionof σNN É 60 mb a total reactioncross
sectionof σPbPb É 7Ê 5 b is anticipated.At a luminosityof Ë É 1 Ì 1027cmÈ 2sÈ 1 this crosssectiongives
riseto minimumbiasinteractionrateof RMB

int É 7Ê 5 kHz. In orderto makeuseof thehighquality tracking
availablewithin theALICE TPC,only the fractionof eventswithout pile-upwithin theTPCdrift time
of TTPC

dri f t É 88µs is consideredat this stagefor furtheranalysis.Thereforeat thetrigger level therateis

reducedto a pastprotectedinteractionrateof RMB
past É 3Ê 9 kHz, while for high level triggerprocessing,a

rateof RMB
past& f uture É 2Ê 0 kHz is anticipated.Thenumbersaresummarizedin Table6.7 for luminosities

from 0Ê 5 Í 1Ê 0 Ì 1027cmÈ 2sÈ 1.
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Table6.7: Eventandtriggerratesfor Pb+Pbat 5.5A TeV.Î=Ï
cmÐ 2sÐ 1 Ñ RMB

int (kHz) RMB
past (kHz) RMB

past& f uture (kHz)
1 Ò 1027 7.5 3.9 2.00

7Ó 5 Ò 1026 5.7 3.5 2.10
5 Ò 1026 3.8 2.7 1.95

With the past-futureprotection,the optimumconditionsare reachedat a luminosity of
ÎÕÔ

7Ó 5 Ò
1026cmÐ 2sÐ 1. For the following estimatesan integratedluminosity of

Î PbPb
int

Ô
0Ó 5Ö nb per year is as-

sumed,basedona timeaveragedluminosityof
Î�Ô

5 Ò 1026cmÐ 2sÐ 1 andaneffective datatakingtimeof
106 s within onemonthof heavy ion runningperyear[10]. As canbeeseenfrom Table6.7,dueto the
past/futureprotectionimposedby theTPCdrift time, thenumberof acceptableeventsdoesnot change
whentheluminosityis increasedby a factorof 2.
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Figure 6.38: Differentialcrosssectionversusmultiplicity for Pb+Pbat 5.5A TeV.

The distribution of multiplicities canbe obtainedby assumingthat the multiplicity scaleswith the
numberof participantsthatarecalculatedby thenuclearoverlapintegral asfunctionof the impactpa-
rameter. Fig. 6.38shows the scenariowith a meanvalueof the rapidity density Þ dN Ö dy ß =8000for
themostcentral10%of all thereactions.Theeventclassof themostcentral10%of thecrosssectionis
calledin thefollowing CEN. It startsatamultiplicity of dN Ö dylow

Ô
6770andis markedin Fig. 6.38by

thedarkcircles.

Hardprobesareproducedaccordingto thenumberof primaryNN - collisionsthatcanbeobtained
from thesameformalism.Backgroundis createdaccordingto theoccupancy of theTRD chambersthat
scaleslinearly with themultiplicity (seeFig. 6.21).
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6.5.2 ϒcount rates

Theintegratedproductioncrosssectionof theϒresonancesat à s á 5â 5 TeV is obtainedby extrapolating
existing datain the framework of the color evaporationmodel [11–13]. For Pb-Pbcollisions a total
productioncrosssectionfor thecombinedϒstates(ϒ, ϒ’ andϒ”) decayinginto two electrons(B=2.52%)
of Bσϒ

PbPb á 570µb is predicted[12]. The relative fractionsareϒ: ϒ’ : ϒ” = 1 : 0.3 : 0.1. Thecross
sectionestimateis basedon anextrapolatedpp crosssectionof dσpp ã dy ä yå 0 á 3 nb. Thecorresponding
rapiditydistribution is approximatelyflat over æ 4 unitsof rapidityresultingin anintegratedcrosssection
of σpp á 22â 5 nb. Scalingfrom pp to AA collisionsis doneby thescalinglaw observedin theFermilab
fixedtargetdata

σAA á A2ασNN ç
with α á 0â 95 [14] .

With theseassumptionsa minimum biasrapidity densityfor ϒ è eé eê of dN ã dy ä yå 0 á 1 ë 10ê 5 is
predictedfor minimumbiasPb-Pbcollisions.An integralnumberof Nϒ

int á 2â 85 ë 105 is producedwithin
oneyearof ALICE running.Notethat this numberis obtainedfrom scalingpp resultswith thenumber
of primarycollisions,i.e. no suppressionor enhancementfrom theQGPis consideredat this level. The
currentestimateis lowerby afactorof 1.6ascomparedto thenumbersusedin theTechnicalProposal[3]
dueto theuseof theempiricalmassscaling.With all theextrapolationsanduncertaintiesthefollowing
numberscanonly beconsideredacasestudythatdescribethecapabilityof theTRD triggersystem.
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Figure 6.39: Differentialϒ- yieldsfor variousscenariosasfunctionof multiplicity for Pb+Pbat 5.5A TeV. The
scenariosOffline (solid),NT30(dashed),Deconv (dotted)andDefault (dashed-dotted)correspondto thescenarios
1,5,3,and2 of Section6.4.4.

As shown in theTechnicalProposal[3] thegeometricalacceptanceεgeo for detectinganelectronand

apositronwith pt
e ô 3 GeVã c eachwith thefull sizeTRD ( äη äöõ 0â 9) from ϒdecayis εgeo á Naccepted

dN÷ dy ø ∆y á
0â 65ã ∆y where∆y is thewidth in rapidity of theuniform input distribution (seealsoChapter12). For
the reconstructionof resonancestwo electronsneedto be found and identified in coincidence. The
reconstructionefficiency for ϒ thereforereads

εdet áúù εact ë εtracking ë εPID û 2 ç
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with εact - theeffective active fractionof thesolid angle,εtracking - theefficiency to find a trackthathits
theactive areaandεPID thesurvival probabilityof electronspassingthePID cut (seesection6.4.5).The
productεact ü εtracking is shown in Fig. 6.35for singletracks,εPID is targetedto be90%,at which a pion
efficiency of επ

PID ý 0þ 02 (for dN ÿ dy = 8000)canbereachedin theoffline analysisfrom theTRD data
alone(seeSection11.5).

Table6.8: Integralnumberof ϒundervariousconditionsfor anintegratedluminosityof � PbPb
int � 0� 5� nb. Cut A

of Table6.6wasemployed( � usingCut B).

NY
T8000 NY

T2000 NY
MB8000 NY

T8000� Muon�
Maximumchargedparticlemultiplicity dN ÿ dy 8000 2000 8000 8000
producednumberof ϒ, Nϒ

int 285000
decayinginto acceptance 24750 15019
decayinginto acceptancewithout TPCpile-up 12672 -
reconstructiblewith OFFLINE efficiency 4041 4437 4041 9349
reconstructedwith standardoptions 1056 2016 154 8414
reconstructedwith TRFoff, 30 timebins 3053 4052 - -
reconstructedwith deconvolution of TRF 2269 (4180)� 3628 - -

Thesingletrackefficienciesfor thedifferentscenariosasshown in Fig. 6.35anddescribedin Sec-
tion 6.4.4 have beenparameterizedby straightlines. The resultingdifferential distribution of recon-
structedϒ resonancesasfunction of centrality for a multiplicity densityof 8000for centralcollisions
is shown in Fig. 6.39. Note that thenumberof producedϒ grows like N4� 3

part ∝ � dN ÿ dy� 4� 3. The lower
histogramsin Fig.6.39reflectthereconstructionefficiency andits dropwith increasingmultiplicity. The
solid grey histogramis obtainedby employing offline efficienciesat thetrigger level (including thecut
on singleparticletransversemomentumof pt 	 3 GeVÿ c ) andfollows theproductionprobabilities.For
themorerealisticonlinetriggerscenariosa reduction,especiallyfor centralcollisions,is observed. The
correspondingintegralnumbersoverthefull centralityrangearegivenin Table6.8in thecolumnlabeled
NY

T8000. Underthoseconditionsabout2300reconstructedϒcanbeexpectedperyearof ALICE running
(employing thedeconvolution schemeof theTRF). This numberhasto becomparedto anuntriggered
scenariowherethewholeanalysisis performedoffline. Whenstill aimingat thefull centralitycoverage
asmotivatedby thephysicscase,thetotal availablebandwidthto thedielectronphysics(assumedto be
20Hz of centralevents)wouldbefilled with minimumbiasevents(74Hz dueto thesmallereventsize).
The numberof reconstructibleϒ for this scenariohasto be down-scaledby the ratio of DAQ rate to
minimumbiasinteractionrate.Thevaluesareshown in Table6.8 in thecolumnlabeledNY

MB8000. About
150 ϒ could be reconstructedper yearof ALICE running. Onecould tradeperformancein centrality
coveragefor morestatisticsin centralcollisionsundertheconstraintof thesameDAQ bandwidth.An
extremeoptionwouldbeto give up thecentralitycoveragecompletelyandfocuson centraleventsonly.
In the10%mostcentraleventsabout1600ϒcanbefoundwith offline efficienciesundertheconditions
usedfor Table6.8. Accordingto Table6.7 thecentraleventsoccurwith a frequency of 195Hz. Given
thebandwidthof theDAQ systemof 20 Hz, 164ϒcanbereconstructedin suchaneventsample.These
numbersclearlydemonstratethattheTRD dielectrontriggeris essentialfor thisphysicstopic.

Thenumbersof reconstructedϒ canbesubstantiallyimprovedby exploiting thecapabilitiesof the
HLT system[15]. Thissystemis designedto allow for aninputbandwidthof 200Hz. Assumingthathalf
of thatbandwidthis allocatedfor centraleventprocessing(for theotherhalf seeSection6.5.3)100Hz
of centraleventscanbeinspected.With offline detectionperformance820ϒcanbegatheredwithin one
ALICE year. Thisnumberhasto becomparedto thenumberof ϒ thatis alreadyin thetriggeredsample,
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e.g. 680for thescenariowith tail cancellation.Therunningmodewith a full scaleHLT TRD analysis
deliversvery similar total ϒ numbersasis given by thecentralsubsetthat is includedin theminimum
biasTRD triggeredeventsample.While thenumbersarecomparablefor centralevents,it is, however,
not possibleto cover the centralitydependenceof ϒ productionwith the HLT schemedueto the rate
limitationsof openingtheTPCgatinggrid.

The inspectionof centralcollisions by the HLT analysiscan be usedin addition to increasethe
numberof reconstructedϒ: combiningboth modesof datataking a final numberof 1160ϒ in central
collisionscanbeachievedin oneALICE year.

As discussedin Chapter12, the extrapolationof latestRHIC resultspredicta rapidity densityof
dN 
 dy � 1600.While thebeamenergy increaseis toolargeto allow areliableextrapolation,wewill still
consider2 scenariosfor thediscussionof thetriggerperformance,astheimplicationsfor theperformance
of theTRD triggersystemaresignificant.Thenumberscorrespondingto amultiplicity in centralevents
of dN 
 dycen = 2000arelistedin thecolumnlabeledNY

T2000 in Table6.8. Thenumberof reconstructedϒ
is almostdoubledfor thescenariothatemploys thetail cancellationtechnique.Additionally about15%
canbegainedby openingtheselectioncuts(Cut B from Table6.6) leadingto a total of 4200triggered
ϒ.

Notethatcomplementaryefforts to detectϒstatesin Pb-Pbcollisionsyield similar numbers.When
usingthesameproductioncrosssectionandscalingto thesameintegral luminosityof � PbPb

int  0� 5
 nb
per year, the CMS experimentwould reconstructan integral numberof 6400 ϒ per year [12]. The
performanceof theALICE muonarmis givenin Table6.8andis expectedto bestill better.

The numberspresentedin Table6.8 correspondto the full sizeTRD detectorwithout any holes.
Shouldtheactiveareahave to bereducedto 50%of thenominalsolidangle,areductionof themeasured
signalto abouta quarterof thenumbersin Table6.8 would be theconsequence(seealsoChapter12).
Thephysicsprogramof exploring QGPpropertieswith ϒ stateswould be severely limited if theTRD
couldnothave completecoverage.

6.5.3 Trigger rates

Thetrueϒ triggerrateis very small (10� 2 Hz). Therateof theTRD dielectrontrigger is dominatedby
backgroundandhascontributionsfrom 3 sources:

1. misidentifiedpion tracks

2. fake tracksfrom combinationof clustersfrom differentprimarytracks

3. trueelectrontracksdueto conversionof photonsbeforetheTRD

Thesingletrackbackgroundmultiplicities areshown in thecenterandright panelof Fig. 6.35. The
centerpanelrepresentsthesumof all thebackgroundcontributions. In the right panelthebackground
fromtrueelectrons(component3 fromabove)isseparatelyplotted,sincefor thiscomponentnoreduction
can be achieved from the PID. For the components1 and 2 the pion suppressionfactor ξ shown in
Fig. 6.37wasused.Thetotalbackgroundmultiplicity Mbck canthenbeconstructedfrom thetotal found
tracksM f ound and the found electrontracksM f ound� e by Mbck �� M f ound � M f ound� e � 
 ξ � M f ound� e.
For thescenarioemploying thetail cancellation(seeFig. 6.35)this backgroundmultiplicity m� M � was
parameterizedasfunctionof centralityM by a squareroot behavior. Thebackgroundconsistsof tracks
of positive andnegative chargeswith equalprobability. Dueto thestatisticalnatureof thebackground
tracksthedistribution is assumedto bePoissonianandthedifferentialbackgroundpair triggerrateRpair

is givenby
dRpair

dM  dRmb

dM � � 1 � e� m� M ��� 2 � 2 �
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Figure 6.40: Differential backgroundtrigger rate RT as function of centrality for Pb+Pbat 5.5ATeV with a
multiplicity for centraleventsof dN � dy = 8000.DifferentCutslistedin Table6.6wereusedto selectstiff electron
candidates.

whereRmb is the minimum bias interactionrate. The differential trigger rateasfunction of centrality
given in termsof dNch � dy is shown in Fig. 6.40for the two setsof parameterslisted in Table6.6. The
integral numbersareshown in Table6.9 in therows labeled’e � e� ’.

Table6.9: Triggerratesfor Pb+Pbat5.5A TeV.
dN � dycentral 2000 8000
CutA e� e� 128Hz 351Hz

Quarkonia 43 Hz 117Hz
CutB e� e� 340Hz 732Hz

Quarkonia 113Hz 244Hz

A furtherreductionof thetriggerrateis achievedby calculatingtheinvariantmassof theelectronpair
in theGTU. As wasfoundin theTechnicalProposal(Fig. 38) [3] thebackgroundspectrumis essentially
flat over the invariantmassrangefrom 1 to 10 GeV/c2. With the transversemomentumresolutionas
given in Fig. 6.32 an invariant massresolutionof 8% at the ϒ massis achieved by the TRD trigger.
Selectingonly 2 intervalsof invariantmassaroundtheJ/ψ (2� 8  me� e�  4� 0 GeV� c2 ) andtheϒfamily
(me� e�"! 8 GeV� c2 ) reducesthe total trigger rate by abouta factor of 3, while the physicssignal is
reducedonly by about10%ascanbeseenfrom Fig. 12.7.Thecorrespondingintegratedratesaregiven
in Table6.9 in therows labeled’Quarkonia’.

Theparametervaluesfor ’Cut A’ (’Cut B’) weretunedat theexpenseof someefficiency lossto have
an acceptabletrigger rateeven for the multiplicity scenariosdN � dycen # 8000(dN � dycen # 2000)for
centralcollisions.So,in eachcasethedielectrontriggerratewouldbeabout110Hz. Sucha triggerrate
into theHigh Level Trigger(HLT) seemsto beappropriate.ThecurrentHLT designforeseesamaximum
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input bandwidthof about200Hz [15]. The’Quarkonia’ dielectrontriggerwouldoccupy onehalf of the
total availablebandwidth. Furtheroptimizationof the online backgroundstrategies is currentlyunder
investigation.Thenumbersgivenhereshouldbetakenasorientationsof whatcanbeachieved already
with very simplealgorithms.

An overall suppressionof the event rateby morethana factor10 is expectedfrom an offline like
analysisin theHLT computefarm.Thetaskof theHLT is to furthersortout thecorrecteventsby:

1. Applying thefull pionsuppressionpower with amaximumlikelihoodanalysisof thepulseheight
distributions (seeSection11.5). Sincethe online pion rejectionwas assumedto be only 1:20
independentof centralityat leasta reductionby a factorof 2 canbeexpectedfrom thisstep.

2. Trackingof all candidatesthroughtheTPCandITS to remove fakesandconversions.Approxi-
mately60% of theelectronbackgroundtracksoriginatefrom particleswith transversemomenta
below 3 GeV$ c . Thecurvatureandtheclosestdistanceto thevertex aremuchbetterdetermined
by theglobal tracking. The latterquantitycanalsobeusedto reducetheother40%of theback-
ground,i.e. stiff tracksnot originatingfrom theprimaryvertex. In total, a minimal reductionby
a factorof 2 is anticipated.A detailedanalysisof theglobal trackingperformanceof thecentral
ALICE armis in progress.

Sucha reductionof thesinglecandidatemultiplicities by a factorof 4 resultsin a reductionof fake
pairsby a factorof 16 resultingin an outputtrigger rateof theHLT systemis in theorderof 7 Hz for
the ’Quarkonia’ trigger scenarios’dN $ dycen % 8000,Cut A’ and ’dN $ dycen % 2000, Cut B’. For the
lowermultiplicity scenariothe’e & e' ’ triggerwithout invariantmasscut representsanalternative option
compatiblewith theallocatedDAQ bandwidth.

Bandwidthrequirementsto thedataacquisitionsystemcanbefurtherreducedby consideringpartial
readoutof regionsof interest.Thestiff trackswill crossonly 3-4outof 2 ( 18TPCsectors.Thereforea
reductionby about10 is possible.Sucha readoutscenariowill notallow for adetailedcrosscorrelation
of the dielectronsignalwith global TPC quantities.This could be an option for an intermediatetime
periodwhenpossiblytheHLT is still understudyanddevelopment.

Summarizing,theselectioncriteriaof thecombinedTRD / HLT dielectrontriggercanbe adjusted
suchthat the outputrateto DAQ is in theorderof 10 Hz whentriggeringon the quarkonia statesand
abouta factor2 higherwithout the invariantmassselection. The bandwidthcanstaywell below the
anticipatedlimit of theequivalentof 20 Hz of centraleventsof dN $ dycen % 8000.
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7 Readoutand Data Flow

This chapterdiscussesall aspectsof theTRD dataflow. Generally, therearetwo maindatastreams
in threeareasto behandledin realtime. Bothdatastreamsrequirethesimultaneousreadoutof all 64224
MCMs.

The first datastreamis the shippingof the tracklet candidatesproducedon the individual MCMs
to theglobaltrackingunit (GTU). This tracklet shippinghasto beperformedduringthecritical trigger
decisiontimeandis limited to 400ns(referto Fig. 5.6,notethe200nssetuptime for thefirst tracklet to
percolatethroughthereadouttree).During thattime,a total of up to 40 ) 32 Bit tracklets perchamber
have to be shippedto their appropriateϕ sectorof the GTU, resultingin an aggregatedatastreamof
216GByte/s.

Theseconddatastreamis theraw datareadout,which is performeduponaLevel-2accept(L2A). At
thattime, theeventbufferson theMCMs arebeingreadout. This readoutis performedduringtheTRD
deadtimeastheTRD front-endis notpipelined.For adetaileddiscussionof theTRD statesandtiming,
referto Chapter5.

ThedatapathbeginsattheMCMs, andends,in caseof aL2A, with thedatashipmentvia theALICE
opticaldetectorlinks (DDL). Therefore,therearethreegeneralregionsof datashippinginvolved: the
dataflow on thechambers;thecablingbetweenthechambersandtheGTU; and,thedatashippingoff
theGTU itself. All threeregionsaredetailedbelow in theappropriatesections.

7.1 Data typesand format

A major cost factor is the requiredconnectivity betweenthe MCMs asthis drivesthe numberof pins
andconnectionsrequired.Further, a largenumberof I/O signalsincreasesthecomplexity of thereadout
plane.On theotherhand,thetight latency requirementdrivesup thedatatransferratesandbuswidths.
Therefore,thereadouttreesaredesignedto meettherequirementsof thetracklet shipping.Theraw data
readoutuponL2A usesthedefinedtracklet readouttree,whichat thattime is idle.

7.1.1 Tracklets

Tracklet candidates,whichpassthedefinedpt andPID cutswithin oneplane(MCM), haveto beshipped
to theglobaltrackingunit for trackmatching.In orderto assistthetrackmatching,eachtracklet candi-
dateis projectedontotheGTU referenceplaneprior to theshipping.

Table7.1: Datafieldsof tracklet andTRD tracks
Type tracklet Bits TRD TrackBits Description

y-position 13 18 8 * 18 * 7+ 2 mm with a resolutionof 400µm
y-deflection 5 7 , 8 mm to passcut incl. onesignbit
z-position 4 10 max.16padrows perchamber
charge 6 8 normalizedchargeabove MIP
TR 2 4 TR quality flags
variance 1 4 fit qualityflags
spare 1 4 fit qualityflags

Σ 32 64 w/o HammingCode

The tracklet parametersincludey-position,y-deflection,the z-positionor padrow numberin the
referenceplane,thenormalizedcharge relative to MIP, thefit variance,andsomeTR quality flags.The



112 7 ReadoutandDataFlow

numberof bits requiredfor eachof theseparametersis determinedby theresolutionanddynamicrange.
Table7.1shows theappropriateencoding.Correspondingly, eachtracklet requires32 Bit for encoding.

7.1.2 Raw data

All digitizedADC valuesarestoredin eventbuffers,whicharebeingreadoutuponaL2A. This readout
is performedby theCPUsof the tracklet processorsand,therefore,is completelyprogrammable.Any
preprocessingor reprocessingof thedatais conceivableusingthe256896processorsavailable.However,
in order to understandthe dataflow, the largest typical dataformat is the zero suppressedraw data.
Zero suppressionis implementedin the standardform, running on the freely programmabletracklet
processors.The zero suppressionalgorithm implementsa configurablethreshold,plus somepre and
posthistory, while alwaysreadingout the appropriateneighboringchannelsin order to guaranteethe
completereadoutof aclusterandwhile maintainingrelatively high thresholds.Theresultingdatais run-
lengthencodedin orderto suppressthebaselinezeroes.Theraw datavaluesarepresentedin Table7.2.
Here ’black event’ representsall availablepixels, including the readoutof redundantborderlineADC
channels.

Table7.2: Averageraw dataparametersfor Pb–Pbcollisions.
Type Value Notes

Numberof ADC channels 1348704 eachMCM supports18PADs, plusthreeADCsat borders
ADC resolution 10 Bit
Numberof time bins(event
buffer canhandle32 )

20 active drift timewith startandendtime configured

Sizeof ’black event’ 39.4MByte assumingthereadoutof redundantborderlineADC channels
Overall occupancy 14% overall pixel occupancy
Raw eventsize 7.1MByte zerosuppressedraw eventincluding20%codingoverhead

Therearevariousoptionsto compressthe raw event further in a binary losslessfashion. This can
be implementedboth at the front-endandthe back-end.Given that the TRD raw event is the second
largestin ALICE, someeffort will be investedwithin theframework of thehigh-level triggerprojectto
reducethis sub-event to its minimumsize.However, giventheexperienceof theTPCdatacompression
R&D [1] [2], it is expectedthatonly a factorof 50%might befeasible.Huffmanencodingcaneasilybe
implementedin thefront-end.Othercompressiontechniquesmight beimplementedin theback-end.

7.2 Hardware implementation

As describedin theintroduction,thetotal transfertimefor thetriggeris limited to 600ns.This is thesum
of two contributions,i.e., thelatency andthedurationof thedatatransferphase.To allow theoperation
of the GTU parallel to the datatransfer, the readoutsequencehasto be chosencarefully asdescribed
later in this document.To maximizetheoverlapbetweenprocessinganddatatransport,the latency has
to bekeptto aminimum.

7.2.1 Readoutscheme

Theorganizationof thereadoutfollowsthestructuregivenby thehardwarelayout.A readouttreecovers
a planeof a supermoduleconsistingof five chamberswith up to 16 padrows. From simulations,it is
known that a chamberwill provide a maximumof 40 tracklets (Chapter6) with a sizeof two 16 Bit
words. Sincethereadoutfor thedataacquisitionposesa muchlower constrainton thesystemthanthe
trigger, thedesignis drivenby therequirementsof thelatter.
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Figure7.1: Layoutof readoutboards.Thephasesφ0 -.- φ3 correspondto thetimemultiplexedinputsof therootof
thetreefeedingtheopticaldetectorlinks (referto Fig. 7.2).Eachchamberimplementstwo rowsof readoutboards
labelledasright andleft. The readoutboardswithin a chamberarenumberedin ascendingorderin z direction.
Thesamenumberingschemeis appliedto thechambersthemselves.Eachlayerof asupermoduleis beingreadout
atbothsides,thereforeimplementingtwo readouttrees.Thecorrespondingtwo logicalareasarecalledsublayer1
and2.

To minimizethenumberof componentsin thetriggersystem,mostof thereadouttreeis integrated
into thedigital partof theMCM, theLTU. To keepthesystemsimple,thesamefrequency of 120MHz
is usedfor the tracklet processorand the transferbetweenMCMs. To achieve a small latency, the
readouttreehasto beasshortaspossible.However, thewidth is limited by thenumberof pinsavailable.
To achieve the necessaryrobustness,LVDS [4] anda 1 Bit error correctionand2 Bit error detection
usingHammingcoding [5] is foreseen.As a consequence,46 pins for a 16 Bit dataport areneeded
correspondingto the 16 Bit data,the 5 Bit for the Hammingcode,1 Bit for parity and1 Bit for the
strobe. A tree width of four requiresfive ports resultingin 230 I/O pins, which, togetherwith pins
for control signalsandpower, area possiblecompromise.In the currentdesign,five clock cyclesare
neededto shipdatathrougha nodeof thetree. This is a resultof thefour cyclesneededto registerand
synchronizetheinputandtheonecycle to registertheoutput.With thegivenclockrate,thiscorresponds
to roughly42ns.For a treewith depthd, thelatency is / d 0 5 1 22 cycles.

Figure7.2: Treestructurefor a layer. Thereadoutboardsarelabeledin thefollowing way: ABC. A distinguishes
betweenthe left andright row in Fig. 7.1. B is the chambernumberandC indicatesthepadrow groupinsidea
chamber. Thegrayarrows insidethemergersdefinethereadoutsequence.

Thelatency of thereadouttreedefinestheworstcasetime betweentheshipmentof thefirst tracklet
andits receiptby theGTU. During this timenooverlappedprocessingis possibleandthereforeit should
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bekeptasshortaspossible.On theotherhandthedepthof the readouttreeis determinedby thefixed
numberof datasourcesandthenumberof links onemergerchip canprocess.Thelarger thelink count
of a merger chip is, the larger is its pin count and the more complex is the resultingrouting on the
readoutboard. Thereforethe numberof links andthe readouttreeslatency arecompetingparameters
to be optimized. A large numberof scenarioswerestudied,wherethe given granularityeffectswere
specificallytakeninto account.Theresultis amergerwith four inputsandoneoutput.

With thegivenfive portson a mergerchip, a layer is partitionedasshown in Fig. 7.1 and7.2. The
chambersare readout by MCMs groupedtogetherlogically on two typesof readoutboards. These
boardscanhousea maximumof 21 and25-MCMs,assketchedin Fig. 7.3. Onerepresentstwo levels
andthe larger onerepresentsthreelevels of the tree. The larger sizedboardsareneededto cover the
chamberswith 16 padrows. By orderingthereadoutsequence,theextra level of thesecondonecanbe
hidden. As shown in Fig. 7.2, theoutputof four boardsis mergedtogetherby theunits namedMxxx.
ThesemergersarethesameMCMs asusedfor readoutandtracklet processing.However theexisting
LTU functionalityis disabledif theMCM is operatedin mergermode.On thenext treelevel theoutputs
of thepreviouslevel arealsogroupedtogetherby anMCM. ThemodulesM100andM200sendthedata
timemultiplexedto agigabitparallelopticallink (PAROLI). ThePAROLI device is describedin greater
detailin Section7.2.2.1.

7.2.1.1 The readoutlogic on the MCM

Thereadoutsystemis basedon two differenthardwarecomponents.TheMCM, configuredasreadout
treemodule(Mxxx), andtheparallelopticallink (PAROLI). NotethatLTU andreadouttreefunctionality
canbecombinedon oneMCM by enablingbothpartsof thedigital chip. Referringto the left scenario
in Fig. 7.3, implementing21 MCMs, thefirst four columns(MCM 4...1,9...6,etc.) implementregular
LTU functionality asdiscussedin chapter6.3. The outputsof theseLTUs areroutedhorizontallyand
areterminatedat therightmostcolumn(MCM 0, 5, 10, 15). TheseMCMs operatebothLTU andtrack
merger functionality. Thereforethey effectively merge the inputsof five LTUs into their output link.
Finally the output links of the four MCM rows are combinedby oneMCM (sketchedas trapezoid),
which only operatestrackmerger functionality, keepingits built-in LTU disabled.Thereforethis MCM
doesnot addinternaldatato the datastreamlike the onesdiscussedabove. 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 subsequentlayer of the readouttree
implementsMCMs in thesameconfiguration.Thelaststageof thereadouttreeinterfacesto theparallel
opticaloutputlink (PAROLI) andis discussedin chapter7.2.2.

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

Fig. 7.4givesanoverview of thedatapathinsidethereadouttreemodule.Theportsandtreecontrol
areconnectedto the MIMD tracklet processor(TP) asa peripherymappedinto the local andglobal
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addressspaceof theprocessors.EachCPUhasadedicatedoutputinterface,which it canserve indepen-
dentlyandasynchronously. However it canalsoaccessany otherport via theglobal I/O addressspace.
To allow for maximumflexibility, eachport is completelyindependentandthemappingof theportsis
determinedby configurationregistersin theglobalI/O addressspace.In addition,theportsaredesigned
for bi-directionaluse.Thesearchitecturalmeasuressimplify thelayoutandroutingof thereadoutboards
andtheir interconnects.Eachphysicalport canbeconfiguredto beeitherinput or output. Referringto
Fig. 7.3,many MCMs donot fully utilize theiravailablelinks, whichcanbeusedto implementalternate
routesin orderto implementsomedegreeof fault tolerance.

Figure7.4: Datapathof a readoutmodulewith thefivebi-directionalindependentports.

A moredetailedview of theportsis given in Fig. 7.5. Thebi-directionalI/O portssynchronizethe
dataof a previous MCM to its internal clock. This increasesthe latency, but makes a detectorwide
synchronousdatatransferpossible.TheHammingen-/decoder, increasesthereliability of thesystemby
implementingone-Biterrorcorrectionandtwo-Bit errordetection.TheHammingstatusis evaluatedand
linkedto theoutgoingdatastream.Thephysicalsignalsadhereto theLVDS standard.Usingdifferential
signalsimprovestherobustnessof thesystemin anoisyenvironment.

7.2.2 GTU link

The link to the global trackingunit (seeChapter5) is usedfor both tracklets andraw data. A layer,
consistingof five chambers,is subdivided into two sublayersasshown in Fig. 7.1. To minimize the
lengthfor transmissioneachsublayeris readout to its closestsideof thedetector. Thedataarecollected
at therootof a readouttreeandforwardedto aparallelopticallink (PAROLI). This results216links off
thedetector.

7.2.2.1 Parallel optical link PAROLI

The Infineon1 PAROLI links areparallel optical links for high speeddatatransmission.A complete
systemconsistsof a transmitter, a receiver anda fiber optic cable. A PAROLI link hasthe following
mainfeatures:

1InfineonTechnologiesAG, www.infineon.com
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Figure7.5: BidirectionalI/O port,includingtheHammingen-/decoder, synchronizationunit andinputFiFo. The
LVDS transceiversarenot shown.

3 34 3 V power supply

3 Low VoltageDifferentialSignal(LVDS) interface

3 22data+ 1 clockchannel

3 12opticaldatachannels

3 transmissionrateof up to 500MBit/s perchannel

3 transmissiondistanceup to 75 m atmax.datarate

The transmitter(V23814-K1306-M230)featuresmultiplexing and encodingof 22 electricaldata
input channelsto 11 optical dataoutputchannelsvia time multiplexing. It is closely coupledto the
readoutmodule,whichbuilds up therootof asublayertreeandquadruplesthedatabandwidth.

Figure7.6: Interconnectionof readouttreeandPAROLI link.

ThePAROLI link is operatedat4x theMCM readoutlink. Thereforethereadoutmodulesinterfacing
to the PAROLI will time multiplex their four inputs. Thereforethe dataof the four inputscorrespond
to four phasesφ0 454 φ3 on the PAROLI link. The incomingdataarrive at modulesM100 andM200 and
are being transmittedat the rising edgeof the 120 MHz clock. Thesemodulesare running with an
internalfrequency of 480MHz andforwardthedataof thefour inputswith a 240Mhz dual-edgeclock,
correspondingto 480 MWord/s, to the PAROLI link. The receiver (V23815-K1306-M230),as front-
endof theglobal trackingunit, generatesa synchronousdataoutputwith 480MWord/s,which will be
demultiplexedto 4 6 120MWord/susinganotherinstanceof thereadouttreeMCM, operatingin reverse
mode.
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7.2.3 Detector link

Readoutof thecompressedraw data,whichareproducedby andreadfrom thelocal trackingunitsupon
the Level-1 accept(L1A) condition, is triggeredby a L2A. At that time the dataresideat the TMUs
within theGTU. A Level-2 reject(L2R) simply clearstheappropriatebuffers,which is implementedby
advancingtheappropriatereadoutpointersasbothLevel-1 (L1) andLevel-2 (L2) triggersareexecuted
in chronologicalorderwithin their classandwith respectto theirassociatedinteraction.

The readoutoff thedetectorfrom theGTU is performedin parallelto any otherpossibleon-going
TRD triggeractivity, andthusdoesnot contribute to theTRD dead-timeexceptfor thederandomizing
readoutbuffer in theGTUthreateningtooverflow, whichcanbeavoidedby makingthisbuffer reasonably
large. For example,one128 MByte DRAM SIMM perdetectorlink will provide spacefor morethan
300compressedPb–Pbraw events.

The individual TRD ϕ sectorscanbe operatedindependentlyeven at the level of the global track
matching(TMU). Theonly exceptionis thecollectionof thesummarydatafor theL1 triggerdecision.
Therefore,therewill be an eventbuffer aswell asa detectorlink off thedetectorfor eachsector. The
correspondingaggregatedatabandwidthof 17 8 GByte/sallows for a maximumreadoutrateof 250Hz,
assumingthe statedaverageevent sizes. Shouldthis prove inadequate,the numberof links per sector
caneasilybeincreasedby a factorof two, similar to thesublayerreadoutof thesupermodules(referto
Fig. 7.1).

Oneimportantprocessingscenariowith respectto dataanalysiswithin thehigh-level trigger is the
region of interestprocessing.Thoseregionsarealreadydistributedwith a persectorgranularityat L1
time. However, thehigh-pt trackcandidatesto bevalidatedin theTPCarebetterdefinedin theGTU than
in their appropriatesectornumber. Therefore,anappropriatesummaryevent is plannedto becompiled
containingthe track vectorsof all identifiedhigh-pt candidates.The dataformat is comparableto the
oneusedfor the tracklet candidates,however, implementedas64 Bit word assketchedin Table7.1.
Only high-pt trackswith configurablecutswould be shipped.However, even assumingthe maximum
shipmentof all chargedparticletracks,togetherwith a TRD efficiency of 100%,it would resultin 16k
tracksbeingtransmittedwith aneventsizeof 128kB or amaximumL2 acceptrateof 780Hz.

Thedatarequiredto beuploadedto theTRD areconfigurationandcalibrationparameters,suchas
the definedthresholdsandTMU lookup tables. Thesedataobjects,however, are to be provided and
maintainedby theDetectorControlSystem(DCS).It is anessentialsystemrequirementthattheDCSbe
independentof any othersystemsuchasDAQ or trigger.

A secondlogical datastreamis theuploadingof testdatafor systemintegrity checking.An inde-
pendentdatapathto the front-endwill be implementedin order to enableuploadingof testdata,and
to implementan alternatetransparentmonitoringdatapathallowing to monitor systemintegrity even
duringnormaloperation.This datapathis anidealmethodfor redundantbut slow readoutof any TRD
sector, allowing simpleoff line detectortestingwithout therequirementof anoperationalDAQ or trigger
system.

TheTRD datalink off thedetectorusestheALICE DDL, whichconsistsof threemajorcomponents:
thelink feed(SIU), which resideswithin theGTU; theactualopticallink itself; and,theopticalreceiver
card(DIU). The interfaceto theSIU essentiallyimplementsa synchronous32 Bit databus runningat
40MHz [3].

In orderto keeptheTRD on-detectorelectronicsassimpleaspossible,adatadrivenpusharchitecture
is planned.Upona L2 accept,all availabledatais formattedandtransmittedthroughthedetectorlinks
at designspeed.Theback-endhasto bedesignedto copewith this datastreamof up to 100MByte/s.
Suchrequirementdoesnot presentany particularchallengeandis alsobeingusedfor theTPCreadout.
Giventheavailability of very largelow-costelasticitybuffersat thebackend,thelatency requirementfor
thenecessarythrottling is relaxed. A canonical1 GByteeventbuffer therecorrespondsto 2500events
or morethana minuteof runningtime whenrunningat full speed.Therefore,thenecessarythrottling
caneasilybeimplementedasasingledead-timesignaloff thedetector, generatedatonecentralplaceby
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implementinganappropriatehigh watermark.No backpressuretowardsthedetectorsis beingrequired
or implementedasthiswouldonly movethethrottlingandcreationof thedead-timesignalontomultiple
instancesof the front-end,requiringtheir merging into onecommonTRD dead-timesignal. However,
thefunctionalityof theDDL allows to implementa backpressurefunctionality, allowing to throttle the
detectorfront-end.Thepotentialuseandimplicationsof this featurewill berevisitedat a laterstage.In
any case,theminimal requirementfor theDDL is sustained100MB/s half duplex throughput.
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8 The gassystem

8.1 Intr oduction

TheTransitionRadiationDetectorhasanoverall volumeof 27.2m3 whichsurroundstheTPCandspans
radii between2.94and3.68m. Thedetectorfollows theALICE segmentationin ϕ of 208 anda 5-fold
segmentationin thezdirection.Eachof these18supermodulesconsistof 6 layers(radiator, chamberand
electronics)in radialdirection,and5 modulesin z direction. A schematiccrosssectionin the rϕ plane
of theTRD modulearrangementis shown in Fig. 8.1. Thetotal numberof gasenclosuresin thesystem
is 540.Thedimensionsof thechambersvary accordingto their positionsin r andz, andaretypically of
order1 m in rϕ, 1 m in z. Thedepthin r is always3.7cm. This resultsin a ratherdisadvantageous,from
thegastightnesspoint of view, volume-to-surfaceratio of 0.017m. For this reason,specialprovisions
aretakenin orderto minimisegasleakage(seeChapter4).
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Figure 8.1: Schematicview of the TRD in the rϕ plane,showing the 18-fold segmentationof individually
pressure-regulatedsections.

In addition,a low-massconstructionof thedetectorsis neededfor minimisingelectronmultiplescat-
teringandTR photonabsorptionin thematerials.Thelight constructionmechanicallylimits theabsolute
overpressureof thechambersto 2-3 mbar. In orderto avoid electrostaticdistortionsdueto deformation
of theenclosingdrift andpadelectrodes,theoverpressureat which thechambersareoperatedis limited
at1 mbar.

8.2 Gaschoice

Thetraditionalchoiceof xenonasthenoblegasof therunningmixtureis determinedby its largeabsorp-
tion, andsubsequentionisation,crosssectionfor transitionradiationX-raysproducedin a suitableradi-
atormaterial.This effect constitutestheprincipleof electronidentificationof sucha detector. Because
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xenonis ahigh-costgas(11.66CHF/l), therecirculationin aclosedloop,thepurification,andtherecov-
eryof thepurgedgasis mandatory.

In addition,xenonis a ratherheavy gas(density5.58g/l). Thismeansthatthepressuregradientover
avolumewhichextendsoveraheightof 7.36m is 2.5mbar. For reasonsof geometricalparallelismof the
thin entrancefoil andpadplanestructure,andof uniformity of operationof thewholesystemin termsof
E/p (seesection4.2), themaximumoverpressurein eachindividual chambershouldnot behigherthan
1 mbar. Thus,a suitablesegmentationof thepressureregulationalongslicesin heightof thedetectoris
imposedby thechoiceof thenoblegas.

The typical quencherusedin other TRD systemsis methane,sinceits well known transportand
quenchingpropertiesmakes it a ratherconvenientchoice. However, safety, neutroninteractions,and
lifetime considerationsmake CH4 a gasto be avoided. Therefore,the choiceof the quencheris CO2,
becauseit is non-flammable,it containsno hydrogen,it is a low-costgas,andit performsadequately.
Theconcentrationof quencheris 15%(seesection4.1).

Becausethemaximumdrift distancein a TRD moduleis only 3 cm,problemsassociatedwith elec-
tron attachmentdue to oxygencontaminationin the presenceof CO2 are expectedto be negligible.
Concentrationsof O2 ashigh as100 ppm arethereforeaffordable,sincesucha contaminationwould
only affect the signalby V 10%. Othercontaminantsfrom air suchasN2 will be removed from the
mixturein therecovery process(seesection8.3.4).

8.3 Layout

As explainedin the previous section,the useof a high-costgascomponentmakesa closedloop cir-
culationsystemmandatory. The proposedsystemwill consistof functionalmodulesthat aredesigned
asstandardisedunits for all LHC gassystems.Table8.1 indicatesthe locationof thesemodules.The
mixing, purifying, andgasrecovery arelocatedon theshieldingplug in thepit PX24. Thecomponent
sizesandrangeswill beadaptedto meetthespecificrequirementsof theTRD gassystem.An overview
of the distribution systemcanbe seenin Fig. 8.2. The basicfunction of the gassystemis to mix the
componentsin theappropiateproportionsandcirculatethegasthroughtheTRD chambersat apressure
of W 1 mbaraboveatmosphericpressure.Someof thebasicparametersof theTRD gassystemaregiven
in Table8.2.

Table8.1: Functionalmodulesof theTRD gassystemandtheir location.
Functionalmodule Location

Primarygassupplies SGXBuilding
Mixer SGXBuilding
Circulationloop
Distribution rack PX24Pit
Pump UX24 Pit
Pressureregulation UX25 Cavern
Recovery SGXBuilding

8.3.1 Mixing unit

An LHC gasmixing unit, schematicallyshown in Fig. 8.3, will be usedto mix thecomponentsin the
appropriateproportions. The flows of componentgasesaremeteredby mass-flow controllers,which
have an absolutestability of 0.3% over one year, anda mediumterm stability of 0.1% understeady
stateconditions.Flows aremonitoredby a processflow controlcomputer, which continuallycalculates
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Figure8.2: Schematiclayoutof theTRD gassystem,showing thelocationof thedifferentmodules.

Table8.2: Basicparametersof theTRD gassystem.
Max. No. of modules 540
Maximumvolume 27.2m3

Gasmixture Xe,CO2

Workingoverpressure 1 mbar
Filling rate 5 m3/h
Circulationflow rate 5 m3/h
Operationperiodperyear 8 months

themixturepercentagessuppliedto thesystem.Theanticipatedfreshgasflow at operatingconditions,
whichdependsstronglyon theleakrate,is expectedto benothigherthan0.5 l/h.

Filling of thedetectorwill be donein a closedloop circulationmode,wherethepurging N2 gasis
graduallyreplacedby theoperationmixture.Theseparationandrecovery of theXe,CO2 mixturewill be
donein the recovery plant. Thestartup periodis estimatedto take 11 daysfor a purification-injection
rateof 20%of thetotalvolume,i. e. 5 m3/h. Undernormaloperatingconditionsthemixing unit will top
up thegaswhich is removedfrom thesystemfor purificationpurposesor by lossesdueto leakswithin
thecircuit.

8.3.2 Cir culation and purification system

Thegasmixtureis circulatedin aclosedloopashasbeenshown in Fig.8.2.Returngasfrom thedetector
mustbecompressedwell above atmosphericpressureto pumpit backto thesurfacegasbuilding where
it will berecycledthroughthepurifier. Thepumpitself will belocatedon theshieldingplug in PX24.
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Figure 8.3: Gasmixing unit, locatedin the surfacegasbuilding. The substantiallydifferentgasflows in the
filling andrunningmodesarecontrolledby two differentmassflowmeterspergasline.

��� � � �� �.��� � �.�
�

��� �  ¢¡ £�¤¦¥ § ¨ © § ª«© ¬� � ® §¯® °¢® ± § ²³® ± ´µ¤µ¤�§ ¶·� ¬�¶� ± ²¸´�® ¤µ¹�§ ¥ © ��¤µ¥ § ® ® £�¥ §

º¼».½·¾ »�¿µÀ�½ÁÃÂÅÄ Æ¯ÇÉÈËÊ ÌÎÍ

ÏËÐÒÑ¸ÓÕÔ Ö

×ÎØÃÙ¢Ú Û�Ü�ÝÉÞ�Û�ß·à«ØÎá â ã5á ä�Þ

å

æ�çÃè¢é5éÃêµëìÎí5î ïÎêñð.í5ò ìÎí5òó ôõö÷ ö ø
õ

ù
ú

û

ü

ý ý5þ ÿ ��� �¢ÿ � ��� � �
� � 	
� ��� � ÿ �

�� ��� � � � �

�

�

�����������

 "!$# # %
&
')(+*-,

.�/ 0 1�2�0 3�4 5
6$7
3
8
0 / 9 0 /

:;:=<�>@?;A B B >@C DFEHG;?;?;B A I;E

J

K�LNM OQP R;M SUT V SHO;W
X@Y�Z�[ \ Y+] ] ^�\

_ `ba c d e f�g h i j g d c i g k l
c l g i h

m�n�oqp�p�rqs
tbu�v wbryx p�tbu�z

{

| }

~q� � � � � � �+� � � � � �
� � � � � � ����� � �

�

��� �b�
�

� �$�+� ��� � � �

��� �H�b �� ¡ ¢ � £ � ¤
¥)¦ §¨¥�¦ © ª « ¬®

¯ °�±+² ³ ´ µ�¶ ¯�° ·¸
¹ º ° » ¹ · ¼

½$¾

¿ À Á�Â

ÃÅÄ+Æ�Ç)È
É;Ê ËbÌbÊ Í Ê Ä�Î Ï

ÐÒÑ;Ó�ÔqÕ

Ö�×�Ø × Ù Ù Ú Ø Û × Ü�Ù Ý Þ�Ú
ß Ù à�á â Ú ãbä�Ý Û â$å�æ�ç

è

éÒêÒë ìHíïî�í
ë í+ð ë ñ�ò

Figure 8.4: Generallayoutof thecirculationgasloop.

As alreadypointedout, the hydrostaticpressureover the total heightof the detectoris 2.5 mbar.
Sincethedetectorworking pressureis limited, for mechanicalreasons,to 1 mbar, a subdivision of the
full detectorinto heightsectionsis necessary. Furthermore,the flow andpressureregulationmustbe
donein eachsectionindependently. In particular, thesensorfor thepressureregulationmustbeasclose
aspossibleto thedetectorinlet or outlet,in orderto minimisehydrostaticalandhydrodynamicalpressure
differencesbetweenthechamberandthesensor. On theotherhand,dueto spacelimitations insideand
aroundtheL3 magnet,it is desirableto placeasmuchhardwareaspossiblein otherareas.

Takinginto accounttheseconsiderations,thefollowing gasdistribution into thedetectorsis proposed
andshown in Figs.8.4and8.5: gasin therecirculationunit attheplug(seeFig.8.2)is distributedthrough
a 54-linemanifoldwherethelinesgoingto thedetectorarethin enough(4 mm innerdiameter)in order
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Figure8.5: Thedistributionof thegasmixtureinto the18sectorsof thedetectorby thin lines,with theflow and
pressureregulation,andtheback-upsystem

to achieve auniform,substantialpressuredropof almost100mbar. If all thelineshave thesamelength,
thepressuredrop in eachline will be muchlarger thanthehydrostaticdifferencesbetweensectors.In
thismanner, theindividual flow regulationcanbeskipped.Eachline servesonesetof 10chambers(two
layersbackandforth in zdirection)andthepressureregulationsensoris placedat theoutlet,thusbeing
theonly componentinsidetheL3 magnet.All theothercomponentswill belocatedat theplug.

Thefeedthroughfrom chamberto chamberwill bea short(3 cm) pipewith aninnerdiameterof 18
mm,which resultsin a negligible (0.04mbar)total impedanceto thegasalongthe10 servedchambers.
Thepressureregulationwill beperformedattheoutletof eachsub-circuit(threepersector)by placingthe
pressuresensornearthelastchamber. Still insidetheL3 magneta 3-fold manifoldwill mergethelines
from eachsectorinto one16 mm line. Therefore,a total of 18 outlet lineswill run up to anaccessible
areaat theplug,wheretherestof theinstrumentsfor flow andpressureregulationwill be installed.All
of thesecircuitswill routeinto theL3 magnetspacefrom theRB26side(thesideof themuonarm).

The loop pressureregulation is performedby acting on the suctionspeedof the compressor. A
pressuresensorlocatedat thedetectoroutletdrivesthereactionmechanism.In addition,gaslossesare
compensatedfor by actingon themixing unit flowmetersaccordingto a pressuresensorlocatedat the
high pressurebuffer afterthecompressor. In this manner, theregenerationratecanbechosenanywhere
within therangeof themixing flowmeters,andtheunrecoverablegasis limited to theleaks.

The purificationsystemwill remove, asusual,oxygenand watercontaminationin the gas. This
will be donewith cartridgesfilled with activatedcopper. A configurationin parallelallows oneto run
gasthroughonepurificationcylinder while theotheroneis beingregenerated.Regenerationis doneby
heatingthecartridgesto 200̈ C underanAr,H2(7%) (Noxal)mixture.

8.3.3 Backup system

In caseof a misfunctioningof thepressureregulation,for exampledueto a power failure,the two-way
safetybubblers,locatednearthedetectors,shallensurethatthemaximumover- andunderpressuresthat
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thedetectorscanstanddoesnot exceed2-3 mbar. However, this mechanismshouldbe regardedasthe
ultimatesafetyfor thesystem.In caseof an increaseof theatmosphericpressureduringsuchperiods,
the safetybubblerswould allow air to be sucked into the detectorsthusdeterioratingthe purity of the
operatinggas.Thepurifiersandtherecovery stationmight thereforegetrapidlysaturated.

In orderto preventair to enterthegasloop, a backupsystemfor casesof failurehasbeenforeseen.
It consistsof a permanentflow of CO2 that circulatesto an exhaustwhich passesby oneof the sides
of a bubbler. In this manner, positive fluctuationsof the ambientpressureresultsin an enrichmentof
CO2 in themixture,whichcanbegraduallycompensatedfor by thefreshgasinjectionmechanismasthe
experimentis restarted.Negative fluctuationsof theambientpressurewill lead,in any case,to the loss
of somepreciousxenon.Theflow of backupCO2, andtheexpectedrateof xenonloss,is estimatedfrom
experienceto bedrivenby shortmaximumpressurefluctuationsof 5 mbar/h.

8.3.4 Recovery station

Nitrogen,which enterstherecirculationloop throughleaks,cannotberemovedby thepurificationsys-
tem. Thus,a separationstationis neededin order to extract the N2 from the systemandrecover the
xenonfor recycling. The precisegaspurge rate into the recovery unit, estimatedto be 0.1% of the
detectorvolumeperhour(2.4 l/h), will bedeterminedby theactualleakrateof thesystem.
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Figure8.6: Schematiclayoutof thecryogenicplantusedto separatethenitrogenfrom thecomponentsof thegas
mixture.

Theproposedcryogenicrecovery unit is shown in Fig. 8.6.Similar conceptshavealreadybeenused
by the NOMAD [1] and ALEPH [2] experiments. The operatingprinciple is basedon the selective
distillationof thegasby coolingit down to nearlythetemperatureof liquid nitrogen(LN2). Becausethe
freezingpoint of both thexenonandtheCO2 areabove thatof thenitrogen,asshown in Table8.3,by
coolingdown with LN2 astoragevessel,onecanfreezeboththexenonandtheCO2 asthegasentersthe
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vessel,while still keepingthenitrogenin thegasphase.A scalethatweighsthevesselis usedto control
theamountof gasthatentersthevessel.Oncethedesiredamount- suchthatat room temperaturethe
pressurewouldnotexceed200bars- hasbeenfrozen,thegasleft in thevesselis pumpedandventedout
until thepressuredropsto essentiallyzero. Then,thevesselis broughtbackto roomtemperature.The
time-pressurediagramcorrespondingto thisoperationis shown in Fig. 8.7.Onecanseetheshouldersat
which condensationandevaporationof thegascomponentstake placeasthe temperaturecyclesdown
andup. Thenon-volatile component,namelythenitrogen,is pumpedoutat60min. Thismethod,which
accountsfor nolossof xenon,resultsin anitrogen-freemixture,althoughatsomelossof CO2. Whenthe
mixture in injectedbackinto the loop, appropiatemonitoringof andcompensationfor the lossof CO2

will take placeby injectingfreshquencheraccordingto thereadingof adedicatedCO2 analyser.
This procedurewill be carriedout in parallelby doublingup the recovery vessel,suchthat while

onevesselis beingfilled, thesecondoneis usedto feedgasinto the loop. The frequency at which the
recovery cyclehasto becarriedoutdependsstronglyon theactualleakrateof thedetector.

Therecovery vesselswill befilled upto theequivalentof 100barsin a9 m3 bottle.For thispurpose,
thevesselswill becooleddown with LN2 asthegasentersit, suchthatanormalcompressorcanbeused.
Thisoperationmayrequirethatthetemperaturecycle is repeatedtwice,sincethefreezingof themixture
in a turbulentregimemayleadto trappingof somenitrogeninto thecondensedgas.

We considerthepossibility to reuseanexisting recovery plantwhich hasbeenusedin theALEPH
experimentfor the samepurposeand with the samegasmixture. We now have this plant in hand.
Althoughconceivedto work in adoubletemperaturecycle for distilling thepureXe, it hasactuallybeen
usedin exactly thesamemanner[3] aswe proposein thisdocumentandhave testedin asmallset-up.

Table8.3: Freezingandboiling points,in ¶ C, of somegasesrelevantto thepresentgassystem.
Gas Freezingpoint Boiling point
N2 · 209̧86 · 195̧8
Xe · 111̧9 · 108̧1

CO2 · 78̧ 4 (subl.)

8.4 Gasdistrib ution pipework

All pipesandfittingsin theTRD gassystemwill bemadeof stainlesssteel.Thepipeswill bebutt-welded
togetherto reducethepossibilityof contaminationandleaksto aminimum.Existinggaspipesatpoint2
will bereusedasfar aspossible.Table8.4shows anoverall view of themainpipingparameters.A total
of 54 pipesrun from theplug into thedetectors,all on theRB26side,left andright of theTRD.

Table8.4: Main pipingparameters.
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 .12
Plugto RB26side 54 4 100 0.1 1893 97
RB26sideto plug 18 16 100 0.28 1325 1.1
PlugSGXbuilding 1 73 90 5 5052 .12
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Figure 8.7: Theevolution in time of thepressureof a Xe-CO2-N2 gasmixtureasit is cooledwith LN2. At 40
min solidificationof CO2 takesplace,followedby the xenonat 50 min. At 60 min thegas(nitrogen)left in the
samplebottle is pumpedout andthe LN2 flow stoppeduntil the mixture returnsto the gasphase.The gaswas
analysedwith a massspectrometergaschromatographsystembeforeandafterthecryogenictreatment.

8.5 Prototype

A prototypegassystemhasbeendesignedin collaborationwith theCERN ST/CV groupandbuilt by
Tecnodelta(Italy). Theschematiclayoutin its presentconfigurationis shown in Fig.8.8.Thisgassystem
is beingusedin thecurrenttestbeamexperiments.Becausetheprototypechambersusedsofarhaveonly
a few liters gasvolume,thegasis madeto flow throughthedetectorprior to enteringthe loop, where
a highercirculationflow is bestadaptedto thestrongpumpof thesystem.Thegasis thenstoredin a
recovery bottlewherethecryogeniccycle, describedin section8.3.4,takesplace. Thedetectorsunder
testcanbeincludedin therecirculationloop whenever their sizeandnumberincreases.First operation
of thisgassystem,at thetestbeamin spring2001,hasshown adequateperformancebothin termsof gas
tightnessandoverpressureregulationof thegasin thetestdetectorat the0.1mbarlevel.

It is intendedto reuseboth the principle of operationandmostof the partsof this gassystemfor
thefinal one.Themanualvalveswill bereplacedby remote-controlledones(or completedwith remote-
controlledturningdevices)andthemanifoldsandsubsequentflow andpressureregulationhardwarewill
beadded,whichwill accountfor mostof thecost.In addition,two moreextracompressors,oneof them
beingspare,will beaddedin orderto be ableto pumpthegasfrom theplug to thesurfaceandfill the
recovery bottlesat therequiredflow.
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Figure 8.8: Layout of the gassystemprototypeusedfor the currentTRD tests. For small detectorvolumes,
thechamberis placedoutside,upstreamof theloop andtherecirculationis regulatedonly by automatictuningof
the comrpessorspeed.A fraction of the gas,equalto the freshgasinjectedinto the system,is pumpedinto the
recoverybottle.Theconfigurationshown in thefigurecorrespondsto thecaseof largerdetectorvolumes.Theflow
is regulatedby actingbothon the compressorspeed(25) andon the loop mainflowmeter(12) soasto keepthe
detectoroverpressureto thevaluesetat theoutletpressuresensor(21). Leaks,if existing, aresensedat thehigh
pressurevesselat the compressoroutputby the correspondingsensor(33), which opensthe freshgasinjection
flowmeters(6 and9) whenever necessary. In orderto keeptheelectricalcomplexity of thesystemlow, all valves
aremanual.
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9 Services

9.1 Low voltagepower distrib ution

TheTRD electronicsis locatedon thereadoutplaneof eachchamber. Low voltagehasto bedistributed
to theseareasof the detectorto power the multichip modules(MCM), seeChapter5. Two possible
solutionsarebeingconsideredfor supplyingpower to thedetectorfront-endelectronics,insidetheL3
magnet:

¹ powersupplieslocatedoutsidethemagnet,in theexperimentalhall,deliveringtherequiredvoltage
andcurrentdirectly to theload. In thiscasethepowercableconductorcross-sectionmustbelarge
enoughto limit the voltagedrop, andcablebulk aswell ascopperconductorweight aremajor
concerns;

¹ DC-to-DCconvertersplacedinsidethemagnetandcloseto theload. In thiscasethecross-section
of the input power cablescanbe significantlyreduced.However the convertersmustbe ableto
operatein the magneticfield up to 0.5 T, eitherby shieldingor by usinga specialdesign. The
possibleeffectsof radiatedor conductednoisefrom theswitchingsuppliesneedto beunderstood.
Moreover, thereliability constraintsareincreasedsinceaccessfor maintenanceis very limited.

In bothcaseslow-dropvoltageregulatorsareinstalledon theelectronicsboards.Thefirst solutionhas
beenworkedout in detailandis presentedhere.Thesecondoneis beinginvestigated.

9.1.1 Requirements

The low voltagesystemmust deliver a large current (about º 18kA in total for Pb-Pbcollisions) at
3.3V and2.5V. For noiseisolation,thepower will bedistributedseparatelyfor thepreamplifier/shaper
(analog-1),ADC/filter (analog-2)anddigital parts(digital-1). Low-drop linear regulatorsinstalledjust
beforethe electronicsareusedto regulatethe biasvoltage. The power supplyrequirements,expected
currentsandresultingpower aresummarizedin Table9.1. Thenumbersarecalculatedusing0.35µm
technologyfor the preamplifier/shaperand0.25µm technologyfor the ADC anddigital components,
seeChapter5.

Table 9.1: Power supply requirementsof the electronics. V: requiredvoltage. Pch: Power consumptionper
channel.Ptotal andItotal : Total power andtotal currentrequiredby theelectronics.Ptotal

reg : Total power dissipated
in thelow-droplinearregulators.Thenumbersarebasedon 1.16» 106 channelsandtheexpectedtriggerratesfor
Pb-Pbandp-pcollisions.

V(V) Pch(mW) Ptotal(kW) Itotal(A) Preg
total(kW)

analog-1(PASA) 3.3V 10 11.6 3503 1.4
analog-2(ADC,filter) 2.5V 27.4 31.7 12690 5.2
digital-1Pb¼ Pb 2.5V 1.1 1.2 1515 0.6
digital-1p¼ p 2.5V 11.9 13.7 10139 4.2

For the digital part the power consumptionand requiredcurrentsdependon the trigger rate, the
numbersfor bothPb-Pbcollisions(10kHz and1 kHz L1A, seeSection1.2)andp-pcollisions(150kHz
and5 kHz L1A) arequotedbut thep-p valuesaretaken for thedesign.Thepower in theanalogparts
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is constant.For example,doublingthe trigger rateincreasesthe total power consumptiononly by 3%
but the requiredcurrent in the digital-1 supply by 68%. The maximumpower consumptionis 49.3
mW/channelfor p-p collisions. Taking into accountthe total amountof channelsof 1.16½ 106 andthe
powerdissipatedin theregulators,thetotal power dissipatedby theelectronicsis 67.8kW (51.7kW for
Pb-Pbcollisions).

9.1.2 Low voltagepower suppliesand cables

Thelow voltagesystemwill besubdividedinto independentlow voltagechannels.Theactualnumberof
LV channelsis acompromisebetweencostandperformance.Eachof themwill poweracompletelayer,
that correspondsto 5 chambers.This meansa total of 3 ½ 108 cables(analog-1,analog-2anddigital-
1) andtheir respective returnlines. The power supplieswill be locatedoutsidethe L3 magnet(UX25
cavern)on bothsidesof thedetector(RB24andRB26) in anareanot accessibleduringLHC operation.
In thisscenarioacablelengthof about31 m is needed,15m from thepower suppliesto themagnetand
16 m from themagnetup to thedistributing ring andall the layer length. Thecableswill passthrough
theL3 magnetdoors,atabouthalf theheightof thedetector.

Table 9.2: Characteristicsof eachcable(c) for a low voltagesystembasedon 108channelsandtrigger rateas
correspondingto p-pcollisions.Ic: Currentcarriedin eachcable.SandLc: Crosssectionandlengthof eachcable.
Wc: Cableweight,Rc: Cableresistance.Ptotal

c : Total powerdissipatedon thecables.

V(V) Ic(A) S ½ Lc (mm2 ½ m) Wc(kg) Rc(mΩ) Ptotal
c (kW)

analog-1 4.3V 33 (58½ 15+31½ 16) 12.3 17.7 4.2
analog-2 3.5V 121 (211½ 15+113½ 16) 44.6 4.9 15.4
digital-1Pb¾ Pb 3.5V 14 (25½ 15+14½ 16) 5.3 41 1.8
digital-1p ¾ p 3.5V 96 (169½ 15+90½ 16) 35.6 6.1 12.2

The cablecharacteristics,summarizedin Table9.2, areselectedasa compromisebetweenvoltage
drop, power dissipationandcrosssection. The p-p scenariohasbeenusedfor the design. Cablesare
designedwith two widths,onepartof 15 m lengthfrom thepower suppliesup to theL3 magnet.This
selectionis doneto minimizethepower dissipationin a region wherethereis no spacelimitation. The
otherpart,of 16 m length,from themagnetdoorsto thedetectorswherethewidth is reducedto thehalf
to fit into theavailablespace(seeFig. 9.1). With thisdesignthevoltagedropin thecablesis 0.59V and
thetotalsurfaceoccupiedfor thebarecablesis 505cm2. Thetotalweightof suchCucablesis about19t.
In additionto the505cm2 somespacehasto beconsideredfor isolationandcoolingof thecables,since
thetotal power dissipatedon thecablesis 21.4kW for Pb-Pbcollisionsand31.8kW for p-p collisions
(seeTable9.2). If we accountfor a voltagedrop of 0.59V alongthe cableandof 0.4 V for the local
regulation,thepower suppliesshouldprovide 4.3V and3.5V, respectively.

A schematiclayoutof thelow voltagesystemis shown in Fig. 9.1. Thepower suppliesarefloating.
Thereturnlinesareconnectedto the front-enddetectorground. The low voltagesystemaspreviously
describedpresentssomedisadvantageswith regardto cablecostandheatlossesin thecables,andalsoto
thespaceoccupiedby thecablespassingthroughtheL3 magnetdoors.Therefore,analternative scheme
basedon deliveringthepower atahighervoltage(48V) andconvertingit to therequiredonevery close
to the detectoris alsounderconsideration.Insidethe L3 magnetin the distributing ring two typesof
Vicor DC-to-DC converters(V48B3V3C150AandV48A3V3C264A,for example)could be usedfor
voltageconversion. It still needsto beproventhat thesedevicescanwork insidetheL3 magnet.Some
calculations[1] show thata magneticshieldof 2-3 cm will beneededto have acceptableattenuationof
magneticfield densitiesof 0.4 T. As theamountof convertersis not negligible, the distortionscreated
inside the L3 magnetneedto be studied. On the other hand,other companieslike CAEN are also
developingDC-to-DCconverterswhichcouldin principlework in magneticfields.Recently, aprototype
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Figure9.1: Connectionof low voltagepowersuppliesto electronics

hasbeentestedat CERNshowing a goodbehaviour up to 0.18T. Highervaluesof magneticfield were
not available during the test. A secondtest in a magneticfield up to 1 T hasalso beendone. The
device showed a behaviour accordingto specificationsup to 0.5 T. After properoperationat 1 T some
componentsfailed. As theprincipleof operationof theprototypeis provento work, thecompany plans
to work on improving its reliability.

9.1.3 Layout

9.1.3.1 From power suppliesto eachchamber

The low voltagepower cableswill comefrom thepower suppliesto bothsidesof thedetectorthrough
theL3 magnetdoors.Thecableconfigurationthroughthemagnetdoorscanbeseenin Fig. 16.2. The
cableswill have a connectorat thedistributing ring to be ableto disconnectfrom thesupermodulefor
maintenance.A flexible cablemight beforseenthere.

Figure9.2: Routingof thelow voltagepowercablesalonga layer.
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In orderto avoid currentloopsin thedetectorthepower cablesandtheir respective returnlineswill
beroutedin thesamesideof thelayer. In addition,thechamberreadoutPCBis split into two ϕ sections,
thepower to eachlayer will comefrom both ϕ sides.To keepthe numberof LV channelsconstantat
108,eachcablewill besplit into two at thelevel of thedistributing ring. Thespacebetweenthechamber
holderandthesupermodulecasewill beuseto routethecablesalongz in eachlayer, seeFig. 9.2. The
cableswill supplythevoltageto thechamberunderneath.Thispartof thecablealsoneedscooling.

9.1.3.2 Inside the chamber

Dependingon the chamberposition and the layer the MCMs in a chamberare organizedin rows of
4+4 MCM eachmakinga total of up to 76 rows per layer. Eachcablewill have up to 76 connections
consistingof a low-dropvoltageregulatorand4 MCMs connectedin series.The4 MCMs will alsobe
connectedin seriesfor thereturnline cable.Thepowerdistribution schemeinsideachamberis depicted
in Fig. 9.3.
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Figure9.3: Routingof thelow voltagepowercablesin thereadoutplane(only half chamberis depicted)to power
eachof theMCM rows. Thecablesalonga layerarealsoshown.

Eachof theMCM rows in thechamberwill receive thenecessarypower from thelow voltagepower
cablesrunningalongz on both sidesof the layer. Cablesup to 0.61m lengthfor the largestchamber
will be necessary. Assumingthat20% of thechamberplaneis coveredby Cu, thewidth of thepower
linescould extendup to 0.8 mm, 4.0 mm and2.7 mm for analog-1,analog-2anddigital, respectively,
with a standardthicknessof 34 µm. Thereturnlinesaredesignedwith thesameparameters.With these
characteristicsa voltagedrop of 113 mV, 82 mV and97 mV canbe expectedin the worst case. The
power dissipatedin thesetraceswill be27.7W per layerfor Pb-Pbcollisions(45.9W per layer for p-p
collisions), i.e. adding4.7%to thetotal heatdissipatedin a layer.

9.2 High voltagepower distrib ution for drift field

Thehigh voltagedistribution for thedrift field will bedoneaccordingto chambers.Thetotal numberof
HV channelsis 540.Eachchannelshouldbeindependentin termsof voltagesetting,currentlimit, ramp
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upanddown, switchingonandoff andmonitoringof currentandvoltage.

9.2.1 Requirements

In orderto createthenecessarydrift field ahighvoltageof -2.1kV is needed(SeeChapter4). Theripple
hasto be kept smallerthan50 mV peakto peakandthe stability shouldbe betterthan0.1% over 24
hours.

9.2.2 High voltagepower supplies

Thepowersuppliesshouldbeableto deliverupto -3.5kV with acurrentof upto 500µA/channel.These
valuescontainalreadyasafetymargin comparedto nominalrunningconditions.Thehighvoltagepower
supplieswill bepositionedon bothsidesof thedetector(RB24andRB26)outsidetheL3 magnetin the
UX25 cavern. A total lengthof about60 m is anticipatedbetweenthehigh voltagepower suppliesand
thedetectors.A 42 Ω cabletypeHTC-50-1-1(standardCERN)canbeused(in accordancewith IS23
regulations)from thepowersuppliesto thedetector. ThisHV cableis 3.30mmin diameter, leadingto a
total crosssectionof 540¿ 0.086cm2= 46.2cm2 for all 540cables.

9.2.3 Layout

Thecableswill begroupedtogether, passedthroughtheL3 magnetdoors,andbroughtup to thedistri-
bution ring. A connectoris foreseentherein orderto bedetachablefrom thedetectorfor maintenance.
Thecableswill thenbeseparatedin orderto power theindividual field cages,seeFig. 4.7. Consecutive
ϕ-sectorswill bepoweredfrom oppositesidesof themagnet.

9.3 High voltagepower distrib ution for readoutchambers

The anodewire planeof eachchamberwill be suppliedwith HV independently. The total numberof
individual HV channelsis 540. Suchgranularityis importantin caseof failure,becauseit reducesthe
affectedareato onechamber.

9.3.1 Requirements

Theanodewiresneedavoltageof around1.7kV in orderto reachtherequiredgasgain.(SeeChapter4).
Therippleshouldbesmallerthan50mV peakto peakandthestabilitybetterthan0.1%over 24hours.

9.3.2 High voltagepower supplies

Thepowersuppliesshouldbeabletodeliverupto2.5kV with amaximumcurrentof about40µA/channel.
Thesenumberscontainalreadyasafetymargin comparedto nominalrunningconditions.Thehighvolt-
agepower supplieswill be positionedon both sides(RB24 andRB26) of the detectoroutsidethe L3
magnet(UX25 cavern).A total lengthof about60m is anticipatedbetweenthehighvoltagepower sup-
pliesandthedetectors.A 42Ω cabletypeHTC-50-1-1(standardCERN)canbeused(in accordancewith
IS23regulations)from thepower suppliesto thedetector. Thediameterof this cabletype is 3.30mm,
leadingto anareaof 540¿ 0.086cm2= 46.2cm2.

9.3.3 Layout

Thecableswill begroupedtogether, passedthroughtheL3 magnetdoors,andbroughtupto thedistribu-
tion ring. In orderto bedetachablefrom thedetectora connectoris foreseenthere.Thecableswill then
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beseparatedin orderto power theanodewire planeof eachindividual chamber. Consecutive ϕ-sectors
will bepoweredfrom oppositesidesof themagnet.

9.4 Cooling distrib ution

9.4.1 Requirements

TheTRD coolingsystemneedsto removealargeamountof heat(upto76kW for Pb-Pbcollisionsandup
to 105kW for p-pcollisions).A largepartof it, 64.1kW and86.7kW respectively, aregeneratedinside
thesupermodulesby thefront-endelectronicsandlow voltagedistribution insidethesupermodules.This
heatis dissipatedover a largeareaÀ 800m2. The6 layersareseparatedby only about À 4 mm. These
factorsdeterminethechoiceof thecoolingagentto bedemineralizedwater. Forcedair coolingtechnique
hasalsobeenconsideredfor its obviousadvantageof introducingnoadditionalmaterialwithin theTRD
acceptance.Calculationshave shown thateffective cooling cannotbe achieved with suchan approach
without applyingprohibitively high air pressureon the cathodeplanesof thedetectors.Moreover, the
configurationof theTRD andotherALICE subsystemsmake it difficult to introduceanair supplyduct
of large cross-sectionrequiredfor theair flow. Watercoolingwill be freeof theselimitationsandwill
provide effective coolingwith relatively little material.ThesecondgenerationLeaklessLiquid Cooling
System(LCS2)hasbeenselected.This typeof systemhasbeensuccessfullyusedby otherexperiments
atCERN(CERES/NA45,NA49) andatBNL (STAR) andhasbeenproposedfor otherLHC experiments
aswell (ALICE TPC,ATLAS calorimeterandCMS pixel detector)[2,3].

9.4.2 Description of coolingsystemand layout

Theschemeof thecoolingsystemdevelopedin collaborationwith theCERN/ST/CVgroupis depicted
in Fig. 9.4.Themainparametersof thecoolingsystemaredescribedin Table9.3.

Table9.3: Main piping parametersof thecoolingsystembasedon theheatdissipationfor Pb-Pbcollisions.The
pipeprofile insidea supermodulealongz is chosento berectangularto fit in theavailablespace.Theequivalent
diameterassuminga cylindrical pipeis quoted.

Numberof Material Inner Length Nominal Pressure
pipes diameter flow drop

(mm) (m) (mbar)
RB26to L3 magnet 1 polyethylene 60 30 19.3m3/h
return 1 polyethylene 60 30 19.3m3/h
magnetto supermodules 18 polyethylene 20 15 1.1m3/h
return 18 polyethylene 20 15 1.1m3/h
supermodulesto 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 6.9 l/h 267

The cooling systemwill be positionedon onesideof the detector(RB26) outsidethe L3 magnet
(UX25 cavern). Eachof the 18 sectorswill be suppliedand controlledindependently. This scheme
presentstheadvantageof easierregulationandcontrol. Moreover, thepressureregulatorsusedto main-
tain thepressurebelow theatmosphericcanbepositionedoutsidethemagnetavoiding theuseof special
equipment.Flow regulatorsinsteadof pressureregulatorsmight beconsidered.Eachof the18 circuits
will supplycoolingwaterto the6 layersin asupermodule.Thecoolingliquid is keptin thestoragetank
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Figure9.4: Watercoolingsystemschemebasedon sectordistribution.
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positionedat thelowestpoint of thesystemat a distanceof about30 m from theL3 magnet.Theliquid
is movedby acirculatorpumpinto theheatexchangercooledby chilledwaterfrom theCERNnetwork.
Two main pipes60 mm diametermadeof polyethylene,with cold andwarm waterrespectively, bring
thewaterfrom thetankto thebaseof themagnetandvice versa.Fromthebaseof themagnet18 pipes
of 20mmdiametereachpassthroughthemagnetdoorsandbring thewaterto thesectors.On thereturn
sidethe 18 pipespassthroughthemagnetdoorsandarecollectedtogetheroutsidethemagnet.In the
presentscheme,it is foreseento provide thecold waterin thelowestpoint of eachsectorandto collect
thewarmwateron thehighestpoint in orderto have morehomogeneouswaterflow in all pipes.Each
circuit hasa valve at the input andat theoutputat the level of thedistributing ring to bedetachablein
caseof maintenance.Oneof themis pneumaticallycontrolledto beableto stopthewaterflow in caseof
problemsduringrunningtime. At theinput of thepressureregulatorsthepressureis above atmospheric
pressure.Theregulatorsadjustthepressurein the individual lines to a valuethat is below atmospheric
pressure.They alsoguaranteethat in all subsectionsof the cooling circuit a valuebelow atmospheric
pressureis maintained.Any leakin theselinesandconnectionswill not leadto a leakof coolingliquid.
A vacuumpumpin the returnline sustainsa pressurebelow atmosphericpressureanddischargesany
excessair collected.

9.4.2.1 Water distribution to the layer

Figure9.5: Main distributionof coolingwaterin alayer. For simplicity only onechamberwith 12rowsis shown.

Thelayersubcircuitconsistof 2 mainrectangularpipes(20mmequivalentdiameter)alongzmadeof
stainlesssteel,seeFig. 9.2andFig. 9.5.Their functionis to supplywaterto theindividual pipesrunning
in ϕ acrossthechamberwheretheheatsourcesareandto serve asa collectorfor thewarmwater. The
flow in thesepipesis turbulent. The pressuredrop for a turbulent flow of 179.3l/h (seebelow) in a
straightpipeof 7 m is of about29 mbar. Thespacebetweenchambersandthesupermodulecasingwill
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beusedto routethecoolingpipes,seeFig. 9.2.Eachlayerhasaheaterto regulatethewatertemperature
anda filter to avoid impuritiescominginto thesystem.Eachlayeralsohasa manualvalve to beableto
closeindividual layersindependentlyduringtests.As thepressuredropalongz is negligible with respect
to theoneacrossϕ thewaterinputandoutputcanbeon thesameside.

9.4.2.2 Water distribution inside the layer

Thereadoutboardswill bedesignedsuchthatthecomponentsradiatingmostof theheat(MCMs)will be
aligned.EachMCM will becoveredby a thin plateof Al for goodthermalcontact.An Al tubeof 2 mm
diameterwill run acrossϕ, to take away theheatproducedin a row of MCMs (seeFig. 9.5). Thepath
of thewaterpipeon theAl platecorrespondsto aproximatelythreetimesits width in orderto increase
the heattransferto the water. The waterflow in thesepipeswill be 6.9 l/h, and the flow is laminar.
Threerows will be connectedtogetherto have a large pressuredrop in ϕ andto reducethenumberof
connectors.As thenumberof rowsin achamberis notamultipleof 3, rowsof differentchamberswill be
connectedtogether. Thetemperaturedifferencebetweeninputandoutputof thesmallpipesis 3 degrees
for theflow of 6.9 l/h. However, asthewarmandcold linesareinsertedtogethertheoverall temperature
gradientwill be minimized. The total flow for a layer is 179.3l/h correspondingto 19.3m3/h for the
completedetector.

9.5 Gasdistrib ution

The gassystemhasbeendescribedin Chapter8. Therefore,only the relevant parametersfrom the
servicespoint of view will bementionedhere.

9.5.1 Layout

As alreadymentionedin Chapter8, thehydrostaticpressureover the total heightof thedetectoris 2.5
mbar. Sincethedetectorworking pressureis limited, for mechanicalreasons,to 1 mbar, a subdivision
of the full detectoris necessary. Furthermore,the flow andpressureregulationmustbe donein each
sectionindependently. On theotherhand,dueto spacelimitationsinsideandaroundtheL3 magnet,it is
desirableto placeasmuchhardwareaspossiblein otherareas.Takinginto accounttheseconsiderations
gasis distributedthrougha 54-linemanifold. Eachline servesonesetof 10 chambers-two layersback
andforth in z-, andthepressureregulationsensoris placedat theoutlet,thusbeingtheonly component
insidetheL3 magnet.All theothercomponentswill be locatedat theplug. Table9.4shows anoverall
view of themainpipingparameters.

Table9.4: Main pipingparametersof thegassystem.
Numberof Pipe Length Nominal

pipes diameter [m] flow
[mm] [m3/h]

SGXbuilding to plug 1 73 90 5
Plugto RB26side 54 4 100 0.1
RB26sideto plug 18 16 100 0.28
PlugSGX building 1 73 90 5

Thefeedthroughfrom chamberto chamberwill bea short(3 cm) pipewith aninnerdiameterof 18
mm. The pressureregulationwill be performedat the outlet of eachsub-circuit(threeper sector)by
placingthepressuresensorcloseto the lastchamber. Still insidetheL3 magneta 3-fold manifoldwill
mergethelinesfrom eachsectorinto one16 mmline. Therefore,a total of 18 outletlineswill runup to
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anaccessibleareaat theplug,wheretherestof theinstrumentsfor flow andpressureregulationwill be
installed. All of thesecircuitswill routeinto theL3 magnetspacefrom theRB26side(thesideof the
muonarm).
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10 Material budget

As alreadyemphasizedmany timestheperformanceof theTRD will crucially dependon its overall
radiationthickness.In Table10.1we summarizetheradiationthicknessof all componentsin theactive
areaof thedetector. In thesimulations(seeChapters6,11,and12)alsodetectormaterialoutsidetheactive
areahasbeenconsideredto properlyaccountfor theinducedbackgrounddueto structuralelementsand
otherdetectorsof thecentralbarrel.

Table 10.1: Material budgetof the TRD. Only componentscontributing within the detector’s active areaare
listed.

Element Material X/X0 [%] at η Á 0
radiator G10/Rohacell/fiber 0.93
radiatorgas air 0.02
drift electrode metallizedMylar 0.02
drift chambergas Xe/CO2 0.24
padplane G10/Cu 0.13
foambacking Rohacell 0.18
stiffeningfibers carbonfiber 0.09
readoutmotherboards G10/Cu 0.44
multichipmodule G10/Si/epoxy 0.14
cooling H2O/Al 0.20
1 TRD module 2.39
full TRD 14.34

Thetotal radiationthicknessof theradiatorincludesall componentslistedfor theS-HF71sandwich
radiatorwith reinforcementaslistedin Table3.1of Chapter3. In thematerialbudgetof theradiatorgas
theair gapbetweenconsecutive layersof theTRD wasalsoincluded. If thesurfacesof the laminated
radiatorfoamareverysmooth,it maybepossibleto reducethethicknessof thedrift electrodesomewhat
(it hasbeenincludedassuminga thicknessof 50 µm).

For the drift chambergas,Xe/CO2 (85/15)with a total thicknessof 37 mm hasbeenconsidered.
Thepadplaneis includedwith a thicknessof 250µm anda coppercoatingof 5µm. Thepadplanesare
supportedby aRohacellR

Â
HF31foambacking.Thebackingitself is reinforcedby glueingcarbonfiber

rodswith a diameterof 1.8mm into groveswith a regularspacingof 1.5cm. Averagingthematerialof
thecarbonfibersoverthedetectorsurface,thisis equivalentto ahomogeneouslayerof 200µm thickness.
The readoutmotherboardswill be 4-layerprintedcircuit boardsof 400 µm thickness.Two layerswill
beusedfor power andground.Both of theselayerswill have anarealcoverageof copperof 20%each.
Theothertwo layerswill besignallayerswith a coverageof copperof 30%each.It is foreseento usea
standardmultilayerprintedcircuit boardhere,sothecopperthicknessis 34µm. Passivecomponentssuch
assmallchipcapacitorsfor decouplingandstorage,voltageregulators,thePAROLI link, andtheTTCrx
chip have not beenconsidered.However, they shouldonly contribute a very moderateand localized
increasein theoverall radiationlength.

The multichip moduleswill be implementedasball grid arrays(BGA). The sizeof themwill be
below 10 cm2. They cover only about10%of theactive area.Theradiationlengthquotedis averaged
over thedetectorarea. In theestimateof the radiationlengthof sucha modulesthechip carrier(G10),
the silicon wafers,their glob top, andthe solderballs were included. The mulitchip moduleswill be
actively cooledas outlined in Chapter9. The individual cooling padswill be thin aluminumpanels
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(1mm)in thermalcontactwith analuminumpipeof 2 mmdiameterfilled with water. Thearealcoverage
correspondsto about12%of theactive area.
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11 Detectorperformance

11.1 Requirements

Themainpurposeof theTRD is to provide electronidentificationandtrackingin themomentumrange
above 1 GeVÃ c . Thereforeit hasto beassuredthata sufficient pion suppressioncanbeachieved,even
in thehigh multiplicity environmentexpectedin theALICE experiment.Additionally, a high tracking
efficiency andgoodmomentumresolutionfor particlesin themomentumrangeof interestis required.
In Chapter1 thephysicsobjectivesandthecorrespondinglyfollowing detectorrequirementsarealready
described.Table11.1summarizesagainthebasicrequirementson thedetectorperformancethathave to
beachieved.

Table11.1: Detectorrequirements.
momentumresolution 5%(for p Ä 5GeVÃ c )
trackingefficiency 90%(for p Å 1GeVÃ c )
π-rejectionfactor 100(for 90%e-efficiency andpt Æ 3GeVÃ c )

11.2 Simulation of the detector response

In order to study the performanceof the TRD detectorin a high multiplicity environment,a detailed
simulationof the detectorresponseis necessary. The outputof this simulationshouldbe ascloseas
possibleto theraw datathatwill beproducedin a realexperimentalrun. This allows to applythesame
reconstructionsoftwareto simulateddatathatlateron will beusedfor theanalysisof therealdata.

In thefollowing theprocedureto simulatethedetectorresponseis described.It canbedivided into
two basicsteps:Thefirst is thegenerationof electronclustersin thedrift volumeby theenergy lossof
chargedparticlesandtheabsorptionof TR-photons.Thesecondstepinvolvesthetransformationof the
depositedcharge into raw-datalike ADC-signals,which thencanserve asinput to the reconstruction.
Bothsstepsare implementedin AliRoot [1], the ALICE softwarepackage,which provides an object
orientedframework for thesimulationandthereconstruction.Thereforemostof thesoftwareis written
in C++andbasedontheROOT package[2], althoughfor thetrackingof MonteCarlogeneratedparticles
routinesfrom GEANT 3.21[3] areused.

Throughoutthis chapterthe cartesiancoordinates(x, y, z) are in the coordinateframeof a single
readoutchamber. The z-direction is parallel to the beamaxis, y is the directionparallel to the anode
wiresandfollows therϕ-directionof thedetector, andx is thedrift direction.TheColorFig. 3 shows the
geometryof theTRD asit is implementedin theAliRoot package.

11.2.1 Energy loss

Thesimulationof theenergy lossin theTRD gasfollows in principlethesamerecipealreadyemployed
for the ALICE TPC [5]. In a first stepthe electromagneticinteractionof a charged particle releases
primaryelectronsfrom theatomsof theTRD gas.Theprobability for primary ionizationasa function
of thedistances travelledfollows anexponentialprobabilitydistribution [6,7]:

PÇ sÈÉÄ 1
D

exp Ê s
D Ë (11.1)
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Thesymbolsrepresenttheavailablemeasurementsandthelinesshow modelpredictions.

HereD denotesthemeandistancebetweentheprimaryionizationsandis definedas:

D Ò 1Ó
Nprim Ô f Õ βγÖ�× (11.2)

Thequantity
Ó
Nprim Ô is theaveragenumberof primaryelectronspercm createdby a minimumionizing

particle(MIP) and f Õ βγÖ¢Ò I Ø IMIP is theBethe-Blochcurve. Therearelargedifferencesin theliterature
concerningthevalueof

Ó
Nprim Ô andtheheightof theFermiplateauof theBethe-Blochcurve for Xe, as

is illustratedby Table11.2:

Table11.2: Differentparametersconcerningtheprimaryionizationof MIPs.
GEANT [3] Sauli[8] Ermilova [4]Ó

Nprim Ô (1/cm) 20.5 44.0 48.0
Fermiplateau(mean) 1.56 - 1.36

In Fig.11.1weshow themagnitudeof therelativistic risefor Xe in termsof themostprobable(m.p.)
values.All valuesarenormalizedto theMIP case(γ = 4). Theaveragevaluesof thenumberof primary
collisionspercm,

Ó
Nprim Ô Õ i Ö , ascalculatedusingGEANT is the input to thesimulations.Theresulting

mostprobablevaluesof the energy depositareplottedassolid line. The resultsof the simulationare
comparedto theexistingmeasureddata[9–11], to which they agreewell. Also includedis aPhotonAb-
sorptionandIonization(PAI) modelcalculation(dashedline, labelledAllison) [12], giving very similar
results(naturally, asGEANT is usingPAI for the calculationof

Ó
Nprim Ô ). A similar agreementto the

experimentaldatawasobtainedby aPAI implementationin GEANT4 [13].
If a chargedparticleis foundto bepassingthroughtheXe filled drift volumeof a readoutchamber,

its averagestepsizeis setaccordingto eq.11.2.After eachstep,calculatedusingEq. 11.1,a primary



11.2 Simulationof thedetectorresponse 143

 (1/cm)primN

0 20 40 60 80 100

E
nt

rie
s

0

200

400

600

800

1000

1200

1400

1600

1800

2000
 (0.56 GeV/c)π

 (3.0 GeV/c)-e

 (1/cm)totN

0 200 400 600 800 1000

E
nt

rie
s

0

200

400

600

800

1000
 (0.56 GeV/c)π

 (3.0 GeV/c)-e

Figure 11.2: The distribution of the numberof primary electronsNprim (left panel)andof the total numberof
electronsNtot (right panel).

ionizationprocessis assumedandcorrespondinglyanelectronclusteris created.Theleft panelof Fig.
11.2containsthedistribution of thenumberof primaryelectrons(i.e. numberof electronclusters)Nprim

for a MIP (0.56GeVÙ c pions,solid line) andfor 3.0 GeVÙ c electrons(dashedline). Accordingto the
Ermilovavalueof Ú Nprim Û chosenin thissimulation,theMIP distribution centersaround48.0/cm.

In order to determinethe numberof electronsin eachcluster, the energy spectrumof the primary
electronshasto be known. Due to the lack of measurementsfor Xe, onehasto rely on modelshere.
Basedon the PAI model, the authorsof [4] derive a spectrum,which resultsin reasonablevaluesfor
the averageionizationenergy lossandwhich is thereforeimplementedin our simulation. Figure11.3
displaysthisdistribution (labelledErmilova)andalsoincludesacomparisonto adistribution takenfrom
GEANT [3] (usingthe X-ray crosssectionsfrom Sandia)anda 1Ù E distribution, which is frequently
usedfor thesepurposes[8]. Thecurvesin Fig. 11.3aretheintegrateddistributions

dN
dx Ü E

Ý ∞

E

d2N
dxdE Þ dE Þ (11.3)

andthereforerepresentthenumberof inelasticcollisionspercm with anenergy transferabove E. The
distributionsstartat thefirst ionizationpotential,which is Ipot

Ý 12.1eV for Xe, andextendsinto there-
gionwhereGEANT startsgeneratingtracksfrom δ-rays( ß 10keV). WehavechosentheErmilovamodel
andtheGEANT Fermiplateauin our simulations,sincethis generatesa higherionizationandtherefore
representsaworstcaseestimatein view of theparticleidentificationcapabilities.Notealsothatthesim-
ulationof theenergy lossis donefor pureXe gas. For theactuallyusedgasmixture (Xe,CO2 (15%))
theionizationis additionallylower thanwhatis implementedin thesimulation.

Following the above describedprocedure,after eachinelasticcollision an electronclusteris pro-
duced.Thenumberof electronscontainedin thisclusterNtot is determinedby theenergy of theprimary
electronE, which is chosenaccordingto the Ermilova distribution, andthe effective energy W that is
requiredto producea freeelectron(W à 22eV for Xe).

Ntot
Ý E á Ipot

W
â

1 (11.4)

Theright panelof Fig. 11.2shows thedistribution of thetotalnumberof electronsNtot percm in Xe for
a MIP (0.56GeVÙ c pions,solid line) andfor 3.0 GeVÙ c electrons(dashedline). Themeanvaluefor a
MIP is 280eãÉÙ cm and425eãÉÙ cm for 3.0GeVÙ c electrons.



144 11 Detectorperformance

10
-3

10
-2

10
-1

1

10

10 2

10 10
2

10
3
ä

10
4

10
5

E (eV)

(d
N

/d
x)

>E
 (

cm
-1

)

Xe
å

GEANT (Sandia)

Ermilova

1/E
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TheColor Fig. 4 shows aneventdisplaywith thesimulatedhits in theTPCandTRD generatedin
theabove describedway for particlesof differentspecies.Onecanclearlyrecognizethetrackletsin the
6 TRD layers.

11.2.2 Transition radiation

For thestudyof theelectronidentificationcapabilitiestheproductionof transitionradiation(TR) hasto
bepart of thesimulation. Sincethis is not includedin GEANT 3.21it hadto be addedto AliRoot. A
straightforwardcalculationof a TR spectrumis only possiblefor a regularstructureof interfaceslike it
is realizedin a foilstackradiator. Thefollowing sectionthereforedescribeshow this is donein this case
andwhatis usedwithin thesimulationcode.

Theory of TR

A practicaltheoryof theTR productionis presentedin ref. [14–16]. Hereonly themostimportantresults
aresummarized.

Theenergy densityspectrumradiatedat polarangleθ by a chargedparticlewith theLorentzfactor
γ traversingan interfacebetweentwo dielectricmedia(with the dielectricconstantsε1 andε2) hasthe
following expression:

d2W
dωdΩ æ α

π2

θ
γç 2 è θ2 è ξ2

1

é θ
γç 2 è θ2 è ξ2

2

2 ê
(11.5)
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Figure 11.4: The energy spectrumof the TR photonscalculatedusingeq.11.14togetherwith the parameters
givenin Table11.3.

Thisisdeducedfor γ ò 1ó ξ2
1 ó ξ2

2 ô 1ó θ ô 1. Hereξ2
i õ ω2

Pö i ÷ ω2 õ 1 ø εi ù ωú , whereωPö i is theplasma
frequency for thetwo mediaandα is thefine structureconstant(α = 1/137).Theplasmafrequency is a
materialpropertyandhasthefollowing expression:

ωP õ 4παne

me
õ 28û 8 ρ

Z
A

eV ó (11.6)

wherene andme aretheelectrondensityin thematerialandtheelectronmass.Typicalvaluesfor plasma
frequency areωPöCH2 = 20 eV, ωPö Air = 0.7eV.

As theemissionangleof theTR is small (θ ü 1÷ γ) oneusuallyintegratesover thesolid angleand
getsthe(differential)energy spectrum:

dW
dω interface

õ α
π

ξ2
1 ý ξ2

2 ý 2γþ 2

ξ2
1 ø ξ2

2

ln
γþ 2 ý ξ2

1

γþ 2 ý ξ2
2

ø 2 û (11.7)

For onefoil onehasto sumup thecontributionsof thetwo interfaces,resultingin theexpression:

d2W
dωdΩ foil

õ d2W
dωdΩ interface

ÿ 4sin2 ù ϕ1 ÷ 2ú ó (11.8)

where4sin2 ù ϕ1 ÷ 2ú is theinterferencefactor.
For astackof Nf foils of thicknessl1, separatedby amedium(usuallyagas)of thicknessl2, onehas:

d2W
dωdΩ stack

õ d2W
dωdΩ foil

ÿ exp
1 ø Nf

2
σ

sin2 ù Nfϕ12÷ 2ú ý sinh2 ù Nfσ ÷ 4ú
sin2 ù ϕ12÷ 2ú ý sinh2 ù σ ÷ 4ú ó (11.9)

whereϕ12 õ ϕ1 ý ϕ2 is the phaseretardation,ϕi ü ù γþ 2 ý θ2 ý ξ2
i ú ωl i ÷ 2 andσ õ σ1 ý σ2 is the total

absorptioncrosssectionfor theradiator(foil + gas).
TheTR producedby amultifoil radiatorcanbecharacterizedby thefollowing qualitative features:
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� Onecandefinetheso-called“formation zone”: Zi ��� γ� 2 � θ2 � ξ2
i 	 � 12
 ω, which is interpreted

asthedistanceafter which theseparationbetweenparticleandemittedphotonis of theorderof
thephotonwavelength[14]. Theyield is suppressedif l i � Zi andthis is called“formation zone
effect”.
In theoppositecasel i � Zi interferencecanbeneglegtedandonehas:

d2W
dωdΩ foil

� 2  d2W
dωdΩ interface

;
d2W

dωdΩ stack
� Nf  d2W

dωdΩ foil � (11.10)

� TheTR spectrumhasthemostrelevantmaximumatωmax � l1ω2
P� 1 
 2πandthisallowsthe“tuning”

of theperformanceof aTRD by varyingthematerialandthicknessof theradiatorfoils.

� For l2 
 l1 � 1 theTR spectrumis mainlydeterminedby thesinglefoil interference.

� Themultiple foil interferencegovernsthesaturationat highγ, above thevalue:

γs � 1
4π � l1 � l2 	 ωP� 1 � 1

ωP� 1 � l1ω2
P� 1 � l2ω2

P� 2 	 � (11.11)

A convenientway to studytheTR featuresis to usescaledvariables[15]:

Γ � γ
 γ1 � ν � ω
 ω1 � (11.12)

whereγ1 � l1ωP� 1 
 2� ω1 � γ1ωP� 1. In termsof theabovevariables,theTR productionof a foil canthen
bewrittenas:

dW
dω foil

� 2α
π

G� ν � Γ 	 � (11.13)

A simpleexpressionthatdescribestheTR productionandis usedin our simulationis thefollowing
[17]:

dW
dω �

4α
σ � κ � 1	 � 1 � exp� � Nfσ 	�	 

∞

∑
n� 1

θn
1

ρ1
� θn

� 1
ρ2
� θn

2 �
1 � cos� ρ1

� θn 	�� � (11.14)
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where:

ρi � ωl1 � 2c� γ� 2 � ξ2
1 ��� κ � l2 � l1 � θn � 2πn � � ρ1

� κρ2 �
1 � κ ! 0" (11.15)

Implementation in simulation

For eachelectronenteringthe drift volumeof a readoutchamber, TR photonsarecreatedwith a dis-
tribution describedby Eq. 11.14(seeFig. 11.4). The positionof the absorptionof the TR photonsis
determinedby themassattenuationcoefficientµ� ρ (shown for pureXe gasin Fig. 11.5,in thesimulation
µ� ρ for theXe,CO2 (15%)gasmixtureis used)andthedirectionof theincomingparticle,definedby its
momentumcomponents.If theabsorptionis insidethegasvolumea hit is createdat this point whose
chargecontentis givenby

NTR
tot � ETR � Ipot

W
� 1� (11.16)

whereETR is theenergy of agivenTR photon.

Table11.3: Parametersin theTR photonsimulation.
Numberof foils Nf 100
Thicknessof thefoils l1 17 µm
Thicknessof thegapsl2 400µm
Densityof thefoils ρ1 0.92g� cm3

Densityof thegasρ2 1.977 # 10� 3 g� cm3
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The parametersof the TR photonspectrumfor a foil radiator(seeEq. 11.14)have beentunedto
approximatelyreproducethe testbeamdataat p ' 2GeV( c (seeChap. 14), measuredwith the final
muchmorecomplicatedradiatorconfiguration.Figure11.6shows thesimulatedpion efficiency using
the likelihood methodon the total charge depositfor different momentain the ideal caseof isolated
tracksfor theparametersgiven in Table11.3. The simulationresultsarecomparedwith dataobtained
in prototypetests.Despitereproducingthegrosstrendof thedata,we foundit difficult to reproducethe
measurementswith anuniquesetof parameters.Theparametersweretunedto thedataat a momentum
of 2 GeV( c , andfor thesameparameterspion efficiency is sizeablybetterfor thesimulationsthanthe
dataat lower momenta. Also, our simulationsshow a deteriorationof the pion efficiency for higher
momentawhich is not seenin thedatatakenfrom theliterature[18].

11.2.3 Signal generation

In thesecondsteptheelectronclusters(hits in AliRoot) have to be transformedinto ADC-like signals
(digits). Thereforethe charge that the electronsin a given time bin induceon a given padhasto be
computed.Apart from summingup thecharge depositedby differenttracksin onedetectorpixel (pad
andtime bin) andtransformingit into anADC channelnumber, thisprocedurerequiresto alsotake into
accountall known detectorproperties.

Diffusion

While drifting throughthegasvolumetheelectroncloud,producedatposition ) x0 * y0 * z0 + , is smearedout
in spacedueto diffusion. Its spatialdistribution canbedescribedin thefollowing way:

P) x* y* z+ ' 1,
2πδL

exp - ) x - x0 + 2
2δ2

L

1,
2πδT

exp - ) y - y0 + 2
2δ2

T

1,
2πδT

exp - ) z - z0 + 2
2δ2

T
* (11.17)
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GARFIELD for a 6 keV point chargedeposit(correspondingto 9-10timesthesignalof aMIP).

with

δT 5 DT 6 Ldrift

δL 5 DL 6 Ldrift 7
HereDT andDL denotethediffusionconstantsin thetransverseandlongitudinaldirectionandLdrift is the
drift length.In orderto simulatethis effect eachelectronthereforeis assigneda new positionaccording
to Eq. 11.17.

E 8 B effect

For theTRD readoutchambersthedrift directionis alwaysperpendicularto themagneticfield vector.
This meansthat thedrifting electronswill experiencea Lorentzforceresultingin a displacementof the
positionin thedirectionalongthewires. For anelectronproducedat position 9 x0 : y0 : z0 ; , wherey andz
directionsareperpendicularto thedrift directionalongx andthey-axis is parallelto thewires,thenew
y-positioncanbecalculatedby theexpression:

y 5 y0 < ωτ 9 x = x0 ;�: ωτ 5 tanψL : (11.18)

whereψL is the Lorentzangle. This parameterdependsstronglyon the strengthof the magneticand
electricfields in the readoutchamber. Figure11.7shows thevariationof ψL with thedrift velocity vD

for differentmagenticfields,ascalculatedby a GARFIELD [20] simulation.Thesedependencieswere
parametrizedandusedinsideAliRoot to automaticallysettheLorentzangleaccordingto thechosendrift
velocity for a givenB-field. For thestandardcombinationof B 5 07 4T andvD 5 17 5cm> µs this results
in avalueof ψL 5 77 7? andamaximaldisplacementof ymax = y0 5 07 4cm for thefull drift length.

Gasgain fluctuations

Eachelectronarriving at theanodewire createsanavalancheof chargeq. Themagnitudeof theaverage
amplifiedcharge q̄ is determinedby theappliedhighvoltage.Following [6,7] thefluctuationsof thegas
gainaremodelledusinganexponentialdistribution:

P9 q; 5 1
q̄

exp = q
q̄ 7 (11.19)
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Time response

Thesignalsrecordedon thepadsaredeterminedby thefollowing effects:

@ Theslow drift of theXe ionswhich introducesa long tail in thetimedistribution.

@ Thenon-isochronityof theelectrondrift, dependingon thepositionof theelectronrelative to the
anodewire position.

@ Theresponseof thepreamplifiershaperto theincomingdetectorsignal.

To determinethetotal time reponseof thedetectorandpreamplifierto asingleelectronasimulation
hasbeenperformedthattakesall threeeffectsinto account.Figure11.8shows theresultof asimulation
of thepreamplifiershaperresponseto a signal(correspondingroughly to a 6 keV point chargedeposit)
thathasbeengeneratedwith GARFIELD. This curve, normalizedat themaximumto 1, is thenusedin
thedigitizationpartof AliRoot to samplethe time distribution of eachelectronsignalaccordingto the
givenADC frequency. It is furtherassumedthatdueto theshapingtheratio of theintegratedchargeto
theinput signalis equalto 0.4.

Pad response

Thecharge that is inducedon thepadplaneby theelectronscollectedat theanodewire is spreadover
severalpads.UsingtheMathiesonformalism[21], thepadresponsefunction(PRF)thatdescribeshow
thecharge is distributedover adjacentpadscanbecalculated.Figure11.9shows thePRFfor chevron
typepadswith awidth of w A 10mm , astepof s A 5mm , andadistanceto thewire planeof h A 2B 5mm ,
which is usedin thecurrentsimulations.NotethatthisPRFis verysimilar to theoneof rectangularpads
(seechapters4 and14), which areusedin theactualpadgeometry. A padcouplingfactorequalto 0.5
(seesection4.6.3)is applied,which takesinto accountthatonly a fractionof thechargecollectedat the
wire is seenby thereadoutpads.

Electronic noiseand conversion gain

To provide arealisticdescriptionof theoutputsignal,alsotheelectronicnoisehasto beincluded.In the
presentsimulationit is assumedthat thenoisedistribution canbedescribedby a Gaussianwith a sigma
of σnoise A 1000eC . Following from this theconversiongainof theamplifier is chosensuchthatσnoise

correspondsto ADC channel1.
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Figure 11.10: A typical sampleof signalsasa functionof thedrift time producedby p J 3K 0GeVL c electrons
in onereadoutchamber.

Table11.4: Thedigitizationparameters.
B-field 0.4T
Drift velocityvD 1.5cm /µs
Transversediffusioncoefficient 180µm / M cm
Longitudinaldiffusioncoefficient 250µm / M cm
LorentzangleψL 7.7N
Gasgainq̄ 2O 8 P 103

Electronicsgain 6.1mV/fC
Electronicsnoiseσnoise 1000eQ
Padcouplingfactor 0.5
Timecouplingfactor 0.4
ADC range 1 V
ADC resolution 10 bit

Table11.4 summarizesthe parametersthat areusedin the simulationof the TRD response.The
diffusion coefficients and the Lorentzanglearedeterminedby the actualvaluesof drift velocity and
B-field. Theaveragegasgainis chosensuch(2O 8 P 103) thattheenergy losssignalof aminimumionizing
particleis aroundADC channel40. Figure11.10shows sometypical electronsignalsthat resultfrom
theabove describeddigitizationprocedure.
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Figure 11.11: The occupancy in differentstacksof the TRD for dNch X dy Y 2000(left) anddNch X dy Y 8000
(right).

11.3 Point reconstruction

11.3.1 Clustering method

The currentlyemployed clusteringmechanismsearchesfor adjacentpadsin y-directionwith a signal
above thresholdthat could form a padcluster. Sincethereis only little charge sharingin z-direction
no clusteringis performedhere. The sameis true for the drift direction,sincea track,dueto thehigh
ionizationin Xe, createsasignalin basicallyevery timebin. Thereforethepositionof aclusterin z- and
drift directionis determinedby thepadandtime bin position.Thepositionin y-direction,wherea good
resolutionis mandatoryfor themomentummeasurement,canbeextractedwith muchhigherprecision,
dueto thecharge sharing.Hereonecaneithercalculatethecenterof gravity of thecharge distribution
insidea cluster, or usea lookuptableto determinethepositionof thecluster. The lattermethod,where
thepositionis takenfrom atablethatcontainsthedeviation from thepadcenterasa functionof theratio
of thetwo largestsignalsprovidesgenerallyabetterresolution.

Ideally, all clusterscontainonly signalsfrom two or threepads(2.4 on averagefor an isolatedhit).
In thehighmultiplicity environmentof theALICE experiment,however, thereis a largeprobabilitythat
clustersoverlap. Currently, only clusterscontainingsignalsfrom five padsareunfolded,usingthepad
responsefunction asan estimatorfor the clustershape.By applyinga moresophisticatedmechanism
onealsocandisentangleclusterscomposedof 4 andmorepads,therebyreachinga furtherimprovement
in resolutionat highmultiplicity.

11.3.2 Occupancy

The occupancy, definedas the percentageof detectorpixels (padandtime bin) with a signalabove a
threshold(2 ADC-channels),influencescrucially the detectorperformance.Figure11.11displaysthe
occupancy numbersin the caseof full (dNch Z dy [ 8000) and quarter(dNchZ dy [ 2000) multiplicity.
Thenumbersaregiven for thefive stacksin z-directionandfor thesix detectorlayers. Theoccupancy
is highestfor thestackclosestto mid-rapidity in the innermostlayer. For themiddlestackit decreases
slightlywhengoingto theoutermostlayers,while for themoreforwardstacksnor-dependenceis visible.
In thestackon thesidewith theabsorberfor themuonarm(stack4) a loweroccupancy canbeobserved
thanin thestackon theotherside(stack0).
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11.3.3 Position resolution

Dependenceon the number of time bins

Oneimportantquestionis whetherthereis anoptimalchoicein thenumberof time bins. To reducethe
datavolume,asmallnumberof timebinsis preferable.However, any deteriorationsin theresolutionand
efficienciesdueto a restrictednumberof time binsshouldbeminimal. Varyingthenumberof time bins
heremeansto vary thesamplingfrequency andto keepthedrift lengthconstant.Figure11.12shows the
dependenceof thepoint resolutionasa functionof thenumberof time bins in all 6 layersfor different
transversemomenta.In theleft columnthedifferencebetweenthey-positionof thereconstructedpoint
andthecorrespondingsimulatedhit is plotted,while theright columnshows thesamefor thez-position.
While thez-resolutiondoesnotdependon thenumberof time bins,they-resolutionis gettingworsefor
lessthen60-80time bins. Basedon this resultwe choose90 time bins (15 per layer) asdefault value.
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Figure 11.14: The point resolutionfor positive tracks in y-direction as a function of the incident anglefor
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Thestrongmomentumdependenceis anangulareffectasdiscussedbelow (seealsoFig. 11.14).

Dependenceon event multiplicity

Figure11.13summarizeshow the point resolutiondependson the event multiplicity. While a wors-
eningof the resolutionin y-directionon the orderof 10-20%observed, in z-directionthe resolutionis
essentiallyindependentof themultiplicity. This is quiteunderstandablesincethez-resolutionis essen-
tially determinedby thepadlength.In y-direction,however, thepositionis measuredvia chargesharing
betweenadjacentpads,which is subjectto deteriorationwith increasingoccupancy dueto overlapping
clusters.

Dependenceon the track angle

The momentumdependencein the point resolutionis mainly causedby the differentaverageincident
anglesfor differentmomenta.Thiscanbeseenfrom Fig. 11.14,showing thatthepositionresolutionin y
asa functionof theincidentangle,measuredwith respectto thenormalof thereadoutchambers,closely
follows a uniquecurve for all tracks,regardlessof their momentum.Dueto their highercurvaturelow
momentumtrackshavea largerincidentangleandthereforespreadchargeovera largerregion,resulting
in a deterioratedpositionresolution(seealsoFig. 4.16). Theoptimal resolutionis achieved for tracks
with anincidentanglecloseto theLorentzangleψL f 7g 7h , whenall thechargeproducedby theparticle
is focusedon thesamepoint on theanodewire.

11.4 Tracking

11.4.1 Algorithm

Offline trackingin the TRD is basedon the Kalman-filteringapproach,which we have chosentaking
into accountthesimilaritiesof the trackingenvironmentin theALICE TPCandin theTRD andbased
on thesuccessfulimplementationof theKalman-filterfor trackingin theTPCandITS. As mentionedin
theTPCTDR [5], oneof theadvantagesof theKalman-filterconceptis thatit providesastraightforward
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way to propagatetracksegmentsbetweensubdetectors,in our casebetweentheadjacentTRD layersas
well asbetweentheTRD andTPC.

Theimplementationof theTRD trackingsharesmany featuresdevelopedfor theALICE TPCtrack-
ing describedin detail in the TPC TDR. The trackingstartswith finding track seedsin the outermost
detectorlayers. The track candidateis followed inside the drift volume of the readoutchambersin
stepswhich correspondto theeffective radialdistancebetweentwo consecutive time bins. At eachex-
trapolationthe track helix parametersandcovariancematrix arere-evaluatedusing informationabout
theexpectedmultiple scatteringandenergy loss. Theuncertaintiesin trackparametersdefinewindows
along the y andz direction,within which it is checked whetherthereis a closeclusterwhich canbe
associatedwith the track candidate.Sincethe measurementin z directionis relatively coarse,we first
requirethat the residualin z directiondoesnot exceedhalf thesizeof onepadrow in z direction. The
width of a window in y direction is definedby the uncertaintyin the track positionand the expected
errorof theclustermeasurement.If two or moreclustersarefoundin a y window, theoneclosestto the
trackpositionis assignedto thetrackcandidate.If no clustersarefoundin a y window, we repeatthey
selectionfor clusterswith residualsin z directionincreasedto 1.5 timesthepadsizein z direction. If a
closeclusteris found,thetrackparametersandcovariancematrixareupdated.In thecasethatnocluster
satisfiestheabove criteriatheprocedureof trackextrapolationandclustersearchis allowedto continue
for severaliterations(dueto thedeadregionsbetweenthesensitive volumesof thereadoutchambersthe
allowedgapin thetrackcandidatecanbeaslargeas1.5 timestheradialdepthof thereadoutchamber).

11.4.2 Performance

To studythe performanceof the trackingalgorithm,eventsof differentmultiplicities up to dNch n dy o
8000have beensimulatedwith AliRoot usingtheparametrizedHIJING eventgenerator. Theseevents,
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composedof primary pions,kaons,andprotons,have beenprocessedthroughthe full reconstruction
chain,usingtheabove describedprocedures.

Efficiency

Figure11.15shows theTRD trackingefficiency asa functionof the trackmomentum.This efficiency
is definedasthe ratio of the numberof reconstructedtracksandthe numberof “trackable” tracks. To
fulfill thisrequirement,atrackhasto havepointsin thethreeoutermostlayersof theTRD.Thisdefinition
resultsin afractionof s 80%of all chargedprimarytrackswith 45tvu θ u 135t andpt w 0x 2GeVy c that
areconsideredastrackable.Theanalysisshown in Fig. 11.15wasdoneon eventswith low multiplicity.
For transversemomentagreaterthan1 GeVy c theefficiency is above 90%,while it dropssharplywhen
goingto lowermomenta.

Momentum resolution

Theachieved momentumresolutionis shown in Fig. 11.16. Theextractedpointsarecomparedwith a
predictionfor theresolution.Thispredictionis basedon thefollowing formula[22]:

z
δk { 2 | z δkres{ 2 } z δkms{ 2 x (11.20)

Hereδk denotestheerror in thetrackcurvature,composedof thecontribution from finite measurement
resolutionδkres andfrom multiple scatteringδkms. Undertheassumptionthat thetotal error in thevery
low momentumregime is dominatedby multiple scattering,the latter contribution canbe estimatedto
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beδkms � 0� 003� p. Thefirst contribution canbedescribedby:

δkres � ε
L� 2

360
N � 4

� (11.21)

HereN is thenumberof independentlymeasuredpointsalongthetrack,L� the lengthof thetrackpro-
jectedontothebendingplane,andε themeasurementerrorfor eachpoint,perpendicularto thetrajectory.
SinceL� andε areknown for a givenmomentum,N canbederivedfrom themomentumdependenceof
theresolution(the ion tail andtheshapingleadto correlations).It is foundthata goodagreementwith
thesimulationscanbeachievedby assumingN � 68. Sincethenumberof timebinsdirectlydetermines
themaximumnumberof independentlymeasuredpoints,weconclude,basedon thisfindingandonFig.
11.12,thatanumberof timebinsof 90 is sufficient to achieve thedesiredperformanceof thedetector.
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Figure11.19:Thepercentageof overlappingclusters(left) andwronglyassignedclusters(right) asafunctionof
theeventmultiplicity.

Dependenceon the number of time bins

Thechoiceof thenumberof timebinshasnosignificanteffecton theoffline trackingperformance,if the
numberof time bins is above 80. This is evident from Fig. 11.17,showing theresolutionin transverse
momentumin the left panelandthe trackingefficiency in the right panelasa function of the chosen
numberof time bins.Thesamebehaviour wasalreadyvisible in thepoint resolutionof isolatedclusters
(seeFig. 11.12),which is alreadyconstantfor morethan60 timebins.

Dependenceon event multiplicity

Figure11.18summarizeshow thetrackingperformancedependsontheeventmultiplicity. Theresolution
in transversemomentumdeterioratesonly slightly, but remainswell below 4%at pt= 1.5GeV� c , when
going from low multiplicity to the maximummultiplicity of dNch� dy � 8000. The trackingefficiency
dropswith increasingevent multiplicity by � 15% for pt � 1� 5GeV� c and almost � 25% for very
low transversemomenta.The reasonfor this canbe seenin Fig. 11.19that displaysin the left panel
how the percentageof clustersthat have contributions from more than one track increaseswith the
eventmultiplicity. Similarly, the fractionof pointsthatareassignedto thewrong track increases(right
panel).However, apreliminaryanalysishasshown thatbyemploying amechanismtounfoldoverlapping
clustersan improvementin the trackingefficiency by � 10% is easilyachieved so that efficienciesof
about85%andhigherfor trackswith pt � 1� 0GeV� c arepossible.

11.5 Pion rejection

While testbeamresultswith isolatedtracksin theTRD prototypeshaveshown thatapionrejectionfactor
in therangeof 300to 500canbeachieved(seeChapter14),theperformanceof thedetectorasafunction
of eventmultiplicity hasto beevaluatedusingMonteCarlomethods.Thereforethepion rejectionfactor
wasstudiedasa functionof theeventmultiplicity with AliRoot simulations.

In thissimulationtheparametrizedHIJING eventgeneratorwasusedto createarealisticeventback-
ground,with a full eventcorrespondingto dNch� dy � 8000.Into thisbackground500electronsor pions,
of a fixedmomentumwereembedded.Thesesimulatedeventswerethenreconstructedwith thefull re-
constructionchaindescribedabove. Finally, distributionsof theenergy depositwereaccumulatedfrom
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Figure 11.20: Thedistribution of thedepositedenergy for electronsandpion of a momentumof p   3GeV¡ c
afterthey arereconstructedin eventswith differentmultiplicities. Thedataarecorrectedfor thenumberof points
contributingandfor thetrackinclination.

theclustersassignedto thereconstructedelectron(pion) tracks.A trackis definedto belongto anelec-
tron (pion) if themajority of its pointsweregeneratedby theinput MonteCarloelectron(pion). Using
thesedistributionsthepion rejectionfactorfor a specificelectronefficiency canbe determinedby em-
ploying thelikelihoodmethod(L-Q). A full descriptionof thecommonlyusedmethodsof extractingthe
pion rejectionfactoris givenin Chapter14. This procedureallows to studythedegradationof thepion
rejectiondueto thefollowing effects:

¢ In a high occupancy environmentclustersmight pick up charge from anotherparticleandthere-
fore thecharge measurementgetsdistorted(seeFig 11.19,left panel).Evenwhenrestrictingthe
analysisto small(2 and3 pad)clustersthiseffect is visible.

¢ The trackingalgorithmassignswrong clustersto a given track (seeFig 11.19,right panel),also
resultingin anincorrectmeasurementof theenergy deposition.

¢ Clustersarenot found,becausetheir positionis distorted,which deterioratestheresolutionof the
chargemeasurement.

Figure11.20shows thedistributionsof thereconstructeddepositedenergy Ei perdetectorlayer i for
differentevent multiplicities. The energy depositis only calculatedusingclusterscomposedof 2 or 3
pads. An additionalrequirementis that a track hasat least10 points (out of maximal15) in a given
chamber, which removes £ 7% of the singlemeasurementsfor isolatedtracksand £ 33% in the full
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multiplicity case:

Ei « 1¬ Npoints

Npoints

∑
point

QC
point with Npoints  10® (11.22)

HereQC
point is the correctedcharge of a singlepoint. Sincea track with non-perpendicular incidence

relative to the readoutchambersurfacedepositsmorecharge in a given time bin thana track that has
no inclination,a correctionfactor, dependingon thegeometryof the track,hasbeenapplied. It canbe
clearlyseenfrom Fig. 11.20that themeanenergy depositincreaseswith increasingeventmultiplicity.
This effect is morepronouncedfor the pions,which, sincethey have no contribution from TR photon
absorption,depositlessenergy thantheelectronsandarethereforestrongeraffectedby thresholdeffects.
The ratio Rē π «±° Ei ² e ³ ¬ ° Ei ² π³ , giving an indication for the rejectionpower, thereforedecreaseswith
increasingeventmultiplicity.

The effect of this multiplicity dependenceof the energy distributions on the pion rejectionfactor
πeff canbeseenin Fig. 11.21.Thevaluesfor πeff have beenextractedfor differentelectronefficiencies
eeff usingthe distributions shown in Fig. 11.20asprobability distributions. Following the discussion
in section11.2.2it is evident that thesimulationdoesnot reproduceall theavailabledatawith a single
setof parameters(seeFig. 11.6). Therefore,a calculationof the absolutepion efficiency in the high
multiplicity environmentfrom thesimulationalonewouldnotbereliable.However, therelative deterio-
rationof thepionefficiency with increasingmultiplicity shouldbedescribedverywell. By adjustingthe
simulationto thetestbeamdata,measuredat p « 2GeV¬ c , thereforea goodestimateof theachievable
pion efficiency at full multiplicity canbederived. Goingfrom well isolatedtracksto a full multiplicity
event, a worseningof the pion rejectionby a factorof 6-7 is observed. For an electronefficiency of
90%thepionefficiency πeff is still about2%whenusingthelikelihoodmethodon thedepositedcharge.
Thereforeeventhis “worstcase”scenariostill leadsto pion rejectionfactorscloseto thedesiredfactor
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100asdiscussedin chapter1. As will beshown in chapter14 a furtherimprovementof 30-40%canbe
achievedby employing acombinedcharge/positionlikelihoodanalysis.
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12 Physicsperformance

12.1 Intr oduction

TheTransitionRadiationDetector(TRD) wasaddedin thecentralbarrelof theALICE experiment[1]
to identify electronsandpositronsin thecentralrapidity region primarily in centralPb–Pbcollisionsat
thefull LHC energy of 5.5TeV /nucleonpair [2]. Thephysicsmotivationis themeasurementof heavy-
vectorresonances,J/ψ andϒ familiesin thedielectronchannelandof opencharmandopenbeauty, i.e.
theD andB mesons,via theirsemi-leptonicdecays.Furthermore,coincidencesof electronsin thecentral
barrelwith muonsin the forward muonarm areexpectedto provide informationon the productionof
D andB mesonsat the rapidity interval 1 ´ y ´ 3, intermediatebetweenthatof the centralbarreland
the dimuonarm. With the TRD providing a L1 trigger on high pt chargedparticlesthe measurement
of high Et jets might be possiblein the centralbarrel. The contribution of suchmeasurementsto the
understandingof thephasetransitionandthepropertiesof thedeconfinedphaseis detailedin theTRD
TP[2], in Ref. [3] andreferencestherein.

This chapterfocuseson centralPb–Pbcollisions that presentthe major challengefor a dedicated
heavy-ion experiment. Emphasisis placedon acceptancesof the TRD for measurementof quarkonia
andopencharmandopenbeauty. Wealsoprovide informationonresolutionandbackgroundsources.

12.2 Primary collision

Therearelargeuncertaintiesin thetheoreticalpredictionsof theparticlemultiplicities andtheir spectral
distributionsproducedin centralPb–Pbcollisionsat LHC energies.Hencetheuncertaintiesof theinput
distributionsusedin thesimulationspresentedheredominateby farthestatisticalandsystematicalerrors
of thepresentedresults.

Thestrategy in ALICE hasbeento performall theTDR studiesfor thedetectoroptimizationassum-
ing thehighestanticipatedchargedparticlerapidity densitydNch/dy µ 8000at mid-rapidity, for central
Pb–Pbcollisions,in accordancewith theoneusedfor the ALICE TP [1]. The predictionsat the time,
summarizedin Ref. [4] vary in therangeof 1600to 8000.

The rapidity densityof dNch/dy µ 8000 resultsin ¶ 20000 charged particlesenteringthe TRD.
However, thereis increasingevidencethat suchextrememultiplicity densitiesmight not be reached.
Recentdatafrom theRelativistic Heavy Ion Collider (RHIC) oncentralAu–Au collisionsincludingthis
summer’s measurementsat · s µ 200 GeV provide todayfirst constraintson the theoreticalmodels.
Within a high densityQCD modelKharzeev andLevin [5] have recentlyderived an analyticalscaling
function for the multiplicity densityasa function of · s. We have usedtheir model to fit the results
of thechargedparticledensityfor Au–Au at · s µ 56, · s µ 130and · s µ 200GeV measuredby the
PHOBOSCollaboration[6]. Theextrapolationto LHC energy, afactorof ¸ 27higher, givesanestimate
of dNch/dy µ 1700.Theerrorsin themeasurementarestill largeandgiveamaximumof dNch/dy µ 2600
anda minimumof dNch/dy µ 1100.Furtherevidencesupportingtheexpectationof lower multiplicities
is providedby thecalculationof Eskola et. al. [7] of the · s dependenceof thechargedparticledensity
in termsof a perturbative QCD modelincludingpartonsaturation.Their resultsareshown in Fig 12.1
andpredictadNch/dη = 2300at LHC energies.

Consideringthe uncertaintlyin extrapolationfrom RHIC to LHC energy aswell asthe systematic
uncertaintyin the modelsfor particleproductionthe prudentstrategy adoptedby ALICE for all other
detectors,wasalsofollowedin thepresentTDR.
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Figure 12.1: Midrapidity chargedparticledensitiescalculatedin a perturbativeQCD modelby Eskola et. al. as
functionof ¹ s. Thefull dot correspondsto theworstcasescenariousedin thepresentsimulations.

The shapeof the transversemomentumspectraof producedparticlesis alsonot known for LHC
energy. For thesimulationof pionsto evaluatetheperformanceof theTRD theshapeof the pt spectra
wasparametrizedby apower law fitted to theCDFdata[8] in agreementwith theshapepredictedby the
HIJING [9] model. For kaonsa pt scalingfrom thepion distribution hasbeenused.However, thepion
spectrameasuredin centralAu–Au collisionsby thePHENIX collaboration[10] areconsiderablysteeper
thanthoseof pp andtheHIJING model,seeFig. 12.2.Spectrain Pb–PbcollisionsatLHC energiesthat
aresofterthancurrentlyassumed,would resultin amuchsmallerpion yield athigh pt.

Thus,the recentRHIC dataindicatethat both the chargedparticledensityat mid-rapidity andthe
shapeof thepion pt spectraassumedin thepresentsimulationanduponwhich dependsthebackground
in theTRD detector, representtheworstcasescenarioandmight alreadyprovide a largesafetyfactor.

Theyieldsof J/ψ andϒ, alsounknown in suchcollisions,wereestimatedextrapolatingfrom existing
pp datain theframework of thecolourevaporationmodelandscalingup to centralPb–Pbcollisions,as
describedin theCMS note[11], seealsoSection6.5. Accordingto this extrapolation0.5J/ψ and0.012
ϒpereventareexpected.

The yields of D andB mesonsin centralPb–Pbcollisionsareexpectedto be large. To estimate
them[12] a reasonablebaselinefor theproductionof cc andbb in pp collisionsat º s » 5¼ 5 TeV had
to be obtainedfirst. For this, PYTHIA [13] was usedto calculatein leadingorder σ(cc) and σ(bb)
usingtheMRST [14], CTEQ5M1[15] andGRV(98)HO [16] setof partondensityfunctionsincluding
the ESK98 [17] parametrisationof nuclearshadowing effects. A K factor of 2 was usedto estimate
the next to leadingordercorrections.The yields werethenscaledup from pp to centralPb–Pbusing
the averagenumberof collisions from a Glaubercalculation. The averageof thesecalculationsgive
dN ½ cc¾ /dy » 115anddN ½ bb¾ /dy » 4¼ 6. PYTHIA wasthenusedto calculatethehadronization,resulting

in a totalmultiplicity pereventof 230D mesons:140D0 andD
0
, 45 D¿ , 27D

0
s and9 B mesons:3.7B0

d

andB
0
d, 3.6B¿ and1.1B0

s.
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Figure 12.2: Transversemomentumspectrameasuredby PHENIX for Au–Au collisions at Ä s Å 130 GeV
comparedto theHIJING predictions.

In Ref. [2], thesignal/backgroundratio Rs for thedetectionof J/ψ andϒ mesonswasevaluatedfor
dNch/dy Æ 8000andusingcrosssectionsandtransversemomentumdistributionsasdiscussedabove. It
leadto Rs Ç 1 for ϒ andRs Ç 0È 1 for J/ψ. Sinceglobal trackingthroughthe whole ALICE apparatus
is not yet available,we will not provide new estimatesof Rs here.We note,however, thatwith charged
particlemultiplicities andpt spectralshapesasextrapolatedfrom recentRHIC datatheRs valuesmight
increasesubstantially, perhapsby anorderof magnitude.

12.3 Simulation envir onment

AliRoot [18], theobject-orientedframework developedin ALICE, versionV3.05,wasusedfor thegen-
eration,detectorresponsesimulationandanalysisof thesimulateddataasdescribedin Chapter11. The
framework provides a seamlessinterfaceto GEANT3 [19], GEANT4 [20] andsoonto FLUKA [21]
for particletransport.It providestheflexibility to useGEANT3 or GEANT4 with thesamedefinition
of detectorgeometry. FLUKA is usedstandalonefor radiationbackgroundstudies,with a lessdetailed
descriptionof the geometryof the layout which is describedusingthe ALIFE module[22]. Recently
FLUKA wasextendedwith theimplementationof thermalneutroncapturein Xenonfor theTRD back-
groundcalculations[23].

In AliRoot therearedifferentmodulesfor the generationof the input particlesas well as for the
simulationof thedetectorresponsefor eachdetector. Thegeometryof thedetectorsis describedin detail
while for thedetectorresponsea‘detailed’anda‘f ast’modehavebeenimplemented.Thereconstruction
strategiesandalgorithmsfor thedifferentdetectorsaswell asfor theglobaltrackingin thecentralbarrel
arecurrentlybeingactively 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 heavy quarkonia andsemi-leptonicdecaysof B andD mesons
requirethe measurementof high pt electrons;thereforethis study was performedassuminga 0.4 T
magneticfield, which the L3 magnetcanprovide accordingto currentevaluationsandtests[24]. The
productionvertex of theprimaryparticleswasfixedatthecenterof theexperiment.Thefull configuration
of theTRD detectorwasusedasis implementedin AliRoot anddescribedin Chapter11. A pictureof
theTRD layout is shown in ColourFig. 3. TheTRD detectoris embeddedin thespaceframeasshown
in Fig. 2.1.Thespaceframegeometryis alwaysincludedin thesimulationwhentheTRD is activated.

In the‘detailed’ TRD simulationmode,chargedparticleslosingenergy in thechambergasproduce
primaryandsecondaryelectronsfrom ionizationasdescribedin Chapter11. Eachelectronproducesa
‘hit’ from which thedigitizedsignalfor every padis derived. Thatway detailedstudiesof thechamber
performancecanbecarriedout. However, for somepurposesthis is a too detailedandslow procedure.
Therefore,a ‘f ast’ simulationmodefor thedetectorresponsewasalsoimplemented;chargedparticles
that crosstheactive areaof oneof themultiwire proportionalchambersproduceonehit only which is
placedin thecenterof theactive partof thechamber. Henceparticlestraversingall 6 planesof theTRD
throughtheiractive areaproducea total of 6 hits.

12.3.2 Simulation of input particles

Differenttypeof eventgenerators,providedin AliRoot, wereusedto generatethedifferenttypeof input
particlesdependingon theperformedstudy:

É the ‘signal’-generating particleswereproducedaccordingto a parametrizationof their y and pt

distributions

É thebulk of producedparticlesin a Pb–Pbcollision,pionsandkaons,weregeneratedusingtheso
called‘parametrizedHIJING’ eventgenerator, usingtheir parametrizedy and pt distributionsas
well astheirrelativeyields,normalizedto atotalnumberof chargedparticlesof 8000in theregionÊ 0Ë 5 Ì η Ì 0Ë 5 .

The‘signal’-generatingparticlesϒ, J/ψ, aswell asB andD mesons,wereproducedwith flat rapidity
andpt distributionsandthenwereweightedwith a realisticpt distribution [2]:

dn
dpt Í

ptÎ
1 ÏÑÐ pt

pÒt
Ó
2Ô n (12.1)

with theparameterspÕt andn asgivenin Table12.1for thedifferentparticles.

Table12.1: Parametersof thefunctionalform usedto describethe pt distributionof differentparticles.

particle pÕt n

ϒ 4.7 3.5
J/ψ 3.5 2.3
B 4.0 3.6
D 4.08 9.4

ϒmesonsweregeneratedin therapidity interval Ê 1Ë 2 Ì y Ì 1Ë 2 andpt Ì 10 GeVÖ c , J/ψ in Ê 1Ë 5 Ì
y Ì 1Ë 5 andpt Ì 10GeVÖ c , B andD mesonsin theinterval Ê 5 Ì y Ì 5andpt Ì 10GeVÖ c . PYTHIA was
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usedto forcethedecayof theprimaryparticles:ϒandJ/ψ exclusively into di-electrons,B andD mesons
exclusively into thesemi-leptonicchannels.Therapidity interval waschosensuchthatprimaryparticles
outsidethis interval do notemit theirdecayproductsinto theTRD acceptance.Thosedistributionswere
usedto evaluatetheTRD acceptanceandtheeffectof theL1 trigger.

The‘parametrizedHIJING’ eventgeneratorwasusedto generatepionsandkaonsof centralPb–Pb
collision for backgroundestimates.

12.3.3 Simulation studies

For theevaluationof theacceptancesonly theTRD detectorandthespaceframewereincludedin the
simulationof the ALICE set-up. For the transportof all generatedparticlesthroughthe TRD layout
only decays,energy lossandmultiple scatteringwereenabledfrom all physicsprocessesimplemented
in GEANT3. In thiswayall primaryelectronscouldbeaccountedfor until they exitedtheTRD andthere
wasno othersourceof backgroundelectrons.The ‘f ast’ detectorresponsesimulationoptionwasused.
Theacceptancefor any of theparentparticleswasdefinedby therequirementthatits daughterparticles
have to traverseat least5 planesof theTRD throughtheir active area,i.e. to produceat least5 hits in
total. Optimizationof thereconstructionalgorithmsusingthedataproducedby the‘detailed’simulation
hasshown thatthis would insurea goodtrackreconstructionandparticleidentificationprobability. The
L1 TRD trigger, asdescribedin Chapter6, is designedto selectchargedparticleswith pt × 3 GeVØ c
traversingthe TRD detector. A ϒ or J/ψ trigger requiresa pair of oppositechargedelectronswith pt

above this threshold.
For thereconstructionof the invariantmassandtheestimateof thebackgrounddueto primaryand

secondaryparticles,as well as γ conversions,all detectorsin the centralbarrel were includedin the
simulationandall physicsprocessesin GEANT3 wereactivated.

12.4 ϒand J/ψ mesons

12.4.1 Acceptance

To evaluatethe ϒ andJ/ψ acceptance900000 primary particlesof eachkind weregeneratedwith flat
rapidityandpt distributionsin theinterval Ù 1Ú 2 Û y Û 1Ú 2 ( Ù 1Ú 5 Û y Û 1Ú 5 for J/ψ) andpt Û 10GeVØ c ,
all decayinginto eÜ eÝ pairs. Theacceptanceandtheeffect of theL1 triggerwasthenevaluatedusing
the pt-weighteddistributionsof theparentparticles.The pt-weightsweregeneratedusingeq.12.1and
thecorrespondingparametersgivenin Table12.1.

Figures12.3and12.4show, on the top row, the rapidity and pt distributionsof theparentparticles
and,on the lower row, thoseof their decayelectrons.The full curve in eachfigure correspondsto the
inputdistribution. Thedashedcurvesshow thedistributionsof particlesin theTRD acceptancewith the
conditionthat both decayparticlescrossat least5 chambers.Themain conditionfor a L1 trigger is a
pt cut of, e.g.,3 GeVØ c for eachparticle(seeChapter6). Thedottedhistogramshows theeffect of the
L1 trigger: thedistributionsareplottedwith anadditionalrequirementof pt × 3 GeVØ c for bothdecay
particles.Therapiditydistribution of theacceptedϒcoverstherange Þ y ÞßÛ 1Ú 0 andis Gaussian-like with
aσ à 0Ú 39; thatfor J/ψ hasthesamecoverageandis somewhatflatterwith a σ à 0Ú 41.

Theϒ andJ/ψ acceptancesunderthe trigger requirementareshown differentially in they-pt plane
in Fig. 12.5 for ϒ andin Fig. 12.6 for J/ψ. In the lego plot of the ϒ acceptancea small dip is clearly
seendevelopingat pt á 6 GeVØ c . This is dueto thefact that low pt ϒmesonsdecayby emittingeÜ eÝ
pairswhereboth leptonshave a pt above 3 GeVØ c andhencepassthe triggercondition. Thedecayof
intermediatept ϒmesons,of pt á 6 GeVØ c , canbeasymmetricin thelaboratoryframewith oneof the
decayparticleshaving pt lessthan3 GeVØ c ; thereforethoseϒ arelost dueto theL1 triggercondition.
Thedifferentialϒacceptanceatmid-rapidityandpt Û 1 GeVØ c is 54%,while at pt à 6 GeVØ c , is 47%.
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Figure 12.3: Rapidityandpt distributionsof ϒandits decayeâ eã . Thesolid linesshow theinput distributions,
dashedarethoseacceptedin theTRD andthedottedhistogramsshow the fractionacceptedin theTRD with the
L1 triggerrequirementof pt ä 3 GeVå c on thedecayparticles.

y
-2 -1.5 -1 -0.5 0

æ
0.5
æ

1 1.5 2
ç

dN
/d

y

10
2

10
3

10
4 Ψ

è
J/
é

 (GeV/c)tp
0
æ

1 2
ç

3
ê

4
ë

5
ì

6
í

7
î

8
ï

9
ð

10

t
dN

/d
p

10
2

10
3

10
4 ΨJ/

é

y
-2 -1.5 -1 -0.5 0

æ
0.5
æ

1 1.5 2

dN
/d

y

10
2

10
3

10
4 eñ

(GeV/c)tp
0
æ

1 2 3
ê

4 5
ì

6
í

7 8
ï

9
ð

10

t
dN

/d
p

10
2

10
3

10
4

10
5

eñ

Figure12.4: Rapidityandpt distributionsof J/ψ andits decayeâ eã .Thesolid linesshow theinputdistributions,
dashedarethoseacceptedin theTRD andthedottedhistogramsshow the fractionacceptedin theTRD with the
L1 triggerrequirementof pt ä 3 GeVå c on thedecayparticles.



12.4 ϒandJ/ψ mesons 169

y
ò

-2
-1.5

-1
-0.5

0
ó 0.5

ó 1
1.5

2
ô  (GeV/c)

t
põ

0
ó1

2
ô3

ö4
5
÷6

ø7
8
ù9

ú10

ac
ce

pt
an

ce

0
û10
ü20
ý30
þ40

50
ÿ60
�70

Figure12.5: Differentialy-pt acceptancein % for thedetectionof ϒ in theTRD undertheL1 triggercondition.
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Thetriggercut on the pt of e
�

e� hasa muchstrongereffect on theJ/ψ distribution sincethemass
differenceof theJ/ψ is muchsmallerthanthatof the ϒ; hencethe decaysof low pt J/ψ producee

�
e�

pairsthat do not make it throughthe pt thresholdof 3 GeV
�
c of the trigger. It is only at ratherlarge

pt that the J/ψ decaykinematicsallow both of the e
�

e� to have pt � 3 GeV
�
c . This resultsin no J/ψ

acceptancebelow a pt of � 5� 2 GeV
�
c underthe L1 trigger condition. The differentialacceptanceat

mid-rapidityreaches37%for a pt of 10 GeV
�
c .

The geometricalacceptancesfor ϒ andJ/ψ integratedover the rapidity range 	 1� 0 
 y 
 1� 0, the
region wherethereis someacceptance,aresummarizedin Table12.2. They aretabulatedwithout and
with theL1 triggerconditionon their decayparticlesandfor differentpt rangeof theparentparticle.

Table12.2: Geometricalacceptancefor thedetectionof ϒandJ/ψ in theTRD. They aregivenfor differenty and
pt rangesof theparentparticles,with andwithout theL1 trigger pt cut on thee� e� pair.

parentparticle pt of e
�

e� y andpt of parent TRD accept.(%)

ϒ no cut  y �
 1� 0, all pt 26.6
ϒ no cut  y �
 0� 5, pt 
 3 GeV

�
c 42.4

ϒ pt � 3 GeV
�
c  y �
 1� 0, all pt 24.0

ϒ pt � 3 GeV
�
c  y �
 0� 5, pt 
 3 GeV

�
c 41.7

J/ψ no cut  y �
 1� 0, all pt 29.5
J/ψ no cut  y �
 0� 5, pt � 6 GeV

�
c 62.8

J/ψ pt � 3 GeV
�
c  y �
 1� 0, all pt 1.4

J/ψ pt � 3 GeV
�
c  y �
 0� 5, pt � 6 GeV

�
c 16.3

12.4.2 ϒ invariant massdistrib ution

The bestmomentumresolutionfor electronsidentifiedin the TRD will be obtainedby combiningthe
informationof theTRD,TPCandITS in aglobaltrackfit. SuchaprocedureusingKalman-filtertracking
techniqueswasimplementedin theAliRoot framework andis currentlybeingoptimized.

To evaluatethe massresolutionwith tracking in the TRD only, eventscontainingonly ϒ in the
rapidity interval 	 0� 5 
 y 
 0� 5 andwith a realistic pt distribution given by eq.12.1weregenerated.
All thedetectorsof thecentralbarrelandall physicsprocesseswereenabledfor theparticletransport.
The‘detailed’TRD detectorresponsesimulationmodewasused.Thepoint reconstructionandtracking
wereperformedasdescribedin Section11.3and11.4. Fromthemomentumresolutionsobtainedwith
thefull off-line trackingthemassresolutionsweredeterminedusingthesamealgorithmaswasusedin
thesimulationsfor theTRD trigger(seeChapter6).

Applying the TRD L1 trigger condition that both e
�

e� have a pt � 3 GeV
�
c resultsin an e

�
e�

invariant massdistribution shown in Fig. 12.7. The invariant massdistribution is asymmetricwith a
tail to lower massesdueto radiative lossesof the electronsin the materialbeforethe TRD. The mass
resolutionfor trackingin theTRD only, ignoringthelow masstail resultingfrom bremsstrahlunglosses,
hasa σ � 245MeV/c2.

The global track fit givesan improved estimatorfor the original momentumof the e
�

e� pair and,
at thesametime, will provide a muchbettermomentumresolution.A studywasperformedusingthe
trackreconstructionin theTPCandITS, but yet without theTRD, to evaluatethemassresolutionat the
massof theϒasfunctionof theeventmultiplicity for two magneticfield values.Theresults,shown in
Fig. 12.8,givea massresolutionof about1%for thefull multiplicity andB � 0� 4 T.
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12.5 B and D mesons

For the calculationof the acceptancefor B and D mesons4 million primary particles,of eachkind,
weregeneratedwith flat distributionsin theinterval � 5 � y � 5 andpt � 10 GeV c . All particleswere
forced to decaysemi-leptonically. The pt-weighteddistributions were then obtainedas describedin
Section12.3.

The rapidity and pt distributions of the parentparticlesandof their decayelectronsareshown in
Fig. 12.9 andFig. 12.10for B andD mesons,respectively. The upperrow shows the parentparticle
distributions, the lower one the distributions of their decayelectron. The rapidity interval of the pri-
maryparticleswasrestrictedto � 4 � y � 4 in theseprojections.Thesolid linescorrespondto theinput
distributions. The dashedlines show the samedistributions in the TRD acceptance.The rapidity dis-
tributions of acceptedB andD mesonsareGaussian-like with a σ ! 0" 93 for B andσ ! 0" 89 for D
mesons.Theacceptedelectronsfrom B decayshave a � pt # ! 2" 54 GeV c , thosefrom D decaysyield
a � pt # ! 1" 32 GeV c . TheB andD differentialacceptanceasfunctionof rapidityandpt areshown in
Fig. 12.11andFig. 12.12respectively. At mid-rapiditytheacceptancevariesbetween50%and90%.

The finite lifetime of B andD mesons,cτ ! 496 µm andcτ ! 315 µm , respectively, wasused
to develop a strategy to separateelectronscomingfrom B andD decaysfrom thoseoriginating from
other (promptly decaying)particles(π0 $ ρ $ ω$ φ$ J/ψ) as describedin the TRD TP [2]. It is basedon
theselectionof non-primaryhigh pt electronsby optimizingselectioncriteriabasedon their transverse
distanceof closestapproachto theprimaryvertex, d0, andontheir pt. Completesimulationof theimpact
parameterresolutionwill beobtainedonly afteroptimizationof theglobal tracking,matchingtheTRD
tracksto thosein theTPCandITS. For thepresentgeometricalstudiesd0 is calculatedfrom thenominal
momentumof thedecayleptonandthepositionsof theprimaryandsecondaryverticeswithout taking
into accountany detectorresolutions.Theeffect of thedetectorresolutionwasinvestigatedin theTRD
TP[2].

Figures12.13and12.14show the rapidity and transversemomentumdistributions of acceptedB
mesonsunderdifferentselectioncriteria. Thesolid line shows thedistributionsof acceptedB’s with no
furthercutson thed0 andpt of thedecayelectron,theotherlinesthesamedistributionsfor d0 # 200µm
andpt # 0" 5 GeV c (dashedline), pt # 1 GeV c (dottedline) andpt # 3 GeV c (dash-dottedline). The
integratedacceptancesaresummarizedin Table12.3. Thosecutsneedto be optimizedon thebasisof
theglobal trackingresults.However, in Refs.[26,27] it wasshown thatwhile a d0 # 100µm might be
optimistic,a 200µm cut shouldbesafe.It wasalsoshown in theTRD TP [2] that pt cutssignificantly
reducethebackgrounddueto theprimaryparticlemultiplicity.

Similarly, Fig. 12.15andFig. 12.16show the samedistributions for D mesons,andthe integrated
acceptancesaresummarizedin Table12.3.Thed0 andpt cutsmakeastrongereffectontheD acceptance.

Table 12.3: Integratedacceptancefor B and D mesonsin the rapidity range % y%'& 4( 0 without and with the
d0 ) 200µm andpt cutson thedecayelectronacceptedin theTRD.

parentparticle d0 cut acceptpt # 0 acceptpt # 0" 5 acceptpt # 1 acceptpt # 3

B no cut 17.3% 12.3% 8.1% 1.5%
B d0 # 200µm 7.4% 3.7% 1.9% 0.17%
D no cut 15.0% 5.9% 2.1% 0.055%
D d0 # 200µm 5.5% 4.4% 0.05% -
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Figure 12.9: Rapidity and pt distributionsof B mesonstop row, andits decayelectronbottomrow; full line,
inputdistributionsanddashedline acceptedin TRD.

Figure 12.10: Rapidityandpt distributionsof D mesons(top row), andcorrespondingdecayelectrons(bottom
row); full linesdepictinput distributions,dashedlinesarefor particlesacceptedin TRD.
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Figure12.11:Acceptancefor B mesonsin they-pt plane.

Figure 12.12:Acceptancefor D mesonsin they-pt plane.
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Figure12.13:Rapidityacceptancefor B mesonswithoutcutsandfor variouscutsonthept of thedecayelectron.
All pt cutscontainalsoa cuton thed0 variablediscussedin thetext.

Figure12.14:Transversemomentumacceptancefor B mesonswithout cutsandfor variouscutson the pt of the
decayelectron.All pt cutscontainalsoacuton thed0 variablediscussedin thetext.
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Figure12.15:Rapidityacceptancefor D mesonswithoutcutsandfor variouscutsonthept of thedecayelectron.
All pt cutscontainalsoa cuton thed0 variablediscussedin thetext.

Figure12.16:Transversemomentumacceptancefor D mesonswithoutcutsandfor variouscutson the pt of the
decayelectron.All pt cutscontainalsoacuton thed0 variablediscussedin thetext.
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12.6 TRD acceptancefor differ ent geometricalconfigurations

The numberof detectormodulesthat canbe affordedby the Collaborationon time for the start-upof
theLHC is not presentlyknown. Therefore,a studywasperformedto evaluatetheTRD acceptancefor
differentgeometricalconfigurations[25]. Differentconsiderationsweretakeninto accountin optimizing
thedetectoracceptance,namelythenumberof currentlyaffordablestacksof detectormodules,different
strategiesfor thecompletionof thedetectorandhow they wouldaffect theoverall installationplanning.

The financingof the constructionof the full TRD detector, consistingof 540 detectormodulesar-
rangedin 90stacks,whichwouldcover thepseudo-rapidityrange* 0+ 9 , η , 0+ 9 andthefull azimuth
is sofar not assured.Thepresentcommitmentsuntil thestart-upof theLHC aresufficient to build only
abouthalf of thetotal numberof theTRD modules.Participationof othergroupsthatwould make pos-
sible the constructionof the full TRD on time for the start-upis soughtbut currentlynot guaranteed.
Additional funding for thecompletionof the full TRD detectoris expectedfrom the funding agencies
of the TRD groups;in this casethe detectorwill be completedlater thanthestart-update. Therefore,
at present,it cannotbe ruled out that a partial TRD will be finally all that might be affordableby the
Collaboration.

Thoseconsiderationsleadto threepossiblescenarios;(a)completionof thefull detectorfor start-up,
(b) partialconstructionandinstallationof theTRD for start-upwith its completionafter2 or 3 yearsand
(c) undesirablebut notexcludedcurrently, apartialTRD only.

As discussedin Chapter16, theTRD stackswill beassembledin supermoduleswhich will thenbe
insertedin thespaceframe. In thecasethatonly a partof the full TRD detectorwould beconstructed
at start-upandits completionwould follow at a laterstage,onewould have to optimisethe installation
procedureevenat theexpenseof thephysicsperformancefor thefirst yearof running. It is difficult to
imaginethat the supermoduleswould be only partialy filled andinstalledin the spaceframeat a first
stage,to be taken out andcompletedin a later stage;this would also imply redoingall the services,
alignmentandcalibrations.

Theacceptancefor thedetectionof thesemi-leptonicdecaysof D andB mesonsis proportionalto
thesolidanglecoveredby agivenTRD layout.For ϒandJ/ψ this is not thecasesinceelectronpairshave
to bedetectedin coincidence,introducinggeometricalcorrelations.Thelow pt primaryparticlesdecay
emitting thee- e. pair backto backin the laboratoryframeandthereforethecoverageat theopposite
sidesof the interactionpoint gives the largestyields of detectedϒ. As the pt of the primary particle
increases,thedecaykinematicsfocusestheelectron-positronpair closerandcloserandthereforea large
coverageat thesamesideof theinteractionpoint is optimal.

Theacceptanceof ϒ, J/ψ, B andD mesonswerecalculatedfor threepartialTRD configurationsand
comparedto thatfor thefull TRD detector.

Theconfigurationcalled‘WING’ has10 fully filled supermodulesdistributedasa symmetrictwo-
armspectrometerwith atotalof 50stacks.Fromtheinstallationpointof view thiswouldbethepreferred
configurationfor apartialTRD atafirst stagewhichwouldbecompletedoneor two yearsafterstart-up.

Ontheotherhand,if atacertainpointit becomesclearthattherewill notbeenoughfundsto complete
thefull TRD detector, onewouldhaveto optimizethephasespacecoverageanddistributing theavailable
modulesinto completesupermodulesmight notbethebeststrategy.

Thetwo otherconfigurations‘SHORT’ and‘SHORTASYM’ consistof acompactTRD with noholes
in azimuth,however, with only 3 outof 5 stacksof eachsupermodulebeinginstalled.Bothof themhave
54 stacks. The configuration‘SHORT’, being centeredin z aroundthe interactionpoint, provides a
symmetriccoveragein rapidity. The ‘SHORTASYM’ is displacedhaving the two emptystackson the
samesideof the supermodule.In this way the ‘SHORTASYM’ provides larger coverageof rapidity;
however it implies an asymmetricweight distribution on the spaceframe. Thosetwo configurations
representthetypeof solutiononemightchoosein caseit wouldbeclearthattheTRD couldnotbefully
financed.
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Figure 12.17: Theinner layerof theTRD for thedifferentgeometriesconsidered;thehorizontalaxisgivesthe
sementationin z andthevertical in ϕ. Eachmoduleis representedby a rectangle.Theareaof eachrectangleis
proportionalto theacceptanceof thecorrespondingmodulefor e/ e0 from ϒdecays.Fromthetop left to bottom
right thegeometriesare: ‘TRD’, ‘WING’, ‘SHORT’and ‘SHORTASYM’.

Figure12.17shows in agraphicalway theϒacceptancefor thedifferentgeometricalconfigurations.
Figure12.18shows theB acceptancefor thesameconfigurations.Top row left shows thefull TRD ge-
ometry(labelled“TRD”) andright the‘WING’ configuration.Thebottomrow left shows the‘SHORT’
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Figure12.18:SameasFig. 12.17for electronsfrom B decays.

andright the‘SHORTASYM’ configuration.Sincethedistribution of chambersis identicalfor all layers
only theinnermostlayerfor eachconfigurationis shown with eachrectanglerepresentinga module;the
horizontalaxis givesthesegmentationin z andthe vertical that in φ, henceeachrow correspondsto a
sectorandrepresentsa supermodule.Clearlyvisiblearetheholesin theTRD layoutfor eachoneof the
studiedconfigurations.Theareaof eachmoduleis proportionalto thenumberof electronsfrom ϒor B
decays,respectively, thatthemoduleaccepts.
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Theacceptancesfor thethreestudiedpartialconfigurations,relative to thefull TRD, aresummarized
in Table12.4.

Table 12.4: Fractionalacceptancein % of the different TRD configurationsrelative to the full TRD for the
detectionof decayelectronsfrom ϒ, J/ψ, B andD mesons.

primaryparticle ‘WING’ ‘SHORT’ ‘SHORTASYM’

ϒ 17.4 42.8 46.1
J/ψ 34.5 47.9 43.3
B 55.9 64.3 59.9
D 55.7 63.7 59.7

12.7 Background

Thereareseveralsourcesof backgroundthathave to beconsideredwhile reconstructingϒandJ/ψ from
theire4 e5 decaydetectedin theTRD.

6 Oneof themis reale4 e5 pairsoriginatingfrom Dalitz decaysof π0 , η, ρ, ω, φor semi-leptonicde-
caysof B andD mesons.Theircontribution asevaluatedin theTRD TP[2] is shown in Fig 12.19.
At large pt thisbackgroundis dominatedby e4 e5 originatingfrom semi-leptonicdecaysof B and
D mesonsaswell asfrom Dalitz decaysof π0 .

6 Anothersourceof backgroundfromrealelectronorpositrons,isduetoγconversions,bremsstrahlung
andsecondaryinteractions.

6 A third sourceof backgroundis dueto chargedpionsmisidentifiedaselectronsby theTRD detec-
tor.

Thelasttwo sourcesof backgroundwereevaluatedusing100‘parametrizedHIJING’ eventsasinput
to the simulationwith all the centralbarrel detectorsenabled. Figure 12.20shows the pt spectraof
chargedpions,electronsfrom conversions,bremsstrahlungandsecondaryinteractionsaswell ase4 e5
from Dalitz decaysof π0 that reachtheTRD detector. Thee4 e5 from conversionsandbremsstrahlung
in thematerialbeforetheTRD areanorderof magnitudelargerthanthosefrom π0 Dalitz decays.

What fractionof thechargedpion spectrumwill contribute to thebackgrounddependson theelec-
tron identificationandpion rejectioncapabilitiesthat the final detectorwill achieve. As wasshown in
Chapter11 thefractionof pionsmisidentifiedaselectronsdependson therequiredpurity of theelectron
sampleandon themultiplicity of theevent. Also theglobaltrackingwill acceptonly a fractionof elec-
tronsand‘electronlike’ particles,namelythosehaving agoodχ2 for beingprimaryparticlesandhaving
a goodlikelihoodof beingelectronsaccordingto thedE/dxin theITS, TPCandTRD andaccordingto
thetransitionradiationin theTRD.

12.8 Summary

Themainconclusionsfrom thestudiespresentedhereare:

1. Acceptancesfor ϒandhigh pt J/ψ measurementsneedthefull TRD.

2. The massresolutionfor ϒ measurementsis of the order of 1% if the magneticfield of the L3
magnetis B 7 08 4 T or larger.

3. Themainbackgroundsourcesin theelectronchannelaremisidentifiedpionsandconversions.
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4. Themeasurementof D andB mesonsvia their semi-leptonicdecayscanbeperformedwith high
efficiency for pt cutsof theorderof 1 GeV/c andhigher.
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13 Detectorcontrol

TheALICE DetectorControlSystem(DCS)is designedfor monitoringandcontrolof correctoper-
ationalconditionsof the ALICE sub-detectors.As this taskalsoinvolvessafetyaspects,the hardware
links usedareindependentof theDAQ. TheALICE DCSprojectis presentedin Ref. [1]. TheALICE
DCSsystemis describedin Ref[2] andwill bedescribedin detailin afuturedocument.Its functionalities
include(seealsoRef. [3]):

L startingor shuttingoff adetector, or componentsof adetector, in acontrolledway;

L monitoringof characteristics(analogand/orstatusvalues)whicharenecessaryfor detectoropera-
tion and/orthephysicsdataanalysis;

L reportingof alarmconditionsandinitiation of theappropriateresponse;

L loggingandarchiving of characteristics,alarmsandoperatorinteractions;

L retrieving archiveddatafor trenddisplaysor detectoranalysis;

In addition,interactionsarerequiredwith a numberof externalsystemslike theareasafetysystem,
gassystem,cooling and ventilation system,electricity mainssupply, LHC, and magnets. However,
certainof thesesystemswill only provide informative links to theDCS:

L duringnormalphysicsdata-takingthe DCS will control startingandoperationof all theALICE
sub-detectors.For this purposestandardoperatorcommandswill be available. Malfunctioning
will besignalledto thedetector-dedicatedcontrolstationvia centralizedalarms.

L during installationand/ormaintenanceperiodsit will be necessaryto run differentdetectors,or
partitionsof them, separatelybut simultaneously. In this caseinterferenceamongdetectorsor
betweenthemandexternalservicesmustbescreened.

To satisfytheabove requirementstheDCSarchitecturewill have two essentialfeatures–scalability
and modularity–and will be basedon distributed intelligence. The detectorcontrol systemwill be
designedandorganizedin layers,correspondingto different levels of visibility andaccessrights. The
higherlevelswill haveamoreglobalview, andwill only beallowedto makealimited setof macroscopic
actions.On theotherend,lower layerswill have accessto moredetailedinformationandcontrol.At the
highestlevel of theexperimentaSupervisoryControl layerwill provide thecommunicationsamongthe
mainALICE subsystemssuchastheDataAcquisitionControl(DAQC), theTriggerControl(TRC) and
theDCS.TheDCSwill beaccessedthroughtheSupervisoryControl layer. No peer-to-peerconnection
betweenDCSandDAQ is envisaged.TheSupervisoryControlwill have thefollowing features:

L provide aglobalview of thewholeexperimentto theoperator.

L allow the control of the experimentthroughcommandsto the DCS, the DAQC andthe TRC. It
will be capableof generatingthe sequenceof operationsin order to bring the experimentto a
givenworkingcondition.However, detailedactionswill betheresponsibilityof thesubsystems.

L collectanddispatchall thecommunicationsbetweenthesubsystems.

L monitor theoperationof thesubsystems,generatealarms,andprovide the interlock logic where
necessary.
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M allow thedynamicsplitting of thedetectorinto independentpartitionsandthepossibilityof con-
currentdata-takingfrom thepartitions.

Hardwareprotectionof TRD componentswill be implementedwherever possible.This is thecase,
for example,for theramp-down of sensewire highvoltagesin thepresenceof sustainedover-currents.

13.1 Hardware

Within ALICE weintendto developaDCSsystemwhichis asstandardizedandidenticalacrossdetector
boundariesas technically feasible. Consequently, similar to the generalALICE DCS, the hardware
structureof theTRD DCSwill bestructuredin threelayers.

M Field layer. This is thelayerof field instrumentationsuchassensorheads,actuators,etc.Thefield
instrumentationhasto complywith the requirementsof thedetectorhardware. The interfacesto
thecontrolequipmentwill follow well-establishedelectricalstandardslike 0–10V for voltagein-
terfacesor 4–20mA for current-loopinterfaces.Thesignalsto bemonitoredfor theTRD detector
arelistedin Table13.1.

Eachfront endMulti Chip Module (MCM) which acquiresandprocessessignalsfrom 18 pads
alsoimplementsmeasurementsof chip temperature,powervoltagesandcurrentsandpoweron/off
controlof thereadout-relatedsectionof MCM.

Sensorsof gastemperature,LV connectorandcabletemperature,LV regulatorcurrentandvoltage
andhumiditywill bereadoutby adedicatedDCSADC locatedon theMCM.

For monitoringof thedetectorstatusoutsidetherunningperiodwe foreseeoperationof theMCM
in standbymode,whereonly thepartessentialfor DCS(multiplexed ADC, duplex synchronous
daisy-chainedseriallink andDCScontrol)will bepowered(Seearchitectureof theDCScommu-
nicationin Fig. 13.1).

Independentpower distribution will beusedonly for key componentsof thesystemsuchascon-
trollers,sensorsandactuatorsof thecoolingandgassystemandhubsdistributing theinformation
betweenthemandworkstationson controlandsupervisorylayers.

In theprocesscontrollerstheCAN interfacewill beimplementedasbackupoption.

M Control layer. Thiscorrespondstomultipurpose-controlcomputerequipmentof theProgrammable
Logic Controller (PLC) type, in compliancewith the relevant recommendation[4]. However,
wherever convenientin the caseof a large numberof field-instrumentationchannelsto be con-
trolled, VME-basedcontrollersmay be used. This hardware layer also includesself-contained
intelligentinstrumentslike high- andlow-voltagepower supplies.

For the part of the DCS systemlocatedon the detectorwe currently investigateEthernetas a
detectorcontrol field bus. Ethernetis ratherruggedandAC coupled. In treeconfigurationand
usingtwistedpair distributionsit permits100 Mbit/s throughputover long distances.Failureon
oneof 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 beensuredthat the implementationof all links underany
operationalconditionis providedby fully standard,well supportedindustrialsolutions.

Thecurrentlyveryrapiddevelopmentof single-boardCPUsandprogrammablegatearrays(FPGA)
runningLinux permitstheuseof miniaturecontrollerswhichallow implementationof theEthernet
interfaceandany othercontrolsfunctionalitytogetherwith theCPU.Theonly additionalexternal
componentsrequiredareanEthernettransceiver (smallSMT chip), oneflashROM, anda single
chipDRAM. Typicalconfigurationsinclude8 MB flashROM and64MB DRAM.

Concerningthedevelopmentof controllerswe planthreephases:
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Figure13.1: Architectureof theDCScommunication.

– aminiaturesingle-boardcomputerbasedonMC68EZ328DragonBallmicrocontrolleris cur-
rentlyusedfor evaluationtests. It will beusedalsofor testsof compatibilityof Ethernetand
the ALICE environment(operationin 0.5 T magneticfield) this year. This boardsupports
only the10 Mbit Ethernet.

– in thesecondphase,a controllerbasedon theALTERA 20K200FPGAchip will bedevel-
oped. This controllerwill implementa synthesizedUC ( NIOS processorwith a 40 MIPS
16-bitCPU)togetherwith EthernetandanoptionalCAN interface.

– finally, at the beginning of next year, the Altera Excalibur chip (also from ALTERA 20k
FPGA family but with a hardprocessorcoreARM or MIPS both ableto run beyond 200
MHz) will beavailablealsowith Etherneton theFPGAasIP corewith no needof external
chips.Both FPGAEthernetimplementationsrun 100Mbit/s. In thelong run ALTERA will
probablynot be theonly supplierof suchdevices. Otherpossibilitiesmight includeXilinx,
appropriatemarket surveys areunderway.

N Supervisory layer. The equipmentin this layer consistsof general-purposeworkstationswhich
will belinkedto thecontrollayerthroughTCP/IP. Theworkstationswill providetheMan-Machine
Interface(MMI) to theDCS andwill behave asserver stationsfor detectormonitoringanddata
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logging,or asclient stationsfor detectorcontrol. At the level of generalsupervisorycontrol, the
workstationswill be dedicatedto themanagementof configurationdatafor all thedetectorsand
equipment,partitioning,alarms,loggingandarchiving, anddatacommunication.

13.2 Communication

The datatransmissionlinks canbe classifiedin layersequivalent to the hardwarearchitecture.At the
field-instrumentationlevel, point-to-pointlinks for voltageor currentsignalswill bethegeneralcase.

Most analogsensorsplacedon the detectorwill be readby the DCS ADC locatedon the MCM.
Voltagefor theMCM is regulatedon-boardandoutputvoltageandloadcurrentof theregulatorwill also
bereadby theDCSADC on theMCM .

Devicesandsensorsplacedon thedetectorend-capandin UX25 will be readout usingoneof the
recommendedfield buses.

For communicationbetweentheDCScontrollerandtheMCM weforeseeafastduplex synchronous
serial link runningat O 100 Mbit/s. This link will be usedfor downloadingthe MCM CPU software,
setup,DCS control, andpreamplifierpulsertest. A serial link will be connectedon both sidesof the
MCM chainto thecontroller, sothata failureof oneMCM will not cut thecommunicationto therestof
chain.

Thisconfigurationdoesnotchangethehardwarearchitecturesincethebussystemwill beseenasan
extensionof thecontrollerstation.

13.3 Software

Thecontroller-level software,which will residein thecontrol computersthataredirectly linked to the
process,will beconfiguredindividually for eachsub-detector.

For controllersbasedon theproposedFPGA,Linux (UCLinux) kernelsareavailablewhich do not
implementa man-machine-interface (MMI) but otherwiseare completeLinux systemsallowing, for
example,to NFSmountexternaldiscs,runhttp , secureshellor telnet.

Softwaredevelopmentbecomesvery simple, the front-endmountsthe host’s disk, the software is
crosscompiledinto themounted/bin partitionandtheprogramundertestis startedvia remoteshell.

For developmentand maintenanceof the detectorseachgroupwill alsoconfigurea personalized
MMI. This softwarewill bebasedon thesameproduct(s)asfor theALICE DCSsystemandwill there-
foreallow integrationinto theoverall systemduringoperationof theexperimentandwill grantseparate
accessandcontrolof eachsubsystemduringotherperiods.

It is plannedthat thedriver softwarefor thecontrollerstationsto interfacethefield instrumentation
to theALICE DCSarchitecturewill bebasedon theOPC [5] standard.This meansthathardwareand
applicationsfrom differentmanufacturerscanbeeasilyconnected.OPCis currentlybeingevaluatedin
the context of the CERN JCOPproject. It is basedon the Microsoft technologyDCOM (Distributed
ComponentObjectModel) andprovides a standardizedaccessmethodandunified interfacebetween
thecontrol layeranda SCADA (SupervisoryControlAnd DataAcquisition)systemon thesupervisory
layer. TheOPCinterfacestandardis definedanddevelopedby theOPCFoundationwhich includesthe
majorcompaniesin theautomationsector(Siemens,Fisher-Rosemount,NationalInstruments,Rockwell
Software,et al.). A wide rangeof OPCservers andapplicationsarealreadyavailableandadditional
companieshave announcedtheiradherenceto thisstandard.
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13.4 Safetyand quality management

13.4.1 Mechanical

All mechanicalcomponentswill be designedand built accordingto the quality assurancestandard
ISO9001or anequivalentnationalstandard.

AlthoughtheTRD detectorwill beoperatedatapressureof 1 mbaraboveatmosphericpressure,the
detectorsaredesignedfor amaximumover-pressureof 2 mbar.

13.4.2 Gas

In addition to adherenceto mechanicaltolerances,the fabrication,finishing, and choiceof materials
mustensureanadequategaspurity in orderto run thedetectorwith thedesiredperformanceandwithin
operationalcost. Sincethe TRD detectorsarefilled with a Xe,CO2 mixture, excessive leakslead to
intolerablegasflows and the needfor the injection of fresh gas. Avoiding such leaks is especially
importantin view of thecostof Xe gas.It is thereforeforeseenthatdetailedleaktestswill beperformed
at thedetectorconstructionsites.

The gasesusedin the TRD arenon-flammable.As far as the detectorsareconcerned,redundant
andstand-alonesafetymechanismshave beenimplementedin orderto protecttheTRD from under- or
over-pressures.

13.5 Radiation protection

Thetwo mainmechanismsthatmay induceradioactivity in theTRD arelow-energy neutronactivation
andinelastichadronicinteractionsat high energy. Themaximumneutronfluencesover a periodof ten
yearsat themeanradiusof theTRD arebelow 1.0 P 1011/cm2, respectively. Scalingfrom theequivalent
doseratesinducedby thehigh-luminositypp interactionregions[7] to thoseof theALICE experimental
conditions(approximatelya factorof 100 lower), we do not expectany radiationhazardsto be caused
by theaccumulationof radionuclidesin theTRD.

13.6 Electrical systemprotection

13.6.1 High voltagefor readoutchambers

The readoutchambersrequirean operatingvoltageof lessthan1700V. In total, 540 supply lines are
needed.In addition,thereare540supplylines for theHV to thefield cageof eachchamber. Herethe
operatingvoltagewill be lessthan3000V. The installationis basedon standardcoaxialhigh-voltage
cablesratedfor at least3 kV, togetherwith standardhigh-voltageconnectors.

Standard,remotely-controlledpower supplieswith voltageandcurrentmonitoringwill be used. If
anover-currentis detected,thecorrespondingvoltagewill be rampeddown at a presetrate. Operation
of theHV systemwill be interlocked in caseof a coolingwaterleak. No partsof thereadoutchambers
underhigh voltageareaccessibleoncethechambershave beeninstalled.

13.6.2 Low voltage

The front-endelectronicsof the TRD is a typical low-voltagehigh-currentsystem( Q 20 kA in total),
which mayrun therisk of fire in caseof uncontrolledcurrents.To avoid any dangerto theTRD andits
readoutsystem,thefollowing strategy hasbeenadopted.

Thepowersuppliesthemselvesareground-free.Thegroundreferenceis obtainedonly atthedetector
side. This avoids any accidentalparasiticcurrentsin the conductingpaths(not adaptedto suchlarge
currents)flowing backto thepower supplyif oneof thegroundlinesis broken.
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Poweringof thesystemwill be monitoredby theDCS.EachMCM providesa measurementof all
theincomingvoltagesandcurrents.If thereis avoltagedropor over-current,thesystemcanbepowered
down on a time-scaleof milliseconds.By monitoringalsothetemperatureof eachMCM, theDCScan
reactto temperatureexcursions,andshutoff therelevantsectionof thesystem.

Furthermore,the designof the MCM andtheir connectionsto the groundof the readoutchamber
is suchthat the coppercross-sectionis sufficiently large to accommodatehigh currentdensities(see
Section9.1.2). This couldberequiredif thegroundreturnline is accidentallyconnectedto thegeneral
ground,whichwould leadto aparasiticcurrentthroughtheTRD supportstructure.
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14 Testswith prototypes

In this chapterwe describethemostrelevantresultsof thetestswith detectorprototypes,carriedout
during the pastthreeyears.Section14.1containsa brief descriptionof the prototypesandof the data
acquisitionsystem.In Section14.2we presentthe resultsof testswith radioactive sources(55Fe) and
in Section14.3theresultsof testsin beamwill beshown. In Section14.4we summarizetheon-going
activities andtheplansfor futuretestmeasurements.

14.1 Prototype description

Most of the resultswere obtainedusing a prototypeDrift Chamber(DC) with dimensionsidentical
to thoseanticipatedfor the final detector(seeChapter4), except concerningthe area,which is only
0.5R 0.6 m2. Chevron padplanes[1] with a padareaof 4.5 cm2 areusedfor the readout.A sketchof
thechevron geometryis presentedin Fig. 14.1. Thewidth of thepadsis w=10 mm, thestep(matching
theanodewire pitch) is s=5 mm, andtheoverlapfactor fx=1.05. Nine chevron units (shadedarea)are
connectedtogetherto form a padof 4.5 cm length. For mechanicalstability, thepadplanethicknessis
3.5mm. Theaveragecapacitanceof a padis about22 pF. Both theanode(W-Au, 25 µm diameter)and
cathodewires (Cu-Be,75 µm diameter)have a pitch of 5 mm andwe usea staggeredgeometry. The
drift region is 30 mm in lengthandtheanode-cathodegap(h) is 3 mm. Theentrancewindow of 25 µm
aluminizedkaptonsimultaneouslyservesasgasbarrierandasdrift electrode.

s

z

wfx

w

anode wire

i−1 i i+1

y

Figure 14.1: Sketchof thechevronpadplanelayout.

Current-andcharge-sensitive preamplifiers/shapers(PASA) werespeciallydesignedandbuilt with
discretecomponents.They aredescribedin Section5.3.3.For theresultspresentedin thefollowing, the
charge-sensitive PASA wasused. It hasa gainof 2 mV/fC anda noiseof about1800electronsr.m.s..
TheFWHM of theoutputpulseis about100ns. For the readoutof theDC we usean8-bit non-linear
FlashADC (FADC) systemwith 100 MHz samplingfrequency, 0.6 V voltageswing and adjustable
baseline.The FADC samplingwasrebinnedin the off-line analysisin order to be closerto the final
detectorspecifications.Thedataacquisition(DAQ) is the GSI-standard,MBS [2], basedon theVME
eventbuilderRIO2[3]. Usuallywe limited thereadoutof theDC to 8 pads,to minimizethedatatransfer
on theVSB busconnectingtheFADC to theeventbuilder.
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14.2 Sourcetestswith 55Fe

The prototypeshave beentestedwith Ar- andXe-basedgasmixtures,usingan 55Fe X-ray sourceof
5.9keV. Thesemeasurementswereaimedatdeterminingtheoperationpoint of thedetector(in termsof
gasgain),checkingits energy resolutionandfor determinationof thepadresponsefunction(PRF).

14.2.1 Signalsand spectra

In Fig. 14.2 a collectionof signalsis shown, asobtainedwith the 55Fe sourcefor four gasmixtures:
Ar,CH4 (10%), Xe,CH4 (10%), Xe,CO2 (15%)andXe,CO2 (20%). Thesesignalsarefrom thepadon
whichthecollimatedsourcewascentered.Theshapeof thesignalsis aconvolutionof thedetectorsignal
(determinedmainlyby theslow ion motion)andthePASA response.Thelongertailsin caseof Xe-based
mixturesis the resultof theslower ion motion. Note that themobility of theXe ions is almost3 times
lower thanthatof Ar ions [4]. Fromthe signalsillustratedin Fig. 14.2we producetheenergy spectra
of the 55Fe sourcewith two methods:i) integratingthe pulsesover a gateof 1 µs, startingat 0.2 µs;
ii) taking the maximumpulseheight. In both caseswe performeda sumover padsto obtainthe total
depositedcharge,assharedby theadjacentpads.
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Figure14.2: Averagesignalson thecenterpadfrom the55Fe sourcefor four gasmixtures.

In Fig. 14.3 we presentthe spectrumof 55Fe for the Ar,CH4 (10%)gasmixture for the voltages
Ua=1.45kV andUd=-2.5kV, usingthe integratedchargeQ (left panel)andthemaximumpulseheight
PH(right panel).Besidesthemainpeakcorrespondingto thefull energy depositof of 5.9keV, theescape
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peakcorrespondingto thepartialenergy depositof 2.9keV is clearlyvisible. Thecurvesaretheresults
of gaussianfits to themainpeak.Resolutionsbelow 10%areachievedwith bothmethods.
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Figure14.3: Thespectraof 55Fe measuredwith Ar,CH4(10%).Left panel:integratedchargevalue,right panel:
maximumpulseheight.Thecurvesaretheresultsof gaussianfits of themainpeak.

In Fig.14.4wepresentthespectraof 55Fe for thecaseof theXe,CH4 (10%)mixture.In thiscasetoo,
resolutionsbelow 10%atthemainpeakareobtained.For roughlyequalvaluesof Q for thetwo mixtures
(Fig. 14.3and14.4),thecorrespondingPHspectraareclearlysmallerin caseof Xe,CH4 (10%)mixture.
As notedabove in connectionto thesignalspresentedin Fig. 14.2,this is theresultof a differentcontri-
bution of thetails from positive ions.
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Figure14.4: As Fig. 14.3,but for Xe,CH4 (10%)gasmixture.Notethehighervoltages(Ud=-3kV, Ua=1.65kV)
usedto achieve integratedchargevaluescomparableto theAr,CH4 (10%)case(seeFig. 14.3).

In Fig. 14.5we presenttheenergy spectraof 55Fe for theXe,CO2 (20%)gasmixture,for different
anodevoltages.Note that the resolutionis in all casesbelow 10%. For high valuesof thegasgain the
Xe escapepeakof about1.2keV becomesvisible.
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Figure 14.5: 55Fe spectrameasuredwith Xe,CO2 (20%)for four differentanodevoltages.

14.2.2 Gasgain

In Fig. 14.6 we presentthe averageenergy depositcorrepondingto the full energy of 5.9 keV of the
55Fe sourceasa functionof theanodevoltage.Fourdifferentgasmixtures(bothAr- andXe-based)are
compared,bothin termsof theaveragepulseheightandof theaverageintegratedcharge.

The gasgain for eachanodevoltagewasdeterminedin a separatemeasurementby measuringthe
anodecurrentandtheactivity, usinganon-collimated55Fe source(to gethighactivity for goodprecision
of thecurrentmeasurement).A pulseheightof 100mV correspondsto a gasgainof about104 in case
of theAr mixture. For theXe mixtures,dueto a largerprimarynumberof electrons( p 270,compared
to p 220), the gasgain is correspondinglylower at the samepulseheight. The drift voltageswerenot
kept constantandthis influencesthe gasgain (seeSection14.4). Despitethis effect, onecanseethat
differentanodevoltagesareneededin order to achieve the samegain, dependingon the gasmixture.
In caseof CO2 quencher, thehighervoltagenecessaryfor Xe,CO2 (20%)comparedto Xe,CO2 (15%)is
almostcompensatedby thelargerdrift voltage,whichcontributesto thegain(seebelow, section14.4).

14.2.3 Pad responsefunction

ThePRFis ameasureof thedegreeof sharingof theimagechargeonthecathodeplaneby adjacentpads.
ThePRF, measuredusingthe 55Fe source,is presentedin Fig. 14.7. Shown is the ratio of thecharge
(integratedover agateof 1 µs) on thecentralpad(Qcen) to thesumof chargeson thecenterpadandtwo
neighbouringonesoneachside(Qtot ) asfunctionof thepositionof thehit. Thisposition,y, is expressed
relative to thepadwidth, w, which is 10 mm in our case.It hasbeencalculatedusinga formuladerived
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assumingagaussianPRF[5,6]:
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whereQi is theintegratedsignalfor padi (which is thepadwith thelargestsignal).Thefull dotsdenote
the measuredvalues,while the circlesare for calculatedvaluesusing the Mathiesonrecipe[7]. It is
evident that themeasuredPRFdoesnot agreewith thecalculatedone,which is clearlynarrower. This
broadeningis the effect of capacitive cross-talkbetweenadjacentPASA channelswhich is discussed
below. Thecontinuouslines areresultsof gaussianfits. While themeasuredPRFis perfectlyapprox-
imatedby a gaussian(with σ=0.6� w), the calculatedoneis not. The gaussianshapeof the measured
PRFcould be an artifact of the method,but a differentmethod,namelymoving the collimatedsource
acrossthepadandrecordingtheabove ratio asa functionof position,givesidenticalresults.Note that
in thederivationof theMathiesonformulaa symmetricamplificationgapis assumed.Thetransparency
of thecathodegrid maydestroy this assumption.Fromour mostrecentstudiesusingdifferentcathode
wire pitches(seeSection14.4)we canruleout thatthedensityof thecathodegrid hasamajorinfluence
on themeasuredPRF.
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Figure14.8: Signalsproducedby the55Fe sourceon
threeadjacentpads.
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Figure 14.9: Signalson threeadjacentpadsfrom a
pulsersignalon thecenterpad.

To understandthereasonof thediscrepancy betweenthemeasuredandcalculatedPRF, welookedin
detail into theeffect of thepreamplifiercross-talk.Wehave noticedearlyon thatthetail of 55Fe pulses
in theneighbouringpadshasa time decaysmallercomparedto thecenterpad. Fig. 14.8shows anex-
ampleof the averagepulses(the averageis doneover many events)on threepads,whena collimated
55Fe sourcewascenteredon themiddlepad.Thedifferenttime behaviour is theresultof thecross-talk
betweentwo neighbouringchannelsof the PASA, dueto the padto padcapacitance.This is demon-
stratedin Fig. 14.9,wherewe presentaveragesignalson threepadswhena stepsignal(28 mV on 1 pF,
5 nsrisetime) from apulsegeneratorwasfed to thecenterpad,directly on thedetector. In this casethe
neighbouringchannelsshouldideally seeno signal,sincethereis no charge sharing.Instead,a bipolar
cross-talkis seen.On this spurioussignal the true 55Fe signal from padsharingwould add,creating



14.2 Sourcetestswith 55Fe 197

theshapespresentedin Fig. 14.8. Oneobservesabout12%cross-talkin thepulseheightin eachof the
adjacentchannels.This cross-talkfigurewould explain thedifferenceof themeasuredPRFcompared
to the calculatedone. However, whenintegratingover 1 µs (asit wasdonefor the 55Fe signalswhen
deriving thePRF),thecross-talkis reducedto 4%. Notethatwithout loadthechannelto channelcross-
talk is below 0.5%. In a secondstepwe investigatedthecross-talkasfunctionof rise time of the input
pulse(apartof 5 ns,we used20 and50 ns) andof theshapingtime of thePASA andfoundonly little
dependence.The cross-talkis mainly determinedby the input impedanceof the PASA, which wasin
thepresentcaseabout1 kΩ. Naturally, thecross-talkincreasesasa functionof thecapacitive coupling
betweenneighbouringchannels.We establishedthata channelto channelcapacitanceof 8 pF is repro-
ducing the cross-talkmeasuredon the detector(Fig. 14.9), in agreementwith our measurementsand
calculationsof thepadto padcapacitance.
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Figure 14.10: Pulsersignalson themainpadandon a neighbouringonefor differentshapesof theinput pulse.
Notethedifferentscalesfor they axis.

Thesignalfrom thedetectormaybequitedifferentfrom asimplesteppulse.To checkthisparticular
detail,we injectedpulsesthat simulatethe time evolution of the signalsfrom the real detector. These
pulseshave a fast rise time, followed by a slow logarithmicrise. The measuredsignalsfor the main
pad(left panel)andneighbouringpad(right panel,notethedifferentscaleon they axis)arepresented
in Fig. 14.10.Thedifferentopensymbolscorrespondto differenttime constantsof thefastcomponent,
while thedotsarefor ameasured55Fe signal.Thevaluesof thepulseheightcross-talkareverysimilarto
thoseseenwith thesimplesteppulse(Fig.14.9).However, onecannoticethattheshapeof thecross-talk
signalis quite different in the presentcase.Although the time dependenceof the signalon the neigh-
bouringpad(right panelin Fig. 14.10)is differentcomparedto theoneof themainpad(left panel),no
undershootis seenfor this morerealisticinput pulse.Whenintegratingover1 µs, thecross-talkis about
4%, identicalto thecaseof thestepinput pulse. In orderto improve our understandingof thediscrep-
anciesbetweentheobservedandthecalculatedPRF, theproblemof thecross-talkis beinginvestigated
further. However, thepresentresultsareobtainedwith a preamplifier/shaperwhich is differentthanthe
final one(seeChapter5). This integratedversionis particularlyoptimizedfor a low input impedance
andmeasurementson thedetectorwill follow soon.
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14.3 Beamtests

Themeasurementshave beencarriedout at beammomentabetween0.7and2 GeV/c [8]. Theelectron
contentof thebeamvariesasfunctionof momentumandis of theorderof 2-3%for 1 GeV/c. We used
mixedelectron-pionbeamsprovidedby thesecondarypionbeamfacility at GSIDarmstadt[9].

14.3.1 Setup

The setupusedfor the beamtestsis sketchedin Fig. 14.11(seealsoColor Fig. 8). It comprisesthe
following detectors:

� aone-layerTRD, composedof a radiator(R) anda readoutchamber(drift chamber, DC).

� threescintillatorcounters(S0,S1,S2),usedfor beamdefinition.Theirdimensionsare5 � 10cm2.

� a gas-filledthresholdCherenkov detector(Ch), 2 metersin length,readout via a mirror by two
photomultipliers,for electronidentification.

� a Pb-glasscalorimeter(Pb),with dimensions6 � 10 cm2 anda depthof 25 cm (equivalent to 10
X0) for electronvalidation.

� amultiwire proportionalchamber(MWPC) [10] with a 20� 20 cm2 active area,usedfor monitor-
ing thebeamprofile.

� two siliconstripdetectors(Si1,Si2)with activeareaof 32� 32mm2. Eachhasstripsof 50µm pitch
in bothx andy direction,representinga total of 1280channelsperdetector. As thesesignalsare
readout in azero-suppressionmode,they donotcontributesignificantlyto thedatavolume.They
areusedoff-line for trackingfor thepositionreconstructionusingtheDC (seeSection14.3.7).

S2
Beam

R

DC

S1
Si1 Si2

MWPC

PbChS0

Figure14.11:Sketchof thesetupusedfor thebeamtests(not to scale).Thedifferentcomponentsareexplained
in thetext.

Thebeamtriggerwasdefinedby thescintillatorcountersS1andS2,to which theCherenkov signal
wasaddedastheelectrontrigger. Both electronandpion eventsareacquiredsimultaneouslyby using
appropriatepion scaledown factors.Off-line theeventswereselectedusingthecorrelationbetweenthe
signalsdeliveredby theCherenkov andthePb-glassdetectors,shown in Fig. 14.12for themomentum
of 1 GeV/c. As seen,by requiringthresholdsignalsin bothdetectors(the lines in Fig. 14.12)onecan
isolatecleansamplesof pionsandelectrons.For this momentumwe useda pion scaledown factorof 8.
Measuredwith theMWPC,thehorizontalsizeof thebeamwasabout4.5cmFWHM.

Thegasesusedfor theDC wereXe-basedmixtures.We usedbothCH4 (10%)andCO2 (15%and
20%)quenchers.Weselectedtheanodevoltagessuchthatthegasgainof thechamberwasin therange
of 5000to 8000for mostof themeasurements,exceptwhenweintentionallyvariedit for someparticular
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Figure 14.12: The correlationof the signalsfrom the Cherenkov detectorand the Pb-glasscalorimeter. The
thresholdsusedto identify negativepionsandelectronsareindicated.

studies(seebelow). Theoxygencontentin thegaswascontinuouslymonitoredandkeptbelow 10 ppm
usingaflow of 2-3 liters/hour.

14.3.2 Generalpropertiesof the detector

Distributionsof averagepulseheight, � PH � , asa function of drift time for differentdrift voltagesare
shown in Fig. 14.13for pionsof 1 GeV/cmomentum.ThreeXe-basedgasmixturesarecompared:15%
CO2, anodevoltageUa=1.75kV (upperleft panel),20%CO2, Ua=1.80kV (upperright panel)and10%
CH4, Ua=1.75kV (lowerpanel).Notethatin thecaseof Xe,CO2 (20%)theincidencewasperpendicular
to the anodewires, while in the other two casesit wasat about17� with respectto the normal to the
anodewires.

The time zerohasbeenarbitrarily shiftedby about0.4 µs to have a measurementof the baseline.
Notethattheaveragepulseheightin thedrift regionexhibitsaslight increaseasa functionof drift time.
This is theresultof build-upof detectorcurrentsfrom ion tails,convolutedin additionwith theresponse
of thepreamplifier. Thepeakat thebeginningof thesedistributionsoriginatesfrom theprimaryclusters
in the amplificationregion, wherethe ionizationfrom both sidesof the anodewires contributesto the
sametime channel.Thesecharacteristicshave beenreproducedby simulationsof detectorsignalsusing
GARFIELD [12]. Thedrift voltageshave beentunedto cover a similar rangeof drift velocitiesaround
1.5cm/µs. Thevoltagesaredifferentfor themixturesinvestigated(especiallybetweenthetwo quencher
gases,CO2 andCH4), asexpected.Noticealsothatthebehaviour with thefield strengthis different(see
below).

Analysisof thedistributionspresentedin Fig.14.13allowsaroughestimateof thedrift velocitiesfor
thedifferentmixtures. This accuracy is limited by theaccuracy in assigningthebeginning of thedrift
region out of the tail of the signalsin theamplificationregion. The results(opensymbols)areplotted
in Fig. 14.14asfunctionof thedrift field for threeXe-basedgasmixtures,alongwith calculationsusing
GARFIELD/MAGBOLTZ [12,13] (full symbols). While for the CO2 mixturesour drift fields of the
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Figure 14.13: The averagepulseheight as
function of drift time for different drift volt-
ages. ThreeXe-basedgasmixturesarecom-
pared: CO2 (15%), for the anode voltage
Ua=1.75kV (upper left panel), CO2 (20%),
Ua=1.80 kV (upper right panel) and CH4

(10%),Ua=1.75kV (lowerpanel).

orderof 1 kV/cm correspondto the rising part of thedistribution, in caseof theCH4 quencherwe are
alreadyin theslowly decreasingregion after thefirst maximum. Within the limitations of themethod,
onecansaythatthecalculationsreproducethedrift velocitiesin caseof CO2 mixtures,but thereseemsto
beadisagreementfor theCH4 case.For thisparticularcase,we includein thecomparisonthemeasured
dataof Christophorouet al. [14], to which our valuesarecompatible. Note that a morerecentsetof
measurements[15] aresignificantlydifferent. We mentionthat thewatercontent,which influencesthe
drift velocity quitestrongly, wasabout150ppmin caseof CO2 mixtures,but wasnot measuredin case
of Xe,CH4 (10%).

Onecannoticein thedistributionspresentedin Fig. 14.13thattherelative magnitudeof thepeakto
theplateauis varyingasa functionof thedrift field. This is dueto thecompressionof thesamesignalin
progressively shortertime intervals. In detail,this behaviour seemsto bemixturedependent.A detailed
look at thesefactsis presentedin Fig. 14.15.Herewe show thedrift field dependencesof themeasured
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(full symbols).For theXe,CH4 (10%)casewe includein thecomparisonthemeasureddataof Christophorouet
al. [14].

chargesin thedrift region, Qd andin theamplificationregion, Qa. Thesequantitiesareintegralsof the
pulseheightover the timespanof the plateauandpeak,respectively. The sumof them(upperpanel,
notethe logarithmicscale)is increasingasa functionof drift field, a resultof increasinggasgain (see
Section14.4).TheratioQd/Qais presentedin thelowerpanel.Its dependenceonthedrift field, different
for CO2 andCH4 quencher, is the effect of the differentdrift velocity variation,asseenin Fig. 14.14.
The decreasingof this ratio for higherdrift velocitiesmay alreadypoint to a spacecharge effect (see
below), which is morepronouncedin caseof anelectronarrival morecompressedin time.

Figure14.16shows thedependenceof Qd+QaandQd/Qaasa functionof theanodevoltage. The
integratedcharge(upperpanel,noticethelogarithmicscale)is exhibiting thegasgaindependenceonthe
anodevoltage(seeSection14.2.2).TheratioQd/Qa,shown in thelowerpanel,givesanindicationof the
gasgainsaturation(lower gain for the lateelectronsdueto thescreeningof theanodepotentialby the
ions from previousclusters)asfunctionof gasgain. For no gainsaturationthis ratio is flat. Thesmall
decreasepointsto a smallgainsaturation.However, this conclusionis somewhatambigousbecauseof
theuncertaintyin delineatingtheamplificationregion,whichmayextendinto thedrift regionasfunction
of increasinganodevoltage. We notethough,that the distributionsof the averagepulseheightsfrom
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which theratio Qd/Qawasderivedarevery similar for all theanodevoltagesunderconsideration,thus
pointingto a genuinegainsaturationeffect. Theeffect is rathersmallbecausetheincidentanglein this
casewas17̈ with respectto thenormalto theanodewires.

In Fig. 14.17we presentan exampleof theevolution of the averagepulseheightsasa functionof
drift timewith respectto theincidentanglealongtheanodewires.Thesedistributionswererecordedfor
amoderategasgainof about6000.However, decreasingtheangletowardsnormalincidence,thesignal
getsprogressively attenuatedasfunctionof drift time. This is aclearsignatureof thegasgainsaturation,
which is a local effect. Whenspreadingtheprimaryelectronsalongtheanodewire, theeffect becomes
lessandlessimportant.Simulationsconfirmthis interpretation(seeChapter4). Notethat thesignalin
theamplificationregion (thepeak)is independentof theangle(thereis no relative normalizationof the
datafor differentangles),sincetherearenoprecursoravalanchesthatcanscreenit.

In Fig. 14.18we presentthesummaryof theabove effects.Theratio Qd/Qais plottedasa function
of theincidentanglealongtheanodewiresfor threevaluesof gasgain,separatedby factorsof 2.35.The
variationof theratio with theangleis very pronouncedfor smallangles,while a saturationis reachedat
largeranglesdueto thelocality of thescreening,asmentionedabove. Theratio hasa strongervariation
for largergains,asexpected.As we will show in Section14.3.6thegasgainsaturationis affecting the
pion rejectionperformanceof thedetector. Dueto theseeffects,we envisageto operatethechambersat
thelowestpossiblegasgain(around5000).
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14.3.3 Pion and electron distrib utions

In thissectionwepresenttypicaldistributionsfor pionsandelectronsfor amomentumof 1.0GeV/cand
afibre radiator. Unlessspecified,theincidentangleis 17² with respectto thenormalto theanodewires.
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Figure 14.19: Typical signalsas
a function of drift time for a pion
andanelectronfor themomentum
of 1.0 GeV/c. Note the different
scaleson theverticalaxes.

In Fig. 14.19we show an exampleof the signaldistribution asa function of drift time for a pion
andan electron. Hereandin what follows we areusinga time bin of 50 ns,a valuesmallerthanthat
of thefinal configurationof theTRD in ALICE. We checkedthatby increasingthetime bin from 50 ns
to 100ns theperformanceof thedetectorwith respectto thepion rejectiondoesnot change.Note the
differentmagnitudeof the two signalsand,for the electron,the big clusterat late drift time, possibly
correspondingto a TR photonabsorbedearly nearthe entranceof the DC. Detailedsimulations[11]
showed that the electronidentificationis significantlyimproved by using,alongwith the pulseheight,
thedrift time information(seebelow).

Weshow in Fig.14.20thedrift timedistributionof theaveragepulseheightsummedovertheadjacent
pads,½ PH ¾ , for pionsandelectronsin caseof afibreradiatorwith 17µm fibrediameter(thicknessX=0.3
g/cm2). For electrons(squaresymbols)thereis a significantincreasein theaveragepulseheightat later
drift times,dueto preferentialabsorptionof TR neartheentranceof theDC.Thedashedline in Fig.14.20
is the expectedpulseheightdistribution for electronswithout TR; it hasbeenobtainedby scalingthe
pion distribution with a factorof 1.45,measuredin a separateexperimentwithout radiator. Pulseheight
distributions as a function of drift time have beenreportedby other experiments[16,17,19,20]. A
decreaseof thepulseheightasafunctionof drift timewasobservedin all thosecasesandit wasattributed
to electronattachment[20]. We stressthatit is for thefirst time thattheexpectedsignalis directly seen
in suchadetector.

Thedistributionsof theintegratedenergy depositareshown in Fig. 14.21for pionsandelectronsfor
a momentumof 1 GeV/c,in caseof a 17 µm fibresradiator. ThepureLandaudistribution exhibitedby
pionsis spreadtowardshighervaluesin thecaseof electronsdueto thecontribution of theTR.

Thedistributionsof thepositionof thelargestclusterfoundin thedrift regionareshown in Fig.14.22.
Thedetectordepthis expressedherein timebin (50ns)number, wherethecountingstartsat0.75µs (see
Fig. 14.20)andincreasestowardsthe entrancewindow for a total of 32 time bins. The trendsseenin
Fig. 14.20arepresentin thesedistributionsaswell. For thecaseof electronstheprobability to find the
largestclusteris stronglyincreasingtowardstheentranceof thedetector(highertime bin number)due
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mainly to thecontribution of TR, while for pionsthereis only a slight increasewhich is dueto the ion
andpreamplifiertail build-up explainedabove. Thedistributionspresentedin Fig. 14.21andFig. 14.22
arenormalizedto thesamenumberof events.
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14.3.4 Radiator comparison

Variousradiatorsweretested:regularfoils of polypropylene(PP),matsof irregularPPfibreswith various
fibrediameters(between15 and33µm) andfoamsof differentmaterialtype: PP, polyethylene(PE)and
Rohacell(RC). Theseradiatorsspanneda large rangein densitiesandstructuralproperties,asonecan
seein Table14.1.Thequantityd quotedhereis thelineardimensionof thestructuralunit, which for the
foils meansfoil/gap thicknesses,for thefibresthediameterandfor thefoamsthetypical poresize.The
variationin total thicknessesis alsolarge,from 3 to 10 cm.

Table14.1: Thepropertiesof variousradiators.
Name Material ρ (g/cm3) d (µm)
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 Ð 75
HF71 RC 0.07 Ð 75
IG51 RC 0.05 Ð 75
HF31 RC 0.03 Ð 75
EF700 PE 0.12 800
S-HF110 RC/PP 0.086 sandwich
S-HF71 RC/PP 0.073 sandwich

To studytherelative performanceof thevariousradiatorspresentedin Table14.1we have classified
themaccordingto theequivalentthicknessinto two classes,with roughlyX=0.3g/cm2 andX=0.6g/cm2

(theradiationlengthfor somethismaterialsisprovidedin Chapter3). Themeasurementsaresummarized
in Fig.14.23in termsof theratiobetweentheaveragepulseheightof electronsandpions, Ñ PH Ò eÓ Ñ PH Ò π,
as function of detectordepth. The detectordepthis divided hereinto 5 zones,wherezone0 is the
amplificationregion andeachof theothersis a quarterof thechamber’s drift region (drift time between
0.75and2.35µs in Fig. 14.20).Thenumberinggoesfrom thecathodewire planetowardstheentrance
of theDC. In this representation,a betterrelative performanceof theradiatoramountsto a higherratio
betweenelectronandpion pulseheight,while the increasetowardsthe entranceof the detectorgives
informationaboutthecharacteristicsof thespectrumof theTR. Thecaseof no TR would producea flat
distribution atabout1.45for themomentumof 1 GeV/c.Thesemeasurementswereperformedusingthe
Xe,CH4 (10%)gasmixture.

Themostimportantconclusionfrom Fig. 14.23is thatthefibre radiatorsexhibit performancescom-
parableto thatof radiatorswith foils, beingonly slightly worse.Takinginto accountthatthefoil radiators
aresignificantlylighter thantheotherradiatorsin bothcases(with X=0.22g/cm2 andX=0.5 g/cm2, re-
spectively), our conclusionis in agreementwith previous studies[17]. The fibreswith lower density,
fibres20,produceslightly moreTR comparedto themoredenseones,fibres17.In a separatestudywe
have foundthatthefibrediameterinfluencestheTR yield only marginally. Radiatorscomposedof fibres
with 17 and33 µm diametershow similar TR performancefor thesamedensityandthickness.We note
that in a previous measurementit was found that the momentumdependenceof the pion rejectionis
influencedby thefibre diameter[23].

Theperformanceof thefoamsis comparableto thefibresonly in thecaseof thelight PPfoam,RG30.
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However, in this casethe10 cm thick radiatoris a seriousdisadvantage(at leastfor theALICE TRD).
The morepacked versionof the samematerial,RG60,producessignificantly lessTR (furthermore,it
is thicker, X=0.36g/cm2). We foundthat theRohacellfoamsHF110andWF110exhibit very different
features. Contraryto the expectations,it is the versionwith lessstructure(invisible pores),HF110,
that gives higher TR yield. The other Rohacellfoam, WF110, as well as the Ethafoam,EF700,are
basicallyexcludedasradiatorcandidates.Judgingby their apparentstructure,thesefoamswould have
beenexpectedto deliver reasonablygoodTR performance.Their low TR yield maybetheconsequence
of a higherabsorptiondueto their chemicalcompositions.In particular, especiallyconcerningtheir TR
spectra,Ethafoamswereestablishedearlyonaspromisingcandidatesfor radiators[18]. Notethatit was
foundthatevenPEfoil radiatorsexhibit poorTR performance[17], presumablydueto a low TR yield.
In general,similar resultsconcerningthe relative comparisonof differentradiatormaterialshave been
obtainedin otherexperiments[17,21,22].

After thefirst stepof selectingthebestcandidatesfor a radiator, wehaveextendedourstudytowards
findingamorerealisticradiatorthatwouldsatisfyboththeTR performanceandthemechanicalstability
requirements(seeChapter3). We have investigatedsandwichradiatorscomposedof 17 µm fibresand
Rohacellfoams.Theresultsarepresentedin Fig. 14.24,wherewe comparetheratio of electronto pion
pulseheightsasfunctionof drift zonefor sandwichradiators(S-X) andfor pureRohacellfoamsandpure
17 µm fibre radiators.A measurementwithout radiatoris included.This comparisonis donefor a fixed
geometricalthicknessof 4.8 cm. The purefibre radiatorhasa thicknessof only 4 cm, to allow direct
comparisonto our previous measurements.Thesandwichescontain3.2 cm of fibresbetween2 sheets
of Rohacellfoamsof 0.8 cm each. The detectiongaswasXe,CO2 (15%). It is evident that all cases
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understudyyield verysimilarTR performance,essentiallybecauseof theirdifferentdensitieswithin the
constraintof thesamethicknesses(with theexceptionof purefibresradiator, asmentioned).

14.3.5 Pion rejectionperformance

The distributionspresentedin Fig. 14.21andFig. 14.22have beenusedasprobability distributions in
simulationsaimedat determiningthepion rejectionfactorfor theproposedconfigurationof theALICE
TRD. To extract thepion rejectionfactorwe have studiedthreedifferentmethods:i) truncatedmeanof
integratedenergy deposit,TMQ; ii) likelihoodon integratedenergy deposit(seeFig. 14.21),L-Q [23];
iii) two-dimensionallikelihoodon energy depositandpositionof the largestclusterfound in the drift
regionof theDC (seeFig. 14.22),L-QX [19].

For acertainenergy depositEi in layeri, Pâ Ei ã eä is theprobabilitythatit wasproducedby anelectron
andPâ Ei ãπä is the probability that it wasproducedby a pion. The likelihood(to be an electron),L, is
givenby:

L å Pe

Pe æ Pπ ç (14.2)

where

Pe å
N

∏
i è 1

Pâ Ei ãeä ; Pπ å
N

∏
i è 1

Pâ Ei ãπäêé (14.3)

Weassumethatthesix layershaveidenticalperformanceasrepresentedby themeasureddistributions
of Fig. 14.21andFig. 14.22andthatthereis nocorrelationbetweenthelayers.Both thetruncatedmean
(the truncationis doneby excluding thehighestvalueof the integral energy depositamongthe layers)
andthe likelihooddistributions(Eq. 14.2)wereconstructedover thesix layersfor thesamenumberof
simulatedpion andelectronevents.Cutson electronefficiency wereimposedon thesedistributionsand
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thepion efficiency wasderivedwithin thesecuts.We notethatanothermethod,“clustercounting” [25]
is widely used,in particularfor “fine grained”TRDs like thoseusedin ATLAS [26] and in HERA-
B [27]. As it wasshown in [17,19] andasour own simulationshave demonstrated[11], the likelihood
on integratedchargegivesbetterpion rejectionthantheclustercountingmethod.
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Figure 14.25: Pion efficiency asa function of electronefficiency determinedwith truncatedmeanon energy
deposit(TMQ), likelihoodon total energy deposit(L-Q), two-dimensionallikelihoodon chargedepositandDC
depth(L-QX).

Theradiatorusedfor thesestudiesis composedof purefibreswith 17µm diameterandthedetection
gasis Xe,CH4 (10%). In Fig. 14.25we presentthepion efficiency (the inverseof the rejectionfactor)
asfunction of electronefficiency (90% electronefficiency is the commonlyusedvalue) for the beam
momentumof 1 GeV/c.Thethreemethodsintroducedabovearecompared.Thetruncatedmeanmethod,
althoughit delivers sizeablyworseidentification,hasthe advantageof beingvery easyto use,being
advantageousespeciallyfor an on-line identification. The bidimensionallikelihood delivers the best
rejectionfactorandwill bestudiedfurtherin orderto optimizethefinal detectordesign.As emphasized
earlier[19], theuseof FADCs to processthesignalsin a TRD canimprove thepion rejectionpower by
up to a factorof 2. In general,the threemethodsemployed heregive resultsin goodagreementwith
earlierstudies[17,19].

By doublingtheequivalentthicknessof theradiatorfrom X=0.3 g/cm2 (left panelof Fig. 14.25)to
X=0.6 g/cm2 (right panel)onegainsa factorof about2 in pion rejectionpower. However, asdiscussed
before,it remainsto beseenhow theadditionalmaterialwill influencetheperformanceof theTRD itself
andwhetherit canbetoleratedby otherALICE subdetectors.

Thepionefficiency at90%electronefficiency asafunctionof momentumisshown in Fig.14.26.The
steepdecreaseof pion efficiency at momentaaround1 GeV/cis dueto theonsetof TR production[23,
24]. Towardsour highestmomentumvalue,2 GeV/c,thepion efficiency reachessaturation,determined
by theTR yield saturationandby therelativistic riseof thepion. Dueto theseeffectsthepion rejection
is expectedto getslightly worsefor momentaabove 3 GeV/c[16,17,23,28].

As onecanseein Fig. 14.26,at momentaaround2 GeV/c the pion rejectionfactorof 300 to 500
achievedduringthesetestsis above therequiredvaluefor theALICE TRD. However, onehasto bearin
mind thatasignificantdegradationof TRD performancehasbeenregisteredwhengoingfrom prototype
teststo realdetectors[30]. This is theeffect of detectorloadsin amultiparticleenvironment,asdemon-
stratedfor our caseusingsimulations(seeSection11.5). On theotherhand,impressive pion rejection
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factorsof 1000andabove have beenachievedin full sizeTRDsby NOMAD [24] andHERMES[29].

14.3.6 TR performanceasa function of incident angle

As shown above (Section14.3.2),thedetectorperformancedependson the incidentanglewith respect
to the anodewires. Becauseof the higherenergy depositin caseof the electrons(electronsareat the
Fermiplateauin theenergy loss),they will suffer from strongergasgainsaturationthanthepionsand
this will expectedlyaffect the pion rejectionperformance.The radiatorusedfor thesestudiesis the
S-HF71sandwichandthedetectiongaswasXe,CO2 (15%). In Fig. 14.27we show theelectron-pion
performanceasfunctionof the incidentangle.The ratiosof pulseheightsasa functionof thedetector
depthareshown in the left panel. Onecanseetheexpecteddegradationof theseratiosasthe incident
angleapproachesnormalincidence.This translatesinto adegradationof thepionrejectionperformance,
asshown in theright panel.TheL-Q methodwasusedto obtainthesepion efficienciesextrapolatedfor
6 layers.ThesandwichradiatorS-HF71hasbeenused,for themomentumof 1 GeV/c. Thegasgainof
thechamberwasabout7000.

A highergasgainobviously contributesto a strongerdegradationof thepion rejectionperformance
asseenin Fig. 14.28,wherewe presentthedependenceof thepionefficiency at90%electronefficiency
asfunction of incidentangle. Threevaluesof the gasgain arecompared,increasingfrom about7000
by a factorof 2.35 for each100 V of the anodevoltage. The momentumis 1 GeV/c andthe radiator
is the sandwichS-HF71. While at the lowestgasgain the degradationin pion rejectionis about30%
from 17ð to normalincidence,for thehighergainsthesituationis considerablyworse.Almost a factor
of four worsepionrejectionis observedfor thehighestgainatnormalincidence.Onecannoticethatfor
incidentanglesaboveroughly10ð thereis basicallynodifferencein pionrejectionfor differentgains.As
discussedabove (Section14.3.2),thegasavalancheis a localprocessandthisexplainsalsotheobserved
dependenceof thepionefficiency asa functionof anglefor differentgains(seealsorelatedFig. 14.18).

Thedegradationof thepion rejectionperformanceasa functionof incidentanglefor high valuesof
thegasgainis animportantargumentfor operatingthedetectorsat thelowestpossiblegain.
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14.3.7 Position reconstructionperformance

In this sectionwe presentresultson thepositionreconstructionperformanceusinga singledrift cham-
ber. We studythedependenceof theperformanceon thesignal-to-noiseratio for thedatawithout any
corrections.Thenwejustify andapplycorrectionsfor thetimeevolutionof thesignalandconcludewith
a studyon the influenceof a tail cancellationtechnique,proving its suitability for our dataprocessing
chain.

Unlessspecified,for this studywe use14 time binsof 100nseach,spanningthefull drift region of
theDC. Notethat thereis anuncertaintyin assigningthebeginningof thedrift region (seeFig. 14.13).
While this influencesthevalueof the reconstructedangleof incidence,the resolutionis changedonly
marginally. In Fig.14.29wepresentanexampleof theanglefit. Thepulseheightdistributionsovereight
padsarepresentedin theleft panel.Thefit of thedisplacement(with respectto thecenterpad)for each
timebin is shown on theright panel.Theincidentanglewas17ú alongtheanodewires(acrosspads).It
correspondsto a9.2mm deflectionover the30 mmdrift length.
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Figure14.29:Left panel:thepulseheightin thedrift regionversustime bin numberon eightpads.Rightpanel:
thedisplacementfrom thecenterpadasa functionof timebin number.

In Fig. 14.30is shown a summaryof resultsasfunctionof signal-to-noiseratio, S/N. Thesignalis
theaveragepulseheightpertimebin (for thedrift regiononly) on thecenterpad,for pions.To vary S/N
weincreasedthegasgainof thedetectorby varyingtheanodevoltage.Thebeamincidencewas17ú with
respectto thenormalon thedetector, alongtheanodewires.Theupperrow presentstheaveragenumber
of pads, û Npadü , with a signalabove threshold(clusterwidth) for eachtime bin (the thresholdwas2
timesthenoisevalue)andtheaveragenumberof pointsusedfor theanglefit, û N f it ü . Wecomparethree
methodsfor thepositionreconstruction:

1. the centerof gravity using5 pads,labeledCOG5. The displacementfrom the centerof the pad
with themaximumsignal(padi) is:

x ýÿþ 2 � Pi � 2 þ Pi � 1
�

Pi � 1
�

2 � Pi � 2

Pi � 2
�

Pi � 1
�

Pi
�

Pi � 1
�

Pi � 2
� (14.4)
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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, � Npad� ; averagenumberof pointsusedfor
theanglefit, � N f it � ; angularresolution;r.m.s.of theresiduals.Themethodsusedfor thepositioncalculationare
describedin thetext.

wherePi is thesignal(pulseheightfor a giventime bin) for padi. Thethresholdis requiredonly
for thecentralpad.

2. using(for eachtime bin) formula 14.1, derived underthe assumptionof a gaussianPRF[5, 6],
labeledLOG3. For thismethodwe requirethatthreepadshave signalsabove threshold.

3. ananalyticalformulausingthemeasuredpadresponsefunction(seeSection14.2.3),labeledPRF2
[4]. At leasttwo padsarerequiredto beabove thresholdin thiscase.In casethreepadsareabove
threshold,a weightedmeanof two measurementsis used[4], sothatthedisplacementfor a given
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timebin is:

x  1
w1 � w2

w1
σ2

P

w
ln

Pi

Pi � 1 �
w
2 � w2

σ2
P

w
ln

Pi � 1

Pi
� w

2 � (14.5)

whereσP=0.6� w is theknown (gaussian)width of thePRF, w=10mm is thepadwidth andw1, w2

areweights:w1  P2
i � 1, w2  P2

i � 1 [4]. In casethesignalin oneof theneighbouringpadsis below
thereshold,thispadis not includedin thepositioncalculation.Notethatfrom thebeamdatausing
Xe,CO2 (15%), we foundthePRFto beidenticalto thatmeasuredwith Ar,CH4(10%).

As a consequenceof their specificconditions,the threemethodshave differentaveragenumberof fit
points,asseenin Fig. 14.30upperright panel.

The lower row in Fig. 14.30presentsthe position reconstructionperformance:the r.m.s. of the
residuals(distancefrom fit point to thefit value)andtheangleresolution(σ of gaussianfit). Hereagain
the threemethodsshow specificbehaviour. As expected,asa consequenceof differentsensitivities to
noisefor thethreemethodsused,theLOG3methodgivesthebestresolutionat low S/N,while theCOG5
methodis theworst case.Both theLOG3 andthePRF2methodreacha saturationfor S/N� 50, while
the COG5 methodconvergesto the sameresolutiononly at very high valuesof S/N. This saturation
of resolutionasfunction of S/N indicatethepresenceof additionalsourcesof errorsbesidesthenoise
contribution (seebelow).

Concerningtheangularresolution,thethreemethodsdiffer substantiallyonly at low valuesof S/N.
Thepoorresolutionin caseof LOG3methodis a resultof thesmallnumberof fit points(seeupperright
panelof Fig.14.30),while thePRF2methodis acompromisebetweennoisesensitivity andnumberof fit
points.Surprisingly, despitethescatterof thefit pointsfor theCOG5method,leadingto sizeablyhigher
valuesof r.m.s. of residuals,theresolutionin angleis only slightly worsethanfor thePRF2methodat
low S/N andevenslightly betterat largevaluesof S/N.

Onecannoticefrom Fig. 14.30thattheangularresolutionsaturatesat lowervaluesof S/Ncompared
to the pointsresolution(r.m.s. of residuals,which we shall denoteasσy). This hints to a systematic
contribution to theerrorof theanglethatis investigatedbelow. Theangleresolution,σα , canbewritten
asfunctionof σy:

σα � 12
Nf it

� σy

D
(14.6)

whereNf it is thenumberof (independent)fit pointsandD is the detectordepth. For Nf it=15 over the
drift regionD=30mm,oneexpectsat thelimit of highS/Nvaluesa limiting resolutionof about1� . The
measuredvaluesof about2� aresizeablyworse.

Theangledeterminationis sensitive to theLandaufluctuationsof theenergy depositalongthetrack.
They arebiasingthevaluesof thedisplacementasa functionof drift time (andhencetheangle)via the
asymmetrictime responsefunction (TRF) of thedetector, dueto the ion tail, andof the PASA, dueto
pole/zerocancellation(seeFig.14.2,Section14.2.1).In Fig.14.31wegiveanexampleof thecorrelation
of the reconstructedanglewith theshapeof the individual signal. The left panelshows two (extreme)
cases,in which the signal is predominantlyat the beginning or at the endof the drift time (expressed
astime bin number).Thearrows mark thedrift time positionof theaveragesignal,t � Q� , for eachcase.
The right panelshows, for both cases,the displacementdistributions, alongwith the fits. Thereis a
considerabledifferencebetweenthe two cases:in caseof larger clustersat the beginning of the drift
(dots) the reconstructedangleis much smallercomparedto the casewith large clusterslater in time
(squares).Hereandin thefollowing, unlessspecified,thestudiesareperformedfor a moderatevalueof
S/N� 32.

In Fig. 14.32we presentthecorrelationof thereconstructedanglewith thedrift time positionof the
averagesignal,t � Q� for samplesof eventsin caseof pionsandelectrons.Thescaleon z is logarithmic.
Theincidencewas17� with respectto thenormalto theanodewires.Pionsandelectronsshow asimilar



14.3 Beamtests 215
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Figure 14.31: Left panel: two examplesof thepulseheightin thedrift region summedup over all pads.Right
panel: thedisplacementfrom thecenterpadasa functionof time bin numberandtheresultof thefit for thetwo
eventsof theleft panel.
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Figure 14.32: The distribution of reconstructedanglevs. the positionof the meancharge depositin the drift
time, t % Q& . Theaveragevaluesareoverlayedasdots.ThePRF2methodwasusedfor thepositionreconstruction.

correlation,namelya systematicallysmalleranglein caseof eventswith largeclustersearly in time, as
illustratedin Fig. 14.31.For highervaluesof t ' Q( thereconstructedangleapproachesa saturation.The
dots in Fig. 14.32denotethe averagevaluesof the respective distributions (the errorsare the r.m.s.).
Thesevalueshave beenusedto establisha correctionfor theangle,takingasreferencethelargestmea-
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suredvalue(which is actuallythe true incidentangleof 17) ). The correctionof the angleis donefor
eachtrackindividually, asfunctionof t * Q+ . Thecorrectionis thesamefor electronsandpions.
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Figure 14.33: Angle reconstructionperformancefor pionsandelectrons,before(upperrow) andafter (lower
row) thecorrectionfor themeanchargedeposit.ThePRF2methodwasusedfor thepositionreconstructionand
theincidentanglewas17/ .

Figure14.33presentsthedistributionsof thereconstructedanglesfor bothpionsandelectrons,before
(upperrow) andafter(lower row) thecorrectionfor themeanchargedeposit.Thethicker curvesarethe
resultof gaussianfits. A clearimprovementof theangularresolution,by about1) , is seenasa resultof
thecorrection.Obviously, thecentroidof theangledistribution is alsoaffectedby thecorrection.

A summaryof the effect of the above correctionas a function of the incident angleis presented
in Fig. 14.34for both pionsandelectrons.The correctionwasdeterminedseparatelyfor eachangle.
Notice that not only the resolutionis worseprior to the correction,but alsothe reconstructedangleis
smallerthanthe realangleby severaldegrees.Thecorrectionrestorestheoriginal angleandimproves
theresolution,asseenalreadyin Fig.14.33.Thecorrectionis lesssignificantfor smallerincidentangles,
with no effectatnormalincidence(in fact,at normalincidencethereis nocorrelationof anglevs. t * Q+ ).

We turn now to a moredetailedstudyof the positionandangularresolutionasa function of the
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Figure 14.34: Angle reconstructionperformancefor pionsandelectrons,asa function of the incidentangle,
before(full symbols)andafter(opensymbols)thecorrection.ThePRF2methodwasusedfor thepositionrecon-
struction.
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Figure 14.35:Left panel:r.m.s.of residualsasa functionof incidentangle.Rightpanel:r.m.s.of residualsasa
functionof signalmagnitudefor differentincidentangles.

incidentangle. In Fig. 14.35we show a summaryof the position resolution(r.m.s. of the residuals)
asfunction of the incidentangle. The left panelshows the resolutionasa function of incidentangle,
while theright panelpresentsa differentialview of theresolution,namelyits variationasa functionof
theamplitude(thesumof thesignalover thepadclusterin eachtime bin) for the four incidentangles.
The noiselevel is about1.2 ADC channels.In the limit of large signals,resolutionsdown to 200 µm
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areachieved for normalincidence.Also in this representation,the resolutionexhibits a saturationasa
function of the signalmagnitude,however, the saturationis reachedfor highervaluesof S/N andfor
lowervaluesof theresolutionascomparedto theintegral valuespresentedin Fig. 14.30.Noticealsothe
differentamplitudedependencein theapproachto saturationasa functionof the incidentangle. Here
andfor the following resultsa look-up tablemethod(LUT) basedon theknown PRFwasusedfor the
positionreconstruction.It givesresultscomparableto the PRF2methodpresentedabove andhasthe
advantagethatit is easyto usefor positioncalculationsat thetriggerlevel (seeChapter6).

Despitethe fact that the correctionof the anglesdue to Landaufluctuationsis quite effective, a
morenaturalapproachis theso-called“tail cancellation”,namelysubtractingtheknown signaltail asa
functionof time. It canbedoneeitherat thelevel of theanalogelectronics,asit wasoriginally proposed,
usinga pole/zeronetwork [31] or at the level of the digitizedsignalby employing a digital filter [32].
In eithercase,theoperationsaretheequivalentof de-convoluting thesignalwith thefollowing transfer
function[31]:

f 7 s8:9 s ; 1< τ
s ; k < τ (14.7)
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Figure 14.36: Averagesignalsfor 55Fe sourceon center(left panel)andneighbouringpad(right panel),before
(diamondsymbols)andafterthetail cancellation(squares).

We appliedsucha deconvolution for the measureddatain the off-line dataanalysis. Fig. 14.36
shows averagesignalsfrom the 55Fe sourceon the centerpad(left panel)andon a neighbouringpad
(right panel)beforeandafterthedeconvolution with thefunction14.7. Onecanseethat thelong tail is
cancelledquiteaccuratelyfor thechosensetof parameters(k > τ, whereτ is expressedin time binsof
10 nseach).Thevaluesτ=1.0µs,k=1.67werefoundto provide theoptimumangularresolutionandare
usedin thefollowing studies.

In Fig. 14.37we presentanexampleof theaveragepulseheightasfunctionof drift time for pions,
before(left panel)andafter(right panel)thetail cancellation.Two effectsof thecancellationareseen:i)
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 impliesthenecessityto work athighergasgainin orderto compensatefor thesignal
loss.

In Fig. 14.38wecomparetheangularresolutionfor theoriginal data(upperleft panel),afterthet ? Q@
correction(upperrightpanel)andafterthetail cancellationalgorithm(lowerpanel).For thisinvestigation
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Figure 14.37: Averagepulseheightasfunctionof drift time for pions,before(left panel)andafter(right panel)
thetail cancellation.

the amplificationregion was includedin the anglefit, amountingto additional3 time bins of 100 ns
each. Despitethe fact that the drift velocity is not constantin the amplificationregion, cleanclusters
contribute thereto a betterangleresolutionfor the uncorrecteddata,comparedto the casewhenonly
the drift region wasused(seeprevious Fig. 14.35andbelow). Differentmethodsof dataanalysisare
comparedin Fig. 14.38: i) 17 points(time samplesof 100 ns each)areusedfor the fit (this is closest
to the configurationof the final detector);ii) 33 samplesof 50 ns arefitted; iii) 160 samplesof 10 ns
(ourhighestsamplingresolution)eachareused;iv) 160samplesareused,but thefit pointsareweighted
by ther individual pulseheights. For the last two casesin additiona cut on the clusterwidth (in the
pad direction) is used,to minimize the contribution of δ-rays. The different ways of analysisshow
little differencesin caseof bothuncorrectedandt B QC -correctedcases,but in caseof thetail cancellation
analysis,asexpected,a finer time samplingclearly leadsto a betterangleresolution. Overall, the tail
cancellationleadsto angularresolutionsbelow 1D for all the incidentangles,sizeablybettercompared
to the t B QC correction. Note that at the lowest incident anglethe tail cancellationamountsto a small
degradationof theangleresolution,mainlyasa resultof thedegradationof theS/N ratio.

In Fig. 14.39we summarizetheS/N dependenceof theposition(left panel)andangle(right panel)
resolutionfor 17D incidence,usingvariouscorrections.Theuncorrecteddata(crosses)arecomparedto
thevaluesafter the t B QC correction(dots)andafter the tail cancellation(squares)for 14 fit pointsin the
drift region. Obviously, the t B QC correctiondoesnot affect thepoint resolution(thedotsareoverlapping
the crosses),but actsonly on the angularresolution. Conversely, the tail cancellationis affecting the
point resolutionaswell andthis translatesinto a betterangularresolution. The trianglesindicatethe
tail cancellationmethodfor the caseof including the amplificationregion into the fit. For this last
casethe S/N value is improved for a given gasgain. However, for the samevalueof S/N, the point
resolutionsuffersadegradation,presumablyasaresultof non-constantdrift velocity in theamplification
region. This is reflectedin the angularresolution,wherethe improvementis lessthanexpectedfrom
thescalingto thenumberof fit points(a factorof 1.16improvementcomparedto theratio 17/14=1.21).
Onecannoticethat theapproachtowardssaturationfor increasingS/N is differentfor thevariouscases
presented,essentiallythe correctedvalueshaving a moreaccentuateddependenceof S/N, asexpected
afteressentiallyremoving thesystematic(dominant)contributions.

Finally, in Fig. 14.40we show the distribution of the time of the first electronarrival, t f ir st , as a
function of the position acrossthe anodewires, y, measuredwith the Si-strip detectors. The 5 mm
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Figure 14.38: Angle reconstructionperfor-
manceas function of the incidentangle,before
correction(upper left panel),after the t E QF cor-
rection(upperright panel)andafter thetail sub-
traction (lower panel). Dif ferent methodsof fit
arecompared,asdescribedin thetext.

periodicityreflectsthewire pitch. Thevariationof thearrival timewithin onedrift cell is theresultof the
isochronityvariationdueto thefield configuration.Whenexploitedin a padgeometrystaggeredacross
theanodewires (in the realdetectorz direction,alongthebeam),the informationon t f ir st canprovide
a positionaccuracy muchbetterthanthewire pitch. This featurecanbeanimportantconstraintfor the
TPCtrackingandmayalsobeusedfor its absolutedrift calibration.
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Figure 14.39: Position(left panel)andangular(right panel)resolutionasa function of S/N for datawithout
correction(crosses),after the t M QN correction(dots)andafter thetail cancellation(squares)for 14 fit pointsin the
drift region. Thetrianglesdenotethetail cancellationmethod,but includingtheamplificationregion into thefit.
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wires,measuredby theSi-stripdetectors.
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14.4 Work in progress

New prototypeswererecentlybuilt with padsbothof chevrontype(w=10mm,l=60mm)andrectangular
(w=7.5mm, l=80 mm). To have a similar padresponsefunction, theanode-cathodegap(h) is 2.5 mm
in caseof chevron padsand3.5mm for therectangles.Theanodewire diameteris 20 µm. To facilitate
a fastexchangeof differentpadplaneson the samedetectorbody, thesenew prototypeshave smaller
dimensions:25U 31 cm2. Two wire configurationsfor thecathodeplanewererealized,with 5 mm and
2.5 mm wire pitch. In bothcaseswe useda staggeredgeometry(seeChapter 4). Photographsof both
thechevron (left panel)andrectangle(right panel)padplanesareshown in Fig. 14.41.Theseprototypes
were testedwith an 55Fe sourceand in beamat GSI in August 2001. We presentherethe detailed
measurementswith the55Fe sourceandsomeresultsfrom thebeammeasurements.

Figure 14.41:Photographsof thepadplaneswith chevron type(left panel)andrectangular(right panel)pads.

In Fig.14.42wepresentthegaincurves:theaveragepulseheightfor themainpeakof the55Fe source
asfunctionof theanodevoltage.Roughly100V higheranodevoltageis necessaryin orderto achievethe
samegasgainfor theh=3.5mmconfiguration(rectangles),comparedto theh=2.5mmcase(dots).This
is slightly lessthanthedifferencepredictedby GARFIELD [12] calculations(Section4.6,Fig. 4.17).

Notethatcomparablevaluesof thepulseheightareobtainedfor lowervoltagescomparedto thefirst
prototype(seeFig. 14.6in Section14.2.2).Theinterpolationof thecaseh=3.0mmof thefirst prototype
leadsusto concludethatroughly150V lessareneededfor thesamegasgainwhenchangingtheanode
wire diameterfrom 25 to 20 µm. In caseof the densercathodewire grid, with wire pitch of 2.5 mm
(opensymbolsin Fig. 14.42),thegasgainis slightly higherfor thesameanodevoltage,asa resultof a
betterconfinedamplificationregion.

In Fig. 14.43we presentthedependenceof the55Fe pulseheighton thedrift voltage.As a resultof
thedrift field penetratingthecathodewire grid, thegasgainis increasingasfunctionof thedrift voltage.
It is evidentthatthemagnitudeof thiseffect is differentfor thetwo cathodewire configurations.At fixed
anodevoltage,in caseof 5 mmcathodepitch (full symbols)thegasgainincreasesby almost60%for an
increaseof 1.5kV in drift voltage.For 2.5mm pitch (opensymbols)theincreaseis only 26%. Thetwo
casesof anode-cathodegapshow similar dependenceof thegasgainasa functionof thedrift voltage.
Apparently, thedifferenceon gain betweenthe two configurations(at fixed drift voltage)is higherfor
the2.5mmcathodewire pitch,asseenalsoin Fig. 14.42.
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In Fig. 14.44areshown the PRFsfor the chevron (left panel)and the rectangle(right panel)pad
planes.Wecomparethe5 mmand2.5mmcathodewire pitchandconcludethatthecathodegrid density
influencesonly marginally thePRFs.As seenalreadyin Section14.2.3(Fig. 14.7),thecalculatedvalues
do notagreewith themeasuredones.This disagreementis similar for chevron andrectanglepadplanes
andis beinginvestigatedfurther.

During thebeammeasurementsin August2001wehave performedthefollowing:

_ a relative comparisonof the positionreconstructionperformanceof thechevron andrectangular
pads.

_ astudyof sandwichradiatorsreinforcedwith carbonor glassfibre.

_ astudyof thedrift chambersperformanceasa functionof theoxygencontentin thedetectiongas.

_ we placedthedetectorsin amagneticfield of up to 0.3T, with theaim to measureLorentzangles
andto comparethepositionresolutionwith andwithout magneticfield.

While thebulk of thedataevaluationis in progress,we presentherethe resultson thestudyof the
chamberperformanceunderoxygencontamination. In Fig. 14.45we show the averagepulseheight
distributions as a function of drift time (left panel)and the pion efficiency as a function of electron
efficiency for different valuesof the oxygencontentin the rangeof a few hundredppm. From the
measurementsof the pulseheightdistributions as a function of drift time we deducedan attachment
coefficient Catt=400 atm̀ 2µs̀ 1 (seeChapter4). As seenin the right panelof Fig. 14.45, the pion
rejectionperformanceis slightly degradingfor increasingoxygencontamination.This is oneargument
to keeptheoxygenat thelowestpossiblevalue.
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Apart from the analysisof newly measureddata,ongoingwork include on-detectorimplementa-
tion of the integratedelectronicsandpreparationsfor beamtestsat CERN,wherein particulartheTR
performancefor momentaabove 2 GeV/c will be measured.Thesemeasurementsarescheduledfor
October-November2001.
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15 Massproduction

As describedin this TechnicalDesignReporta total of 18 supermodulescontainingaltogether540
individual detectorsneedto beconstructed,tested,andfinally installedin theALICE centralbarrelnot
includingspares.This taskcannotbehandledby a singleinstitution. Therefore,it is currentlyforeseen
to involve anumberof majorconstructionsitesin theassemblyof theindividualdetectorsor majorparts
thereof.

15.1 General concepts

The anticipateddesignof the readoutchambersleadto entitiesthat,onceassembled,cannoteasilybe
taken apartagain. This fact makes a high level of quality assuranceat eachindividual stepduring
constructionan essentialrequirement. Since it is currently foreseento have five major construction
sites(Bucharest,Dubna,Heidelberg, Darmstadt,andMünster),it is alsonecessaryto standardizeand
mergeall datagatheredduringconstructionin a commondatabase.To guaranteeequalstandardsin the
productionthe equipmentof the individual constructionsiteswill be standardized.This will include
equipmentof the cleanroomsfor assembly, winding machines,testgassystems,anddataacquisition
systemsbothfor opticalalignmentequipmentaswell aselectronictestingof thefinal detectors.

Anotherimportantaspectin thisdistributedproductionschemeis acentrallycoordinateddistribution
of raw materials. It is anticipatedthat all individual componentswill be acquiredthroughthe same
vendorsandwill bequalifiedin thesamefashion.Also,final stacking,alignment,andtestingof complete
supermoduleswill bedonein acentralplace

15.2 Equipment of production sites

It is anticipatedthateachproductionsiteis equippedwith:

g acleanroom

g largeflat tables

g awinding machine

g avideosetupfor opticalalignmentandmeasurements

g a testgassystem

g apulsedX-ray source

g adataacquisitionsystem

g accessto acommondatabase

g appropriatespacefor storageof raw materialsandfinisheddetectors

15.3 Database

A commondatabasefollowing the internal guidelinesof ALICE for detectordatabaseswill be used
for datastorage. The databasewill archive part numbersfor the constructionof individual detector
elementsaswell asall datagatheredduringtheindividual production,quality assuranceandcalibration
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steps.WhentheTRD comesonline,thisdatabasewill permitsretrieval of all datarelevantfor setupand
calibrationduringrunningandlaterduringoffline analysis.Theexactspecificationsfor thisdatabaseare
currentlybeingworkedoutwithin theALICE collaboration.
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16 Implementation, infrastructur e,and safety

16.1 ALICE experimentalarea

TheALICE detectorwill be installedat Point2 of theLHC accelerator. ThePoint2 experimentalarea
wasdesignedfor the L3 experiment. The main accessshaft,23 m in diameter, provides a 15h 7 m2

installationpassageandspacefor countingrooms. Thecountingroomsareseparatedfrom theexperi-
mentalareaby a concreteshieldingplug (seeFig. 16.1).Theexperimentalcavernis 21.4m in diameter
andwill bere-equippedwith a2 x 20 t cranehaving aclearanceof about3 m above theL3 magnet.The
L3 magnetprovidesan11.6m long and11.2m diametersolenoidalfield of up to 0.5 T. Theend-caps
have adoor-like construction.Thedoorframeswill supportlargebeamstraversingtheL3 magnet,from
which theALICE centraldetectorswill besupported.

Figure 16.1: Generallayout of the basicundergroundstructuresat Point 2, showing the L3 magnetand the
countingrooms.
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16.2 Implementation of the TRD detector

16.2.1 General integration considerations

TheTRD detectoris supportedby acylindrical spaceframeconstruction,whichalsoservesasasupport
for all thecentraldetectorunits. Thespaceframeis placedon large supportbeamsstraddlingthecoil
sectionof the L3 magnet.This allows for the completeassemblyof the centraldetectorunits to take
placeoutsidetheL3 magnet.Eachof the18 TRD supermoduleswill be individually supportedby two
rails attachedto the inner rings of the spaceframe(seeFig. 16.2). The servicesfor the TRD will be
supportedby separatesupportframes,which will alsoserve asaccessplatforms. The servicesupport
frameon themuon-armsidewill beinstalledasa fixedstructure,however, theservicesupportframeon
theaccessshaftside,will beinstalledonthesamerailsasthespaceframeandhavethesamediameterand
modularity(it will bereferredto asthe‘baby’ spaceframe).Themainpurposeof the‘baby’ spaceframe
is to carry theweightof all servicesof thecentraldetectors,but alsoserve asa convenientinstallation
framefor theTRD modules.

Figure 16.2: Generalview of the TRD detectorandthe spaceframeinsidethe L3 magnet.The ‘baby’ space
frameis alsopartlyvisible.

16.2.2 The spaceframe

The spaceframe is divided into 18 sectorsof 20i (following the agreedsectorizationof the central
detectors.All materialhasbeenconcentratedat the sectorboundariesand two concentricallyplaced
supportringsasindicatedin Fig. 16.3.
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Figure16.3: Generallayoutof thespaceframeshowing thegeometricalarrangementof thecentraldetectors.

The frameis supportedon two supportbeams.Therearetwo supportpointson eachbeam,which
assuresthesameverticaldisplacementof theframeandthebeamsat all supportpoints.Thehorizontal
displacementof theframeis blockedon onesideandfreeto moveon theotherside.Thesupportbeams
are12.1m long andsupportedat their extremitiesby theL3 doorstructure.Thecombinedspaceframe
andsupportbeamstructurehasbeencalculatedfor a total loadof 75 t (Ref. [1]). Thecalculationswere
basedon reducingthedeformationof any two pointson thespaceframeto a few mm andto limit the
overall verticaldisplacementto lessthan5mm.Thesecalculationsshow thatthemovementsof theTRD
supportrails canbelimited to thedisplacementsquotedin Chapter2.

16.2.3 Pre-assemblyphase

Thepresentsurfacezoneat Point2 includessufficient assemblyhall spaceto meettheALICE require-
mentsandno new hall constructionwill be necessaryfor the detectorassembly. The overall ALICE
planningforeseesa pre-assemblyphasefor the completeTRD detectorto take placein the SXL2 as-
semblyhall prior to theinstallationin theundergroundarea,asindicatedin Fig. 16.4.Thedetectorwill
be fully assembledtogetherwith thespaceframestructure.This will allow anearlypreparationof the
variousdetectorservicesandpermit the installationandaccessscenariosto be analyzedandcorrected
beforeloweringtheTRD into theexperimentalcavern.All handlingof theTRD outsidethespaceframe
will be madeusinga transportjig, which mustalsobe ableto orient themodules,suchasto align the
moduleswith thecorrespondingazimuthalposition.

16.2.4 Installation in the underground cavern

It is conceivablethatthecompletespaceframe,with theTRD detectorinstalled,is lowereddown asone
unit into theexperimentalarea,however, thepresentinstallationscenarioforeseesaseparateinstallation
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Figure 16.4: Pre-assemblyof the TRD modulesin the SXL assemblyhall at Point 2. The figure shows the
installationof a supermodule,usingthetransportjig andthebabyspaceframe.

of thesupermodulesinsidetheexperimentalarea(seeFig. 16.5). Thespaceframeandthebabyspace
framewill first be lowereddown into the experimentalareaandplacedon temporarysupportbeams
outsidetheL3 magnet.In thispositiontheTDR modulescanberelatively convenientlyinsertedinto the
spaceframeandsomepreparationof servicescanbemade.Thespaceframeis thereaftermovedinto the
final positioninsidetheL3 magnet.Alternatively, theTRD modulescanalsobeinserteddirectly into the
spaceframein thefinal positioninsidetheL3 magnet,however, this would bemorerestrictive andtime
consuming.This possibilityis importantfor maintenanceapossiblestagedinstallation.

16.3 Access,maintenanceand services

16.3.1 Accessfor maintenanceand repair

Accessfor maintenanceto thevariouspartsof theTRD detectoris relatively straightforward.All services
areconcentratedto thesideof thebabyspaceframeandareeasilyaccessiblefrom platformsplacedat
severallevels.

16.3.2 Services

TheTRD serviceshave beendescribedin a previouschapter(Chapter9). All serviceswill have to pass
throughthenarrow chicaneshapedclearance(100mm) betweenthemagnetdoorsandthedoor frames
(asshown in Fig. 16.2). In orderto install theservicesthedoorwill have to beopened,which prohibits
any furtherserviceinstallationson theabsorberside,oncetheMuonspectrometeris installed.Thebaby
spaceframewill serve asa supportfor the servicesandallow a convenientdistribution of cables,gas
tubesandcoolingtubesto thedifferentsectors(seeFig. 16.6). It is estimatedthatthetotalweightof the
servicesfor theTRD detectoris about20 t.
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Figure 16.5: Installationof theTRD modulesinto thespaceframeinsidetheALICE experimentalarea.

Figure 16.6: Conceptualroutingof services.Theservicesareattachedto theoutsideof thesupportframeand
distributedto the18 supermodules.
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Thegassupplywill comefrom theexistingsurfacebuilding, andthedistributionunitswill belocated
ontheshieldingplugin PX24. In orderto keepthelossesandcostof cableinstallationaslow aspossible
the racksfor the power supplieswill be installedascloseaspossibleto the L3 magnet.They will be
locatedatbothsidesof theL3 magnetatfloor level. In theeventof aremoving aTRD moduleall services
will have to bedisconnected.This is facilitatedby installing‘patch-panels’on thebabyspaceframe.

16.4 Safetyaspects

The TRD detectorhasbeenthe subjectof a recentInitial SafetyDiscussion(Ref. [2]). The outcome
of this ISD wasthat theconceptof theTRD detectordid not includeany majorsafetyrisks. TheTRD
detectorusesnon-flammablegasmixturesandtheabsenceof toxic, corrosive,or flammablecomponents
makestheTRD anintrinsically safedetector. Apart from theinitial constructionperiodthehandlingof
theTRD will alwaysrely on themechanicalstability of thespaceframe,which will reducetheproba-
bility of any mechanicalfailure. Theclosedvolumeinsidethedipolemagnetandthepartof theMuon
spectrometerthatpenetratesinto theL3 magnetwill beseparatelymonitoredfor bothflammablegasand
oxygendeficiency. Theaccessto theinsideof theL3 magnetwill berestrictedandregardedasaconfined
space.All constructionmaterialsandelectronicsprintedcircuit boardswill conformto theCERNsafety
InstructionTIS IS41andIS 23 concerningtheuseof plasticandothernon-metallicmaterialsat CERN
with respectto fire safetyandradiationresistance.
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17 Responsibilities,cost,and schedule

TRD organization

The ALICE TRD organizationcomprisesa projectleader, a deputyproject leader, a projectcoordina-
tor andninesections:Radiator, Read-OutChambers,Front-EndElectronics,GasSystem,Servicesand
Cooling,DetectorControlSystem(Slow Control),Simulation,Calibration,andEngineering& Installa-
tion. ThesectionFront-EndElectronicscontainstwo groups,(i) theprocessing,storageandread-outof
thedetectorsignals,and(ii) thehardwareandsoftwarepreparingthelevel 1 triggerdecision.Similarly,
the Simulationsectioncontainstwo groups,(i) simulationsof the online trackingand trigger perfor-
mance,and(ii) developmentandapplicationof theoffline software.

Radiator

Heidelberg

Project Coordinator
Johannes Wessels

Project Leader
Johanna Stachel

Heidelberg

Deputy Project Leader
Peter Braun−Munzinger

GSI

Gas SystemFront−End Electronics

Trigger

Simulation

Offline

Calibration Engineering
& Installation

Processing
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Trigger

Chambers
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    and
Cooling

Control
Detector
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TRD task force

Thefollowing personshave contributedto thework presentedin thisTechnicalDesignReport.

A. Andronic, V. Angelov, A. Anjam, H. Appelsḧauser, C. Blume, P. Braun-Munzinger, D. Bucher,
O. Busch,A. Castillo-Ramirez,V. Catanescu,M. Ciobanu,S. Chernenko, V. Chepurnov, J. de Cu-
veland,H. Daues,A. Devismes,M. Dorn, M. Eichhorn,L. Efimov, O. Fateev, Ch. Finck, P. Foka,
C. Garabatos,M. Gersabeck,P. Glässel,R. Glasow, M. Gutfleisch,J. Hehner, N. Heine,N. Herrmann,
A. Ierusalimov, M. Ivanov, M. Keller, S.Keßen,F. Lesser, V. Lindenstruth,T. Lister, S.Martens,T. Mah-
moud,A. Marin, M. Marquardt,D. Miskowiec, W. Niebur, Yu. Panebratsev, T. Peitzmann,V. Petracek,
A. Petrov, M. Petrovici, A. Radu,C. Reichling,A. Reischl,K. Reygers,M.J.Richter, I. Rusanov, A. San-
doval, H. Sann,R. Santo,R. Schicker, R. Schneider, M. Schulz,W. Seipp,S. Sedykh,S. Shimanski,
R.S.Simon,L. Smykov, H.K. Soltveit, H.J. Specht,J. Stachel,H. Stelzer, H. Tilsner, W. Verhoeven,
B. Vulpescu,A. Walte, I. Weimann,S. Wende,J.P. Wessels,B. Windelband,O. Winkelmann,C. Xu,
V. Yurevich, Yu. Zanevsky, O. Zaudtke,R. Ziegler, A. Zubarev.
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TRD TDR editorial committee

TheTRD TDR editorialcommitteewascomposedof thefollowing persons:

A. Andronic(editor),H. Appelsḧauser, C.Blume,P. Braun-Munzinger, D. Bucher, P. Foka,C.Garabatos,
N. Herrmann,V. Lindenstruth,A. Marin, V. Petracek,A. Sandoval, R. Simon,J.Stachel,J.P. Wessels

Participating institutions

Thefollowing institutionswill participatein theconstructionof theTRD detector.
j Bucharest,Romania,NationalInstitutefor PhysicsandNuclearEngineering.j Darmstadt,Germany, Gesellschaftfür Schwerionenforschungj Dubna,Russia,JointInstitutefor NuclearResearch.j Heidelberg, Germany, Kirchhoff Institut für Physik,Ruprecht-Karls-Universiẗat.j Heidelberg, Germany, PhysikalischesInstitut,Ruprecht-Karls-Universiẗat.j Kaiserslautern,Germany, FachbereichElektrotechnikundInformationstechnik,

Universiẗat Kaiserslautern.j Münster, Germany, Institut für Kernphysik,Westf̈alischeWilhelms-Universiẗat.

Responsibilities

Table17.1presentsthesharingof responsibilitiesfor theconstructionof theTRD detector.

Table17.1: Sharingof responsibilitiesfor theconstructionandinstallationof theTRD detector.

Item Institution

Radiator Münster
Readoutchambers Bucharest,Dubna,GSI,HD (PI), Münster
FEEandtrigger Bucharest,HD (KIP), HD (PI), Kaiserslautern,Münster
GasSystem GSI
DCS HD (PI)
HV, LV, cooling GSI
Overallmechanics HD (PI)

Table17.2: Globalcostof theTRD in kCHF.

Item Cost(kCHF)

Radiator 423
Readoutchambers 3057
Services(HV/LV, cooling) 1919
Frontendelectronics,trigger 7825
Gassystem 525
General 1220

Total 14969

Costestimateand resources

Whereever possiblebudgetaryindustrialquoteswereusedin the costestimateof the TRD. This was
doneespeciallyfor specialcomponentssuchas: very large printed circuit boards,chip productions,
specialfoams,andcarbonfiber materials.In thebudgetfor the readoutchambersthenumbersrely on
actualcostsfrom previousprojectsandprojectsunderconstruction(CERES/NA45,ALICE/TPC).In the
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cost for the electronicsrealisticestimatesfor chip yields andyields for mult-chip moduleshave been
considered.Thetotalcostquotedin Table17.2reflectstheamountneededto build 100%of thedetector.

The resourcesof theparticipatinginstitutionscover at present8.28MCHF of thecostsof thecon-
struction,installationandcommissioningof theTRD. Additional fundsaresoughtactively.

Construction program

The design,construction,test, and installation scheduleof the TRD componentsis summarizedin
Fig. 17.1. While it is hopedthat additionalfunds can be found in the nearfuture, the time-line for
the constructionof the TRD assumesproductionof roughly 50% of the detectors.Assumptionswith
regardto thedesignandprototypingphaseof thevarioussub-projectsarebasedon thecurrentprogress
in thesefields.

ID Name
1 1 TRD DETECTOR

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

11 5 Supermodules

12 5.1 Design & Prototyping

13 5.2 Procurement of Materials

14 5.3 Assembly of Supermodules

15 5.4 Stacking & Alignment & Final Testing

16 6 Electronics

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
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35 6.4.4 Production
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37 6.5 Readout Board
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41 6.6 GTU

42 6.6.1 Design & Prototyping
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44 6.6.3 Testing
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47 7.2 Production

48 7.3 Testing
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52 8.3 Testing

53 9 Detector Control System
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56 10.2 100% of TRD installed
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Figure 17.1: Chartof thetime-linefor theconstructionof theTRD.
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Glossary

Detectornomenclature

Module(M) oneunit of TRD (readoutchamberplusradiator)
Layer(L) 5 l M in longitudinaldirection
Stack(S) 6 l M in radialdirection
Supermodule(SM) 5 l S in longitudinaldirection

6 l L in radialdirection
Plane(P) onelayerin full azimuth,P=18 l 5 l M

Acronyms

A
ADC Analogto Digital Converter
ALTRO ALICE TPCReadout(digital chip)
ALU ArithmeticLookupUnit

B
BGA Ball Grid Array

C

CAN ControllerAreaNetwork
CMOS ComplementaryMetal-Oxide-Semiconductor
COG CenterOf Gravity
CPU CentralProcessingUnit
CTP CentralTriggerProcessor

D
DAC Digital to AnalogConverter
DAQ DataAquisition
DAQC DataAcquisitionControl
DC Drift Chamber(alsousedfor DirectCurrent)
DCOM DistributedComponentObjectModel
DCS DetectorControlSystem
DRAM DynamicRandomAccessMemory

E

ENC EquivalentNoiseCharge
EOS ElectricalOver-Stress
ESD ElectrostaticDischarge
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F
FADC FlashAnalogto Digital Converter
FEE FrontEndElectronics
FIFO First In FirstOut
FF Flip-Flop
FPC FlatPrintedCircuit
FPGA FieldProgrammableGateArray
FWHM Full Width Half Maximum

G

GND Ground
GRF GlobalRegisterFile
GTU GlobalTrackingUnit

H
HBM HumanBody Model
HLT High Level Trigger
HTTP HyperText TransferProtocol
HMPID High MomentumParticleIdentificationDetector
HV High Voltage

I
I2C Inter-IC
IP InternetProtocol
ITS InnerTrackingSystem

J

JCOP JointControlProject
JTAG JointTestAction Group

L
L0 Level-0 (trigger)
L1 Level-1 (trigger)
L1A Level-1Accept
L1R Level-1Reject
L2 Level-2 (trigger)
L2A Level-2Accept
L2R Level-2Reject
LHC LargeHadronCollider
LN2 Liquid Nitrogen
LSB LeastSignificantBit
LTU LocalTrackingUnit
LUT Look-UpTable
LV Low Voltage
LVDS Low VoltageDifferentialSignal
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M
MBS Multi BranchSystem(DAQ)
MCM Multi ChipModule
MIMD Multiple InstructionMultiple Data
MIP Minimum Ionizing Particle
MIPS MegaInstructionsPerSecond
MM MachineModel
MMI Man-MachineInterface
MSB MostSignificantBit
MWPC Multi-Wire ProportionalChamber

N

NMOS NegativeChannelMetal-Oxide-Semiconductor

O

OE OutputEnable
OLE ObjectLinking andEmbeding
OPC OLE for ProcessControl

P
PASA Preamplifier/shaper
PCI PeripheralComponentInterconnect
PHOS PhotonSpectrometer
PID ParticleIdentification
PLC ProgramableLogic Controller
PLL PhaseLockedLoop
PMOS Positive ChannelMetal-Oxide-Semiconductor
PRF PadResponseFunction
pRF privateRegisterFile

Q

QGP Quark-GluonPlasma

R
RAM RandomAccessMemory
RMS RootMeanSquare
ROM Read-OnlyMemory

S

SCADA SupervisoryControlAnd DataAcquisition
SIMM SingleInline MemoryModule
SMT Surface-MountTechnology
SRAM StaticRAM
S/N Signal-to-Noiseratio



T
TMU Track-MatchingUnit
TOF Time-Of-Flight(Detector)
TP TrackletProcessor
TPC TimeProjectionChamber
TPP TrackletPreprocessor
TR TransitionRadiation
TRC TriggerControl
TRD TransitionRadiationDetector
TRF TimeResponseFunction
TTC Timing, TriggerandControl

V
VDD PowerSupplyfor Digital partof FEE
VDDA PowerSupplyfor Analogpartof FEE

W
WE Write Enable


