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Abstract

We presentthedesignof theRPCdetectorsfor theLHCb Muon systemandthepresent
ideasaboutconstructionandassemblyphases.Wegive anupdatedestimateof thecosts.
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1 Introduction

In our previousnote[1] we presenteda proposalfor equippingtheouterregion of theLHCb
muondetectorwith ResistivePlateChambers(RPC).A baselinesolutionwith RPCsin regions
3 and4 of muonstations4 and5 hasbeenchosenby thecollaboration[2]. Themainpurposeof
thisnoteis to presentadetaileddesignof theRPCdetectorsfor LHCb to supporttheTechnical
DesignReportfor theMuon System[3]. Someof theneededinformationhasbeenextracted
from testsperformedafterthesubmissionof theproposal;this is discussedin thenext section.
We alsopresentmoredetailedconsiderationsaboutconstructionandassemblyphases,andan
updatedestimateof thecosts.

2 Updated tests of prototype performances

In this sectionwe describefurther teststhat have beendoneon prototypesto answerto the
mainquestionsleft openin Ref. [1]. Theseconcernthechoiceof a baselinesolutionfor the
front-endelectronicsandthepossibilityof readingout thechamberswith widerpick-upstrips.

2.1 Front-End electronics

In Ref.[1] wepresentedtwopossibilitiesfor thereadoutchip: theGaAsbasedsolutionadopted
by ATLAS and the BiCMOS basedchip developedby CMS. Unfortunatelythe production
processonwhich theformersolutionwasbasedbecamein themeanwhileobsolete,ruling out
sucha possibility. A few BiCMOS chipswerekindly madeavailableto usby theCMS-Bari
group.

2.1.1 The BiCMOS front-end chip

Thepropertiesof theCMS readoutchip [4] aresummarizedin Table1. The front-endCMS
ASIC chip hasbeendesignedand manufacturedin the 0.8µm BiCMOS technology. The
circuit compriseseightchannels,eachconsistingof anamplifier, azero-crossingdiscriminator,
a mono-stableanda differentialLVDS line driver. A block diagramfor the singlechannel
is shown in Figure1. The preamplifierhasan input impedanceof about15Ω at the signal
frequencies.Sucha low valuefor the input impedancehasbeenchosento matchthe lowest
value of the characteristicimpedanceof the CMS strips, and is closeto the characteristic
impedanceof our 6cmwide strips(13Ω).
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Figure 1 Single-channelblockdiagramfor theCMSfront-endchip [4].
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Table 1 Nominalpropertiesof theCMSreadoutchip.
Technology 0.8µm BiCMOS
Dimensions 2.9� 2.6mm2

Input Impedance � 15 Ω
InputPolarity negative
DynamicRange 20 fC – 20pC
ThresholdRange 20 fC – 500fC
ChargeSensitivity � 1 mV/fC
PreampBandwidth 116MHz
EquivalentNoiseCharge 4fC
Outputpulsewidth 50ns– 300ns
Outputlevel LVDS
Powersupply +5 V, GND
Powerconsumption � 45 mW/channel

2.1.2 Calibration and test

Testandcalibrationof the chips,mountedon the first versionof the Front-EndBoard (see
Section3.4),havebeenperformedasfollows. Thechannelundertesthasbeenfedwith asignal
of variableamplitudeVin througha capacitorof Cin=1.8 pF connecteddirectly to the input
terminalon the FEB. Measuringthe efficiency of the chip to producea signalasa function
of Vin allows the determinationof the effective thresholdVeff, correspondingto the charge
Veff � Cin. We havealsomeasuredthearrival timeof thechip responsewith respectto a trigger
signalalsoprovidedby thegeneratorof thetestpulse;in thiswaythejitter of thechipresponse
couldbemeasured.

A typical resultfor thresholddeterminationis shown in Figure2, top: theslopeat thepoint
wherethe efficiency crosses0.5 is a measureof the amplifier noisewhich is of the orderof
2 fC, in agreementwith thespecificationsfrom theBari group.

Theaveragethresholdcalibrationovertheeightchannelsof oneof thetestedchipsisshown
in Figure3, top-left, asa function of the nominalthresholdvalue. The minimum/maximum
variationateachpointareshown aserrorbars,giving visuallyanideaof theuniformity within
thechip. This is givenquantitatively in the middlepart of the figure,wherethe RMS of the
eightchannelsis shown for theeffective thresholddeterminations;thespreadover thechip is
of theorderof 5%of themeanvalue.

Thebottom-leftplot in Figure2 shows a typical resultfor themeasuredjitter, theRMS of
which is of theorderof 0.15ns.TheRMSof meanjitter asafunctionof thenominalthreshold
is shown in Figure3, bottom-left.Theuniformity is within 0.35ns,which is negligible when
comparedto the time resolutionof thesystem.Thethreeplotson theright of Figure3 show
theuniformity amongthesix chipstestedinsofar.

For thefutureweplanto automatizeandspeed-upthetestprocedureusingareadoutsystem
whichshouldallow to testa significantsampledfractionof thetotal amountof chips.

2.1.3 Radiation hardness

The 0 	 8µm BiCMOS technologyis not intrinsically radiationhard. However, the radiation
dosesexpectedduringoperationof theLHCb detectorarerelatively small: about10 Gy/year.
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Figure 2 Exampleof resultfrom chip calibrationat a nominalthresholdof 100mV. Top: efficiency
asa functionof theinputsignaldefiningVeff . Bottom: arrival timeof thechip response.

TheCMS collaborationhasperformeda testusingphotons(1.7Gy) andfastneutrons(70 Gy
equivalent)andfoundno performancemodification[5].

2.2 Testbeam measurements

2.2.1 RPC with BiCMOS electronics

TheBiCMOS chip hasbeendesignedto readout thedouble-gapRPCchambersof theCMS
experiment.TheCMSchambersdiffer from theonesproposedfor LHCb in termsof thelayout
of thereadoutplaneandthecompositionof thegasmixture(no SF6 in CMS).To assessif the
BiCMOSchipis suitedfor ourneeds,wehavemeasuredtheefficiency andclustersizeof areal
RPCchamberreadoutwith BiCMOSelectronicsin theX5 beamfacility. For thispurposewe
equippeda50 � 50 cm2 singlegapRPCwith 16channels,readingthesignalspicked-upon16
stripsof dimensions3 � 25 cm2. Thesestripswereterminatedaccordingto their characteristic
impedanceof about27Ω. This RPCis referredhereafteras“BiCMOS RPC”. As a reference
we alsomeasuredin thesameconditionsa RPCof thesamesizeequippedwith thesocalled
“standard”electronicsusedfor our previous tests. The strip length on this referenceRPC
was50 cm. For practicalreasonstheeffective thresholdsweredifferent:about120fC on the
referenceRPC,about180fC for theCMS electronics.

Theresultsof thetestareshown in Figure4. Thetopplot showstheefficiency asafunction
of theappliedvoltage;theplateaustartsat highervoltagesfor theBiCMOS RPCbecauseof
thehigherthreshold.Themiddleplot shows the relationbetweenclustersizeandefficiency,
which is not expectedto dependon the thresholdvalue. Finally the bottomplot shows the
clustersizeasfunction of the positionwherethe particlecrossesthe strip. Herewe seethat
theBiCMOS RPChassmallerdirectcrosstalk (thepeaksnearthestrip bordersarenarrower)
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Figure 3 Testof a front-endchip (left column):averageeffective chargeasa functionof thenominal
threshold(top; theerrorbarsindicatetherangeof variationof theeightchannels);RMS of theresults
of theeightchannels(middle);RMSof themeanarrival timesof theeightchannels(bottom).Summary
resultsfor thesix BiCMOS chipscalibrated(right column): calibrationslope(top); slopeRMS for a
thresholdof 100mV (middle);jitter RMS (bottom).

asexpectedfrom a higherthreshold.On the contrary, the capacitive crosstalk, measuredin
themiddleof thestrips,is similar, whereasonewouldexpectit smallerfor theBiCMOS RPC
becauseof theshorterstrips;we havenot studiedthis in detail,but thequalitativeexplanation
is basedon the fact that the capacitive crosstalk alsodependson the peakingtime andit is
expectedto belargerfor thefasterelectronics[6], whichin thiscaseis theCMSone.Thesmall
differencesbetweenthetwo setsof resultscanthereforebeunderstoodwith thedifferencesin
theappliedthresholdsandin theelectronicstiming properties.

Fromthis testwecandraw theconclusionthattheCMSBiCMOSelectronicssatisfiesour
basicrequirementsand,therefore,canbechosenasbaselinefor theRPCreadout.Depending
on theavailability, we planto testalsotheASDQ [7] andCARIOCA [8] chipsdevelopedfor
theMWPC, which potentiallyhave somenice featurethat couldallow operationof RPCsat
lower threshold.

2.2.2 Test of a RPC with 6 cm strips

Themeasurementsdescribedin [1] andin theprevioussectionhave all beendoneusing3 cm
widestripsto readout thedetectors.Thepossibilityto reducethenumberof readoutchannels
by doublingthestrip width hasbeenenvisagedandtakenasbaselinesolution([3], Table1).
Testsof thedetectorperformancewith 6 cm wide stripswerethereforeneeded.For this pur-
posea 50 � 50 cm2 single–gapRPC,oiled 1, wasequippedwith 30 cm long readoutstrips,
terminatedontheircharacteristicimpedance,which is about13Ω, i.e. half theoneof the3 cm
wide strips.Thesignalsinducedon thestripswerereadout with theBiCMOS electronics.A

1ThestandardATLAS linseedoil treatment(oil:eptane= 40:60)wasapplied.
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Figure 4 Comparisonbetweentheperformancesof two identicalchambersequippedwith “standard”
andCMS electronics:Efficiency vs appliedvoltage(top); Efficiency vs ClusterSize(middle),Cluster
Sizevs X strip position(bottom);strip sizewas30 mmfor this test.

scintillator telescopewassetupin thelaboratoryasshown in Figure5. Theselectedareawas
about6 � 6 cm2.

10x24 cm  scintillator2

50x50 cm  RPC

FE-board

19x25 cm  scintillator2

2

6x30 cm  strip

6x6 cm  scintillator2

2

Figure 5 RPCwith 6cm readoutstrips:laboratorysetupfor testswith cosmicrays.

As shown in Figure6, left, the time resolutionremainedbetterthan1 	 2ns, thereforenot
worsenedby theuseof thenew electronicsandthenew strip size. Figure6, right, shows the
darknoiserateperchannelwhich wasalwayslessthan0 	 2Hz/ cm2.

Figure7 shows the efficiency curve for two thresholdvaluesof about70 fC, 100 fC and
130fC; theefficiency in theplateauwaslargerthan97%in all cases.Theclustersizeover the
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Figure 7 Cosmicraystestof asingle-gapRPCreadoutwith 6 cmwide stripsandBiCMOSelectron-
ics: Efficiency vs. appliedvoltagefor threedifferentthresholdvalues.

beamspot, i.e. essentiallyover onestrip, hasalsobeenmeasured.An exampleis shown in
Figure8, left. In Figure8, right, themeasuredefficiency is shown asa functionof theaverage
clustersizefor two valuesof thethreshold.For comparison,therangeof valuesobtainedwith
3 cmwidestripsin thetestbeammeasurementreportedin theprevioussectionarealsoshown.
We seethat with wider stripsthe performancesin termsof clustersizearevery satisfactory
andcloseto the very bestcasewhich could be obtainedwith 3 cm wide strips. However, a
preciseassessmentof the capacitive andgeometricalcontributions to the clustersizeneeds
furthermeasurementswith testbeams,scheduledfor thenearfuture.

3 RPC detectors

3.1 System overview

A schematicoverview of theRPCsystemis givenin Figure9. Part of thereadoutchain(the
Intermediate–Boardsandthe Off–Detector–Boards)is in commonwith the restof the muon
system.All theothercomponentsshown in thefigurearespecificor havespecificrequirements
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from theRPCs.Thesewill bediscussedin thenext subsections.

3.2 Detector overview

Thechoiceof thetypeof RPCdetectoris drivenby efficiency andredundancy considerations
of the systemrequiring two independentmeasurementsof the traversingparticle per each
muonstation.This leadsto a configurationwith two detectorsperstation.We have shown in
Ref. [1] that theOR of two singlegapRPCsatisfiesthe requirementsof having a goodeffi-
ciency plateaufor anaverageclustersizebelow 2. Therefore,we have chosenasbaselinethe
configurationshown schematicallyin Figure10. Thetwo stripplanes,readout independently,
areplacedbetweenthe two gasgapsin sucha way to provide automaticallytheshieldingof
thetwo gaps.Thegraphitegroundlayerfacesthereadoutplane,aconfigurationwhichreduces
thepickupof powersupplynoise.

3.2.1 Chamber design

Thechamberphysicaldimensionsaredeterminedby the logical padsizesandtheattemptto
minimizethenumberof chambertypes.All therelevantnumbersaresummarizedin Tables1
and2, andvisually representedin Figure11. The optimizationof the Muon systemlogical
layout[9], hasled, for station4 (5), to logical padsizesof 116� 145mm2 (124� 155mm2) in
region3 andof 232� 290mm2 (248� 309mm2) in region4. Theminimalnumberof chamber
typesperstationis thenobtainedwith chambersizeswith active areaof 1391� 290mm2 and
1485� 309mm2 in station4 and5, respectively. This solutioncorrespondsto stripsrunning
vertically alongthe shortestsideof the chambers.In region 4 the stripshave the full length
(about300 mm) andarereadout at oneend. In region 3 they arecut in the middle andare
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readout at both ends,on the chamberupperandlower edges.The baselinesolutionfor the
strip width in station4 (5) is 56 (60) mm, locatedwith a pitch of 58 (62) mm andinterleaved
with narrow groundstrips of 0.5 mm. The shortnessof the strips shouldallow operation
withouttermination[6], whichwouldsimplify construction;however, thissolutionneedssome
additionaltest.Finally, in orderto furthersimplify theconstructionwe planto have thesame
gapsize for all the chambers.This is possiblesincethe active areaof the detectorcanbe
determinedby the graphitepaint, which canthereforebe adjustedaccordingto the needsin
eachstation.

To summarize,the physicaldimensionswill be the samefor all the chambersof a given
station;a differentstrip readoutis howeverneededfor regions3 and4; this makesa total four
differentchambertypes,therelevantquantitiesof which aresummarizedin Table2.

An explodedview of theRPCchamberis shown in Figure12.

3.2.2 Mechanical structure and design

The designof the mechanicalstructureis driven by the requirementsof low specificweight
( R 20 kg/m2), smalloverall thickness( R 60 mm) andrigidity of thewholesystem.

A detailedcrosssectionof thebasicchamberis shown in Figure13. EachRPCdetector
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Table 2 Relevant numbersof the LHCb muonsystemin the regionsequippedwith RPCs. Where
relevant,thehorizontaldimension,i.e. theonein thebendingplane,is givenfirst.

Physical quantities: Region3 Region4
Station4 Station5 Station4 Station5

DetectorSurface(m2) 19.3 22.1 77.4 88.3
Horizontaldimension(cm) 139 149 278 297
Verticaldimension(cm) 116 124 232 248
Numberof chambers 48 48 192 192
Chambersensitivearea(cm2) 139� 29 148.5� 30.9 139� 29 148.5� 30.9
Channelsize(cm2) 5.8� 14.5 6.2� 15.5 5.8 � 29.0 6.2� 30.9
Maximal rate(Hz/cm2) 750 650 250 190

Logical quantities: Region3 Region4
Station4 Station5 Station4 Station5

Horiz. channelsize(cm2) 69.5� 14.5 74.3� 15.5 139.1� 29.0 148.5� 30.9
Verticalchannelsize(cm2) 11.6� 57.9 12.4� 61.9 23.2� 115.9 24.8� 123.8
Padgranularity(cm2) 11.6� 14.5 12.4� 15.5 23.2� 29.0 24.8� 30.9
Numberof horizontalstrips 48 48 48 48
Numberof verticalstrips 72 72 72 72
Numberof logical channels 120 120 120 120

Table 3 Relevantnumbersfor thefour RPCchambertypes.
Type Region Station Number Sensitivearea Strip size Numberof

X � Y (cm2) X � Y (cm2) physicalchannels

4.3 3 4 48 139� 29 5.8� 14.5 48 � 2
5.3 3 5 48 148.5� 30.9 6.2� 15.5 48 � 2
4.4 4 4 192 139� 29 5.8� 29.0 24 � 2
5.4 4 5 192 148.5� 30.9 6.2� 30.9 24 � 2

Total: 480 27648
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Figure 10 Schematiclayoutof thechamberwith two independentRPCshowing thetwo gaps(RPC1
andRPC2) andthereadoutstrip assemblyin themiddle.

(Figure 14) is madeof two bakelite plates2 mm thick; the choiceof the bakelite volume
resistivity is drivenbyconsiderationsaboutratecapability;weplanto usebakelitewith volume
resistivity of (6–10)� 109 Ωcm. The bakelite is laminatedwith a thin melaminelayer on the
side facing the gas,with the purposeof reducingthe noiseby improving on the quality of
the surface[10]. The bakelite platesarekept parallel by polycarbonatespacers,10 mm in
diameter, and2 	 00T 0 	 01mmin height,positionedto form asquarearrayof 10 � 10cm2 basic
unit. The topologyfor spacerpositioningis differentin thetwo RPCsof a chamberto avoid
correlatedblind zones.A polycarbonaterectangularframe,7 mmwideandof thesameheight
andtolerancesof thespacers,is usedto closethegapon theedges.Thespacersandtheframe
arevisible in Figure13. Thecirculationof thegasis insuredby four gasinlets/outletsplacedat
thefourcornersof thedetector. They arealsomadeof polycarbonateandare3 mmin diameter.
All theseparts(bakelite plates,spacers,frame,gasin-out/lets)aregluedtogetherusingepoxy
adhesives.Externallyto thegaps,thegraphitelayerswill haveasurfaceresistivity of about100
kΩ/squareandareelectricallyinsulatedby meansof 200µm thick Polyethylene-Teraphtalate
(PET)films gluedon thegraphiteitself (Figure14).

The mechanicalrigidity of thechamberwill be insuredby an externalaluminumcaseas
shown in Figure 13. The two external panelsare madeof a light material, like expanded
polystyrene2, 40 kg/m3 density, sandwichedbetweentwo aluminumsheets,0.5 mm thick,
glued with epoxy adhesives. The overall thicknessof eachpanelwill be of about10 mm.
Thesepanelsarerigidly connectedon thesidesby shapedaluminumprofiles,2 mm thick, as
alsoshown in Figure13. Theright pressureon thedetectorgapsis insuredby polycarbonate
spacersplacedin betweenthegapsandtheexternalpanelsin correspondenceof the internal
spacers.

2We shouldmentionherethataccordingto thereportSafetyInstructions41, polystyreneis not suitedfor use
in LHC experiments.Alternativematerialsareunderinvestigation.
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Figure 11 Definition of the relevant basicunits in the stationlayout. The dimensionof the logical
stripsin region 3 arehalf of thosequotedfor region4.

3.2.3 Signal readout

As mentionedabove thestrip planesarelocatedcloseto thecenterof thewholesystem,with
their groundplanesfacingeachother. Figure15 shows anenlargedcrosssectionof thestrip
planes.To improve themodularityof thesystemandto simplify theconstructionwe planto
connectthesignalstripsandthefront-endelectronicsvia astandardconnectorasshown in Fig-
ure13. In this way thesignalgenerationpartof thechamberis electricallyinsulatedfrom the
rest,aconfigurationwhichminimizesandstabilizesthenoiseof thechambers.Weareconsid-
eringthefeasibility (in termsof costanddielectricproperties)of printing thestrip/micro-strip
configurationonaFR4layer, 0.8mmthick,whichwouldthenbegluedona3.2mmthick plate
madeof anexpandedfoam–like material.Thebasicstrip moduleswill look asin Figure16;
thissolutionwouldadditionallysimplify theconstructionby avoiding theuseof interconnect-
ing cablesfor theextractionof thesignal.
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Figure 12 Explodedview of theRPCchamber.

3.2.4 Integration in the LHCb muon detector

Thechoiceof having thesamephysicaldimensionsfor MWPCsandRPCshassimplifiedthe
integrationof the basicchamberin the eachmuonstation. The relevant requirementsabout
specificweightandoverall thicknessof thechambersaresatisfiedby thechoicesdescribedin
theprevioussections,andprototypesolutionsfor theoverall integrationavoiding deadspaces
and with the necessaryspacefor cablesand gaspipeshave alreadybeenpresentedby the
FrascatiandCERNgroups[11].

3.2.5 Thermal considerations

The main sourceof power dissipationof the RPCsystemis the Front-Endelectronics:the
96 channelsreadingout the chambersin region 3 will dissipateabout4 W, equivalent to 8
W/m2. This mayrequiresomecoolingsystem;sometestsof possiblesolutionsareplanned.
Furthermore,thepowerdissipationin theRPCdetectoritself is nota priori entirelynegligible.
Assuminganaverageparticleflux of Φ̇0 U 375HzV cm2 (Region 3), thecurrentdensityturns
out to beJ WYX 10 nA V cm2 or 100µA V m2. At 10 kV thepower Z dissipatedin thegasof the
RPCgapis about1 W/m2.

Thetemperatureriseof thesystemdueto thedissipationof Z canbeestimatedasfollows.
Undertheassumptionthat themolarspecificheatis cp U 4R, the temperatureriseof thegas
persecondis givenby

˙[ U Z
n4R

X 0 	 3 K V s
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Figure 13 Chambercrosssection:Al-polystyreneexternalpanels(1); HV contacts(2); RPCdetec-
tors (3); 3M connectors(4); polycarbonatespacers(5); strip planes(6); shaped-aluminumexternal
profiles(7). Dimensionsarein mm.
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Figure 14 RPCdetectorcrosssection. The insulatingfoil andthe resistive layersarenot to scale.
Dimensionsarein mm.

(heren X 0 	 01 is the numberof moles). Thereforethe gaswill rapidly go to thermalequi-
librium with thebakelite andthesurroundingstructure.Takinginto accountthethermalcon-
ductivity of thebakelite (κb=0.2W/(m K)) andof theexpandedfoamlayers(κp=0.029–0.042
W/(m K)) weobtainfor thetemperatureriseof thedetectors

∆T d oCefXgZ d
κp

X 0 	 34 oC h

d beingthethicknesof thebakelite layer. Therefore,evenin themostpessimistichypothesis
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Figure 15 Crosssectionof thestripplanes.

Figure 16 Printedcircuit for stripplanes.

that the heat is dissipatedby convection only, the rise of the systemtemperatureis rather
modest3.

3.3 Considerations about linseed oil treatment

It is well known thatdepositinga thin layerof linseedoil on thebakelitesurfacehastheeffect
of improving the characteristicsof the surface,andhelpsin reducingthe noiseandthe dark
currentof theRPC.This happenspartly becauselinseedoil hasa largerconductivity thanthe
bakelite.

3We havecross-checkedthiswith thehelpof thecalculatorprovidedin Ref. [12].

16



Thetreatmentof thebakeliteplateswith linseedoil wasrecentlymuchdebatedin theRPC
community. Thiswastriggeredby theproblemsfacedby BABAR [13], whichwereattributed
to high-temperatureoperationcoupledwith improperoil polymerization:in a “sticky” layer
the oil can form “stalagmites”becauseof electrostaticattraction,that caneventuallyshort-
circuit thegapmakingtheRPCstopworking.

Sincetheoil is appliedwhenthegapis assembledandsealed,quality controlof thelayer
is verydifficult. Thereforeit wouldbepreferableto avoid theoil treatment,which wouldalso
simplify theconstructionof thedetectors.However, this will unavoidably increasebothdark
currentsandnoise.

The increaseddark currentwill result in extra ageing. In orderto control this effect, the
dark currentshouldbe kept below the currentdueto the flux of real particlestraversingthe
detector(seeTable2). Consideringasacceptableanextra-ageingof 25%(referredto chambers
in Region3),RPCswithoutoil treatmentwill beconsideredaviablesolutionif thedarkcurrent
densitycanbekeptbelow 3 nA V cm2 or 30 µA V m2. Assumingthattheaveragechargeof the
noisehits is 30 pC this correspondsto a maximumnoiserateof 100 Hz/ cm2 per RPCgap,
which is well below therateacceptableby thetrigger(seeFigure 17).

Preliminarystudiesperformedby the CMS collaborationwith non-oiledchambers[14]
have shown thatwith themelaminetreatmentof thebakelite platesit is possibleto reachfull
efficiency keepingthenoiselevel below 50Hz/ cm2.
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Figure 17 Effectof loweringof singlegapefficiency (top)andRPCnoise(bottom)on triggerperfor-
mance.Threevaluesof minimum-biasretentionareconsidered.

A testof RPCswithout linseedoil treatmentis planned,in orderto assessif thesedetectors
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canbeusedin theexperiment.

3.4 Front-End Board

Thepurposeof Front-EndBoard(FEB) is to housetheelectronicsthatproducesthesignalsfor
high level processing.TheFEBswill bedirectlypluggedon thedetectorsidebeingreadout.

Thestructureof theFEBshasnotyetbeenfrozen.TheFront-Endarchitecture[15] requires
that part of the logic statesaremoved on the detector. For this purpose,a new chip called
DIALOG (DIagnostics,time Alignment and LOGics) is being developed,the functionality
of which comprisesthe possibility to adjustthe timing of eachsinglechanneland to make
different ORand,for debuggingpurposes,AND combinationsof theinputsignals.At present
stagetheDIALOG foresees16 LVDS inputswith four ORingor ANDing possibilities:3 r 8
channels( OR8,AND8, 2 outputs),6 r 4 channels( OR4,AND4, 4 outputs),12 r 2 channels(
OR2,AND2, 8 outputs).

Thenumberof physicalchannelsin thecaseof RPCsis 2 r 24pereachchambersidebeing
readout. Thesechannelsareprocessedby 6 readoutchipsandby threeDIALOG chips.

Two approacheshave beenconsidered.Thefirst is to have two differenttypesof boards,
onefor the readoutchipsandonefor theDIALOG boards;the latter couldpossiblybestan-
dardizedfor all thechambersin themuonsystem.The secondapproachis to have only one
boardhousingthe two differenttypesof chips. This would allow minimizing thenumberof
outputconnectors.Thetwo approachesarepresentlybeingdiscussed,andthechoicewill be
takenaftertestingonprototypes.

Theoperationalrequirementsof theCMSreadoutchipareaLV supplyof +5V andasignal
to adjustthethreshold.ThiscanbeeitheraDAC register(threeof thesearepresentlyforeseen
in the DIALOG design)or via a voltagevariablein the range0–5 V. Here againthe final
decisionwill betakenafter testingon prototypes.Thepower andthresholdsettingshouldbe
providedvia ECS.

A first prototypeof a FEB with 8 channelsonly hasbeendevelopedfor thetestchambers
andis shown in Figure18; this prototypeis designedto readout 8 strips3 cm wide, with the
channelinputsdirectly solderedon thestrips,i.e. without intermediateconnectors.This pro-
totypeimplementstheremotethresholdsettingvia additionaladjustablevoltage.Thesecond
prototype,presentlyunderdevelopment,shouldbecloseto thefinal form, housingtwo chips
andtheconnectorsto takethesignaloutof thechambers.ThisFEBwill readoutthe16signals
correspondingto 8 adjacentphysicalchannels.Thechannelsof thechipswill beassignedto
the readoutstripsin sucha way that, in the event of a faulty chip, a physicalchannelis not
completelydead.

3.5 Service systems

3.5.1 Power supply system

Power supply requirementsfor the RPC systemare relatedto the high voltage(HV) to be
appliedto thegasgaps(maximum12 kV) andthelow voltage(LV) neededto power theFEB
boards(a singlepositive voltageis required). The RPCsystemneeds960 HV and960 LV
channels.

The RPC power supply systemis madeof two main blocks: a main board(Generator
Board, GB), locatedin the countingroom, supplying48 V and managingthe remotecon-
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Figure 18 Pictureof thefirst versionof theFront-EndBoard.

trolsandmonitoring,anda remotesystem(DistributorBox, DB), locatedin theOff-Detector-
Electronicsracks,consistingof a radiationtolerantboardhostinga transformationstagegen-
eratingthehigh andthelow voltages.This schememinimizestheproblemof distributing the
high voltageover long distances,keepingat the sametime in a safeenvironmentthe main
powersupplycontrollerswhichareradiationsensitive.

TheGBsareableto supply48 V, a mediumvoltageeasyto distributeover long distances
with conventionalcables,andsupportsa communicationlink for remotecontrol andmoni-
toring purposes.The GBs areinterfacedwith the generalLHCb DCS andareplacedin the
countingroomallowing aneasyandsafeaccessto thepowersupplysystem.

The DBs representtransformationstageswherethe input 48 V aretransformedinto two
HV channelsandfour LV channels.Both theHV andtheLV channelsarefloating,allowing
a bettergroundingconfiguration. The HV channelsgive a maximumvoltageof 12 kV at
maximumcurrentof 1 mA; they can be switchedon and off and are fully programmable
from remote. The LV channelsprovide +7 V for the FEB boardsat a maximumcurrentof
1 A. They canbe switchedon andoff remotelybut arenot programmable.All the voltages
andcurrentscanbe remotelymonitoredthroughthecommunicationlink drivenby theGBs.
Thecommunicationline is optically decoupledto preserve thefloatinggroundof thevoltage
channels.

Thepower distribution representsonethemajorcontributionsto thefinal costof theRPC
system.A possibleway to reducethenumberof HV channelsis to adopta schemewerethe
two gapsin a singlechamberarepoweredby differentHV lineswhile thetwo corresponding
gapsbelongingto two adjacentchambersin thehorizontal(bending)planesharethesameHV
channel.This configurationwould allow to keepa high detectionefficiency even in caseof
failureof a high voltagechannel.With this scheme,eachDB is ableto power two chambers,
thereforereducingby a factorof two thenumberof DBsneededby thesystem.

3.5.2 Gas system

As statedin Ref. [1] we plan to operatethe RPCswith a gasmixture of tetrafluoroethane
(C2H2F4), isobutane(i s C4H10) andSF6 in theproportions95:4:1,acompositiontestedby us
andmany groups.TheC2H2F4 featureshigh densityleadingto a high primary ionizationof
about60electron-ionpairspercentimeter;thei s C4H10 insurestheright amountof quenching,
whereastheSF6 hasthepurposeto shift thestreamerregion to largeroperatingvoltagesthus
wideningtheplateau[16].

Thetotal gasvolumeof theRPCchambersis about1 m3. Thepurposeof thegassystem

19



Table 4 Gasspecificationsfor theRPCsystem.
Gasvolume t 1 m3

ConcentrationC2H2F4:i s C4H10:SF6 95:4:1
Concentrationaccuracy 0.3%absolute
O2 contamination u 1%
H2O contamination u 1%
Gasoverpressure Max 3 mbar
Purifiedgasflow rate 0.08m3/h
Maximumflow rate 0.64m3/h

is to mix thethreecomponentsto theright proportionandto distributea cleangasmixtureto
eachindividualchamberatapressureslightly abovetheatmosphericpressure( t 1 mbar).The
hydrostaticpressuredifferencesovertheheightof thesystem,measuringverticallyabout10m,
arenotnegligible comparedto therequiredoverpressure(thechosenmixturehasahydrostatic
gradientof 0.4 mbar/m);the gasdistribution systemshouldthereforebe ableto compensate
for thesedifferences.

For RPC systemsthe gaspurity requirementsare not very high. The main impurities
which mayharmtheproperfunctioningof thedetectorsareoxygenandwatervapour. Passed
experiencewith RPCsandstudiesperformedby othergroups([10, 17]) haveshown thatthese
contaminationsshouldremainbelow 1%.

Thegasspecificationsfor RPCsaresummarizedin Table3.

4 Considerations about construction and assembly

In this sectionwe describeschematicallytheorganizationof theproductionphases,from the
bakelite layersto thestockageat CERN.

4.1 Tests of the bakelite layers

The wholeamountof bakelite neededfor the LHCb RPCscanbe producedin oneweek. A
first selectionof goodplatescanbeperformeddirectly by thefirm by measuringthevolume
resistivity 4. The company will also take careof cutting the bakelite platesto the detector
dimensions.

A secondcareful selectionof the good plates,looking especiallyfor possibleartificial
surfaceroughnessof the (melamine)sidefacingthegasgap,is probablyneededandwill be
donein RomeII. Herethechoiceof the two platesfor a givengapwill bealsomade,which
will probablyrequireanew measurementof theresistivity.

4.2 RPC gap production and tests

The industrialcapabilitiesfor producingRPCdetectorsis by now well established,andthe
wholeneedof LHCb canbeproducedin a few months.Thegapswill beproducedfollowing

4TheCMSgroupdevelopedaspecialtool for amulti-pointresistivity measurements[18]; weareinvestigating
thepossibilityto usethesametool or a similaronespecificfor ourcase.
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theLHCb specifications,usingthesametechniquesdetailedin Refs.[10, 17]. Thespecifica-
tionsconcernthesizeof thegapsandof thegraphitepaintdefiningtheactivearea;thetopology
for positioningthespacers;thelinseedtreatment(if applied).Thegapgasthicknessandtheir
capabilityto standhighvoltagesin Ar or N2 will alsobetestedby theproducingfirm.

The productionof the gapswill be closely monitoredat the factory by techniciansand
physicistsbelongingto theresponsibleinstitutes.In thecasetheoil treatmentwill beneces-
sary, a procedurehasto bedefinedto control its quality. A possibilitywould beto performa
routinecheckby openingup andinspectinga certainfractionof thegasgaps(e.g.onein ten)
duringtheproductionphase.

4.3 Chamber assembly

Chamberassemblywill bedonein RomeII andFirenze.Thequalityof theproducedgapswill
becheckedatfirst by performinganautomatedI-V measurement,in parallelto about10gaps.
For thispurpose,thegapswill beequippedwith connectorsto distributethehighvoltageto the
graphitelayerandto monitor thedarkcurrent.Thetengapswill beflushedwith gasat a rate
of about3 l/h for about15 hours;sincethegapvolumeis about1 liter, this will insurethatat
leastfour volumesarechangedduringtheflushingprocedure.Thetolerancesto accept/reject
gapswill bedefinedwith thenext prototypes.Thepossibility to usea β radioactivesourceto
checktheuniformity of thechambersis underinvestigation.

Chamberswith two goodgapswill beequippedwith stripplanesandclosed,andthefront-
endboardspluggedexternallyasmentionedin Section3.2.2.At this point thechamberswill
bereadyfor thefinal testswith cosmicraysdescribedin thenext section.

Thesuccessfullytestedchamberswill beregularlyflushedandmeasuredwith cosmicrays
until they areshippedto CERNto beinstalledin LHCb.

4.4 Tests with Cosmic Rays

The final commissioningof the chambersbeforeshippingthemto CERN will be performed
throughatestwith cosmicrays.In thistestthechamberswill becharacterisedfrom thepointof
view of theirefficiency, responseuniformity, clustersizeandtimeresolution.For thispurpose
a teststationbasedonacosmicraystelescopeis goingto bebuilt in FlorenceandRomeII.

Theparametersof the teststationareto a largeextentdeterminedby the low cosmicray
rateandby themaximumnumberof channelsthatcanbereasonablyequippedandreadout.
Thestation(schematicallyshown in Figure19) will consistof a rackwhereseveralchambers
canbe placedundertestat the sametime. The trigger will consistof two planesof plastic
scintillators2 m long and60 cm wide,placedaboveandbelow thechamberstack.Thetracks
will be reconstructedwith thehelpof two additionalRPCsusedasreferencechambers.The
possibility to accomodateaniron slabat thebottomof thesystemwith thepurposeto filter a
hardercosmicspectrum,hasalsobeenconsidered.

Giventhedimensionsof thetriggerplanesandthecosmicray rate,a triggerrateof about
50 Hz is expected.In orderto testthechamberefficiency asa functionof theappliedvoltage
HV, a statisticallysignificantsampleof eventsmustbe collectedfor eachphysicalchannel
andHV value.Thestrategy to determinetheefficiency-HV curve hasnot beenoptimizedyet.
However, with the6-chamberconfigurationshown in Figure19 eachphysicalchannelseesa
cosmicrateof at least0.5Hz. This meansthattheninemonthsscheduledfor thetestsshould
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Figure 19 Testswith CosmicRays:preliminarysetupfor acosmic-rayteststation.

allow a sufficiently precisedeterminationof theefficiency-HV curve for eachchannelof the
480chambers.

Finally, the teststationwill have at least1000readoutchannels.As it is unpracticaland
too expensive to readout all thesechannelsvia commercialreadoutboards(e.g. commercial
TDCs andscalers),we have designedandbuilt a dedicatedhigh densitypattern-unitboard
describedin thenext subsection.

4.4.1 DAQ board for tests

TheDAQ boardfor testshasbeenspecificallydevelopedfor testbeamandcosmicraysmea-
surements.The block diagramis shown in Figure20. The boardimplementsthe standard
VME 6U protocolandhas64LVDS inputchannels.A commongateof programmablewidth 5

is triggeredexternally. Thenumberof hitswithin thegateperinputchannelarecountedby 24-
bit scalers.Thearrival time for eachhit within thegateis measuredby 16–bitauto-scaletime
counters.Thesefunctionsareprovidedvia a Xilinx FPGA.Up to 512khits canbestoredas
32-bitwordsin amemorybank.Thedeadtime is lessthan100ns.Theboardalsoimplements
Block–Data–TransferandJTagprotocols.

4.5 Data base

Eachchamber/gapwill be identifiedby a barcodewhich will allow to retrieve all the impor-
tant factsaboutthechamber/gap,thehistoryandresultsof all themeasurementsdoneby the
companiesandin theinstitutelaboratories,andthespecificationcurves.

5 Cost update

Thepresentestimatedconstructioncostfor a chamberof approximately0.3r 1.5 m2 is sum-
marizedin Table5.

5Two values,0.3and2.5s,arepreset.
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Figure 20 Block diagramfor theDAQ boardspecificallydesignedfor tests.

Table 5 Detail of costsfor productionof RPCchambers.

Item Qty. perchamber Unit cost Costof chamber
(CHF) (CHF)

Bakelite 2.5 m2 20 50
Gasgapsproduction 2 120 240
Strip planes 1 m2 50 50
Supportplanes 1 m2 35 35
HV Connectors 2 12.5 25
Contingency/spares 10 % 40
Mechanics,connectorsetc. 50 50
Assembly 50 50

Total 540
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Thetotal costfor the480chambersforeseenis 260kCHF including10%contingency on
theindividualcomponents.

As far asthe front-endelectronicsis concerned,the bareBari chip costsabout2.5 CHF
per channelto which the costof the boardandof the relatedcomponentshasto be added.
Assuminga total 7.5CHFperchannelweendup with about200kCHF.

Thelargestsinglecontributionto final costwill mostlikely betheHV andLV system.The
presentestimatesindicatesthatthetotal costof this systemshouldnotexceed300kCHF.

Finally, theestimatedcostof thegassystemis 160kCHF.
Theseestimatesmustbeconsideredasupperlimits.
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