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1. Summary

This proposalsupportstwo goalsintendedto advancethe the
understandingof thesystems-relatedissuesof warm-liquid calorimetryand a
detectorbasedon thattechnology:

1. The design,fabrication,andbeamtest of a largewarm-liquid calorimeter
test beammodule TBM in a "swimming-pool "configuration i.e.,
absorbersinside a liquid volume, that meetssafety,hermeticity,
hadroniccompensation,resolution,and time responserequirementsfor
an SSC detector.

2. A significanteffort to designa realistic warm-liquid calorimeter
integratedinto an SSC detector,in order to understandthe effect of the
technologyon the detectorand thephysics.

The warm-liquid calorimetryconceptis very promising,but is unproven
for use in a largecalorimetersystem. We proposea very aggressivetime scale
for constructingandtesting the TBM, while at the sametime using asmany
of the featuresthat we envisionbeing usedin an actual calorimeterfor an
SSC detector,suchas the "electrostatictransformer"readout,fine transverse
segmentationin a tower configuration,andmaterialsthat lend themselvesto
efficient massproductiontechniques.

Becauseof the very short time-scale,a major technicaland fiscal effort is
needed. Evenso, a realistic designand constructionschedulerequiresabout
14 monthsfor TBM construction,and16 mànthsto be readyfor operationin
a test-beam- that is, in early1991 if thedesignand fabricationstartsat the
beginningof fiscal year 1990. This scheduleassumesthatsomecritical
assumptionsaremadeearly in the designphaseof the TBM, beforeall of the
R&D is complete,and requiresthat significantparallelefforts be pursued,so
that unexpectedresultsin the R&D programwill not causeunacceptable
delays.

It would be mostconvenientandefficient for us to perform these
measurementsin the sametest beamMT. at Fermilabaswe areusing in
experimentT-795 the test of warm-liquid modulesstarting this winter. We
expectthat the first phaseof the run, a "proof-of-principle" will requireabout
threemonths. Improvementsand further tests might take anotherthree
months,resulting in completionin the late summerof 1991.

The other importantgoal of this proposal,longer-termin scopethree
years,is a detailedandcomprehensiveengineeringdesignstudyof a full-size
warm-liquid calorimeter. This has alreadystartedwith EG&C1 underthe
auspicesof the SSC Laboratoryandthecloseguidanceof this collaboration,
and we are planningto continuein that effort. This work is necessaryto
understandmanyof the largersystemsissues,the integrationof the partsof a
complexdetector,and the influence of engineeringdetailson the physics
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effectivenessof a detectorbasedon warm-liquid calorimetry. Becauseof the
complexityof the task,coupledwith theshort time-scalefor decisions,work
on this goal mustalsobeginin earnestin early FY90.

The advantagesof liquid ionization calorimetry arewell known - direct
collection of charge,leading to astable,well calibrated,and uniform response;
flexibility andeaseof segmentationin depthaswell assurfacearea; relatively
high resistanceto radiation;andwith the useof recentadvancesin tower
preampcapacitancematching,insensitivity to strongmagneticfields. A
vigorousR&D programpursuedworldwide in thepastfew yearshas shown
thatsomeorganicliquids at ambientroom temperatureso-called"warm
liquids" canmakeanexcellentcalorimeter. The yield of electronsby dE/dx,
theelectronlifetime, and thedrift velocity are all comparablein performance
with liquid argon. Other featuresof the warm liquids allow thedesignof a
potentiallysuperiordetector. Warm liquids requireneither cryogenic
equipmentnor thermal insulation,resultingin a simpler,more flexible, and
more hermeticdetector. Furthermore,sincewarm liquids are hydrogenous
materialsthey providea compensatedoutput, that is, a morenearlyequal
responseto electromagneticandhadronicshowers,leadingto better
resolutionandlinearity over a largeenergyrange,without having to resortto
expensiveandexotic materialsor techniques.All of these advantages
stronglysuggestthat warm liquid calorimetrymay result in a moreeffective
andlessexpensivedetector.

The R&D performedup to now has concentratedon the fundamental
propertiesof warm liquids. It is the goal of theR&D describedin this
proposalto understandthe system-relatedissuesof warm-liquid calorimetry
andhow it fits into andinfluencesadetectorandits physicsperformance.
This proposedwork is anatural extensionof thegenericR&D, andis
necessaryto reach.thegoal of understandinga total detectorbasedon warm
liquid calorimetry.

In conclusion,the immediategoal of this proposalis to providea major
systemtest of warm-liquid calorimetryby designing,constructing,and testing
a largeswimming-pooltypewarm-liquid calorimeter. The designand
constructionwill start in early fiscal year 1990 andbe completedin mid-fiscal
year1991. The beamtest will then follow andbe completedby the endof
fiscal year1991. In parallel,we will continuetheengineeringdesignof a full-
size detectorbasedon a warm-liquid calorimeterwith thehelp of EG&G, to be
completedat theendof fiscal year 1992. This programrequiresfunding of
$2 M in fiscal year1990 for the supportof theU.S. groups’ effort including
EG&G.
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2. Critical IssuesandthePresentStatusof the R&D

Someof thechallengesof bringing the warm liquid conceptto fruition can
be investigatedwith small-scaleexperimentsanddesignstudies. Much of
this R&D hasbeencarriedoutunderthe aegisof theSSC GenericDetector
R&D andis expectedto continuein thatcategory. A summaryof the work
doneto dateis presentedin this section.

2.1. Liquid Purity andLong-TermStability

Much progresshasbeenmadein the productionof high-purity warm-
liquids, particularlyTMP C9H20>andTMS CH34Si. The ionization
electronlifetime in the liquid is very sensitiveto impurities. For signal
collection to be insensitiveto modestchangesin the liquid purity, onewould
like purities correspondingto ionization electrondrift lifetimes of better than
roughly ten times thesignal shapingtime of 50 - 100 ns, that is, betterthan
about0.5 - I p.s. In this collaboration,the LBL andSaclaygroupshave
achievedlifetimes in TMP of betterthan100 j.xs and20 p.s, respectively,and
the Collegede Franceand thePenngroupsare achievinglifetimes in TMS of
about100 us and0.5 ps, respectively. The lattergroupusedvery modest
cleaningproceduresdeliberately,for R&D purposes. ThePennresultcan be
easily improvedupon. The LBL purification andfilling systemis designedto
handleTMS aswell asTMP, andthe Saclaygroupsystemcanbe adaptedfor
TMS, if necessary.Thus, liquid purification is tractable.

A relatedissueis the long-termstability of the liquid purity in a
calorimetercontainer. UA-1 hasshown2that their earlierTMP samples,with
free electronlifetimesof about15 p.s. did not suffer any reductionin lifetime
after threeyearsin theirsealedcalorimeterboxesconsistingof stainlesssteel
andceramic. This stability is much greaterthanis necessaryin the caseof a
swimming-pooltype calorimeter,sincewe plan to recirculateandrepurify the
liquid in the moduleswhenevernecessary.

With regardto choiceof liquid, mostof the R&D effort hasfocussedon
TMP ratherthanTMS, simply becauseof thesafety issue,sinceTMP hasa
much higherboiling point. However,TMS has more desirablesignal/noise
propertiesbecauseof its higher mobility. This issue,togetherwith R&D on
otherpossiblewarm liquids, will be discussedfurther in the sectionon fast
signal response.
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2.2. Radiation Resistance

The mostcomprehensivestudy in TMP andTMS to datehasbeen
performedby R.A. Hoiroyd of BNL,3 in which he exposedthe liquids to
radiationfrom an intenseCobalt-60source,up to dosesof 10 Grays i.e. 102’
Rads. Evenfor this maximumdose,only about1% of the liquid suffers from
radiolysisdecomposition. The conversionproductsare predominatelyother
saturatedand unsaturatedhydrocarbonsor silanes,which do not attach
electrons,and, therefore,do not significantly decreasethe free-electron
lifetime. The drift velocity of ionization electronsis very nearly unchanged
andtheelectronlifetime in his setupdropsfrom about60 ps to aboutonep.s
at jØ7 rads,which is still quite acceptable.The gaspressurebuildsup from
radiolysislinearly with dose. Sincetherehas to be expansiontanksto
accomidatepossibleteperaturechanges,thegasbuild up shouldnot be a
problem. In anycase,significantradiolisisoccursonly at 102’ Rads,or above,a
radiationlevel that involves only a very small portion of the calorimeterin
the very forward direction. It would take yearst. accumulatethat amountof
radiation in anypartsof thedetectorexceptthemostforward.

Holroyd estimatesthat the effect of radiation damagefrom neutronsto be
equal to or lessthangammarays. This needsto be verified empirically and
we will do soby exposingTMP to largedosesof neutronradiation, If verified,
warm liquids can performvery well evenat the most intenseradiationlevels
expectedat the SSC.

2.3. Materials Compatibility

This is oneof the most importantissues,sinceit hasa profound impacton
the designand costsof largewarm-liquid calorimeters. We know from the
UA-I experience2’4thatstainlesssteelproperly cleanedand ceramiccanbe
in long-term contactwith TMP without affecting thepurity. Unlike UA-1
however,with its small sealedTMP containersisolatedfrom theabsorbers,
we areproposinga much largercalorimeter,with a swimming-poolconcept-
- that is, with the absorberinsidethe liquid volume. This choiceis dictatedby
the desire for significantreductionin the numberof high voltage and signal
feed-throughs,easeof construction,lower costs,andbetterhermeticity. Thus,
much more needsto be known aboutthecompatibility of variousmaterials
andtheirsurfacetreatmentin contactwith warm liquids, that is, if the
neededliquid purity can be maintained. The most important additional
materialsfor which to verify compatibility are lead,aluminum,and some
flexible electrical insulationmaterial.

Beyondthe UA-t results,the work of S. Ochsenbein5indicatesthat
Vespel,a polyimide from Dupont, is compatiblewith TMS. In addition,
measurementsdoneby the LBL and Collegede Francegroupsof this
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collaboration,suggestthat copperis compatiblewith TMP andTMS. Perhaps
most important thusfar arethe very preliminary first resultsfrom Hollebeek
indicatingthat leadplatesin contactwith TMS havea small effect, if any,on
the signal over morethana five-weekperiod. If so, this meansthatbarelead
may be usedasthe passiveabsorberin the largeswimming-pooltype warm-
liquid calorimeter, If it turns out that lead is not a compatiblematerial,we
would use leadplatesclad in aluminum,if possible,or stainlesssteel,which
is known to be compatible. In eithercase,sucha warm-liquid calorimeter
would be significantly lessexpensivethanonewith uranium,and is expected
to be compensating,accordingto Wigmans.6,7Becauseof the importanceof
leadandtheshortageof time, theseresultsneedto be confirmed
unequivocallyby compatibility testprogramsbeingpursuedin parallel by
severalgroupsin the collaboration.

If the calorimetermodule walls and supportsaremadeout of aluminum
insteadof stainlesssteel, it improvesthe energyresolution,sincethereare
fewer radiation lengthsof inert material. Insulation materialsof various
kinds, particularly flexible films andcable dielectricsand coveringsrequire
immediateitudy. The studyis complicatedby thenecessityto understandthe
surfacepreparation,cleaningprocedures,and manufacturingvariationsof
the different materials.

2.3.1. A "Swimming Pool" CalorimeterPrototYpe

A small prototypecalorimeteris currentlybeingbuilt aspart of the generic
R&D programwhich consistsof a sealedvesselcontainingboth the radiator
platesand thereadoutpads. This geometryhasbeenappropriatelynamedthe
"swimming pool" design. The generalmechanicalstarting point is similar to
the SLAC SLD liquid argoncalorimeters. The pointswe wish to addressare
the following:

1. Simple and reliablemodularconstructiontechniques,
2. Electrical connectionswith minimal geometricimpact,
3. Isolationof radiatorplatesand liquid to maintainpurity,
4. Materials that can be immersedwithout compromisingthe liquid purity.

The designand constructionof the "swimming pool" electromagnetic
calorimeterprototypeis beingcarriedoutat theHarvardHigh EnergyPhysics
Laboratory. This is oneof the first attemptsto build a full-scaleprototypeof
sucha design.

An electromagneticcalorimeter,becauseof its compactnessandeaseof
testing,is themostappropriatestartingplace. Thedesignfeaturesa sealedbox
containing25 layersof radiatorplatesandionizationgaps. A cutawayview of
thisdevice is shownin figure 1. It is subdividedinto 16 towerseachwith two
depthsegmentations.The radiator thicknessis oneradiation length and the
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liquid gap size is 1.5 mm. The overall dimensionsfor this prototypeare20
cmby 20 an transverselyand 16 cm in depth. It is constructedusing stainless
steeland ceramicsfor thesupportandcontainmentstructure.

The prototypebox holds approximatelythreeliters of liquid, which
initiallywillbeTMP. iftests withTMParesuccessfulwe plan to trylMSina
future test. Theradiatormaterialis isolatedfrom the liquid by either plating
them or encasingthem in a stainlesssteelshell. Our intention is to
eventuallyusedepleteduraniumas the radiator,but for the first versionwe
mayuse leador tungsten.

The calorimeterstackswill be assembledunderthecleanestconditions
possible. We will bakeout thecompletedassemblybothbeforeand afterits
insertionin the liquid confining box. After this it will be flushedfirst with
ultra pure waterandthenfinally with the purified TMP. Oncewe have
observedsignalsfrom cosmicraysandsourcesand havemeasureda
satisfactorylifetime for the liquid, we plan to transportthebox to the
Fermilabtestbeam. Herewe will exposeit to electronsin theenergyrangeof
10-200CeV and will measureits energyresolutionandlinearity. The signal
characteristics,in particularthespeedandintegrationtime, will alsobe
studied.

2.4. FastSignal Responseand Signal-to-Noise.

A critical issuefor any liquid-ionizationcalorimeterusedat the SSC,
whetherliquid argonor warm liquid, is to developa fastsignal responsewith
good signal-to-noise.It is oneof the most importantparametersof a
calorimeter,and oneof themost difficult challengesfor the warm-liquid
R&D. A large fraction of theGenericR&D effort hasbeendevotedto
improving the responsetime of the warm-liquid designs. We havehad
considerablesuccessin two methodsof reducingthe responsetime and
increasingthesignal-to-noise,using higher gap voltages,andreducingthe
effectivecapacitanceby theuseof the "electrostatictransformer."

2.4.1. Ionizationcurrent and high voltage

Although most liquid ionization calorimetershavebeen usedwith slow
readout,thesignal currenthasan intrinsically fast risetime,reflectingthe
collectivedrift of chargein eachgap. The signal amplitude is proportionalto
the densityof ionization, the free electronyield, and thedrift velocity of the
free electrons. In liquid argonthedrift velocity saturatesat about5 kV/cm; in
TM? and TMS, for which thedrift velocity is nearlyproportional to the field,
thepeakcurrentis equal to that in liquid argonat 50 kV/cm and 20 kV/cm,
respectively. Sincethesignal-to-noiseration for thefast signalsrequiredat
the SSCdependson thepeakcurrentratherthan the total charge,it will be
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advantageousto operatethe warm-liquid calorimetersat higherfields than
liquid argon. An importantdevelopmenthasbeentheoperation,at LBL, of a
highly segmentedprototypeIMP calorimeter,16 towersof 64 one millimeter
gaps,at 60 ky/cm. This work anticipatestheoperationof the testbeam
swimming-poolmodule,andthe detector-calorimeterat high fields than has
beenthepracticewith liquid argon,approaching25 to 30 ky/cm.

2.4.2. The ElectrostaticTransformer

The chargetransfertime dependson the tower impedance,aswell asthe
length andimpedanceof theconnectingcable. To minimize this, it is
essentialto reduceconsiderablythe towergap capacitance,Cd. We are
developingandtestinganovel approachof gangingtower electrodesin a
combinationof seriesandparallel connectionsto reducethe overall tower
capacitancesubstantially.The arrangementwould thenactas anelectrostatic
transformer EST,8’9 so-calledbecauseit behavesfrom thepreamplifier
point of view very much thesameas a ferrite core transformer. Unlike the
ferrite transformer,the operationof theESI is unaffectedin thepresenceof a
strongmagneticfield. Thus, liquid ionization calorimeterswith EST
matchingof tower andpreampcapacitancesare especiallyadvantageousin a
strongmagneticfield.

In mostof the presentliquid ionization chambersCd is aboutfive
nanofaradswith preamplifiersof 50 2 input resistance,resulting in a charge
transfertime of about500 ns10- long comparedto SSC beamcrossingtimes
of 16 ns. By using the EST conceptwe canreducethe tower capacitanceto
about300 pF. The resultingchargetransfertime is 30 ns,and the signal-to-
noise is improvedbecauseof bettercapacitancematchingand lesspile-up.

In thewarm-liquid designit appearsthat thecablesfrom the towers to the
preamplifierscanbe keptsufficiently short that thepreamplifierscould be
placedoutsidethe liquid. Becauseof materialcompatibility,accessibility,and
reliability, this is preferableto almostany designin which thepreamplifiers
arein the liquid. However,silicon chips in ceramicpackagescould probably
bemountedin the liquid to decreasethecapacitanceof the tower-cable
combinationand speedup thecharge-transfertime. Since thewarm-liquid
haslargeheatcapacityper unit volume,thepower dissipationof the
electronicsis much lessof a problemthan in liquid argon.

The resultsof our initial studyof theelectrostatictransformerarevery
promising,and aredescribedin an article to be submittedfor publication.11
We testeda nine-towerarray,with eachtower having 10 two millimeter gaps
and a 15 an x 15 cm cross-section.We variedthe transformerratio from n=5
to n=2 by varyingthe numberof gapsin series,andmeasuredthe time
evolution of the signal and the tower-to-towercross-talk,asa function of the
spacingbetweentowers. For even themostextremecase,n=5 and 1/8"
spacingbetweentowers,the cross-talkwas acceptable.Thus,we aregreatly
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encouraged.However,muchmoreeffort andstudyneedto be madein order
to apply theconceptto the largeswimming-poolprototype. As in the
materialstudies,parallelefforts by severalgroupsof thecollaborationneedto
be pursued,to shortenthe time requiredto obtain definitive answers.

Finally, to test thefast read-outissuesit will be necessaryto developfaster
electronicsthanwe arepresentlyusing,tailoredfor theswimming-pool
prototypebeamtest. This work has considerableoverlapwith other
calorimeterR&D, particularly with the liquid argongroups12,13andwith
largesubsystemproposalson electronics14,andwe expectto avoid
unnecessaryduplicationof effort by collaboratingin theelectronic
developmentwhereverpossible.

2.4.3. OtherPossibleLiquids -

Thus far, moststudieshavebeendoneusing IMP or TMS, with mostof
theemphasison the formersince it is easierto work with becauseof its
significantly higherboiling point,122°C, comparedto 27° C for TMS. IMS
providesa bettersignal-to-noisethan IMP. Ideally, onewould like to find a
more suitablewarm liquid having a higherboiling point than IMS but with
a higherdrift velocity than IMP, andacomparablehigh free ion yield, Cfi. A
very recentstudyby Geer,et. al.15 showsthat tetramethylgermanium
TMGe andtetramethyltin IMSn are two new promisingcandidates.
Their boiling pointsare43° C and 78° C, respectively,andtheir signal-to-noise
merit figure areeachthreetimes betterthan that of IMP and15% better than
IMS, evenat the relatively low electric field of 10 ky/cm. Costestimatesas
reportedat Alabamaby Pripstein,16for large quantitiesfrom theWiley
OrganicsCo7 showthatthe costof TMGe would be abouttentimesgreater
than for IMSn, whosecostis similar to that of IMS andIMP. Thus IMSn
looks more promisingthan IMP from a performancepoint of view, has a
higher flash point than IMS, and is much lessexpensivethanTMGe. It is,
however,moretoxic than IMP, and that hasto be takeninto consideration.
Theseresultson possiblenew liquids arepreliminary. More researchon
theseliquids is necessaryto confirm the resultsin a time frame relevantfor
possibleuse in our calorimeter.

2.5. Electron/Hadrone/h Signal Compensation

Optimumenergyresolutionandsignal linearity as a function of energyis
achievedfor a hadroncalorimeterwith an electron/hadronresponseof unity
e/h=1. In his comprehensiveanalysisof hadroncalorimetry,Wigmans18
hasconcludedthat to achievethis, the propertiesof the readoutmaterialare
important, in particularthe free-protoncontentand thesaturationor
recombinationpropertiesof the ionization signal for few-MeV proton
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detection. Sincewarm liquids arehydrogenous,aslong asthesaturationis
relatively low, Wigmans19has calculatedthat onecan achievecompensation
with a reasonablecombinationof PbabsorbersandIMP or any otherwarm
liquid. We aretestinghis modelaspart of the genericdetectorR&D
program,the resultsof which will determinethe configurationof Pb and
warm-liquid in our proposedswimming-poolprototype.

2.5.1 Signal Saturation

Figure2 showsWigmans’2° predictionsof e/h asa functionof the
ionization signal saturationin IMP, characterizedby Birk’s constant,kb. It is
clear that e/h is a very sensitivefunctionof thesaturation. Recent
measurementsby somemembersof our WALIC collaboration21show that
the saturationis largefor 25 MeV protonsbutdependsstronglyon theangle
betweenthe ionizing track and theelectric field andsomewhaton the
strengthof the electric field Figs.3a and3b. Othermeasurementsby
Ochsenbein22Fig. 4 suggestthat thesaturationdecreasesfor very heavily
ionizing particlescomparedwith moderatelyionizing particles;that is, kb is
smallerfor I MeV protons than for 20 MeV protons. The two setsof results
takentogetherindicate that the averagesaturationfor hadronshowersin
TMP or ThIS would correspondto a kj, value of about0.02 gm/MeV-cm2.
Ihis is supportedby thevery recentresultsof Duhmet. al.,23who obtaineda
value of 1g., = 0.0191 gm/MeV-cm2in ThIS, from measurementswith protons
in the8 - 23 MeV region and integratingover all angles. For kb 0.02
gm/MeV-cm2Wigmans’ calculationsFig. 2 indicate thatone can havea Pb-
warm liquid compensatingcalorimeterwith a Pb-warmliquid thicknessratio
of 4/1, which is perfectlyacceptable.

2.5.2. BeamTestin the GenericDetectorR&D Program

The most direct measurementof compensationis madewith a
calorimeterexposedto beamsof electronsand hadrons. As part of our active
genericR&D program,we arenow preparinga comprehensivetest of hadron
calorimetryfor the SSC, in amajor test beamrun at Fermilabin 1990
experiment1-795. The IMP calorimeter is highly modularized,to allow for
systematicmeasurementof compensatione/h as a function of parameters
which affectshowerproduction,suchasthe ratio of passive-to-active
absorber,andtype of absorbersFig. 5. Theresultsshouldprovidesignificant
constraintson any MonteCarlo showermodel predictionsand would
thereforebe relevantfor any type of hadroncalorimeter. Of more immediate
relevance,the resultswould determinethechoiceof Pb and warm-liquid gap
thicknessesfor the compensatingswimming-pool calorimeterbeingproposed
here.
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2.6. EngineeringStudiesof a LargeHermetic Calorimeter

In orderto understandsomeof the larger systemsissuesof warm liquid
calorimetry,and how sucha calorimetermight interfacewith a realistic SSC
detector,a programwas begunin the pastyear to undertakesomepreliminary
engineeringdesignsand analysesof thewarm-liquid conceptin thecontextof
the large solenoidaldetector.

2.6.1. The Collaborationwith EG&G

A working collaborationwasformed with EG&G to designandanalyzea
warm-liquidcalorimeterintegratedinto a realistic detector. The work
concentrateson thecalorimeter,concerningitself with the otheraspectsof the
detectoronly wherethey impact thecalorimeter. The working relationshipis
onein which a few peopleat EG&C perform designstudiesunderthe
guidanceof an engineerfrom LBL, who in turn takeshis guidancefrom
regularmeetingswith a numberof peoplefrom thecollaboration,often

EG&G begantheir preliminaryengineeringdesignstudy with a setof
baselineparameters.Theseparametersevolved from thoseestablishedby the
participantsin theWarm-liquid Working Group at the SSCCalorimeter
Workshopheld in Alabamain April, 1989. The importantparametersgiven
to EG&G were:

1. Geometry- The large solenoiddetectorcalorimeterdimensionsof the
1987 BerkeleyDetectorWorkshop;24

2. Modularity - A 20 ton upperlimit on individual module weight and
the requirementfor manyseparateliquid volumes;

3. Assemblyand maintenancerequirements;
4. Otherrelevantparameters,suchas thepropertiesof TMP, a list of

materialsknown to be compatiblewith IMP/TMS, an active volume
densityof 9.2 g/cm3representingPb absorber:liquid gap: Pb tile in a
8:2:8 mm ratio, and material allowablesfrom ASME pressurevessel
code,sectionifi, weregiven aswell.

The statementof work included:

1. Createa 3-D CAD modelof the WLC supportstructureand modules,
including spacefor plumbing,signal cabling,andstructuralsupport;

2. Designand analyze,using the finite elementmethodwhereappropriate,
the overall calorimeterstructureand the individual module structures;

3. During thedesignprocessinteractivelyassessthe hermeticity,with the
qualitativeaidof the collaborators,andmodify thedesignasnecessary;
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4. Quantitativelyassessthe calorimeterresolutionand depthusing the
codedevelopedby Strovink, Womersley,and Forden;25

5. Participatein a preliminary review and evaluationof the WLC and
preparea statusreportof the designeffort.

2.6.2. A descriptionof the preliminarydesign

A plot of the 3-D solid modelof the warm-liquid calorimeteris shownin
Figure6. Theplot showsthe threeseparatebaysof thecentralcalorimeter
CC, eachbay consistingof 64 modules,32 combinedEM/inner hadronic
modules,andbehind them32 outerhadronicmodules. EachendcapEC
consistsof a monolithic electromagneticcalorimeterand 44 hadronic
modules,four to 12 in azimuth, dependingon whichof threedepthlayers is
considered.In thecentral calorimeter,washersseparatethebaysandtransfer
themoduleweight to thecalorimeterbarrel;thesewashersextendradially
inward only to theouter radiusof the inner hadronicmodulesto minimize
deadmaterialwhereit would have the greatesteffect oniesolution. In this
mannerpartidespassthroughaboutfive interactionlengthsof live material
prior to enteringthestructuralmaterial of thewashers,andso theshoweris
well pastits peakenergydepositionbeforeit encountersany significant
inactive material. Passingbetweenthesewasherpairs are the liquid fill and
drain lines, andthesignal and hi-voltagecabling. Oneof the advantageous
featuresof thiswasherstructureis that the 64 modulescan be assembledinto
baysexternalto thecalorimetersupportbarrel, which maximizesboth access
and our ability to test an assembledmodulebayprior to final placementin
thebarrel. Figure 7 showssomeof thedetailsof the moduleand washer
structureand the pertinentdimensions.

Becauseof theparticulargroundrulesgiven to EG&C, the only metallic
structuralmaterialallowed to comein contactwith the ionizing liquid is
stainlesssteel; therefore,the thinnermoduleelements,side walls and end
walls, arestainless. The thicker structuralelements,or modulestrongbacks,
consistof stainlessskins,typically 1/16" to 1/8" thick, andstructural.
aluminumto minimize mass. In many instances,this aluminum/stainless
compositewall is only marginally thicker than it would be if it were 100%
stainlessbecausestress,not stiffness,is the limiting factor.

2.6.3. Hermeticitv StudyResults

Oneof themain goalsof thedesignstudyundertakenin collaboration
with EG&G is to estimatethehermeticityof the a warm liquid calorimeter
systemenclosedin a largesolenoid. When the designhadreacheda point
whereall thestructurehadbeengiven at leasta preliminarysizing analysis,a
programwas set up to evaluatethehermeticity warm liquid calorimeter.
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Although the resultsarepreliminary,onecan seethe importanceof carefully
mergingdifferent sectionsof thedetector,minimizing walls and cracks,and
choosingthecorrectstructuralmaterials. Of particularinterestis thestriking
differencesin hermeticitybetweensteeland aluminumstructures. If we take
thealuminum-wallmodel as an attainabledesign,we concludethat a high
level of hermeticitycan be obtainedwith a warm liquid calorimeterdetector.

Theparticleraysweregeneratedfor a rangeof polar angles
pseudorapiditiesat severalfixed azimuthalangles. The pseudorapidity
rangeis shownsuperimposedon thedetectorin Figure8. Theazimuthal
angleswere chosento illustrateboth the bestandthe worst possiblecases. In
thebestcase,the ray passesthroughthemodulewithout encounteringany
walls; in theworst case,the ray passesthroughthe walls betweenmodulesat
thepeakof its energydeposition. An azimuthalslice of the 3-D CAD model is
takenand the geometryformattedasinput datafor the hermeticitycode.26 At
any azimuthalslice,particlesor raysaresteppedin polaranglein two degree
incrementsthrough thecalorimeterfrom pseudorapidityof zero through
three,with 0.2 degreeincrementalraysusedin the two washerareasof the
centralcalorimeterandcentralcalorimeter/end-capboundary,for greater
sensitivity. Rayswere tracedfrom the interactionpoint throughthe detector
along theseazimuthalslices, andthe amountand type of materialalong the
ray was recorded. Using this information it was thenpossibleto estimatethe
calorimetricenergyresolutionfor both electronsand pibns.

In thefollowing discussiontwo particularcasesareconsidered:zero
degrees,wherethe ray entersthe centerof the faceof a given calorimeter
wedge,and4.1 degrees,wherethe ray entersthecalorimeterat the interface
betweentwo modules. The designconsideredhasthe moduleboundaries
angledsothey do not projectback to thebeamaxispinwheeled. This is
illustrated in figure 9. In addition, two differentassumptionsaboutthe
compositionof the calorimeterareconsidered:a designwith stainlesssteel
module walls and compositestainless-aluminumstrongbacksand another
designtotally of aluminum.

In figures iDa through lOd thenumberof interactionlengthsof material
seenby eachray in eachcasedescribedaboveis shownasa functionof
pseudorapidity.In eachof thesub-figuresthe top curveshowsthe total
numberof interactionlengths,while thebottom curvewith crossesshows
the amountof this materialwhich is active calorimeter. The sawtooth
patternof the curvescorrespondsto the transitionsbetweenthedifferent
segmentsof the detector. Theseoccurat theouteredgeof thedetectorand
thereforedo not greatlyeffect theperformanceof the device. The numberof
active interactionlengthsaveragesin excessof tenand neverfalls below
eight, which shouldbe more than sufficient for hadronshowercontainment.

Figuresha-lid and12a-12dshowtheexpectedenergyresolutionfor 10
GeV and 100 GeV incidentparticlesrespectively. Both of thesefigures are
divided into four partsby azimuthalangle andcalorimetercompositionas in
figure 10. They-eachcontain two curvescorrespondingto incidentelectrons
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andpions. In generalthe resolutioncurvesimprove graduallyasthe
pseudorapidityincreasesandthe amountof active materialincreases.In a
morerealistic calculation,however,this effect will be offset by the increasein
the samplingthicknessat largerpseudorapidities,dueto thedecreasein the
incidentangle. Therefore,we concentrateon thestructuresthat are
superimposedon top of the gradualimprovementof resolution. For all cases
theelectronresolutionshowspeaksat pseudorapiditiesof 0.85and 1.6. As
can beseenfrom Figure8, theseare thelocationswheretheelectromagnetic
layerof the calorimeteris brokenby a wall. Not surprisingly,thesepeaksare
much worsein the caseswherethis wall is stainlesssteelthanwhen it is
aluminum. In the aluminumwall casethey arenegligible. This leads us to
theobvious conclusionthat minimizing the thicknessof the walls in
radiation lengthsbetweensegmentsin theelectromagneticlayershouldbe a
high priority.

In thepion casesthereis abroadpeak in the resolutionbetween
pseudorapiditiesof 1.4 and 1.6. In this region thepions areno longer
capturedby thebarrelmoduleandhavenotyet enteredthecentralendcap
module. Thus, they areprimarily measuredin theouter endcapmodules,
andmustpassthroughasmanyasthreewalls. This effect is enhancedat 4.1
degreesazimuthandextendsdown to a pseudorapidityof 0.8 in thestainless
steelwall caseat 4.1 degreesazimuth. In this casethepion is in the vicinity of
a modulewall for muchof its path length. This transitionregion is a difficult
one to improve, asthe thicknessof the modulewalls andsupportcylinders
has alreadybeenminimized.

In conclusion,hermeticitystudieshavebeendone for the presentdesign,
andthe 3-D CAD analysiscode hasbeenlinked to the hermeticitycodesothat
the effectof variationsin the designcan be followed. Initial studiesindicate
that the presentmechanicaldesignyields very good hermeticityperformance
comparedto liquid argondesigns.



Warm-LiquidCalorimetry Large SubsystemProposal September28, 1989 Page16

3. The LargeSubsystemR&D Programfor Fiscal Year 1990

The Large SubsystemR&D programfor thecoming yearconcentrateson
demonstratingthat warm liquid calorimetryis an excellentchoicefor the
calorimetersystemof a large,47v, SSCdetector. In thesummaryof theGeneric
R&D programwe haveshownthat the fundamentalpropertiesof warm
liquids arevery promisingin this regard. To showthat this technologyis the
right onefor an SSC detectorrequiresan extrapolationto largesystems. We
proposeto demonstratethesystemseffectivenessof warm-liquid calorimetry
by carryingout two separateactivities:

1. A beamtest of a "swimming-pool"type module
2. An engineeringdesignof a full-size warm-liquid calorimeter

integratedinto an SSC detector.

The emphasisin fiscal year1990 is on the designandfabricationof the test
beammodulemM, with the integratedcalorimeterdesignproceedingat a
lower priority. All of the tasksin this proposalarerelatedto thetwo goals
statedabove. In parallel, thereare additional R&D tasks,necessaryto the
successof this proposalthat arebeingcarriedforwardunder theaegisof the
Warm Liquid GenericR&D proposal.

By adoptingan aggressiveapproachto thework beforeus we intendto
design,fabricate,assemble,andship the TUM in 14 monthsfrom the startof
the program,so almostall of the costs associatedwith the constructionof the
ThM appearin the first year. The beamtest will takeplacein thesecondyear
of theprogram. This approachengenderssomerisks,but is preferredto a
more conservativeapproachfor threereasons:

1. Warm-liquid calorimetryis an unproventechnologyas far aslarge
systemsare concerned.In orderto be consideredasa viable possibility
for the SSC the "proof-of-principle" that we proposemustbe
accomplishedsoon.

2. A significantbeam test requiresasignificantbeam. Thescheduleof test
beamsin the U. S. is suchthat the TBM mustbe constructedquickly.

3. In a situltion wheremoneyis tight, a fastschedulereducescosts.

Accomplishingtheconstructionof the TBM in 14 monthsfrom thestart of
the programrequiresthat designdecisionsmustbe madevery early andnot
changedunlessabsolutelynecessary.It is possiblethat someof these
decisionswill haveto be madebeforethe relevantR&D is completed,and,
hencethereis a risk that R&D resultssubsequentto the startof designwill
requirechangesthat will delay the TBM test. Nevertheless,it is our
consideredopinion that the risks areworth taking, and thatjudicious
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planning canminimize the effects of changesin the expectedresults. For
example,althoughwe will haveonly onelargedesigneffort for the ThM,
therewill be other,smallerefforts that cart be consideredreasonable"fall-
back" positions. The mostobviousoneis to makeand test smallprototypes
involving different typesof radiatorplatesand cladding,anddifferent designs
of thefast-readoutsystem. Small efforts in theseareascould give us
considerableinsuranceagainstmajor delaysdue to late changes.

3.1. Test Beam Module Development.Design. andConstruction

The ThM will be a completecalorimetermodule with both
electromagneticandhadronicsections. In order to completelycontain the
showers,it will be between10 and12 protoninteractionlengthslong, and at
least40 cm x 40 cm in cross-section.It will probablybe built in threeperhaps
two separatemodules,thefront onebeing an electromagneticsectionof 20 to
25 radiationlengthsfollowed by two identicalhadronicmodulesof five
interactionlengthseach. It might be convenientto include the
electromagneticmodule with the front hadronicmodule. The stackwill be
arrangedin straighttowersin order to investigatetheeffectof tower
boundaries.The numberof towerswill be approximately64 in the
electromagneticsectionand 16 in the hadronicsections;the final numberwill
be suchas to matchthe transversetower size with the transverseshower
spread.

As describedabove,the TBM is a simpleandstraightforwarddevice,
allowing thegreatestprobability of success.At this time, we intend to usethe
electrostatictransformerconceptin its design,which complicatesthe internal
structuresomewhat. It is important to haverealistic internalstructure,since
that will influencethe performanceof the TBM, so considerabledesigneffort
will go into thestackandtowers,and theinternal supportand wiring. The
externalwiring is not so critical, however,and we do not expect at this time to
performexhaustiveR&D on feed-throughs,plumbing, recirculating
techniques,and so-forth,but to utilize alreadytesteddevicesandtechniques.
It is our belief that thesecomponentswill eventuallyhave to be designedas
an integralpartof a total detector,butpostponingthis designwork will not
effect the resultsof the ThM test.

Whetherthestack is madeof platesand files or insulatedplatescoveredby
printedcircuits is not yetdecided. Thesecondmethodappearsto be easierto
fabricateandassemble,andwould havebettermechanicalintegrity, but is
more risky in termsof compatibility becausemoreinsulationis required. At
thepresenttime we areassumingthat the type of lead we would usein a
largecalorimeteris compatiblewith warm liquids. The compatibility of these
materialsis beingverified in a parallelresearcheffort, both in the Generic
programandin this proposedprogram. Thedesignwork andsome



Warm-Liquid Calorimetry LargeSubsystemProposal September28, 1989 Page18

prototyping,also mustproceedin parallelin order to avoid unacceptable
delaysif thematerialsmustbe changed.

Oneof theaspectsof the TBM thatmustbe attackedwith vigor is a new
designof the preamplifierandshapercircuits for the tower signals,because
oneof the mostcritical parametersof any liquid ionization calorimeteris its
time response.In developingthepreamplifiersandshapers,we will rely
largelyon thework beingdoneby the liquid argon27andfront-end
electronicalargesubsystemgroups,to the extentthat their developmentsare
timely. it is not critical to havean inexpensiveandfully developed
integratedcircuit for the TBM test,asit will be for thecompletedetector,so a
preamplifier andshapermadeof standardcomponentscan be used.

Although it is in the low energypart of a showerthatthe compensationof
responseis most important,the test of the moduleshouldbe carriedout with
high-energybeams,wherethe resolutionof the calorimeteris sufficiently
good to be sensitiveto the effect. It would be mostconvenientto usethe
Fermilabtest beamMT, becausethis collaborationis using that samebeamto
performa test on warm-liquid modulesin early 1990, andhencewill be
familiar with it. It is possiblethat our schedulewill not overlapwith the
Fermilabtest-beamavailability, however,andso we areplanningto be able to
testthe TBM at CERN, if possible,or at BNL. A BNL 30 GeV testbeamis may
be high enoughin energyto test the compensationand linearity of the
module,but it is marginal. The availability of beamsat Fermilab,CERN,or
BNL is not yet known. In anycase,the energyof thebeamshouldbe tuneable
over asignificantrange,10 GeV to a few hundredGeV at Fermilabor CERN,
andshouldhavea good taggingsystemfor. electrons.

We expectto usefamiliar softwarefroth the FermilabE-795 test to run the
experimentanddo the analysis. The datacollectionand computerequipment
will be suppliedby theLaboratory. If the testis doneat CERN or BNL,
modificationswill have to be madeto accommodatedifferent equipment. In
addition,modificationsto the existing softwareto accountfor the new
module designwill have to be written. For example,thecalorimeterof E-795
is not segmentedinto transversetowers,but the plannedswimmingpool
TBM is, requiringa different analysis. It is thoughtthat this softwareeffort is
moderate.

3.2. Developmentof a Full-scale IntegratedSSC DetectorCalorimeter

In order to understandtheperformanceof thecalorimeter,it is necessary
to designit asan integral partof a completedetector. We expectthat the
warm-liquid conceptwill be part of a large,4r detectorproposalto the SSC in
the future. In themeantime,it is importantto continuedesignstudiesof the
calorimeteras it would be in varioustypesof detectors.
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The resultsof thework doneso far with EG&C is describedin summaryin
Section 2 of this proposalandin detail in AppendixA. It was basedon the
largesolenoiddesigndevelopedat the 1987DetectorWorkshopat Berkeley.29
We intend to continuethat work andexpandits scopein thecoming year,
and to thateffect a preliminaryprogramhasbeendevelopedby the
collaborationandEG&G, so that thereis no pausein the work while waiting
for actionon this proposal. That programhasnot yetbeenfinalized,nor has
it beensubmittedto the SSC for approval. It is included in AppendixA asa
draft statementof work August 29, 1989.

To summarize,we proposethat further efforts in the immediatefuture
with EG&C concentrateon the impactof the largesolenoiddetectorassembly
scheduleon thecalorimeterdesign,andthen to reassessany alternatesupport
structureconceptsstemmingfrom this work. Additionally, it is proposedthat
EG&G re-evaluatethemodulestructureandsupportasthe designprogresses
on the volume interior to themodule. Detailsof both thecentraland end-
capdesigns,including suchitems aselectrical feed-throughs,plumbing
connections,and manufacturingand assemblytolerances,will be developed
in greaterdetail.

In the longer term, we areparticularly interestedin investigatinghow a
warm-liquid calorimeterfits into a detectorwith a thin solenoid interior to
the calorimeter. Thereareseveralconceptsof detectorsbasedon interior
thin-coil magnetsbeingdiscussed.It is likely that EG&G or someotherfirm
will assistin theconceptualand engineeringdesignsand evaluationof
warm-liquid calorimetryin sucha detector. As designoptionsareeliminated
for various reasons,the engineeringwork will probe into moreand more
detail in thesurviving designs. Although it is thoughtthat thedesignwork
done in fiscal year1990 can besufficiently independentof thedetailsof a
detectorso that a numberof detectoroptions can becarried,this will not be
the caseforever. At somepoint, probablyin 1991,thewarm-liquid design
work mustbe integratedinto a particulardetectorconfiguration.

The mechanicaldesignandengineeringof the integratedcalorimetercan
be divided into themajor categoriesof overall supportstructure,module
enclosureand support,moduleinterior, andassemblyprocedures.For each
of thesethereare,of course,the tasksof integratingwith theothersystemsof
thedetector,suchas thetrackingand magnetsystems,andthe integrationof
thecalorimetersubsystems- electrical,plumbing,safety,andso forth.

One of the most importantandchallengingconsiderationsrelevantto the
overall supportstructureis theassemblyprocedure,and it servesasa good
exampleof a motivation for studying the full-size integratedcalorimeter. In
thelargesolenoidcase,for example,themagnetdesigndictatesthat the
calorimeterbe assembledinto the detectorfrom theends- slid into the
breath. The uncertaintyaboutwhetherthe magnetor the calorimeterwould
be completedfirst further complicatestheprocedure. In trying to solve this
ptoblem, EG&C and the collaborationinventeda schemein which the
moduleswereassembledinto washeroutsideof themagnet,andthenslid in
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asa largeassembly.This allowed the testingof fully assembledbaysof
calorimeterwith electricaland plumbing in place,resulting in confidencethat
thedevicewas working beforeassembly. The hermiticity studiesshowedthat
thewashersshouldnot protruderadially inward beyondtheoutsideof the
inner hadronicmodule,and the mechanicaldesignhad to take that into
account. For the small interior coils, it appearsthat thecalorimetercan be
installed asclamshellsaroundthe magnet,as it is in the CDF experiment.
This allowsexcellentaccessto thecalorimeterand othersystems,andalso
allowsan arbitraryorderof assembly. Thecalorimetermodulebayswith
their attachedmuonsteel is very heavy,however,and it will be an
engineeringchallengeto to movethem to obtain easyaccessto the
calorimeter.

Similar considerationsexistfor the modulesand the moduleinterior
assembly,and a largeamountof interestinganddifficult engineeringwork
will haveto be doneto understandthedetailsof thedetector. As this
information is generated,it must be fed into a numberof physiaassessment
efforts, wheretheeffectof designson thephysicscapabilityof thedetectorwill
be evaluated.

Finally, EC&G will aid in thepreparationof cost andscheduleestimates
for aWarm Uquid Calorimeteraspartof an integrated4it detector.
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3.3 ManpowerandEffort for theU.S. Partof the Collaboration

The precisecommitmentsof the FrenchandJapanesegroupsare still
undernegotiation. The peerreview processof their funding agenciesis
on a different schedule.

3.3.1 Manpower Commitments

Total flis
Institution Scientist by institution

Brandeis J. Bensinger 0.5

Berkeley/LBL W. Edwards 5.0
R. Jared
P. Limon
M. Pripstein
M. Strovink
T. Weber
W. Wenzel
R. Wolgast

Florida State U. J. Womersley 0.3

Fermilab D. Theriot 0.1

Harvard C. Brandenburg 2.0
S.Ceer
J. Oliver
E. Sadowski

U. of Pennsylvania B. Hollebeek 1.0
M. Newcomer
R. VanBerg
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3.3.2 Initial Division of U.S. Effort tentative

Prime Responsibility
Item by institution

l.A. Engineeringdesignand constructionof the LBL
large swimming-poolprototypecalorimeter

1.5. Designandtest prototypesof stacksfor Harvard,Brandeis,
swimming-pool module LBL

I.C. Materialscompatibility studies LBL,
U. of Pennsylvania

I.D. Fastreadoutfor TBM Brandeis,Harvard
U. of Pennsylvania

J1.A. Comprehensiveengineeringdesignof a Brandeis,Harvard,
full-size, hermeticdetectorcalorimeter Fermilab, LBL

U.S. Analytic hermeticitystudies Florida State U.

ifi. R&D on otherpromising liquids U. of Pennsylvania
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3.4. R&D CostEstimate FundingRequestedfrom SSC for Fiscal Year 1990
Supportfor U.S. groupsonly, including outsidecontractors.

Not including overhead
Total

Cost Cost
Item U.S.K$ U.S.KS

I. Large Swimming-poolCalorimeterModule

A. Engineeringdesignand construction
1. Mechanicalengineers& designers2.25FTE 200
2. Electrical andelectronicsengineering1.5 FTE 150
3. Contract mechanicalengineering 250
4. Constructionand fabrication raw materials,

assembly,large-scalecleaning 250
Total Costfor Item l.A. 851

B. Designand Testsof Stacksfor TBM.
Tower stackingand support,HV distribution,
fast-readoutstudies
1. Engineering1 FTE 100
2. Technicalsupport1 FTE 70
3. Raw materialsand assembly 100

Total Cost for Item I.B. 270

C. Material compatibility studiesspecific to the TBM
1. Construction,assembly,and

maintenanceof test cells 70
2. Test program1.5 FE tech. 105

Total Costfor Item I.C. 175

D. Readoutfor TBM
1. Fastelectronicsdesign& fabricationor purchase

of fast analogand digital electronics 100
2. Other electronicsand test equipment 50

Total Costfor Item I.D. 150

E. Purchaseof 200 liters of TMP/TMS 40 40

Total for designandfabricationof test module 1,485
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3.4. CostEstimatefor Fiscal Year 1990 continued
Total

Cost Cost
Item U.S.KS U.S.KS

II. Comprehensiveengineeringdesignof a full-
size,hermetic,integratedcalorimeter

A. Mechanicaland electricaldesign
1. Mechanicalengineering.5 FTE 50
2. Electricalengineering.5 FTE 50
3. Contractengineeringdesigneffort 250

Total for lILA. 350

B. Simulation software and 30 30
hermeticity studies

Total Costfor DesignStudyof IntegratedCalorimeter 380

ifi. R&D on otherliquids liquid costs,test cells,
purifications,etc.,beyondscopeof generic
R&D program 50 50

IV. Travel Q.

Total Costfor Item I. throughIV. Not including overhead 1,965K
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3.5. CommentsandCostEstimatefor FiscalYear 1991

The highestpriority work for the first follow-on yearwill be completionof
the assemblyof the TBM, shippingandfilling, and its beamtest. We have
estimatedthe assembly,shippingandfilling costsat $ 200 K. The designeffort
for the TBM will decreasein mid-year,but the test programwill require
additionalphysicsandtechnicalsupport

We expectthat thevarious detectorconceptswill havebecomemorefirm.
In this case,the integratedcalorimeterdesignwill becomemoredetailed,
requiring muchdeeperengineeringanalysisandphysicssimulation. The
work presentlybeingdonewith EC&G will begreatly enlarged,andbecauseof
thedetail involved,will requirenot only designengineering,but also a much
strongeranalysiseffort. The physics taskto keepup with thedetailsin the
designswill have to expand,anddetectorspecificsoftwarewill have to be
written and used. One of theengineeringtasksoften ignored,but which
shouldstartearly in the design,is the industrializationof the fabrication.
This is bestdoneby earlycontactwith companiesthat arelikely candidatesto
actually build themodules,so that they can have their input into thedesign.
Massproductionwill be necessaryif we wish to build thesedevicesat
reasonablecostin a short time, andexpertson thosetechniquesand tooling
arerequiredat theearliestpossibletime.

Our expectationis that if the R&D continuesto show successfulresults,
the manpowerof physicistsandengineers,including commercialfirms, will
approximatelydouble,in additionto the operationof amajor beamtest.
There will alsobe someexpensesassociatedwith modificationsand additions
to the TBM. A very preliminaryestimatefor fiscal year 1991 is $4 million.

3.6 Beam Requirementsfor the TBM Test

The beamrequirementsfor the TBM testarerather modest,exceptfor the
energyrangerequiredof a high-energybeam.

Intensity low a few to a few thousandper pulse

Highestenergy 250 CeV

Lowestenergy 10 GeV 5 CeVwould be better

Other Requirements:The beammusthave an electrontaggingsystem.
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FIGURES

1. A cutawayview of thesmall 20 cm x 20 cm prototype"swimming pool"
calorimeter.

2. Predictedelectromagneticto hadronice/h signal ratio asa function of
Birk’s constant,kB, for TMP calorimeterswith uranium2a or lead 2b
absorbersof various thicknesses.The liquid gapsare2.5 mm wide.
From Wigmans.3°

3. SaturationBirk’s constant,kb, in TMP 3a andTMS 3b asa function
of angle betweenthe ionization trackand theelectricfield, for various
electric fields. From B. Aubert, et. al.31

4. The free electron ionization yield normalizedto that from a minimum
ionizing electronat the samegapvoltage,parameterizedby Birk’s
constant,kb. From S. Ochsenbein.

5. Schematicof the WALIC collaborationmodularizedcalorimeterto be
usedin E-795 at Fermilabto measuree/h compensation.

6. A 3-D solid model of thecalorimeterdevelopedin theEG&G study.

7. Detailsof themoduleand washerstructurefrom the EG&G study

8. Profile of the warm liquid calorimetershowing themodule structure
- and raysat various valuesof pseudorapidity.

9. Cutawayview of two adjacentbarrel calorimetermodulesin the r-phi
plane showingrays at azimuthalanglesof zeroand4.1 degrees.

10. The numberof interactionlengthsof material in thewarm liquid
calorimeterasfunctionof pseudorapidity.Both the total materialupper
curvesand the active materiallower curvesare shown.The locations
of raysareshownby thecrosseson the lower curve. The four frames
showtheresultsat azimuthalanglesof 0 and4.1 degreesfor designswith
eitherstainlesssteelor aluminummodule walls.

11. Theenergyresolutionof thewarm liquid calorimeterfor 10 GeV
electronslower curvesandpions upper curvesasa functionof
pseudorapidity.The four framesshow the resultsat azimuthalanglesof
zeroand4.1 degreesfor designswith eitherstainlesssteelor aluminum
module walls.
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12. The energyresolutionof thewarm liquid calorimeterfor 100 GeV
electronslower curvesandpions uppercurvesas a function of
pseudorapidity.The four framesshowthe resultsat azimuthalanglesof
zeroand4.1 degreesfor designswith eitherstainlesssteelor aluminum
module walls.

13. Warm-liquid calorimeterTest BeamModule constructionschedule
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Saturation effects in TMS
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Azimuth - 0.0 - At./SS Module Structure Azimuth - 0.0 - AL Module Structure
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Azimuth - 0.0 - Al. Module StructureAzimuth - 0.0 - AL/SS Module Structure
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WLC Test Beam Module Design and Fabrication

Effort bsglns at time t=0 shown hors as Novsmb.r 1, 1989
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