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Proposal Summary
We proposeto designandengineera calorimeter for an SSC detectorbased

on scintillator as its active medium. The calorimeterwill be well matchedto the

physicsrequirements.We will addressoptimization of largescalemanufacturing

techniques.including realistic constructionscheduleandcostestimate.Our goals

include demonstratingsurvivability of the proposeddetector in ahigh radiation

environmentof the SSC.

The main advantageof scintillating calorimetry is its intrinsic speedof re
sponse. Further.modularity, easeof constructionand maintenance.hernteticitv

and a demonstratedperformancein high rate environmentsand in 1rge scale

detectorsUAL, L’A2. CDF. ZEUS.... are essentialattributesof this technology.

In addition, short and long term stability, simplicity and safety, compensation
andexcellentresolutionare attractivecharacteristicsof scintillators. Fiber based
technologyoffers fine granularity. flexibility, andthe best prospectsfor radiation
resistance.

We will pursuea broad basedexperimentalprogram.studying detectorper
formancein areassuch as energy resolution. hermeticity, electron-hadronsep
aration. andradiation hardness. In parallel. we will study manufacturingand
integration issues,as a part of a comprehensivecosting program . Where re
quired. we will pursueMonte Carlo studiesto determinecalorimeterperformance
requirements.Our threeyear R&D programwill begin with severalapproaches.

andwill gradually focus on a specific detector technology.

Our collaborationhasagreatdealof experiencewith a variety of calorimeters
using scintillator and other techniques. We proposeto begin our experimental
program by investigatingthe following approaches:

1. a single compartmentfiber basedcalorimeter.with an effective depthseg
mentation given by projective geometry

2. asegnted fiber basedcalorimeteri.e. containingan EM sectionfollowed

by a hadronicone

3. a calorimeter constructedof scintillating tiles which are readout by wave
length shifting fibers

The evaluationof theseapproacheswill be madeon the basis of experience

with prototypessomeof which are currently operatingor under construction,
as well as engineeringestimatesof the cost and manufacturabilitv of each. We
will completeanengineeredcalorimeterdesignin time for the first round of SSC
detectorproposals.

Whereascalorimetry using scintillating fibers or tiles is a well established
technology, applications to large scale, 4ir detectors are still in their infancy.
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Many of the system-wideissuesappearand can be addressedonly within the
framework of a specific detector. We have chosenas an example a solenoidal
detectorwith a coil placedinside the calorimeter. Most of the solutions appear

to be readily adaptableto other geometriescurrently underdiscussionfor an SSC
detector.

The compensationphenomenonhas received wide attention in relation to

SSC calorimetry. The calorimeter designs we are considering involve various
compensatingcombinationsof lead, iron. andscintillator. We note the scarcity

of experimental information on this subject, in particular for inhomogeneous
absorbersandsegmentedcalorimeters. In addition to test-beammeasurementson
our prototype calorimetermodules,we proposeto makea dedicatedexperiment
to addressthe issue of compensationin compositestructures.

Therearesomepotential problemswith this typeof calorimetrywhich needto
be thoroughlyexamined.The principal onesarethe radiationhardness,themain
tenanceof the calibration at the level of i% andthe total costof the calorimeter

including readout. Recentprogressin radiation hardnessof scintillators suggest
that a calorimeter using this technologywill survive in the SSC environment,
while developmentsin calibration techniquesimply that the strict requirements
can be met. Our preliminary estimateof the total systemcost indicatesthat the
scintillator calorimetry is very competitive. AU theseimportant questionswill
be addressedin detail as part of our researchprogram
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I. A SCINTILLATOR CALORIMETER
DETECTORFOR THE SSC

1.1. PHYSICS MOTIVATION AND REQUIREMENTS

Experimentationat the SSC requiresthe measurementof leptons andjets

with a precisionthat allows determinationof the underlyingkinematicsof multi
ThY collisions in terms of elementaryconstituents. This requiresidentification
and energy measurementof photons,electrons,muons, quark and gluon jets.

andneutrinos. At the SSC calorimetricmeasurementof particle energyis more
accuratethanis momentummeasurementin a magneticfield. In additionto high
precision,detectorsmust have a fast responseand rapid cycle time so that they
canfunction properlyat thehigh eventrateat the SSC.Working in concertwith
tracking andmuonsubsystems,thecalorimeterwill provideprecisemeasurements
of electrons,jets, and missing energy.

Many workshopshave exploredthe physics questionsto be investigatedat
the SSC’. All studiesagreethat a calorimeterwill be a key elementof an SSC
detector.Its chieffunction will be:

a To identify electronsand photons,and measuretheir energyand direction.

6 To measuremissing transverseenergy.

c To detect and measurepropertiesof high P1’ quark and gluonjets.

d To assist in the identificationof muonsand taus.

e To furnish fast signals for triggering on the aboveprocesses

A standardbenchmarkfor calorimeterperformanceis the productionof a
Higgs X. wherethe Higgs decaysinto a pair of W’s or Vs. andone of the V’s
or Vs decaysinto two jets. The goal is to reconstruct the intermediatevector
bosonmass’tn the jet-jet system. Severalstudieswere devotedto establishing
detectorparameterswhich areessentialfor this particularmeasurement2.These
studieslead to the conclusionthat short integrationtime is the most important
parameter,since overlay of several minimum bias events degradesthe two jet
invariant massresolutionseriouslyseeFig. 1 . Plastic scintillator calorimetry,
with an extremely fast responseseeFig. 2 , providesa very powerful pile-up
rejection.

Different physicssignalsimposesomeotherrequirementsfor calorimeterper
formance.The processt - Z ± jet.

H -. ZZ -. fluw

H- ZZ-’jjuv
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H -. WW Ivjj

are important signaturesfor Higgs physics. They demandfinely segmented
hermeticcalorimetry to measuremissing Er andjets. ProcessessuchasZ’ -L e

e and compositnesswill imposedemandson energy resolution and linearity. A

full specificationof the calorimeterparametersin termsof physicsto be studied
at the SSC is an integralpart of the work to be performedby this collaboration.

The initial goalsfor our calorimeterdesignare:

a Fast responsetailored to the 16 us repetition rate of the SSC to ensure
fast triggering,

6 Radiationresistancefor levelsexceeding10 MRad to ensureoperationfor
at least10 yearsof running at the SSC.

c Singleparticleenergyresolutionsof a/E C 50%/VT -‘- C1 for hadronsand

20%/VT -- C2 for electronspositrons andphotons,with constantterms
less than a few percent,

d Gooduniformity of response,

e Full compensationwith c/h between0.9 and 1.1,

f Jet energyresolution comparableto single particle resolution,

g Good hadron-electronseparationbetter than 1000:1,

It Fully hermeticconstructionlittle or no cracks,deadareasor hot spots,

i Finegranularity, with the electromagneticandhadronicsegmentationcho
sento matchphysicsrequirements,

j Compatibility with a central magneticfield

k Self-supportingmechanicalstructure,

1 A largesignal to noise ratio.

in Easeotconstructionandmaintenance

n long and short time stability.

It is not alwaysfully appreciatedthat aconstantterm in the fractionalenergy
resolutionwill dominateat the SSC energiesE> 100 GeV. This term usually
originates from variation in the responseat different locationsin the calorime
ter. Our prototype calorimeter tests will evaluate this term by mapping the
calorimeterresponseto electronsand hadronsat different energiesand impact
points.
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1.2. EXAMPLE DETECTOR FOR THE SSC

A designof acompletecalorimeterwill be madeafter selectionof calorimeter

technologs-. It will include issues of construction,performance,mechanicalsup
port. calibration. trigger, andread-out. New problemsmay ariseandsomeof the

solutionsadoptedfor small prototypesmay becomeunacceptablewhena global
designof the entiredetectoris attempted. Interferencewith other detectorcom
ponents.the necessityof support structures,the needfor penetrationsfor cables,
etc. may degradethe performanceof an otherwiseacceptabledetector.

Therefore,we plan to choosean exampleof a detectorand generatea full
physicsandengineeringdesignof a calorimeterfor this detector. A non-magnetic
detectorposesfar fewer constraintsthan amagneticone, and for this reasonwe
will develop a calorimeter for a detector with a magnetic field. Most of our
solutionswill be directly applicableto a non-magneticdetector, for which mans’
problemsaresimplified. Our aim is to establishthe feasibility andestimatethe
cost of scintillator-basedcalorimetry, rather than to proposea specific detector.

We choosea small solenoidaldetector as the target for our calorimeter de
sign. This detectoris illustrated schematicallyin Fig. 3 . The selectedgeometry
maximizeshermeticity of the detector. The inner tracking necessitatespenetra
tions for the readoutcables, cooling, gas, etc. We choosethesepenetrationsat
90 degreeswhere the particle densityper unit lengthis minimal. We therefore
envisagetwo superconductingcoils similar to the existing coil of CDF. with a
barrelcalorimetersplit into two halves. Sincethe calorimeterread-outis outside
of the magneticvolume. phototubescould be usedfor readout.

This designforcesseveralconstraintson thecalorimeterdesign. The calorime
ter structuremust bestrongenoughto supportitself. A viablecalorimeterdesign
must be able to accommodatethe presenceof large volumesof iron in the end
cap calorimeters,to reducethe magneticforces on the solenoids.

The initial results of our study should be completed in time for the first
roundof the proposalsfor an SSCdetector. The designwill includeamechanical
support. a construction schedule, developmentof mass production techniques,
prototype construction, and a cost estimate for a realistic calorimeter for the
SSC.
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1.3. THE CALORIMETER DESIGN: THREE OPTIONS

Physics requirementslisted in section 1.1 are most easily satisfiedwith a
scintillator basedcalorimeter. Although scintillator basedcalorimetersare well

established,meeting physics requirementswithin constraintsof the high rate

environmentand limitations of amagneticdetectorposesasubstantialchallenge.

Keepingin mind size.cost, maintenanceandoperationof the detector,we feel it

is important to seek the simplest technicalsolution, rather than attempt to push
performanceof the calorimeterto its limits. The designmust alsoaddressissues

of large scale manufacturing. Past R&D projects and our experiencesuggest

severaldesignsof the calorimeter,eachhaving its own particularadvantagesand
problems.

We will explorescintillating fiber calorimetry, andanew variant of scintillator

plates Scintillating tiles with wavelengthshifter fiber readout. Both of them
have severaladvantagesover the conventionalscintiflator plate technologywith

a wavelengthshifter barsreadout:

a sensitivity to radiation damageis reducedby the short path of blue light

in scintillator,

6 finer transversesegmentationcan be realized.

c excellenthermeticity is possibleThe liquid scintillator option is described
in section 1.9.

Given the advantagesand drawbacksof eachschemeof scintillator calorime
try. we believeit is prematureto settleon any particulardesign. We concentrate

our work on the following designs.which we find the most promising:

1. A monolithic iron-lead laminatedcalorimetercomposedof a single depth
segmentwith scintillating fibers running from the front to the back. As
the cns-sectionalareaof the calorimeter increaseswith depth. additional
fibers are addedto keep constantsampling fraction. An effective depth
segmentationand consequente/r separationcapabilities areprovided by
reading out separatelythe fibers starting in front and those starting in
depth. Monte Carlo simulation studiesindicate an e/ir separationpower
of the orderof 1:1000using this depth segmentationand taking advantage

of the fine transversegranularity, although this clearly needsto be verified

by studiesin a test beam. This solution hasthe advantageof construction
simplicity. Iron plates provide mechanicalstrength, and the number of
independentmodules is small.

2. A fiber calorimeterwith two depth segments.The front EM segmentof
the calorimeter will be constructedof a lead-fibermixture, probably using
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acastingtechnique. The light from the EM sectionwill be compressedinto
areadoutareamuchsmaller thanthat of the scintillating fibers usingnewly

developedfibers with awavelengthshifting core. This light will be readout
by splicingto smalldiameter 0.5mm clearreadoutfibers. The clearfibers

from the EM calorimeterwill eitherpassthrough the body of the hadronic

calorimeter,or be led out via non-projectii-ecracks.In this approachoneis
assuredof achievingthe usuale/ir discriminationpower of the segmented
calorimeters,augmentedby the fine transversesegmentation.

3. A scintillating-tile calorimeter read out by wavelength-shiftingfiber. The
EM sectionwill beaPb/scintillatorsandwich,followed by aPb/Fe/scintiliator
hadronicsection. The tower structureis providedby appropriatesegmenta
tion of scintillator tiles, which arereadout via the wavelengthshifter fibers
embeddedin them. The volume occupiedby thesefibers in the calorime.
ter is negligible. This solution is an attractive alternative to a canonical
scintillating fiber calorimetry owing to its relative simplicity of construc
tion, similarity to existing largescalecalorimetric detectors,andpotentially
lower cost.

1.4. COMPENSATION STUDIES

A number of important questionsfor compensatingscintillator calorimetry
will be addressedby a large 80cm x 80cm x 2m test beamcalorimeter contain
ing a Pb/Fe/Scintillating-tile stack which can be reconfigured to vary sampling
fractions, material ratios. etc. Among theseare:

a Which combinationsof Pb. Fe. & Scintillator are actually compensating?

6 What is the effect of a non-compensatingEM front end on the hadron
resolution?

d How iss.compensationaffectedby inert hydrogenic materials?

d How doescalorimeterdepth,and depth segmentationaffect resolution?

e What is the light yield & uniformity of afull sizedScintillating Tile calorime
ter under beamconditions?

A reconfigurablecalorimeterwould alsobe ideal for studyingradiation dam
age issuesin a test beamenvironment.
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1.5. PHOTOML’LTIPLIERS AND READOUT

Each of the above calorimeter designsinvolves a bundle of readout fibers
which must be collected and uniformly distributed to a phototube. In each

design a trigger decision will be formed using some form of ‘electromagnetic’
and ‘hadroni& pulse height. Photomultipliers. read-out and trigger design are
thereforeindependentof the technicaldetails of the proposedcalorimeter.

A. Light Guides and Mixers

The fiber-to-fiber variation in the light output, transmissionor optical cou

pling will lead to a constantterm in the energyresolution. To avoid degradation
of the performanceof the calorimeteruniformity of the light collection system
must be at the level of 5% or better. The SPACAL group hasfound a possible
solutionin the form of "light mixers", essentiallyplastic hexagonallight guides.
SeeAppendix F.3 for details.

Another significant contribution to the technologyof light distribution was
the developmentat Boston University of precision-machinedfiber splicingplates,
which provide amass-terminationsplicingtechnologyfor bundlesof optical fibers.
This allows, for example.a removableand reproduciblesplice to be madefrom
a large numberof scintillating fibers in the body of the calorimeterto a bundle
of clear readoutfibers SeeAppendix F-i.

B. PMT and ElectronicsSubassembly

An SSC calorimeteris expectedto haveperhaps50.000phototubes.The cost
of the PMT’s themselvesis not dauntingSM$ at $100.00apiece,but the cost of
the associatedtrigger and readoutelectronics,power supplies.etc. mar double
or triple it. It is expectedthat significant savings can be realized by the engi
neeringof a multi-phototubeassembly. We envisagea single "card" containing
8-16 PMT’s, with power supplies,magneticshielding, readoutelectronics,trigger
logic, etc. iacegratedin asingle packageseeappendixC. The module would be
optically coupledto amating arra,v of the light mixers describedabove.

Authors on this proposalhavebeenpersonallyresponsiblefor the designand
constructionof readout systemsfor severallarge arraysof PM tubes,as well as
pipelinedtriggerelectronicsfor detectorsat hadroncolliders. We seeno technical
problemsin the approachwe advocateaboveindeed,therearemanyexistence
proofs of high-rate electronicsin peacefulcoexistencewith PM tubes, and we
feel that we shouldbe able to produceworkableprototypesand reasonablecost
estimatesduring the period of this subsystemproposal.

C. Triggering andData Acquisition System

The lowest level of componentsin the digital pipeline neededfor an SSC
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trigger will resideon thePMT/electronicsmodule. The way that this module fits
into the global schemefor the trigger will dependon otherdetectorcomponents.

We proposetwo efforts related to the calorimeterfirst-level trigger.

First. oneof the authors has developeda conceptualdesignfor a pipelined

trigger which produces,on eachbeamcrossing,a trigger decisionsimilar to the
CDF levels 1 and 2 triggers- Our designfor the PMT front-end electronicswill

be compatiblewith such a system. Similarly, the first level componentsof the
DAQ/readout systemwould resideon the integratedPMT/Electronicsmodule.

At the sametime, we seea need for studiesof algorithms for isolating elec

trons, taus. andperhapsjets with a first-level trigger. Since a large part of the
front-end calorimeter electronicswill be devoted to first-level triggering, these
algorithms must be chosenbefore the front-endelectronicsdesign can be com
pleted. These studies will give efficiencies and backgroundtrigger ratesas a

function of trigger threshold. Becausejets of a given momentumare essentially

the sameat the Tevatronas at the SSC.studiesof backgroundratesfor electrons

andtaus usingdifferent trigger algorithmscan be carriedout using existingCDF
data. Combining predictedSSCjet cross-sectionswith jet rejection factors de
termined from real data,we canderive realistic estimatesof backgroundtrigger
rates. Someof the studieswill require Monte Carlo work as well. For instance.
the monolithic scintillating fiber calorimeterwill requirean unusual schemeof
electrontriggering. We proposeto carry out thesetrigger studiesto a level where
front-endelectronicsmaybe fully designed,and the rateswhich an SSCdetector
data acquisition system must be able to handlefrom calorimetry triggers are
known.

1.6. CALIBRATION AND MONITORING ISSUES

A complete SSC detector will consist of the order of 50.000 channelsto be
calibrated."this clearly precludesa calibration of all towers in the test beams.
For electromagneticcalorimeters,the SSCitself will provide a very powerful cal
ibration tool in the form of a large number of Z°’s. The central magnetic field
andtracking detectorwill permit anothertestof theabsolutecalibrationby com
paring momentumand energymeasurementsfor electrons. This techniquehas
recently beenvery successfullyemployedby CDF in a precisionmeasurementof
the massof the Z°. Becauseof the very largenumberof calorimeterchannels.
thesemethodsmayprovevery cumbersome,however. In addition, thereis nocon
venient signal from the SSC itself for the calibration of the hadron calorimeters.
Hadronic calibration is further complicatedby the fact that a typical had.ronic
showerwill spreadenergyover several towers. In the caseof the proposedsingle
depthcalorimeterwith ‘central’ and ‘side’ fibers readout separatelyan additional
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complication arises: gains of these two photomultipliers have to be adjustedto
equalizethe response.While it is expectedthajcintillators availablefor thecon
structionof the SSC detectorwill be radiationhard, it is neverthelessimportant
to be able to monitor possible radiation effects on the calorimetric response.

For the laminatedfiber calorimeterwe proposeto addressthesequestionsby
embeddinga set of small diameter tubes into one of the steel platesat several

depthsof the calorimeter,with thin wires containing radioactivesourcesinside

them. These sourceswill solve most of the problems mentioned above. By
measuringa DC current as sourcestraverseseveral towersone can equalizethe
towers’ responses,andmoreoverthe gainsof the ‘central’ and ‘side’ PMs canbe
adjusted. This greatly reducesthe numberof independentcalibration constants
which need to be determined/verifiedusing the data itself. In the same way
it will be possibleto transport an absolutecalibration of a tower from the test
beamto the final detector,andto propagatethe calibrationto othertowers. The
techniquesused will be basedin part on our experiencewith the CDF Central

and Endwall scintillator-basedcalorimeters4’.

By monitoring the responseof the towers at different depths inside the
calorimeteronewill be ableto monitor the effect of radiation damagewith time.

In the caseof magnetic flux return through the calorimeter one expectsa
changein the light yield of the scintillator. A suitable set of radioactivesources
will be indispensableto caiibrate out this effect.

Short term calibration of the pulse height andtime measuringcircuitry can
be maintainedwith the help of a laserbasedcalibration system.which will com
plement the absoluteenergycalibration systemradioactive sources. This will
consist of a. gain-stabilizednitrogen laser with photodiode feedback,a motor-
driven attenuatorintensity selector.Rayleighdiffuser/fiber selectorbox, quartz
CV fiber delivery system,anddiffuser couplersto the front andbackendsof each
calorimetenegment,integrated into the coupling systemfor the electro-optic
readout. By selecting front or back fibers, the calorimeteroptical transmission
and the photodetectorgains can be independentlyand relatively normalizedto
1-2%.

In later stagesof the subsystemR&D we ma,v proposeto:

a fully integratethecalibrationsysteminto the hermeticdesignof thecalorime
ter system,

b investigatemore advancedand completecalibration equipment,in partic
ular using compact acceleratortechnologyto developcalibration sources
with radiation,energy,temporal,andsystem-integratedpropertiesuniquely
suited for avery large calorimeterin the SSCdetectorenvironment.
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L7. ENGINEERING DESIGN AND COST

1.7 ENGINEERING DESIGN COST OPTIMIZATION

The past few years have witnessedimpressivedevelopmentin scintillating

calorimeter technology. Most of the R&D effort has been limited, however, to

genericstudiesof the technologyitself or to relatively smallprototypeswith sim

ple Cartesiangeometry.Our effort to designa completecalorimeterwill address

issues of construction, performance,calibration, read-out and triggering. The

engineeringaspectsof this designwill include mechanicalsupport, construction
schedule, developmentof massproduction techniques,prototype construction,

anda cost estimateof a realistic calorimeterof the SSC.

This work will be coordinatedwith adetailedMonte Carlo calculationof the

effect of the support structuredesignon electronhadron and missing transverse

energyresolutionandacceptance.Emphasiswill be placedon arriving at adesign

which minimizes adverseeffects on the calorimeter performance. The relative

simplicity of the scintillator based calorimeter will enablemost of the design

studiesto be doneusingin-houseexpertise. Conceptualengineeringdesignwork

will becarriedout at BostonUniversity andat Fermilab. This designwill include

a mechanicalsupport system, assemblyand disassemblyprocedures.and cable

routing for the detectorstracker, vertex chamber.pre-radiator located within
the cavity of the calorimeter.

Boston University’s CAD /CAE systemfully supportsthe commercialstruc

tural analysis. finite element codes NASTRAN and PATRAN developedfor
NASA. They will be heavily utilized to ensurethe mechanicalrobustnessof all
calorimeter module designs. Preliminary stressand strain analysishasalready

begunfor eachof our threekinds of calorimetermodulesandfor both projective
and Cartesiangeometries.4showsa compositeof a CAD /CAE structuralstudy
of a barrel designfor a lead/fiber calorimeter. The deflectionandstressanalysis
f’r a vertical tower at q = 0 in this configuration is shownin FigureXII.

Fermilab’sanalytical tools include ANSYS and I-DEAS. Preliminarydesign
of a complete laminated calorimeter,including support structureand magnetic
field calculationshasbeencompleted.This initial work seeFig. 6 is discussed
in detail in Appendix A.6. The two in-house design teams will complete the
conceptualengineeringin the first year. The work can be undertakenlargely
independentlyof detailed optimization of each technology since the design of
the overall calorimetersupport structure is similar for all cases. As part of the
engineeringdesign,we want to develop a realistic constructionscheduleand a

costestimateof acompletecalorimeterfor the SSC.Manufacturingandassembly
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proceduresmust be studied thoroughly so that massproduction techniquescan
exploit the economicsof scale. We will collaboratewith industry to optimizeour
manufacturingand will rely on them to perfect the final detailed designwork

on the overall structural support for the calorimeter. Draper Laboratory has
indicateda strong interestin participation.and has sent engineersto severalof
our collaborationmeetings.Discussionshavealso startedwith Westinghouse.

1.8. PHYsics SIMULATIONS

We see a great needfor detailed physics simulation studiesto identify and
specify the important calorimeterparameters.We seetheseas complementaryto
the studiesat SnowmassandBerkeleyworkshopsthat identified likely signatures
of new physicsand evaluatedanalysisschemes:’

Sincethe calorimeteris the most expensivepart of an SSCdetector,onemust
not overdesignits specifications. In addition, it is often the casethat improving
the performanceof one property of the calorimeterwill result in degradationof
other properties.An exampleof this is compensation:calorimeterswith e/h=1
often have worse EM resolutionthan do calorimeterswith e/’h>l. The relative
importance of each calorimeter parameterwith respect to signal-to-background
ratiosfor different physicsprocessesmust beknown, sointelligent decisionsabout
tradeoffscan be made. Propertieslike segmentationand time resolutionmust be
chosenso that the signal is not swampedby the overlappingbackgroundevents.

The signaturesof new physics have beenextensively explored at the Snow-
massandBerkeleyworkshops.In thesestudies,signal to backgroundissueswere
studied. However, in general, the studieswere in the context of a fixed detec
tor design. The possibilitiesof improving signal-to-backgroundor of simplifying
detectordesign by modifying the calorimeterdesignwere not considered.A no
table exceptn was a study doneby oneof the authorsthat consideredin detail
detectordependentcontributionsto the Higgs signature

We plan on performing similar but more complete analysesof important
calorimeter propertiesfor a large set of possible new physics. We have at our
disposala completeset of analysis tools andsimulation packagesdevelopedand
used by the CDF collaboration. When appropriate we will use a calorimeter
program developedfor CDF by one of the authors QFL. ref. This program
will allow us to study parameterssuchas EM andhadronsegmentation,EM and
Hadron compartmentenergyresolutions and constant terms. c/h, q coverage,
calorimeterthickness,andeffects of the central magnetic field andcracksin the
coverage,and how choicesof theseparametersaffect signal-to-backgroundand
triggering for processessuch as Riggs production,supersymnietry,heavytop, tau
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identification, andother interestingphysics. We will collate and distribute the
results of our studiesin mid to late 1990.

Membersof our group haveextensiveexperiencein simulation studiesfor 4
hadroncollider experiments.We believe this experiencewill prove invaluablein
this effort. We notethat the interestin thesestudiesis not limited to scintillator
calorimetry alone, but spansall calorimetric techniquesunder considerationfor
SSC detectors.

1.9. LIQUID SCJNTJLLATOR FOR SMALL ANGLE CALORIMETRY

It hasbeenrecognizedthat the radiationenvironmentat small anglesbelow
i=3 posesa challengefor all known calorimetertechnologies. Use of a liquid
scintillator offers a hope for an energymeasurementin this difficult region of
phase space. This active medium is very attractive becauseof the regenera
tion/replacementcapability. Should the liquid scintillator lose light yield dueto
radiationdamageor contamination,it canbe circulated throughthe calorimeter
andeither rejuvenatedor if necessary,replaced.

We proposeto designa calorimeter with thin channelswithin the absorber
lead is the probablechoice. The walls of thesechannelswill be coatedwith a
low refractive index material to ensuregood light transmission. Our goal is to
design.build andtest a small electromagneticmodule to demonstratefeasibility
of such an approach. We expect to developconstructiontechniquesmaking it
possible to reconcile all necessaryfunctions: good optical coupling, stability.
liquid hermeticity,possibility of easyfilling,’ venting and calibration.

1.10. PRE-RADIATOR

A finely segmentedimaging preradiatorcantrack the developmentof electro
magneticshowersin the first few radiation lengths. Pulse-heightmeasurements
in the pre-radiatorcanhelp separateelectronsfrom hadronsand,with good po
sition resoltion, direct ‘7’s can be separatedfrom ir°’s. To performthis task the
preradiatorneedsto be finely segmentedboth transverselyand longitudinally.

The Pre-radiatoris thereforean important asset for the discoveryof new
physicswhereelectronsor photonsareproduced.For examplea finely segmented
preradiatorcould eliminate most of the backgroundin the searchfor the Riggs
via its decayinto two ‘7’s.

Memebersof the collaborationfrom Rockefellerand Yale havebeenworking
on preradiatorsfor the SSC for the past two years. They arecurrently building
an imaging preradiatorwith 9000 fibers read out with image-intensifiers. This
prototype will be testedthis winter at FNAL.
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Our program is to study study the performanceof preradiatorsat the SSC

and to developthe necessarytechnologyfor their implimentation. We will study

their performancewith Monte Carlo simulationsand by testing our prototype
preradiatorin conjuction with the calorimeters that we will build. In this way
we can study their mutual compatibility. The principal technical problem of

installing apreradiatorat the SSCis the individual readoutof the fibers at rates
compatiblewith the SSCbunch crossings. In Appendix E we describein detail
a possiblesolution to this problemthat we would like to pursue. Our idea is to

design andbuild an image-tubecapableof working in a magnetic field with a

high quantumefficiency photo-cathodeand a pixel detectorinstalledinsideit to
detectthe photo-electronswith a good position resolution.

Since the designof the pre-radiatoris strongly correlatedwith the designof
the calorimeter,we want to pursueboth thesedevelopmentswithin this collabo
ration.

1.11. RADIATION HARDNESS STUDIES

SeveralR&D studiesover the pastfew yearshave revealedthat largedosesof
radiationresultin thedegradationof thetransmissionof light in thebulk material
due to the developmentof color centers. This effect dependsstrongly on the
wavelength:short wavelengthsareaffectedfirst. It hasbeenshown that most of
the scintillatorsexhibit an annealingphenomenon,greatlyreducingthe radiation
damageafter a few days. The rateof this effect can bedramatically increasedby
the presenceof oxygen. Besidesits effect on the attenuation,radiationaffectsthe
technicallight output of the scintillator. This is probably due to the increased
optical absorptionof the base material in the absorptionbandsof the primary
and/or secondarydyes,thus reducingthe amount of light availablefor the final
emission. Sthdiesof rate dependenteffectsand of any cumulative damagenot
subjectto annealingare of greatimportance.

We proposeto carry out radiation damagestudiesalong severallines:

a testingexistingplasticscintillatorsin theenvironmentandgeometrysimilar
to the SSC conditionsFlorida,Illinois

b mechanismsof the radiation damage.and their dependenceon the material
compositionand properties.for examplemolecularweight

c developmentof new basematerials and/or new dopants here studiesof
3-hydroxyfiavoneand its derivatives look very promising.

d environmentdependenceof the radiation damage.
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The University of Tsukubagroup plans to carry out a systematicstudy of

the radiation damageand annealingprocessesandtheir dependenceon the en

vironment both in the irradiation and in the annealingstage. University of

Illinois. U. of Florida and Florida State will construct severalelectromagnetic

test modulesand exposethem to an intenseelectron beamat U. of fllinois see

Fig. 7 for preliminary results. In addition we plan. to investigatethe damage,as

a function of depth in the calorimeter, in ageometryresemblingthe final setup.

Other, more basic lines of researchrequire dedicatedfacilities andsophisticated

chemistrylaboratories.MEMBers of Fermilabgrouphavebeeninvestigatingthe
physicsof the scintillationprocessin polystyrenebasedscintillator. Two families

of intra-molecularprotontransfercompounds.3-HF and HBT. havebeenstudied

in detail aspossibledopants.Studiesof radiationdamageeffectshaveaddressed

both the stability of the basepolymer and of the dopants. The dependenceof
the radiation effects on the polymer molecularweight hasbeen addressedtoo.
All of the abovestudieswill be vigorously pursuedin this program. Similar work

is alsobeing carriedout at SandiaLaboratory,Bicron and Kyowa Gas. We plan

to collaboratewith them on the formulation of the R&D program. and on test

ing of the new materialsthey develop. As an examplewe cite a new, rnultistep

scintillator doped with ‘17 and new, R13 dyes,which was developedby Kyowa
Gas in collaboration with our collaboratorsat the University of Tsukuba. The

long wavelengthof its light by Kyowa see fig. S is likely to ensuregood radia

tion resistance. Similar scintillator. using 3-HF and Rubrenewas developedat

Fermilab seefig. 9.

1.12. TEST BEAM REQUIREMENTS

Testbeanstudiesform a vital and integralpart of our proposedR & D pro

gram. We requireparticlebeamsto examineandoptimize uniformity of response.

linearity and resolutionof the EM prototypes:to establishe/r separationcapa

bilities of the monolithic design, for compensationstudiesand in-situ testingof
read-outelectronics.Our test beamrequirementsare presentedin the following

table:
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TEST BEAM REQIREMENTS

TestPrototype Particle Energy GeV Intensity 7sec Days: Location Date

EM Prototypes e

7r

e

< 10

‘C 10

> 100

> 100

io3

io

io

i07

5 FNAL ISummer90

5 FNAL Summer90

5 FNAL Summer90

5 FNALJSummer_90

HadronPrototypes e

ir

> 100

> 100

i0

10

5

5

FNAL Summer90

FNAL Sununer90

Compensation e

ir

> 1X

> 100

los

io5

5

5

CERN

CERN

summer91

summer91
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2. BUDGET AND MILESTONES

2.1. BUDGET

We expect that the proposed R&D program will be carried out over the
next three years. We have made a detailedevaluationof resourcesneededfor
a calendaryear 1990. Directions of the R&D in the subsequentyears depend
on the resultsof the first phase,thereforeit is not possibleto makea detailed

cost estimatein 1991 we expect that emphasiswill changein the direction of
closercontact with industry andengineeringcompaniesto addressof largescale
manufacturingtechniques,detailedcost estimatesand productionschedules.
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EQUIPMENT REQUEST BY PROJECT $K

- PROJECT TOTAL; LNSTITUTIO?S

262. Boston.FNAL.MSU.Purdue.Rochester,UCSD

68. FNAL Michigan,Purdue,Rochester

PROJECT LEADER

LaminatedCalorimeterPrototype Part

Tile CalorimeterPrototype Freeman

2-Stage/ElectromagneticPrototypes 49. Boston .FNAL,UCSD Worstell

SpecializedTooling 116. FNAL Mishina

EngineeringDesign 150. Boston,FNAL Sulak

Fiber/PM Testing Equipment 40. UCSD p

Calibration System 57. Purdue’, Fairfield/Boston Barnes

Test Beam 30. Boston,FNAL,MSU,Rochester,TAMU Dye

Trigger/FrontEnd and DAQ Electronics 110. Boston,FNAL,Rockefeller,Washington Foster

ForwardScintillating Liquid Calorimetry 60. Fairfield, TAMU Webb

Preradiator 50. Rockefeller ,Yale Rusack

RadiationKardness/Materials 75. FNAL’.Florida,Illinois,Tsukuba Bross

r’AL EQUIPMENT REQUEST 1069.

* Lead Institution
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DIVISION REQUESTEDFUNDS BY INSTITUTION

BUDGET BY INSTITUTION SK

Institution Operations PDs 0.5 FTE Equipment Task Principal Investigator

Boston 189. 1

1

150.

49.

Engineering

EM Calorimeter

Sulak

Worstell

Fairfield 24. 17. Optical Calibration Winn

FNAL 139.

-

1

1

1

1

262.

53.

100.

118.

30.

LaminatedHadronCalorimeter

Tile Calorimeter

Electronics

SpecializedTooling

Test Beam

Part

Freeman

Foster

Mishina
S
t

Florida 20. RadiationHardness Majewski

Florida State 20. RadiationHardness Johnson

‘"rojs 31. 75. RadiationHardness Rertzog

Michigan 10. 15. Tile Calorimeter Gustafson

MSU 40. 1 HadronCalorimeter/TestBeam Huston

Purdue 40. 1 40. SourceCalibration Barnes

Rochester 72. 1 HadronCalorimeter/TestBeam Bodek

Rockefeller 52. 1 40. Preradiator Rusack

TAMU 79. 1 60. Liquid Scintillator Calorimeter Webb

UCSD 79. 1 40. PMT/Fiber Test Paar

washington 65. -- 1 10. DataAcquisition Young

Yale 51. 1 10. Preradiator Cushman

TOTAL 911. 13 1089.
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2.2. MILEtSES AND SCHEDULE

2.2 MILESTONES AND SCHEDULE
Given a tight schedulefor the R & D efforts for the SSC detectorsit is

of utmost importance to organizethe work in the most efficient manner. This
necessitatesa prompt commencementof studiesand prototype developmentso
that we can rapidly convergeon an optimized design. We proposethe following
timetablefor the R & D efforts:

November 1989 - July 1990:

Laminated Calorimeter: Construct a 6 x 6 tower single depth laminated
module. Beam testsof electron/pionseparationcapabilities.

Tile Calorimeter: Construct an electromagneticprototype with tiles and
wavelength-shiftingfiber readout. Source,cosmic ray, and beam tests of res
olution and uniformity.

Electromagnetic Front-End Prototypes: Construct and test cast, grooved
lead, and liquid designs. Test beamstudiesof resolutionanduthformit

ConceptualEngineeringDesign: Preliminary structural designand analysis
of support structuresfor large calorimeter and its components.Manufacturing
engineeringefforts for construction of prototypes to anticipate eventualmass
production.

Calibration System: Design,constructionandtest of radioactivesourceand
laser/optical calibration systemsfor prototype calorimeterbeamtests.

Liquid Scintillator ForwardCalorimeter: Designandconstructionof electro
magneticprototypefor beamtests.

Preradiator: Design and constructionof first-passpreradiatorfor use with
laminatedhadroncalorimeterin test beame/pi separationmeasurements.

Trigger/FrontEndandData Acquisition Electronics: Preliminary designand
specificationof systemrequirements.Supportof specializedelectronicsneedsfor
beamtests.

Radiationhardness/materials:Preparationof radiation-hardplasticsfor irra
diation at illinois cyclotronandwith ahigh-intensity Co60sourceat BostonUni
versity. Long term exposureto mimic SSC conditions and evaluateself-healing
of plastics.

July 1990 - January1991:

LaminatedCalorimeter:Evaluationof testbeamresults,designoptimization.
Upgradeof prototype to fully containa hadronic showerif laminateddesignis
chosenas the most promising. Choice of hadronic detectordesign.

Tile Calorimeter: Evaluationof test beamresults,designoptimization. Test
beamstudiesof resolution,linearity, andcompensationin compositemediathrough
constructionof a large"removeabletile" test device.

ElectromagneticPrototypes: Evaluation of test beam results, design opti
mization. Choice of most promisingalternative,synthesisof techniques.Assess
ment of feasibility of 2-stagedesign. Radiation-hardliquid work continuesfor
forward region. -
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EngineeringDesign: Engineeringinput into calorimeterdesigndecision. Struc
tural design and analysis.manufacturingengineeringwork on chosenhadronic
detectordesign.

Calibration System: Evaluation of calibration systemperformancein beam
tests,optimization of designfor incorporationin hadron calorimeter.

Liquid Scintillator Forward Calorimeter: Designand developmentof full-size
liquid hadronicforward calorimeter.

Preradiator:Designand developmentof preradiatorfor chosencalorimeter.
Trigger/Front End and DAQ Electronics: Design and developmentof trig

geringanddata acquisition systemfor chosencalorimeterdesign.

Radiation hardness/materials:Assessmentof radiation-hard materials for
incorporation in chosencalorimeterdesign.

January1991 - January1992:

Hadron Calorimeter: Construct full-scale prototype and conduct detailed
studiesof compensationeffects. Address issuesresulting from earlier test beam
studies. Address issuesof large scaleproduction techniques,with realistic cost
estimateandproduction schedule.

EngineeringDesign: Full engineeringdesignof hadroncalorimeter,within
the scope of a model detector. This wiil include completedesignof mechanical
support.constructionschedule.developmentof massproductiontechniques.and
costestimate. Collaborationwith industry Draper Labs,Westinghouse.Martin-
Marietta or equivalent in completedesign.

CalibrationSystem:Designand developmentof mass-productionquality con
trol andmass-calibrationtechniquesfor full detector.

Liquid Scintillator Forward Calorimeter: Integration of liquid scintillator for
wardcalorimeterpresumingthis is chosenfor forward regioninto full calorime
ter anddetectordesign.

Preradiator:Integrationof preradiatorinto full calorimeterdesign.s-ith mass
production techniquesandcost estimate.

Trigger/Front End and DAQ Electronics: Final designand implementation
of prototypesfor systemtriggering and data acquisition electronicssystems.

RadiatiE hardness/materials:Final evaluation and selection of radiation
hardmaterialsfor central and forward calorimeter regions.
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APPENDIX

A. TECHNICAL DETAILS OF PROPOSEDCALORIMETERS

A.1. OVERVIEW

We areexploring in parallelthreepossiblechoicesfor scintillating calorimeter
technologies:scintillating fiber with longitudinal segmentationgeneratedby pro
jective geometry;scintillating fiber with separateEM andhadroncompartments:
and scintillating tile with wavelengthshifter fiber readout. Our plan is to build
small but definitive prototypesbasedon the threetechnologies,and thenexpose
them to test beams. The information gainedin constructingand testing the
prototypeswill allow us to settleon a single technologyfor the fully engineered
design. We will baseour choiceon easeof construction,cost,performancein the
testbeam,and resultsfrom structuralanalysisstudies.

A.2. IMPLICATIONS OF THE MAGNETIC FLUX RETURN

When the calorimeteris placedoutsideof the magnet it is necessarythat the
solenoidis asthin aspossibleto minimize theeffect on the electronidentification
and the energymeasurement.However the solenoidmust be able to sustainthe
compressionforces causedby the magneticflux lines crossingthe currentsheet.
Theseforcesareminimized whenthe distancebetweenthe solenoidandthe flux
return is minimal. This can be achievedby extendingthe solenoidbeyondthe
endcapcalorimeterand contendingwith the associatedproblemsof read-outand
combining dataof the central and end-capcalorimeters. Alternatively, if the
flux can be returned through the calorimeteritself then theseproblemscan be
avoidedandit becomespossibleto constructfully hermetic detector. Cablepath
for the inner trackercanbe locatedat 90 degreeswherethe particledensity per
unit length is at minimum.

Combiningtheflux returnandcalorimetricfunctionshassomedisadvantages.
For example. themagneticfield is knownto changeincrease the light output of
the scintillator via the Zeemaneffect. This change,on the order of few percent,
will require-eaiibration.Another consequenceof sucha solution is a requirement
to havea completecalorimeterin place for field mappingof the solenoid. While
the decisionregardingthe geometryof the flux return must be left to thepropo
nentsof thedetector,we feel it is importantto providefor thepossibility of sucha
solution. We note that in the caseof ascintillator-basedcalorimetera integrated
flux return hasthe additionaladvantageof convenientlyplacing all read-outele
mentsoutsidethe magneticfield volume. Stray field outsidethe calorimetercan
be easily shieldedwith soft iron/mu metal shields.

Another advantageof a calorimeterwith a significant contentof iron is that
it canbe usedas a supportfor the coil of a solenoidwith all loadstransferredto
the outsidesupport structure.This will avoid problemswith hermeticity usually
resulting from requirementsof the magnet support. The detectorwill be fairly
compactand will havepracticallyno cracks.
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A.3. LAMINATED. IRON-LEAD. SINGLE DEPTH SEGMENT FIBER CALORIMETER

Scintillating fiber basedcalorimetry is by now an establishedtechnique.’iber
calorimetersarein usein FermilabexperimentsE774 andE687.andthe JETSET
experimentat LEAR: the calorimeterfor this latterexperimentwasconstructed
at University of Illinois. Also. the R&D efforts of SPACAL collaboration at
CERN and Takasakiet al. at KEK have produceda numberof moduleswhich
have beentestedwith beam. The most attractivefeaturesoffered by this tech
nology are, in our opinion, the intrinsic speedof the scintillator andthe excellent
hermeticity which can be obtainedin a full calorimeter.However,applicationof
this techniqueto a large scale47r detectordoes poseseveralchallengs. These
include: the developmentof soundconstructiontechniques,minimization of the
effects of non-uniformitiesleading to a constantterm in the fractional energy
resolution and, demonstrationof the electron/pionseparationcapabilitiesof a
calorimeterwith a limited depth segmentation.

The R&D efforts mentionedaboveare addressingsomeof theseissues.How
ever, many of the proposedsolutionsare easily applicableto only small-scale
prototypes, or optimize one parameterat the expenseof others worseningthe
overall performancefor SSC detectors. We proposeto investigatethe perfor
manceof a calorimeterbuilt in a simple and manageablemannerwhich can be
incorporatedin an SSCdetectorwith sonic confidence. Constructiontechniques
will use present-daytechnologiesand no heroic efforts will be madeto address
issueswhich might have only marginal gains. While it is quite likely that the
outcomeof someof the R&D projectswill makeit possibleto constructa far
better detectorin the future, it is important to establishwhat today’s capabilities
are.

Constructiontechniques.Segmentation.Projective geometry

The calorimeteris constructedfrom 2 mm iron platesinterspersedwith 2.5
mm leadplates.U-shapedgrooves,1.05 mm deep,on both sidesof the lead plate
are filled with 1mm diameterscintillating fibers see Fig. 10 . Fiber-to-fiber
distanceis 2.5 mm. The effective compositionof the calorimeteris therefore
Fe - 40%, fibers -11.8%, Pb - 42.2%. The iron and leadplatesare orientedsuch
that all plates are to a good approximation radial in both the barrel and the
endcap. Therefore,in a cylindrical coordinatesystemtheproducedparticlesenter
the calorimtter nearly parallel to the planeof the laminationsthe e direction.

To constructthe calorimetermodulesgroovedleadstrips arebondedto iron
plates. The specific bondingtechniquewhich will be usedis being investigated.
The simplesttechniquewould bond using a glue, suchas Bicron 650. However,
the radiation resistanceof the glue and its influenceon the compensationmech
anism are a concern. It is very important to rule out changesto the glue after
irradiation that could eithercausedamageto the fibers or weakenthe mechanical
strengthof the laminations. Alternatives which avoid glue altogether, such as
brazing or low temperaturesolderingare also being investigated.

Projectivetowersrequiretowersizeto grow with depth. In thethetadirection
this is realizedby appropriatelyshapingtheleadstrips; the stripwidth increasing
with depthin the calorimeter.New groovesandfibers arestartedon eachsideof
thestrip to maintaina uniform samplingfraction asshownin Fig- 11. Projective
geometryin phi direction perpendicularto the laminationsis realizedby adding
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new iron/lead plates on the sides of the tower. Theseplates are progressively
shorterandwill be taperedat the front edgeto form the wedgeshapeof the tower
as shownin Fig. 12. In the endcapregion the newplates will changeshapeand
will havea taperededge in both directionsto form the projeetivetowers.

An effective depthsegmentationis realizedby grouping onto one photomul
tiplier tube all fibers in a given tower which run the full lengthof the calorimeter
while those fibers which start at depth are read out by secondtube. This ef
fective depth segmentationwill be important in our later discussionof the e//pi
separationcharacteristicsof this design. An intermediatestageof light mixing
betweenthe end of the fibers and the phototube face will also be necessaryto
avoid problemswith the non-uniform responseof the photocathode.

Physicalsegmentationof the calorimeterand logical segmentationi.e. tower
structure are decoupled. The iron platesextend over many lead strips and,
consequently,cover many towersin eta seeFig. 11 . Therefore,the numberof
independentmechanicalmodulescan be smaller than the numberof towers by
at least an order of magnitude,thus reducing the potential for problemsdue to
the accumulationof tolerances.

Electronidentificationand triggering.
The identification and energymeasurementof electronsarecrucial functions

of the calorimeter. The electron identificationproblem canbe definedonly with
some specific physics processesin mind. In a first approximation the physics
separateinto a problemof electronidentification for isolated electrons,andelec
trons in jets or nearjets. The dominantbackgroundfor an isolatedelectronis the
unusualfragmentationof a QCD jet into. primarily, a single chargedhadron. To
set the scaleof rejectionneededwe note that at a given Pt the crosssectionfor
jet productiontypically exceedsthat for electronproductionby about a factor of
2 & andstudiesofjet fragmentation show that less than 1% of jets fragment
into a chargedparticle carryingmost of the jet energy. Therefore,it should be
sufficient to provide a rejectionfactor againstchargedhadrousof io to reduce
the backgroundto the electronsignal level. An isolation cut provides a further
discriminationagainstchargedhadronsby rejectingeventswith any residualjet
energyin nearbytowers. For electronsin or near hadronicjets much lessstrin
gent isolation cuts are possible. We expect that the fine lateral segmentationof
the proposedcalorimeter will be essentialhere both in the reconstructeddata
andat the trigger level.

Electron/pion separationis traditionally achieved via depth segmentation;
electronsdepositall of their energyin the front sectionof thecalorimeter,whereas
hadronicshowerstypically extend well into the rear section. Although the pro
posedcalorimeterhasno explicit depth segmentation.aneffective depthsegmen
tation is provided by projectivegeometry. Given an aspectratio of 2. typically,
3/4 of fibers start at depth in the calorimeterandarereadout by a separatepho
tomultiplier. Thesearecalled the ‘side’ fibers as they surround the ‘central’ core
of fibers in a tower. Thefirst level of electron/piondiscriminationis achievedby a
combinationof the fine lateral segmentationthroughout the calorimeterand the
effective depth segmentationresulting from the projectivegeometry.We rely on
the fact that hadronshowerswill typically spreadover a largenumberof towers
and deposita large fraction of their energyin the ‘side’ fibers. The resultsof a
montecarlo simulationof 100 CeV electromagneticandhadronicshowersusing
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GEISHA are given in Fig. 13 . This study indicates that the two criteria can
provide a rejection factor of 1O at 100 GeV. The addition of a preshowerde
tector now astandardin all calorimeterconfigurationsshould result in another
factor of 10 rejection. uncorrelatedwith the previouscuts. Our electrontrigger
would requirethat in a cluster of four towersa large energyis depositedin the
‘central’ fibers and little energy is deposited in the side fibers. The expected
electronipion rejection at the lowest trigger level is 102. as shownin Fig 13
Matching a track to a shower using a fast track processorat the secondlevel
trigger should provide anotherfactor of 10. The preshowerinformation can be
used in the higher level trigger, if needed.

Resolution.compensation.Uniformity of response.

The calorimeterwill be usedto measurethe energyof electronsandhadronic
jets. The expectedresolution is quite different for thesetwo cases.Electromag
netic showersare confinedto a very small volume, few mm acrossand some30
cm long. Sampling fluctuations will contribute a term of the order of to

the resolution. Measurementof the light yield for a bundleof scintillating fibers
exposedto Bi 207 sourcegives an estimate of 1000 - 1400 photoelectronsper
GeS’ of energy depositedin the calorimeter using the EGS predictedsampling
fraction of 2.3%. Thus photoelectronstatisticsare not expectedto contribute
to the resolution,even after the unavoidablelossesdue to the light attenuation
and/or a shift to longer wavelengths.

Due to the small lateraldimensionsof anelectromagneticshowerthemajority
of the light is generatedin only a few fibers. Therefore.fiber-to-fiber variationsin
the responsedue to variationsin the fiber dimensions,light attenuation,optical
couplings.etc.. areimportant contributionsto the resolution. Even with efforts
to spreadthe showerover a reasonablenumberof fibers by tilting in order to
keep the constantterm in the resolutionbelow 1.5 % it is necessaryto control
the fiber-to-fiber variations to below s%.

Another consequenceof the small size for the core of an electromagnetic
showerwhen comparableto the fiber lattice spacingis a substantialvariation
of theresponsedependingon the impactpoint. This leadsin turn to long tails in
the pulse height distribution,andto asubstantialconstanttermin theresolution,
seeFig. 14 . Theseproblemsaregreatly reducedwhen calorimeteris tilted with
respect to tEe incident particle’s direction. causingthe electromagneticshower
to crossmedia boundariesmore frequently and equalizing the response.In our
particulargeometry to reducethe constantterm to 1-1.5% an effective tilt on
the order of 10 degreesis needed. This tilt is most effective if it is in the phi
direction; a tilt in the theta direction will not causeshowersto averageover the
iron-lead structure.The requiredtilt angleof 10 degreesis very large compared
to the typical tower size of 1.7 degrees,thereforetilting of the entire tower is not
an adequatesolution. Therefore,we proposeto bend the iron plates as shown
in Fig. 15 . This solutionpresentslarge angle to the incoming photon/electron
over the first 10 Xo. while preservingthe geometricalpropertiesof the projective
towers.

Another sort of uniformity problem will ariseat the tower boundaries.This
will be especiallytrue in the end-capregion wheretower dimensionsgrow with
radius. We proposeto build severalshort electromagneticmodulesto verify that
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over the face of the proposedcalorimeteran adequateuniformity in response
hence a small constantterm in the resolution is achieved,and to investigate
the transition regions at the tower boundaries. It is usualls’ assumedthat the
electromagneticcalorimetersare ‘linear’. i.e.. the amount of chargedproduced
producedby the PM is strictly proportional to the incoming energy. Considering
the largedynamicrange which an SSC calorimetermust cover we feel that this
conjectureshould also be testedexperimentally.

Energyresolutionfor hadronsis usuallydiscussedin connectionwith so called
‘compensation’’. It hasbeenrealizedthat large fractionof the energyof hadron
inducedshowers is deposited in a form of low energy neutrons. All of these
neutronsend up in the scintillator, irrespectively of the sampling fraction. It
is possible. therefore. to choosethe sampling fraction in such a way, that the
responseof the calorimeter to electronswhich is proportional to the sampling
fraction and to hadronswhich containsa piece independentof the sampling
fraction to be equalcompensation.

Using resultsof refYone may expect that iron-lead- scintillator calorimeter
with the relative volumes of 5:5:2 should have e/h ratio very close to 1. The
chief interest in compensationis to optimize the energyresolution for high pt
jets by removing a contribution dueto the fluctuation in the electromagnetic
component.Compensationis usually achievedby compromisingthe energyres
olution of electronsby reducing the sampling fraction. At the SSC energies.
where the constant term limits the resolution. the reductionin signal does not
seriously affect the resolution. In the caseof longitudinal fibers an additional
complication arises,dueto different attenuationof the signal of the electromag
netic andhadrouic componentsof the jet. It reducesthe electromagneticsignal.
thus permitting a better samplingfraction for the calorimeter. The expected
attenuationlength of the fiber dependson the detailsof the constructionfiber
type. diameter,filters. dopants.read-outelements.etc... Fig. 16 showshow the
c/h ratio changesas a function of the attenuationlength. We hope to achieve
attenuationlengthson the order of 4 - 5 metersby shifting the scintillation light
to longer wavelengthswhere longer attenuationlengths are possible. Detailed
studiesof the attenuationmechanismare presentlybeing conductedby the Par
ticle DetectorGroupat Fermilab. We hope to avoid mirroring thefar endof the
fibers as it ould introduceanothercontribution to electronresolution.

With our samplingfraction weexpectthe energyresolutionof theorderof

for singlehadrons.Energyresolutionfor jets shouldbe comparable.The constant
term in theenergyresolution will probablecome chie&v from the fluctuationsin
the longitudinal showerdevelopmentcoupledwith the attenuationof light along
the fiber. Fig. 17 shows the expectedcontribution to the resolution from this
effect as a function of the attenuationlength in the fiber. For attenuationlengths
in the rangeof 4-5 metersa constanttermon the order of 4% must beexpected.

List of the R&D projects

Most of our expectationsfor this single-depthlaminated calorimeterneed
experimentalconfirmation. Threestagesof testsareplannedto fully explorethe
abilities of this calorimeterdesign:

a four, short, electromagneticmoduleswill be constructedto test the feasi
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bility of bendingthe iron and lead platesat the front of a module. Tests
of the uniformIty of responseacrossthe face and acrosstower boundaries
svill determinethe level of the constantterm for electromagneticshowers.
The estimated costs total $10000.

6 a full length 2m moduleconsistingof a 6x6 matrix of 36 projectivetowers
will be constructed. The towers shapeswill be square.6 cm on a side at
the front and expandingto 12 cm on a side at the rear. This prototype
will test the feasibility of the constructionon a larger scaleverifying the
expectedmechanical strengthbasedon calculations. The primary goal oi
the beamtestswill be to verify the electron/pionseparationcapabilitiesof
a single depth segmentcalorimeter. The estimatedcosts total $240000.

c additional modules, enlarging the prototype of b to the transversesize
necessaryto fully containhadronicshowers,will be constructed.With this
largecalorimeterwe plan to addressthe issuesof the energyresolutionfor
singlehadron inducedshowersas comparedto jet showersby using ‘poor
manjets’ generatedby placing a thin absorberin front of the calorime
ter. The testsof ‘compensation’will measurethe responseto electronsand
hadronsfor an inhomogeneousabsorbermedium and its dependencelin
earity on the energy. The time structureof the compensatingsignaland
thereforethe effects of an integration gate will also be investigated. The
estimatedcosts total $250000

Negativeresultsof thesetestsat any stagemay terminatethis pathof R&D.
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A.4. FIBER CALORIMETER WITH Two DEPTHS

If the longitudinal segmeittationcan be achievedwithout jeopardizing her
meticity. it potentially hassomeadvantagesoversingle segmentdesign. The e.m.
segmentis only 3carefuldesign to fulfil the morestringent requirementssuchas
the energyresolutionanduniformity for electronmeasurement.and alsobecause
it is exposedto the incident particles directly it hasto be highlr hermetic.The
hadronic segment.on the contrary. composesmore than 95the major factor in
the total cost. Since the energy resolution requirement is much looser and the
lateralshowerprofile is muchlarger thanthat of electromagneticshower,design
can be much less stringent. Also becauseit is hidden behindthe e.m. segment.
minor crack or irregularity of the fiber patterndoes not affect the performance.
Thus by dividing the projective tower into an e.xn. anda hadronic segment.one
canoptimize the designof the calorimeter for e.m- signal andhadron/jetsignals
independently.

POSSIBLESTRUCTURE
A possiblestructureof thecalorimeteris shownin Fig. 18 schematically.E.m.

segmentis a block of lead with 1.2 mm diazn. scintillation fibers embedded
longitudinally with the lead to fiber volume ratio of 4 to 1. The fibers are
individually readout by a clear fiber which is brought to aphototubeat the rear
end of the hadronic segmentthrough a gapon the side of the hadronic tower.
In order to minimize the gap, the cross section of the fiber bundle has to be
compressedsignificantly from the cross sectionof the scintillation fiber . An
idea developedby oneof our collaboratorsC.W.F is il.lustartedin Fig. 19. A
wave-length-shifterdoped core is embeddedthrough the axis of a scintillation
fiber andonly the crosssectionof the wave-length-shiftercore will be spliced to
a clear fiber for readout,thus gaining a sizable reduction in the crosssection.
The core must havea low refractive index clad aroundit and the core must be
also scintillating. A Monte Carlo calculationshowedthe efficiency of absorbing
the original scintillation light into the wave-shifterdoped core is about 1/4 to
1 / 2 only weakly depending on the ratio of the crosssection of the core to the
outerscintillatingpart down to 1 /40. Thereforeonecansqueezethe readoutfiber
crosssectionsubstantiallywithout beingaffectedby Liouville’s theoremdirectly.
The outer surfacehasto be reflective and has to be polygonal insteadof round
shapein ordnto reflect back thelight efficiently into the core. An optimalchoice
consideringthe shapeof the hole in thelead and alsomatchingwith the readout
fiber is hexagonalor octagonalprofile. Examplesof the ray traces are shown
in Fig. 2OThe Mote Carlo calculation result was confirmed by a test in which
four 1 mm wave shifter dopedfibers were insertedinto a block of scintillator, 1
cm x 1cm x 5 cm, irradiatedby a Bi-201, 1.06 MeV betasource. Thus with a
crosssectionreductionfactor of 1/30, we observeda halfof thelight we observed
directly from a bundle of scintillation fibers. Severalhundredmetersof such
fiber hasbeendrawn as asample.Fig. 2lis a photographof the magnifiedcross
section of the samplefiber. The outer shapeof the fiber is hexagonalandthe
wave shifter-dopedcore is round . The outer scintillator and the inner core are
polystyreneand are both cladded by PMMA. The centeringof the core looks
excellent. We are in the processof measuringthe propertiesof this fiber, light
yield and the transmission.The processto draw such fibers is not difficult and
thereforethe price wiU not be high. In the final design,possible choicesof the
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parametersare 1.2 mm as the outer diameterof the scintillator and 0.4 mm as
the core diameter. The clear readoutfiber must be slightly oversizedand will
be about 0.5 mm to avoid alignment problems.As a result the reduction in
the cross section is about 1/6. Therefore at the front face rear end I of the
hadronicsegmentthe read- out fiber bundlesubtends3.sIf one asutnes23 rad.
length deepem. segmentwhoseradiation length is 1 mm. it correspondsto 0.9
mt. length interaction length of lead-fiberis 20.3 cm and the gap the clear
readoutfiber craeatesbehind it will be well smearedfor the hadron/jetinduced
shower. It is also conceivableto guide the fiber bundle through non-projective
holes in the hadronic segment. The lateral dimensionof the projective tower
grows about lOdirnensionalter the first 25 rad. length. It is possibleto flare the
fiber layout accordinglyin order not to have a discontinuity of the fiber density
at the tower boundary. Then it is possibleto build the e.m. segmentsinto a
large lateral block becausethe tower is defined by the bundling of the readout
fiber. Such a fiber layout can be realized by lead castingtechniquewhich is not
constrainedto a parallelgeometry. Once the hadronicsegmentis designedto
be independentand hidden by the e.m. segments.the designof the hadronic
segmentcanbe relaxedto match the hardon/jetenergyresolution. We propose
to use 2 mm diam. fibers in the hadron.ic segment . Maintaining the samelead
to fiber ratio 4:1 the total length of the fiber is reducedby a factor of 4 . A
preliminary surveyindicatesthe cost of fibers is approximatelyproportional to
the diameter. Thereforewe expect a factor of 2 reduction in the cost compared
to the 1 mm fiber case. The cost for the readoutfibers is about 1/4 comparedto
the casein which 1mm fibers are usedfor hadronicsegment. Since the number
of the phototubesis the sameasthe single compartmentdesign,the overall cost
is slightly less than the single compartmentdesign.

LEAD CASTING TECHNIQUE FOR E.M. SEGMENT Fermilab/KEK group
hasdevelopeda techniqueof castinga leadblock with holes for the scintillation
fibers. The methodis to hold hard stainlesssteel tubings with proper geometry
by perforated metal plates while lead is casted. The tubings are etched out
afterwards. In this techniqueonly lead matrix is left and there is no need for
extremelythin wall tubingsnor deburringwork to removesharpedgesof the tube
ends. After asystematictests,we haveestablishedthe conditionsfor etchingsuch
as the type of the agent,concentration,and the temperatureso that the process
doesnot take more than a few hours. This methodhas beenusedto fabricate
sevaralleadblocks already.

FIBER SPLICING An issue vital to the two segmentdesign is how to splice
the clear fibers for readoutto the core of the scintillation fibers. A technique
for collective splicing of fibers developedby the Boston University group seems
promisingfor this purpose.A conceivebleexampleof this techniqueis sketched
in Fig. 22. About 1 cm thick slice will be cut out from the very end of the
e.m. segmentlead block as a jig to hold the clear fibers to match the pattern
exactly to the fiber patternin the e.m. segment. The alignment of the jig to
the block of the e.m. segmentrelies on dowel pins at the four cornersof the
block. Thesedowel pins are hollowed to allow the fibers to penetrate.In order
to makeprecisefiber by fiber alignment, insert fernieswill bemade!either out of
aluminum or plastic molding, which havea 0.5 mm hole at oneend and forming
a funnel with a larger,1.8 nun., hole towardsthe otherend to easethe insertion
of the 0.5 mm fibers. Takinginto accountthe tolerancesof the holes weexpect
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perfect alignment. A similar splicing schemewill be applicable to the readout
for the hadronic segment. Such splicing is advantageousto the direct coupling
of the scintillation fibers to the phototubebecausedelicate work of bundling the
fibers and gluing them to the diffuser and thento the phototubecan be doneon
a benchand can be testedbefore it is mountedonto the calorimeterbody. The
key issuefor this splicing techniqueis how to control the possiblefiber to fiber
variation of the light trauszthtanceto better than sevaralper cent. This is one
of the most important subjectsto be adressedin this R&D. The very first step
is to cut the fiber endsprecisely. The surfacehasto be perfectly perpendicular
to the axis of the fiber and of mirror quality . Even for the modestprototype
module the number of fibers is quite large and it is crucial to minimize the
time for cutting enormousnumber of fibers with such a quality. Basedon the
experienceat Fermilab,we aredesigninga diamondcutter which can cut fibers
in high speed.High quality finish is expectedsoas to eliminate further polishing
process. A failback schemefor the e.m. segmentis fiber by fiber splicing using
appropriateferules as illustrated in Fig. 23. The work can be doneon a bench
semiautomaticallyand the fibers can be inserted to the lead block after fiebr
by fiber screening. Since we have made similar, in dimensionsand tolerances,
ferulesfor otherpurposesout of metal with automaticmachining,we know that
the massproductionof suchpiecesout of metalis practical technicallyandcost-
wise. We have also contactedwith a plastic molding companyand found that
the dimensionsand the toleranceswe requirewaswithin their capability. We are
in the processof trying both ways for a small quantity for the initial test.

STRUCTURE OF HADRONIC SEGMENT Sincethe hadronicsegmentis very
long 9.1 int.L= 1.85 m,the fibers will be put downin a parallelpatternand the
projectivetower shapeis realizedby shapingthe sideof the tower. The absorber
materialof thehadronicsegmentis either of leador lead-ironcomposit,depend
ing on the choice of detectorsystemdesignwhetherthe magneticflux is guided
throughthe barrel calorimeter.If it is lead, the lead to fiber volume ratio is 4:1
and if lead-iron composit is chosen,the ratio is 5:5:2 to fulfill the requirement
of e/h compensation. In either casethe nuclearinteraction length is about 20
cm. In caseof lead-iron compositestructure,one possibleway alternative to
what is describedin the previous sectionfor the single compartmentdesignis
shownschematicallyin Fig. 24. About 0.16 mm thick perforatedsteelsheetsare
laminatedaking the depthof the tower. Precisealignmentis achievedby sevaral
dowel pins. The lamination is weldedon the sidewith or without reinforcement
panels. An excellent exampleof such structureis the collar of the TEVATRON
magnetin which preciselypunchedsheetsare laminatedinto a 21 ft long column
and welded seamson the sides hold the entire length. If necessaryadditional
bonding by either of solderingor epoxyingwill be considered.The lead compo
sition is added by inserting lead tubing and fibers are to be threadedinto the
centerbore of the lead tubing. Thus the fiber pattern and leadiron composition
has a perfect symmetry. We have confirmed that lead tubings of the required
dimensionsand tolerancesare within the range of the productsin the market.
We are fabricating a moduleof a realistic tower dimensions,6 cm x 6 cm and 12
cm x 12 cm as the front and rear face, respectively,and 1.8 meter deep.out of
commercially availableperforatedsteelsheets.The module will be examinedto
study the mechanicalandmagneticproperties,which we expect to be excellent.
In caseof endplug, there is a magneticforce on the calorimeterof the order of
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900 tons in total if the flux is guided to the side. A natural structure to hold
the module is to extend the reinforcementpanel weldedonto the side andhold
it with asupport structureon the back of the end plu!. It should be noted that
the magneticforce on the lamination is mainly compressiveparallel to the beam
axis at any depth and hencethereis no delaminatingforce.

PRERADIATOR
Two segmentdesignexplicitly takesadvantageof the differencebetweenthe

radiation lengthimm andthe interaction length 20cm by examining the tail
of the showerto determinewhetherit is electromagneticor hadronic. However
it hasbeenknown that it is not an easytask to achievean e/pi separationof the
orderof 1/1000evenwith finer longitudinal segmentation.Thereforemost likely
we needanothershallow layer of longitudinal segmentationat the front endof
the e.m. segmentto augmentthe e/pi separationcapability by measuringthe
the early developmentof shower. Another role of the shallowlayeris to measure
the shower centroid before it is blurred. Such a layer is also useful for single
photon measurment. Severalconditions can be discussed. a On the average
the energy deposit in the first few radiation length is less than a few smaller
at SSC energy domain. Hower there is a large fluctuation and event by event
measurementseemsto be necessary.Basedon the data by CDF. rathera crude
energymeasurement, Sb It is desirablethat the readoutof the pre-radiatoris
done loadlly so as not to disturb the hermeticity of the main body of the e.m.
segment. c In order to measurethe shower centroid to an accuracyof a few
mm, scintillation fiber coupledto some type of solid statereadoutdevice is an
excellent candidate. Possibly such fiber layers have to be placedbehind a few
radiationlength in order to have a reasonableS/N ratio. An optimum design
will be pursuedthrougha simulation and by the beamtest.

ADVANTAGES OF TWO SEGMENT DESIGN To summarizethis chapter,we
discussthe possibleadvantagesof two segmentdesign. In principle it addsad
justableparameterswhile there is no cost increaseover the single compartment
designbeacauseof large saving from using 2 mm diam. fibers in the hadronic
segmentwhich is 93volume of the calorimeter. 1 Simpler electron triggering
and softwaree/pi separation. The energydeposit in the e.m. segmentcan be
convenientlyusedfor the clean electrontrigger and also e/pi separationin the
software.ALthough hadronicshøwerspreadslaterally into alargediameter,there
is a relatively small core in which most of the energy is concentrated.For ex
amplepure lead iron contains 706ocaseof 300 GeV protons. Such coreright
behind thee.m. segmentwhich washit by an electronlike enrgy depositcanbe
directly examinedto distinguishhadronsagainstelectronsignals. 2 The fabri
cation of the e.m. segmentis freed from the fabrication techniquefor the large
hadronicsegmentsothat the leadcastingtechniquecanbe usedto fabricatethe
e.m. segmentinto an idealgeometry. 3 Completehermeticity/seamlessnessThe
fibers in the e.m. segmentis layed in a flared geometryandas a result the e.m.
segmentcan be built continuouslyover large lateral area without any physical
boundary. The tower boundaryis solely defined by the bundling of the readout
fibers. As a result the fraction of the crack at the boundary of the fabrication
unit for the e.m. segment . if any, is significantly small.Thehadronic segment
is constructed in a parallel geometryand has tower by tower boundarybut is
well hidden behindthe 0.9 int.l, thick e.m. segment.4 The channellingeffect,
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positive or negative can be dealt by the e.m. segmentand since the hadronic
showeris largein the lateral profile and alsobecauseit is hidden behindthe can.
segmentmost likely the hadronic segmentcan be rigourously projective. As a
possibleoptions besidesa simple tilting of the e.m. tower. we areinvestigatinga
methodto makefibers into helix. Helix hasan advantagethat thelateralprofile
of the narow e.m. shower is preservedalmost exactly. A loose helix can easily
provide the necessaryangle B degreeat any part of the fiber with respectto the
incident particles. 5 Minimal e.m. showerleakage. The e.m. segmentis phys
ically isolated from the hadronic section and it is possibleto insert a thin lead
sheetbetweenthem to preventlow energycomponentof the e.m. showerafter
25 X0 to leak into the hadronicsegmentthrough the fibers which is essentially
an openingof 2Oof the absorbercrosssection. Also generalmismatchingof the
patternsof the 1.2 mm fibers in the e.m. segmentand2mmfibers in the hadronic
segmentmakesthe leakageproblemssmaller. 6 Independente.m. and hadronic
signalmanipulation. For exampleit is possibleto havea different timing for the
e.m. segmentin orderto minimize the pile up. It should be remindedthat 1.8
mn long fiber in the hadronicsegmenthasa 9 nsecdispersionof timing evenfor
one endreadout. If the front endof the fibers is mirrored in order to obtain a
effectively long attenuationlength. the situation is worse. In the two segment
designeleetonsignals, which is always important and vulnerable from pile up,
can be measuredcleanly. Also if a perfect c/h compensationis requiredfor jet
measurement,thetiming for the hadronicsegmenthas to wait 100 nsecto fully
accomodateslow neutroncomponentsand soft photonsfrom nuclearexcitations.
Also it allows us to have a different weight for the two segmentsif the compo
sition turned out to be slightly off from the ideal unity c/h or due to different
timing as mentionedabove. 7 2 mm fibers havesignificantly better attenuation
length and henceshouldgive a better longitudinal uniformity for long hadronic
module. Additional effect of the attenuationis the fiber to fiber variation of at
tenuationlengthwhich is on the orderof 5 avalablefiber and doesnot seemto be
improveddrasticallyin the nearfuture becauseit is mainly dueto the absorption
in the fiber material and alsoabsorptionat every time of numerousinternal total
reflection at the clad boundary. Therefore the amount of attenuationmust be
kept minimal. 8 Clear minimumionization constraint for muon identification.
Two segmentsindividually constrainsthe minimum ionization signel while sin
gle compartmentmay misidentify low energyp1-zerooverlappedwith low energy
chargedtraasas minimumionizing. 9 Possiblelateral profile measurementto
help small isolation criterion for electronsor muons by using segmentedanode
phototubeor wire meshdynodephototube. If one canmeasurethe lateraldis
tribution of the hadronicshowerit is possibleto requiremuchsmaller isolation
criteria for electronsor muons thus openinga new capability of finding lepsons
in jets.
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A.5. TILE CALORIMETERS

The techniqueof scintillating tile with wavelength-shifteroptical-fiber read
out eliminatesmanyproblemsfoundin conventionalscintillator-plate/light-guide
readoutcalorimetersor scintillating-fiber calorimeters. In addition, it possesses
advantagesthat the other techniquesdo not.

In a conventionalscintillator plate calorimeter,the platesareperpendicular
to the incident directionof the showers. In this configuration,there is no fine-
scalevariation in the fraction of scintillator radiator the showertraversesas the
shower impact point is scannedacrossthe calorimeter face. Recall that this is
not the casewith a fiber calorimeter,whereeither the showerhits a fiber, or it
doesnt. The lack of a sampling-fractionvariation causesthe conventionalscm
tillator stack calorimeterto give uniform response,with non-uniformity occuring
only if the light collection efficiency varies with shower impact point. Unfortu
nately. scintillator-stack calorimetersdo in generalsuffer positional variation in
light collection efficiency. For example,indeviceswhere the scintillator plate is
coupledalongits edgeto a wavelengthshifterbar/light guide, therearetypically
variationsof 10% or more. In addition, light guidesgeneratelargecracksin the
calorimeter coverage. For example.CDF. with light guide readoutof the scm
tillator. has about 10% cracks in the central region. Finally, the conventional
coupling schemeforces the scintillation light to travel a relatively long path in
the scintillator beforeit is capturedin a light guide. Thelongerlight pathcauses
an increasedsensitivity to radiation damage form degradingthe optical atten
uation length of the scintillator.

We believe we haveidentified a techniquethat avoids the problemsof fiber
calorimetersor conventional scintillator plate calorimeters: The calorimeter is
built of conventionalscintillator tiles. and wavelengthshifting optical fiber is
used to read the tile out. A wavelengthshifter fiber is glued into a groove in
a scintillator plastic tile. The flexible fiber is then carried to the outside to the
phototube.

This idea was developedby Albrow. et al9 as a replacementfor the UA1
GondolaEM calorimeters.Two prototypeswerebuilt andstudiedin a testbeam.
Although the test beamstudieswere promising, the idea was not pursued. The
principal reasonfor this was that at that point in fiber developmentthe 1.5
mm diameterfibers werenot flexible and had to be bent with a largeradiusof
curvature. In addition, the difficulty of manufacturingthesehand-madefibers
did not suggestthe useof a largequantity for a large device.

In the UA1 prototype. 0.25 X 20 X 20 cm plates were read out by a sin
gle 1.5 mm WLS fiber running along the diagonal. Alternate plates in depth
had the fiber running along the opposite diagonal. About 1% of the plate
area was coveredby the fiber. Test beam studiesfound the light yield to be
3 photoelectrons/minimum-ionizingparticle per plate. Uniformity studiesfound
about a io% positionalvariation in responsedueto a dropin light for scanpoints
far from the fiber. However,a scanwas conductedthat crossedthe fibers along
a line wherethey were separatedby 6 cm. In this region.wherefibers wereclose
together.the spatialvariation was found to be 0.7 Vc. In our design,we envision
fibers evencloserspaced,1 cm apart. Testbenchstudiesof our prototypes.using
a UV laserfor excitation of the scintillator, show readoutuniformity of the order
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1% or better. Our measurementsare also consistent with measurementsmade
on DO prototypes

ExperimentE814 at Brookhavenhasbuilt a hadroncalorimeterbasedon the
tile/fiber idea using 2.5 mm thick scintillator plate and 1 cm thick lead plates.
The scintillator platesare pie-shaped,22.5 degreeswide, andwith a radiusof 60
centimeters.The scintillator platesarereadout by a singlefiber on thephi edge
of the plate. with the side alternating in depth. They achieveda resolutionof
0.45/sqrtE for pions. The light yield for their device is 4.5 photoelectronsper
minimum-ionizing particle per scintillator plate after the light travels 60 cm
alongthe fiber to the phototube.This correspondsto 250 PE per GeV in their
compensatingcalorimeter.

Finally, DO is constructingtheir inner-cryostatdetectorwith this technology.
Advantagesof this schemeare:

i High light yield. The E814 calorimeterhasa light yield per GeV approxi
mately 9 times largerthanthat of the CDF central EM calorimeterwhich
usesa conventionalWLS bar/lightguidereadout. With our choiceof the
fraction of scintillator coveredby WLS fiber 10%. we anticipateabout
500 photo-electronsper GeV for a compensatinglead calorimeter.

ii High uniformity. Expectedpositionaluniformity is better than 1%.

iii No cracks. Projective cracks can be totally avoidedby carrying the WLS
fibers to the outside along a non-projective path. In addition, since the
fibers have a very small volume, there are only very small non-projective
cracks. We estimatethat at the backof the hadroncalorimeter,only 0.2%
of the areais occupiedby WLS fibers.

iv Radiation Hardness. Since the light is collected relatively locally by the
fiber. the optical path of the light is short. Radiation damageinduced
changesin attenuationlength areexpectedto havelittle effect on the light
yield. Monte carlo studiespredictonly 10% changein light after a degrada
tion of the scintillator bulk attenuationlength from 2 metersto 0.5meters.
This correspondsto a radiationdoseof morethan 107 rads.

v Arbitrary choice of depth segmentation. Since the fibers from all depths
of thrtalorimeter tower are presentat the outside, completeinformation
about the depth developmentof the showeris available. A choiceof depth
segmentationof 3 EM depthsand 2 hadrondepths.for example.is feasible.

vi The ability to havepositionsensingchambersimbeddedin thecalorimeters.
For example,a strip chamberpositionedat EM shower-maxcan be easily
accoinodated.

vii Great mechanicalstrength. A possibleSSC Calorimeterdesign,sketched
below, would have mechanicalstrengthapproachingthat of solid iron. It
would be self-supportingand could also support the solenoidwithout the
needfor structural ribs.

viii Arbitrary choice of mechanicalmodularity. The mechanicalmodularity
is determinedby issuessuch as cranelifting capacity, and not by tower
segmentationrequirements,as it is for conventionalplatesor fiber. This
meansthat the designcan be madefor fewer mechanicallyseparatemod-
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ules. easing installation problemsand reducingany problemsat module
boundaries.

ix Low cost/Easeof construction. Preliminaryinvestigationssuggestthat this
technology,using scintillator plates rather than fibers. andflat-rolled iron
and lead plates.can be substantiallyless expensivethanfiber calorimetry.

Prototping Efforts to Date

We havebuilt severaltypesof prototypesto exploreissuesof uniformity and
light yield. Scanswith a UV laser haveconfirmed the uniformity seenby UA1
and DO. A UV laser scan is shown in figure 23. The measureduniformity is
approximately1%.

Cosmicray studieshavegiven estimatesof expectedlight yield. Fig. 26shows
a photographof a stackof 28 tiles used to observecosmicrays. Thelight yield
for this deviceis 20 photoelectronsper minimum ionizing particle per centimeter
of scintillator plastic traversed.This correspondsto a light yield of about 275
photoelectronsper GeV for a totally compensatinglead/scintillator calorimeter.
Our conceptualdesign for this techniquehasa somewhatlarger ratio of wave
length shifter fiber areato total scintillator area, with a projectedlight yield of
500 photoelectronsper GeV.

We have developeda sophisticatedoptics monte carlo programto model
expectedresponseof tiles. We haveverified the program using our own mea
surements.and those of DO and UA1. This programallows us to predict light
yields and uniformities for different geometriesof tiles, as well as model effects
like radiation damageof the plastic.

We are researchingtechniquesof mass-productionof the tile. Working with
LaserMachining.Inc.. Sumxnerset,Wisconsin.and with LaserServices,%Vestford.
Mass..we aredevelopingtechniquesto laser-cutthe polystyrenetile, andthenuse
thelaserto "mill" the groovein the tile. Preliminarytrials weresuccessful.Useof
a computercontrolled lasercutter makesthe tile manufacturevery inexpensive,
approximately $2 per tile.

Structuralanalysesusing ANSYS arein progressfor the goalof a conceptual
design using this technique.

A Tile SSC calorimeter
As an e%ampleof thelargescaleapplicationof this technology,we aremaking

a conceptualdesignof a small solenoid SSC detectorcalorimeter. Our perfor
mancegoals arethoseoutlined in chapter1.

In our design,we chooseto haveasingleEM depth compartment.andasingle
hadroncompartment.The barrelcalorimeterwould be composedof wedgesthat
can be stackedin free-standingarches.ala CDF. Therewould be two rings of
arches,allowing for splitting the detectorat 90 degrees. The numberof wedges
would bedeterminedby cranecapacity.A possiblechoice is 24 wedgesper ring or
48 total. Eachwedgewould have8 phi tower segmentsfor the EM compartment,
and4 for the hadron. Wewill chooseleadastheradiatorin the EM compartment.
For hadronabsorber.we will pick equal parts lead and iron.

The detail of a tile is shown in fig 27. The scintillator plastic plate has
a groove cut into it in which is placed a wavelength shifting fiber. Tiles are
groupedinto units to be insertedinto the calorimeterwedges,as shownin this
figure.
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A cross-sectionof the EM compartment is shown in fig. 28. The mechanical
structure is 0.030 inch steel plate. with 0.2 inch lead bars bonded to it. The
lead bars are staggeredin depth. The resulting structure is mechanically rigid.
andprovidesslots for the insertion of the scintillating plastic tiles. The structure
preventsany force from being exerted on the plastic. The readout fibers bend
and progressalong a serpentinemilled slot to the outside.

We envision the hadroncompartmentbuilt of a lamination of iron and lead
plates. The lead plates are again staggeredas in the EM compartmentto
provideslots for the scintiflator plastic tiles. The lead and iron platesarebolted
together.with the bolts going from iron to iron. A possibleinternalstructureis
shownin figure 29.

This design is expected to meet to outlinedlist of calorimeterrequirements.
In the design, there areno projectivecracks. In addition, since the fibers have
a very small volume, there is only 0.2% non-projectivecracks. Compensation
is obtainedby the choiceof thicknessof plastic for the 2 compartments.2mm
thick scintillator in the EM compartment.and 5 mm in thehadroncompartment
will generatecompensationvaluesinsideof our designwindow. Since this design
has separatedEM and hadron compartments,conventionaltechniquesfor E/pi
separationcan be used. We canbe confident that the E/Pi separationgoal can
be met.

ProposedR&D

The application of tile technology to a 4r calorimeteris a new idea. At
the moment. thereis not adequatetest beamexperiencewith this techniqueto
be able to confidently predict light yield and other properties. We proposeto
constructan EM calorimeterprototype to evaluatetile calorimeterperformance.

Our prototype will be composedof 5mm lead plates. interleavedwith 2mm
scintillator tiles, with a total depth of 24 radiation lengths. It will be divided
into 4 non-projective towers to allow for scansacrosstower boundaries. The
estimatedsize of this device is 20 X 20 X 20 centimeter. Its estimatedcost is
approximately $10,000.

In addition. we will conduct studiesof tile technology. We plan to make
special radiation damagestudiesof tile prototypesto see if there arelimitations
in this area. We will explore strategiesof inexpensive tile manufacture: laser
machining,tJC milling, and casting. We will investigate tileto-tile uniformity,
and techniquesto control it Laser-trimming the wavelength shifter fiber to a
uniform gain with a computer-controlled CO2 laser and feedbackcircuit, in a
vein similar to laser-trimming resistors We will also do preliminary structural
analysesof tile calorimeters.Resultsfrom thesestudiesandfrom theconstruction
and its test beam analysisof the prototype will allow us to determineif tile
calorimetryhas a nable future at the SSC.
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A.6. MECHANICAL SUPPORTOF DETECTOR COMPONENTS

A model of a possibledetector geometry, with module and solenoidsupport
systems. is shown in Fig. 30 . The following calculationsand discussionwill
show the feasibility of the major mechanical features of the model. Conceptual
design was made and structural calculations were performed for the laminated
calorimeter case,other caseswill be very similar.

Structural Analysis Approach

The conceptualphaseof adesignrequiresstrengthcalculationswhich aresim
ple enoughto allow considerationof severalalternativesin a reasonableamount
of time, andaccurateenoughto identify inadequacies.In this work, handcalcula
tions andsmall finite elementmodelsdeterminethe primary structuralbehaviour
thought to be most importantin a practicaldetectorcomponentsupportsystem.
The specific issuesaddressedare:

1. Endplug module support eardesign

2. Barrel module support ear design.

3. Designof endplug support structure. This support systemmust resist elec
tromagnetic and weight loads and allow the endplug to be withdrawn from
the barrel and solenoid assembly.

4. Design of barrel support structure. This support systemmust resist elec
tromagnetic and weight loads and allow separationof the barrel halves for
access.

5. Support of the solenoid from the barrel module assembly. This support
systemmust resist radial andaxial electromagneticloads and weight loads
and allow the separationof the barrel halves.

Calculation of Loads

Moduleand SolenoidDead Weight

This cat-becalculatedfrom a volume averagingof the leadand steelcontent
of a module. This proposalconsiderslead plateswhich are 2.5 mm thick 0.098
in. and steel plates which are 2 mm thick 0.079 in.. The densitiesof lead
and steel are0.411 lbs/in3 and 0.284 lbs/in3, respectively.The volume averaged
densityof a module neglectingthe lead removedfor slots is 0.354lbs/in3.

A crosssection of the detectorassemblyis shownin Fig. 31 . The volumes
and weights of eachmodule, obtained from a computer solid model. arelisted in
Table I.

The deadweight of the solenoid can be approximatedby scaling the weight
of the CDF solenoidaccordingto the slightly larger radius assumedhere. The
result is an estimatedsolenoid weight of 30000 lbs.

The total weight of one-halfof the detectorone endplug, six barrel assem
blies. and one solenoid is 4.4106 lbs. or 2200 tons.
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Table I. DetectorComponentWeights

Component Number Weight

24 modules 3185 lbs/moduleEndplug module A

Endplug module B 48 modules 3257 lbs/module

Endplug module C 72 modules 3277 lbs/module

Endplug module D 144 modules 2193 lbs/module

Barrel module A 24 modules 44200 lbs/module

Barrel module B 24 modules 49400 lbs/module

Barrel module C 24 modules 55510lbs/module

Solenoid 1 30000 lbs

Note: Figures are for one-halfof the detector.

ElectromagneticForces

A two-dimensionalaxisymmetricfinite elementmodel wasgeneratedto cal
culatetheaxial magneticforceson the solenoidandtheendplugmoduleassembly
for a central field of l.7T. The laminatedstructureof the moduleswas approx
imated by smearing the iron permeability over the module region. The finite
elementmodel and flux plot areshown in Fig. 32 . In this analysis,two sepa
rate solenoidswere assumed,with their dimensionsscaledfrom thoseof the CDF
solenoidat Fermilab".

The axial forces are related to coil separation.endplug proximity to the
solenoid, and installation of the solenoidswith their magnetic centersaxially
displacedfrom the magnetic centerof the iron. The magnetic analysis shows
that, for asymmetricinstallationof the coils about the midplaneof the detector,
the end iron proximity can be adjustedto bring the axial forces to nearly zero.
Someinstallation error can be expected,however. An estimateof this displace
ment for one solenoid is 0.025 mm, or about 1 in. Becausetwo solenoidsare
involved, thereareseveralwaysin which thesedisplacementsmay combine. Pre
vious work on an Sm by 16msolenoidfor the SSCindicatesthat the simultaneous
displacementof both solenoidstoward the centerproducesthe largestforce!l3I.

The force calculatedby the finite elementmodel is 300000lbs for this case.
For designpurposes,an axial decenteringforceof 500000lbs will be assumedto
allow for uncertainties.

Radial decenteringforce calculation requires three dimensionalmodeling,
which is beyondthe scopeof this preliminarywork. However, apreviousanaly
sis 2 hasshowndecenteringforcesabout 45000lbs might be expectedon each
solenoid. For designpurposes.this force will be assumedto act in the same di
rection as the solenoidweight, giving a total radial force support requirementof
75000lbs.
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The endplugexperienceslarge forces which pull it toward the detectormid-
plane. If a uniform field of 1.7T is assumedover the endplugarea,thenthe force
can be calculatedas

F
= 2 xarea

or 11 MN 2.47’106 ibs. The finite elementmodel, using a more realistic
field distribution over the endplug,gives 8.7 MN. or 1.95*106 lbs. For design
purposes.a force of 2106 lbs will be usedfor the endplugaxial magneticforce.

MechanicalProperties

The modulesconsistof bondedlaminationsof 2 mm steelplatesand 2.5mm
lead plates. Lead has a Young’s modulusof 2*106 psi, and a density of 0.411
lbs/in3. Steel hasaYung’s modulusof 291.106psi. and adensityof 0.284lbs/in3.
For the purposesof finite elementanalysis,the propertiesof the materialsare
‘smeared’homogeneouslythroughoutthe material by volume averaging,andare
given a value of 14106 psi for Young’s modulus,and 0.354 lbs/in3 for density.
The steel is unspecified.but assumedto beequivalentmagneticallyto AISI 1020
steel. Module stressescalculatedbelow arewithin the capacityof available0.2

EndplugModule Support Ear Design

The steel plates in a barrel or endplugmodule may be extendedto form
ears from which the modulemay be supported.An eargeometrywhich provides
acceptableaccessto the module is shownin Fig. 33 . The stressareaavailable
for a one inch length of this ear is 0.44 in2, andthe allowable load is

Pa = 0.44Sa

whereSa is the maximumallowablestressin tensionof the steel. This stress
will be taken as 2/3 Si’. where Si’ is the minimum specified yield stressof the
material.

The module support schemerequires that theseears resist bendingloads
when modulesare cantilevered. In the case of an endplugmodule, shown in
Fig.34 .earsappearalong azimuthallines aroundthe assembly Therefore,both
the bendintstiffnessof the module and the orientationof the earschangewith
position within the assembly.which resultsin ear stressdistributions of either
uniform tensile stressover the length of the ear, or a linearly varying bending
stress. A three-dimensionalanalysis of a similar endplugmodule assemblyhas
shown astrong tendencyfor moduleswith theirweak bendingaxis orientedhor
izontally to distributea largeportion of their weight to the modulesbelow them,
which becomemore stiff as the weak axis is rotated toward the vertical. There
are indications that the calculation of ear strength basedon the requirement
that eachmodule support only it’s own cantileveredweight no redistribution
to adjacentmodulesin it’s weakestorientationis the ‘worst case’ for the end-
plug modules. TableII gives the moduleear lengths.moments,and resultingear
stressesfor this case. The largest stressis 18500 psi.

The electromagneticaxial force on the endplug of 1.95*106 lbs will increase
the stressin the earsof the endplug modulesby approximately 1500 psi. The
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largest total earstressis then 20000psi. which requiresa steelwith a minimum
specified yield stressof 30000 psi.

Table II. Stressesdueto Cantilevering

Endplug Module Moment Maximum Stress

A 76720 in-lbs 16800psi

B 114700in-lbs 17400psi

C 114000 in-lbs 18500psi

D 114500 in-lbs 18400 psi

Barrel Module Support Ear Desjgn

In contrastto the endplugassembly,the barrel assemblypresentsthe same
earorientationat eachmoduleand the samebendingstiffnessrelativeto moments
producedby deadweightin aradialplane. This geometryis amenableto a simple,
2-d finite elementanalysiswhich can include the effect of moduleinteraction.

Fig. 35 showsthe finite elementmodel of half of a barrel assemblyand the
deflectedshape.The support structureanalysisis detailedbelow The modules
are modeledas discreetunits, interactingonly azimuthally with adjacentmod
ules;i.e., thty arefree to slideradiallyrelativeto adjacentmodules.Thestiffness
of thesemodulesis that of the combinedsteel-leadassembly. The assemblyis
assumedto be 2 metersdeep,andhasa total weight of 808000 lbs. This weight
is approximatelylothe heaviestbarrelassemblyof Fig. 30.

Table III summarizesthe resultantmomentsand normalforces on the mod
ules. Barrel module 10 hasthe largestmoment/normalforce combination, and
requires48 linear inchesof ear. Fig. 36 showsa possibleschemefor acquiringthe
necessaryear length by using six S-inch long earson each edgeof the niqdu.le.
An important issuewhich must be addressedin the final analysis is the shear
strengthof the lead/steelbond and it’s effect on earplacement.
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Table III. Momentsand Forceson AssembledBarrel Modules

Barrel Module Moment in-lbs Normal Force Ibs’

1 1.37wd106 64000

2 3.62*106 48000

3 5.15106 21000

4 5.50*106 -15000

5 .4.45*106 -54000

6 1.91*1o6 -90000

7 1.81*106 -115000

8 5.70*106 -127000

9 8.70*106 -125000

10 9.69*106 -113000

11

- 12

7.95h106

3.14*106

-96000

-84000

Note: Positivenormal force producestensionin ears

Support of EndplugModule Assembly

Theendplugsupportstructurecantileversthe endplugmodulesinto the bore
formed by the barrel module assemblies.It must allow the 390 ton endplug to
be drawn away from the bore for accessto the solenoid and upstreamendplug
region. A possible support design, shown in Fig. 37 . uses concentricrings
of 2 inch steelplate. connectedby webs at 30 degree incrementsbetweenthe
rings. Thetnnerandouter radiusearson the endplugmodulesare attachedto
the rings, and external support plates attachto the outermostring and ride on
beamsprojecting from thefront of the barrelassemblies.During operation.the
endplug contactsthe downstreambarrel assemblyat severalpoints about it’s
outer circumference.transfering the large electromagneticaxial endplug force
throughthe barrelassemblies.

A three-dimensionalfinite elementmodel of the endplug support structure
wascreatedto calculatesupportstresses.This is shownin Fig. 38. The endplug
moduleswere approximatedby modelinga network of sparelementsnot shown
projecting from the concentricrings to the centerof gravity of the endplug. at
which point a verticalforce equalto the endplugweight wasapplied.

The stressintensity in the endplugsupport structureis shown in Fig. 38
The maximum stressis 19700 psi. which is within the capacity of structural

steels. A more detailedanalysiswill be necessaryto considerthe effects of sta
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bility. welding and other issues. However, there is considerablespaceavailable
for additional support material and a support structureof the type shownhere
shouldbe feasible.

Support of Barrel Modules

The proposedbarrelmodule support structureconsistsof archesconstructed
of 2 inch steel plate. which provide for attachmentto the earsof the barrel
modules, while leaving as much space as practical for access. Six archesare
usedon eachhalf of the detector.and can be drawn back to provide accessto
the solenoidand the inner radius of the barrel modules themselves.Each arch
consistsof two archplates.connectedby platesparallel to the detectoraxis. The
exact size and number of theseplates will, be determinedby a detailedanalysis
of the axial and deadweight forces.

The simple two-dimensionalfinite element model of the barrel assemblycan
be usedto examinethe stressesin the arches. It is not known at this time how
the arch itself will be supportedon the ground,so the assumptionof self-support
was made. Fig. 39 shows the stressintensity in the 2 inch steelarchplate. The
module weight appearsnear the baseof the arch, due to the azimuthalweight
transfer,and producesvery little bendingin the plate. Stressesare very low, and
given the conservatismof the analysis,which usesonly one 2 inch plate instead
of the two requiredby apractical support,astructureof this typeshouldprovide
adequatemodule support. As with the endplugsupport, this analysissuggests
feasibility, but the final analysismust addressother importantstructuralissues.

Support of Solenoidfrom the Barrel Module Assembly

The solenoidsare supportedfrom the barrelassembliesat the detectormid-
planeand the upstreamends. Axial forces are reactedat the rnidplanethrough
15 degreeplate segmentsof 2 inch steelas shownin Fig. 40 . This arrangement
allows halfof the azimuthalareaat the midplaneto be available for cablerout
ing. The force on eachplate is 41700 lbs. If it is assumedthat theplate segment
acts as a cantileverbeamand that the force acts at a distanceof three inches
from the fixed end of the beam. then the bending stressis 9100 psi. This is
within the capacityof common structural steels. The issueof bearingagainst the
barrel modulesmust be investigated,but the axial orientationandlargenumber
of modulesteelplatesavailable shouldprovideadequatebearingstrength.

The upslYeamsupport is designedfor dead weight and radial decentering
forces only. Attachment is madedirectly to the bent steel platesat the inner
radiusof the barrelmodulesby extendingthe platesandpinning or bolting them
to the solenoid. The support requirementis onehalf of the total deadweight of
the solenoidand the radial decenteringforce. or 37500lbs. Sufficient plate area
exists for support: Detailed analysismust consider the interactionof the bent
platesand the possibility of attachmentschemeswhich provideshearresistance
and allow the full bending strengthof a group of platesto be generated.

The solenoiddeadweight is lessthanhalfof the total radial designforce,and
it should be possibleto support the solenoidfrom onehalf of the barrel arches.
allowing the other half to be pulled back for accessto detectorcomponents.
MechanicalIntegrity of Individual CalorimeterModules

Indepedentof the final structural details of the overall calorimeter support
structure,the mechanicalrobustnessof eachof our 3 types of calorimetermod-
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tiles will be firmly establishedwell before hand. To this end, we are currently
calculating,using the NASTRAN finite elementcomputercode, stressand dis
placementfields within each of the calorimeter module types. We will alsoper
form adequatemechanicaltests to verify key issuessuchas the sheerstrengthof
lead/steelboundsand epoxy/plastic interfaces. Our goal is to havea thorough
andverified mechanicaldesignof our calorimetermodulesfinishedbeforedetailed
designwork on the overall calorimetersupport structureis started.

A.?. COMPENSATION STUDIES

A number of important issuesfor compensatingscintillator calorimetry will
be addressedby a large 60cm x 60cm x 2m test beamcalorimetercontain
ing a Pb/Fe/Scintillating-tilestackwhich can be reconfiguredto vary sampling
fractions,material ratios, etc. Among theseare:

a Which combinationsof Pb, Fe, & Scintillator areactually compensating?

b What is the effect of a non-compensatingEM front end on the hadron
resolution?

c In a3-componentlaminate,does the compensationdependon the sequence
of materials: i.e. is Pb/Fe/Scintequivalent to Scint/Fe/Pb?

d How is compensationaffectedby "dead" plastic?

e How does calorimeterdepth, anddepth segmentationaffect resolution?

f What is the light yield & uniformity of afull sizedScintillating Tile calorime
ter under battle conditions?

A reconfigurablei.e. piecewisedisposablecalorimeter would also be ideal
for studyingradiationdamageissuesin a test beamenvironment.

B. TECHNICAL DETAiLS OF PROPOSED
FRONT-END ELECTRONICSAND TRIGGERSYSTEM

B.1. PMT AND ELECTRONICS SUBASSEMBLY

The numberof phototubes 50.000 requiredfor an SSCdetectorfalls in the
rangeaccessibleto high-volumecommercialfabricatingtechniques.The general
experience ith PM tubes in high-energyphysics is that the cost of the tubes
themselveshasbeenequalledor exceededby the costof the associatedtrigger and
readoutelectronics.HV supplies,bases,connectors,etc. We expectthat expected
that significant savings can be reaii2ed by engineeringof a multi-phototubeas
sembly. We envisageasingle "card" containing8-16 PMT’s. with powersupplies,
magneticshielding,readoutelectronics,trigger logic, cooling, calibrationsystem,
etc. integratedinto a single package.The module would be optically coupledin
a pluggablemanner to a mating This approachhasa numberof advantages:

- The front-end electronicsis greatly simplified by removing the cablesepa
rating it from the PM tube.

- A PM with asmall numberof stages6-7 canbeused,resultingin increased
gain stability and further simplificationsof the electronics& HV power supply.
A low-gain PM tube is especiallyuseful in the high-rateenvironmentof the SSC,
andwherehigh dynamicrangeand linearity is important.
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- The HV power supply is convenientlysharedamongthe 8-16 channelson a
PM. with the individual tubegains beingtrimmedvia a singleadjustablevoltage
on one of the last dynodes.

- No HV connectorsetst anywherein the system.and no dangerouscharges
are built up on HV distribution cables. 1ll HV componentsup to andincluding
the PMT basesare collectively potted.

- Inexpensivemolded parts can be used for mechanical support. magnetic
shielding,etc.

- On-site detectormaintenanceis greatly simplified by the monolithic nature
of the PMT/electronicsmodule: you "changethe card and solve the problem".
without regardto whetherthe problemis in the PM tube, powersupply,amplifier,
ADC. trigger logic,.., or somecombinationof the above. The PMT/electronics
module arrives at the detectoras a completely tested subassembly,so that the
numberof system-levelinterferencepossibilities is greatly reducedat the time
that the detectoris deployed.

We proposeto build and test a first-round prototype module of this type
during the term of this subsystemproposal. This is mainly an engineeringtask
asopposedto R&D, sinceone canpoint to a numberof experimentsin which
PM tubeshavebeensuccessfullyoperatedin conjunctionwith high-rateelectron
ics. Although a fully engineereddesignwill require several design cyclesbefore
productionfor an SSC detectorcould begin, we anticipate that our experience
with this designwill enableus to generaterealistic cost estimatesfor the readout
of a PMT-basedSSC calorimeter.

B.2. FRONT-END ELECTRONICS

AMPLIFIER/CHARGE INTEGRATOR We proposeto investigatetwo possi
bilities here:

1 Chargeintegrating amplifiers of the sametype used on the CDF. They
have demonstratedexcellent linearity over wide dynamic range. They require
only very modestgain from the photomultiplier. Their noise level can be made
so low as to be muchless thanother errors. We haveextensiveexperiencewith
thesedesigp&andcanpredict performance.Obtaining the bandwidthnecessary
to fully settle in the the l6ns crossingtime requiresfurther R&D.

2 A gatedchargeintegratorwhich usesan emitter-coupledcurrentswitch to
distributethe PM current from eachl6ns crossingontoa samplingcapacitor.A
numberofcapacitorsprobably2-4 areoperatedin a round-robinmanner.After
the chargefrom a crossingis deposited.the capacitor voltage is then digitized,
and the capacitoris resetbefore its usein a subsequentcrossing. This scheme
hasthe advantageof being completelyDC-coupledso that therewill be no rate-
dependenteffects. It hasthe disadvantagethat onemay needmultiple calibration
constantsper channel.e.g. for the odd/evencrossings. Switching times on the
orderof 100 pseccanbe realizedwith an emitter-coupledcurrentswitch, so that
extremelyaccuratechargesamplinggatesmay be obtained.

ADC SELECTION/DESIGN AND PROCUREMENT. We forseethree possi
ble ADC schemesfor this detector:
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1. Multiple Flash Encoderswith Digital Memory. This is a brute-force
approachwhich one could designtoday, and the cost of which would somewhat
exceedthat of the PM tubes. In order to obtain the requireddynamic rangea
leastcountof 20 MeV to measureminimum-ionizing depositions.and a full scale
of 10 TeV onerequires19 bit digitization. This could be obtained,for example.
by four 10-bit flash ADC’s which areoffset by 3 bits of gain. Suchan approach
may well becomeeconomicallyattractiveas the cost of FlashADC’s continueto
declinein the marketplace.

2. Logarithmic Pipelined Encoderwith Digital Memory. In this approach
eachbit in the final digital word representsa multiplicative factor, the product
of which gives thefinal result for the digitized voltage. Eachbit decisionis made
sequentiallyin an analogpipeline,usingswitchedcapacitorsasthe delayelement.
This schemehas the advantageof havingonly a single comparatorfor eachbit
decision,whereasa FlashADC with N bits has2"N comparatorsandcommen
suratelyhigher power. This digitization method has beenusedsuccessfullyin
radarsystemsat clock frequencieslower thanthe 60 Mhz requiredfor the SSC.
but will require further R&D to determinewhat accuracy and dynamic range
which can be obtainedat this frequency.

3. Analog Memory with ConventionalADC SuperconductingDelay Line.
Chargeshift registerof various types.... This approachoffers potential cost
savingsat the expenseof increasedsystemcomplett In particular.since flash
digitization at some level will be necessaryfor trigger purposes,at presentwe
prefera schemein which the trigger relieson the samedigitized information that
is availablein software.

CALIBRATION AND TESTING. We would proposethree calibration modes.
Our experiencewith CDF indicates that these calibrationscan be done to re
quired accuracywith little difficulty. Firstly we would provide chargeinjection
on an individual amplifier. This allows checking the amplifier gain, allows tests
of the trigger system.andtestseverythingdownstreamof the amplifier. Next we
would provide LED light flasherson eachphototube. This checksthe phototube
gain, but would not be considereda primary calibration. The third calibration
would be accomplishedby pulling a sourcethroughthe towers. The DC current
producedwould bemonitored by measuringthe voltageacrossthe feedbackresis
tor on the integratingamplifier. This can bedone to high precisionand measures
the combinStionof phototubegain and possibleagingof the scintillator.

CLOCK DiSTRIBUTION. Each modular group of phototubes will requirea
clock. We would proposeto provide electronic de-skewingof the clock signals
througha DAC controlleddelay.

B.3. TRIGGERING AND DATA ACQUISITION.

The lowest level of componentsin the digital pipeline neededfor an SSC
trigger will resideon the PMT/electronicsmodule. The way that this module
fits into the global schemefor trigger and data aquisition will dependon the
overall designof the detector. However, the main trigger & DAQ componentson
our proposedPMT/Electronicsmodule digitization of everycrossing,storageof
100crossingsworth of data,a digitally pipeined triggering scheme,deadtimeless
readout of digitized events.etc. are likely to fit in well with any reasonable
trigger design.
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Oneof the authors Ref GWF Breckenridge hasdevelopeda conceptualde
sign for a pipelined trigger which produces. on each beamcrossing, a trigger
decision equivalent to the CDF level 0_i and 2 triggers. It relies on a custom
digital gate array which providesfor:

1 digital storagefor Flash ADC datafrom eachcrossing.

2 accumulationof transverseenergy sums and lepton lists via a "bucket
brigade" which passestrigger information up to the 90-degreecrack in adigital
pipeline. When the trigger information from a crossingarrives at the 90-degree
crack. it is put into phi-coincidencewith tracking information to form a fully
pipeined trigger decision.

3 pipeinedcommunicationalongdedicatedcablesbetween"nearest-neighbor"
towersto determineleptonisolationandto identify electronswhich straddletower
boundaries.

4 DAQ readoutfor triggeredbucketsvia dedicateddigital cables.

5 Full diagnostic capabilities. In particular, the ADC memoriescan be
loaded and "played back" to allow full speedtesting of the all-digital trigger
system.

Our designfor the PMT front-endtrigger electronicswill be compatiblewith
sucha system. Similarly, the first level componentsof the DAQ/readoutsystem
would resideon the integratedPMT/Electronicsmodule. The gatearray design
for the trigger logic will be investigated on the IC design facilities at BU and
at FNAL. The first-round prototype will in all probability not make use of a
custom gate array, but will simply provide digital storageand readout,and a
simple digital trigger, throughthe useof standardcomponents.

C. Liquid Scintillator Calorimeter

Severalkey designissuesmust be optimized in designinga liquid scintillator
calorimeter. First, the basic structure liquid-filled channelsmust be imbedded
in an absorbermatrix. Second, the tubesmust be lined with a suitably chosen
material to allow for TIR of the light emitted by the scintillator. Next the
structuremustbedesignedto providefor filling andventing sothat no air bubbles
interruptthelight transmissionandsothat theoil canbe recirculatedor replaced.
Also provision must be made to terminate eachtube into some form of light
guide to transmit the light to the photodetectorreadout. This structuremust
be ableto accommodatea wedge geometrywithout sacrificing its compensation
propertiesor light readout Further,considerationmust alsobegiven to theissues
of calibration andperformancemonitoring over thelong durationsof typical SSC
experiments.Lastly, this calorimetermust be hermetic. Therecan be no cracks
or deadregionsand certainlyno dripping oil.

A. Lead/TubeAssembly

Oneway to producethe desiredpatternof tubesin a leadmatrix is to stamp
or roll thesegroovesin leadsheetsand stackthem together:Severalcommercial
firms as well as a numberof the collaboration’suniversity groupshave recently
demonstratedtheir ability to makesuchsheetsusinghardenedlead. When these
sheetsare stacked,the matinggroovesform cylindrical tubes. The4:1 absorber/
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scintillator ratio canbeprovidedby appropriatechoiceof dimensions.Channeling
effects may be reducedby "wiggling" the groove patternon the stampingdie,
with an amplitudeof 1mm and a wavelengthas shownin Fig. 41

B. TIR lining
The requiredhR lining can be provided in a numberof waysdependingon

the materialbeingusedTeflonor polvmethylsiloxane. We arecurrently exper
imenting with using commercially available Teflon tubing and adhesivebacked
sheets,or surfaceswhich we paint with thesepolymethylsiloxanematerials. In
either case, it is fairly straight forward to coat or line thesegrooved platesfor
constructingthesemodules.

C- Filling and Venting
In orderto provide for filling and venting eachcalorimetermodule. all tubes

within a layermust be interconnectedat their two extremeendsto accommodate
cross-flow. For the groovedplate construction,this can be achievedby milling
a narrow transversechannelacrosseachsurfaceof eachplate neareach end as
shown in Fig. 42 - Thesechannelsform fill/vent manifolds within eachlayer
of tubes. The outermosttubes on eachside of the layer can be connectedto
externalmanifolds to provide fill and vent lines to the entire layer. Becausethe
outermosttubessamplelight only from the rearmostportion of the calorimeter
module seelater discussionof wedgeconfiguration,the dedicationof thosetwo
tubesof eachlayer for fill/vent hasno significant effect on calorimeterresponse.

D. Light Readout
The interfacebetweenthe liquid filled channelsand the necessarylight co]

lection systemcan be accomplishedby glueing non-scintillatingfibers into each
of the liquid channelsat the exit end of the calorimeter. For the coupling to
the assemblyof groovedplates,the TIR coatingis terminateda few millimeters
from the exit of the calorimeterblock to allow for the insertion and glueing of
the bundleof light collecting fibers. A techniquemust bedevelopedto align and
glue theselarge bundles of light collecting fibers to facilitate mass production
of a large numberof suchmodules. Further, theselight collecting fibers can be
coatedwith a low-index film e.g. polvin1acetateso that light from the liquid
scintillator will enterthe fiber efficiently and will be TIlt-channeledeverywhere,
evenwithin the short regionof the gluejoint.

E. WedgeGeometry
For both barrel and end-wall calorimeters,it is desirableto configure each

calorimetermodule as a projectivewedge. For the groovedplate construction
the wedgeshapecan be achievedin one dimensionby simply tapering the plate
width as shown in Fig. 43 - This geometryhas the advantagethat there are
two distinct types of fibers in this module, those that extend the entire length
of the wedgelocatedin the centerof the wedge,and thosethat beginat various
depths in the calorimeterand only exit the back of the calorimeterstack. By
choosingthe size of the wedge to have the central core a fraction of the size
of a typical hadron shower, one can usethe lateral spreadof energy in this
calorimeterstructureto help separateelectronsfrom pions without a separate
electromagneticcompartment.This configurationis shownin Fig. 42 -

F. Calibration
Calibration can be accommodatedby milling transverseslots at severalloca

tions alongselectedabsorberplatesandinstallinga smallbore 0.5mm diameter

51



tubewhich runsa closedcircuit alongone flanking tube, acrossthe channel,and
out an oppositeflanking tube, as shown in Fig. 42 - A loop of wire containing
an encapsulatedisotope sourcecan be run through the tube to provide source
calibrationat selecteddepthswheneverdesired. This techniqueis patternedafter
the systemusedfor the CDF central wedgecalorimeters4 -

G- Hermeticity
Eachcalorimetermodulemust be hermetic. This meanstwo things: it must

not leak energycracksbetweenmodules,deadregions,and it must not leakoil
The structure illustrated in Fig. 42 canmeet both criteria. The active medium
of the module extendsright out to its boundary. A thin 0.5 mm steel skin can
be used to enclosethe outer boundary of eachmodule to provide a smoothhard
surfacefor stackingand to provide a light-tight enclosure.All appurtenances-
light fiber bundles,calibrationfibers,phototubeassemblies.andfill/vent lines can
be enclosedwithin the projective 9, profile of the module. Modulescan then
be stackedupon a superstructurewith NO CRACKS. Regardingoil hermeticity.
the layers can be epoxiedpairwise at their boundaries, sides and ends. The
completemodule should thereforebe an oil tight assembly. The seal integrity
can be checkedbefore filling by evacuatingthe entire manifolded tube assembly
and helium leak-checking.The oil fill canalso be doneundervacuumto assure
elimination of air voids.

Current Activities

Our current efforts on developingliquid scintillator for spaghetticalorimetry
are focussedon settinginstrumentationto measurethe "totally internally reflect
ing"TIR light transmissionof Teflonn = 1.35 and polymethylsiloxanen =

1.40 coatedsurfacesfor applicationin the constructionof a prototypecalorime
t er.

In an effort to confirm the expectedlight transmissionpropertiesof these
liquid scintillatorfilled channels.we havesetupa test counterto makesuchmea
surements.The aim of thesetests is to measurethe light yield andattenuation
length for a collection of liquid filled channels.

The setup that we have assembledis shown in Fig. 44 . ft consists of
60. 1 meter lontand 1mm i.d. quartz tubes. laid out in a rectangularclose-
packed array to simulate a conventionalpaddle countergeometry. Thesetubes
are then lined with Teflon by inserting a standardthin walled PTFE Teflon
tube24 AWG into eachchannel. The glass tubesin this configurationareused
to supportthe Teflon tubesand containtheliquid scintillatorBC 517. The two
endsof this assemblyarethenviewed by separate2" diameterfast linearfocussed
photomultipliers.

We havejust begun to perform testson this device using both cosmic rays
and radioactivesources.With this setupweexpectto measurethe absolutelight
outputper inip and the light attenuationlength of this light collection system.

We arealso currentlypreparingto test severalaspectsof the groovechannel
designmentionedearlier. We haveobtainedsamplesof the groovedplatesthat
wererolled at PurdueUthversit Once we havedevelopedthe necessarycoating
techniquesrequiredto producethe TIlt channels,we will assemblethesecoated
platesinto a counterfor testsof light output andattenuationlength.
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Program Objectives

We proposeto conducta programof design.hardwaredevelopmentandtest
ing to producean optimumliquid scintillator fiber calorimeterfor useat the SSC
andevaluateits performancein a testbeamat Fermilab. Our programobjectives
include the following components:

Material Choices. We plan to obtain samplesof stampedhard lead
sheetand evaluatedimensionalstability, surfacequality and tensileprop
erties. Our study will also include a careful evaluationof available liquid
scintillators for performancein collider calorimetry. In particular.we will
investigatetheir light yield, attenuationlength, responsetime and sensi
tivity to radiation damage. Thesestudieswill also include an evaluation
of the various materialsavailableeg. Teflon and polymethylsiloxaneand
their coating techniques,in order to producethe requisite TIlt structure
for thesecalorimeters.

Simulation. The stateof simulationcodesfor modelling the performance
of electromagneticand hadronic cascadesand the resulting ionization re
sponsehas improved dramatically in recent years. It is now possible to
establishreasonableagreementbetweenexperiment and simulation for a
variety of calorimeterdesigns. We plan to usethe current codesto simu
late the responsein the geometriesof a liquid scintillator calorimeter. We
hopeto thenuse theseresultsto fine tunethe geometryfor the test mod
ule. The beam test results will then be used to check the validity of the
simulations.

Module Fabrication. In parallel with our studies of materialsand their
properties,we will alsobe focusingon the designandconstructionaspectsof
producinga workable SSC calorimeter using this technique.Thesestudies
will involve developingproceduresfor coating the channelsin the absorber
matrix and for coupling the light from thesechannelsto the readoutpho
todetector. Given the strict requirementof oil tightness,we will carefully
study the designof the oil sealof the final assembly.

Beam tests and Calibration. In the test beam,we plan to carry out
a systematicstudy of the performanceof a prototypemodule. Our plan
is to install this unit in a Fermilabtest beamfor testing during the fixed
target running in 1990. The test beammeasurementswill include studies
of energy resolution. linearity, compensationand dr separationover the
largest feasible energy range. We would also like to conduct above the
measurementsfor severalselectedliquid scintillators in order to optimize
compensationin this device. Lastly, wewill evaluatethe practicalprecision
of sourcecalibration procedureand study its ability to track changesin the
responseof the module due to radiation aging and other time dependent
changes.
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D. TECHNICAL DETAILS OF PRERADIATOR

Di. IMAGING PRE-RADIATOR

SUMMARY
We proposea threeyearprogramto develop a full scaledesignfor an imag

ing pre-radiatorbasedon a matrix of lead and scintillating fibers and aimed at
the physics requirementsof an SSC detector. A. major task will be to developa
system that will be capableof readingout imagesfrom systemsof several hun
dred thousandscintillating fibers that fully exploits the high speedandexcellent
granu.larityof sucha system. By placing a pixel detector,such as thosecurrently
being developedby D. Nygren and his group at LBL, inside an image tube, a
fast high-density read-outsystemcan be implementedat a reasonablecost.
INTRODUCTION

The importanceof lepton and single-y signaturesfor SSC physics is quite
generallyrecognized.For aHiggs massthat is M11 2Mz, the Riggs is expected
to decay into oneor two lepton pairs, which, in order to be recognizableabove
the abundantQCD background,placesa very strong requirementon the ability
of the detectorto correctly identify electrons. For the massrange M8 < 2Mz,
the H° - -y-y decaymodehas beensuggestedas the most feasibleexperimental
signature,which putsapremiumon good single--y/ir0discrimination. In addition,
there are the semi-leptonicdecaysof the heavy quarks,both seenand ‘yet to be
seen’"1 Leptonsarealso expectedto provide important signaturesfor a variety
of new physics. suchas, for example,searchesfor supersymxnetricparticles4’1

searchesfor Z’s. heavy recurrencesof the 2,111! and many others. A detector
capableof identifying electronswithin complicated eventscould have a great
advantageover one that hasto makean isolation cut. For example.this couldbe
important for decaymodessuchas -. Z jet.

IS!
Sincethe ability to identify

electronsand single-tswill be an important physics signatureat the SSC, we
have beeninvestigating the possibilities of using a pre-radiatorin conjunction
with calorimetersto enhancethesefeaturesof proposedSSC experiments.

As part of this program. we havebeen developingan imaging pre-radiator
composedof ribbonsof scintillating fiber SF interleavedwith leadFig 1. The
high speed.excellnt granularityand ability to function in a magneticfield, make
fibersideal for suchadevice. However,thereareno currentlyavailabletechniques
for readingout suchsystemsthat do not compromisesomeor all of theseprop
erties. Imagingdetectorscurrently in useare read out with CCD pixel devices,
which areseverelylimited by the long time it takesfor their serial readout.Re
cently, therehasbeenconsiderableprogresson randomlyaccessiblepixel devices;
this is an areaof technologythat hasbeenreceivingconsiderableattention. Here
we proposea programof researchthat appliesthesenew technologiesto imaging
SF devices.While ourpresentfocusis on pre-radiators,progressin their readout
systemsshouldbe equally applicableto SF tracking devicesand calorimeters.
Pre-radiators

The useof pre-radiators,devices that give detailedinformation about the
early developmentof electromagneticshowers,is a commonexperimentaltech
nique in high energyphysics. Recently,rathercomplex pre-radiatorshavebeen
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implementedin both the UA2 and CDF experimentsat p colliders. In partic
ular. UA2 has demonstratedthat an imaging pre-radiator can greatly enhance
the quality of data.

Pre-radiatorssupply detailed position information with a precision that is
characteristicof tracking devicesand. thus. of considerablyhigher accuracythan
can be generally obtained using energy sharing betweencalorimeter modules.
This is a techniquethat exploits the short developmentlengthof electromagnetic
calorimeters: they are of little use for hadronic showers since the start of these
showersis spreadover amuch larger depth region within the calorimeter.

Imagingpre-radiatorshaveconsiderablepotential for SSCexperiments.They
can provide information about the detailed structure in a complex event that
would would be unobtainablewith presentlyconceivedtrackersandcalorimeters
alone. Moreover, they would also provide redundantinformation that could be
important for interpretingcomplex events.They provide a link betweentracking
detectorsandcalorimeterswhich, at the SSC.will be essentialfor:

1. Improvedelectron/hadronrejection in isolatedeventsand electronidenti
fication within complicatedeventswhere isolation cuts can’t be applied:

2. Separationof direct single-"s from r0’s on an event-by-eventbasis:
3. Taggingof high energyelectronsby the detectionof the synchrotronradi

ation SR emitted it emits as it bendsin a. magnetic field:

4. The precisedeterminationof the location of the starting point of an elec
tromagneticshower;

5. Reductionof fake electronsdueto accidentalir°/charged-trackoverlaps.
6. Unambiguousassignmentof the showerwith bunchcrossing;

The capability of performing thesetasks is limited by the quality of the track
measurementand the physics of the showerdevelopment. We will discusseach
of the above-mentioneditemsin turn.

Electron identification in calorimetersis based on the differencesbetween
electromagneticand hadronic shower development. The lateral and longitudi
nal developmentof a shower, as well as the time developmentof the sampling
pulses. are different for electronsand hadrons. With methods basedon these
signals. rejections of the order of 0.1 - 1.0% can be achieved. However, the
different ca&’erimeter signaturesare highly correlatedsince the major sourceof
mis-identification comes from a hadron showerthat convertsmost of its energy
into z-0’s early in the calorimeter, which subsequentlycreate electromagnetic
showers.A pre-radiatorthat samplesthe early showerdevelopmentcan provide
additional information that is uncorrelatedto the othermeasurements.This has
beendemonstratedby measurementsusingapre-radiatorat a. showerdepthof 1.5
RL11 andfor other lead-scintillatingfiber configurationsby Monte-Carlocalcu
lations. Furthermore,whenan electronis accompaniedby ahadron,calorimetric
methodsfail. restricting electronidentification to isolatedtracks only. An imag
ing pre-radiatordoesnot suffer from theselimitations andcan separateelectrons
from other particles at distancesas small as a few millimeters, enablingsome
electronidentification inside of jets.

To separatedirect single-7’s from nMs on an event by event basis, the pre
radiator has to be able to distinguish the two photonshowersfrom a singleone.
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The minimum openingangleof a 7l° is given by

2mr
onuul - -.

Pr

Thus. for a 100 GeV/c r0. , the two decayphotonsare separatedby a distance
of ? 2.6 mm per meter of flight path. This separationhas to be measured
sufficiently deepin the calorimetersothat the two photonshaveahigh probability
of converting, but not so deepthat the two showersbegin to merge. This is a
task for which an imaging pre-radiatoris particularly well suited.

The techniqueof usingsynchrotronradiation to tag electronsin a preshower
detectorhas some very interestingpossibilities" While the study of this tech
nique has been motivated by the possibility of using a small R 1 m, high
field B - 6 T detectorconfiguration;’9 our Monte-Carlo studieshave shown
that it would be feasible for p -> 50 GeV/c electronsin a B - 2 T, R - 2 m.
configuration.Our test beammeasurements,plannedfor thenearfuture, should
provide further information on this lower limit. It is important to note that SR
signaturesfor electronsareuncorrelatedwith thosebasedon showerdevelopment.

The rejection of fake electronsdue to r°-charged track overlaps would be
particularly important for non-magneticdetectorsbeing consideredfor the SSC
and for magnetic detectorsin the forward direction. While it would be less of
a problem for magneticdetectorswhere E/p cuts can be made, it would still
provide independentinformation that would further reduce thesebackgrounds.
The finer the granularity of the preshowerdetector,the better it performsin this
regard.

Some magneticdetectorsunder study for the SSC havethe electromagnetic
calorimeter outside a thin XR - 2 RL coil. In this case. layers of the pre
radiator could be placedboth inside and outside the magneticcoil. The ones
insideof the coil could beusedto distinguishelectronsfrom r0’s with overlapping
tracks andfor detectingsynchrotronradiation. The ones placedoutside the coil
would be useful for single- identification.

We are studyingways by which pre-radiatorscould be introduced without
compromisingth requirementsfor completehermeticity.

In principle, theenergyresolutionof an EM calorimetershouldnot be affected
by the presenceof a pre-radiatorsince that device is also capableof measuring
the energy depositedin it. In any case, a #> 50GeV electron only deposits
.1- .3% of its energyin the first 3 radiation lengths.

In addition to providing uniquecapabilities,a pre-radiatorcanbe useful for
determiningchargedtrack multiplicities in jets aswell ascrudemomentummea
surements,thus providing some redundancyto the tracking information. With
fibers of radius 0.5 mm, track separationsas small as 1 mm in the bend plane
and 5 mm normal could be recognized. The high speedof SF can be used to
eliminatethe calorimeterbackgroundsfrom eventsin neighbouringbuckets.
Imaging Readout Devices

The most difficult task to be faced in the constructionof an imaging pre
radiatorfor the SSCis the readout.imagingpre-radiatorshaveto datebeenread
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out with Charge-CoupledDevices CCD’s coupled to image intensifier tubes.
This systemprovidesthe necessaryposition resoJution.but. as eachpixel is read
out serially, it is too slow for the high rate environment at the SSC. The only
proven system. that we are awareof. which is fast enough for use at the SSC
is the position-sensitivephotomultiplier.2° The position information is provided
by multi-anode cells or crossedanodewires. The readout time is naturally fast,
but the position resolution is limited in the caseof multi-anode 3mm x 3mm
cells are the smallest achieved and Hamainatsuclaims this is near the limit.
Crossedanodewires cannot be operatedin a high B-field andsuffer from multi-
hit ambiguities. Solid state photomultipliers SSPM have also beenproposed
for the readout of fiber bundles:2’ These devices, while they can achievethe
necessaryposition resolution,since there is one SSPMfor eachfiber, and have
a 60% quantumefficiency. to be comparedwith is% for ordinary image-tubes.
they do have some drawbacks. The cost of the SSPM and the read out can
be optimistically expectedto be around $10 per channel,which would result in
a total cost of $24 million to read out the pre-radiatorthat we are designing.
Besidesthe cost there is also the additional problem that they haveto operate
at temperaturesbelow 7°K andthus they requirecryogenicsfor their operation.
We are in close contactwith the group that is performingR&D into the SSPM
andwe will maintain that contactduring the courseof the proposedresearch.

An advanceover the CCD readoutschemescurrently usedfor imagereadout
is the pixel detectorbeingdevelopedby D. Nygren at LBL for usein tracking at
the SSC. It consistsof a silicon PIN diode array bump-bondedto a readoutchip
developedby Hughes Aircraft which has beentestedradiation hard to 1 Mrad.
The particular feature of this pixel detectorwhich makes it suitable for an SSC
imaging pre-radiatoror trackeris the read out which works in the following way.
Each row and column of the pixel array is connectedto a shift register where
a bit is set if the row or column containsa hit. The shift registersare clocked
every 15 nsecand are deepenoughto allow the first level trigger decision to be
made. When an eventis selected,only the pixels with a row andcolumn bit set
for that bunch are readout at a rate of 200 nsec per pixel.

We want to build an image-tubewith apixel detectorplacedinside it, whereit
would be usedto detect theelectrostaticallyacceleratedphoto-electronsapprox.
10 KeV wish a high position resolution and thus satisfy the requirementsof a
readoutfor fibers at the SSC.

D.2. PROPOSEDRESEARCH

We proposeto continueresearchand developmenton imaging pre-radiators,
of the style pioneeredby the UA2 groupat CERN, for use in a magneticfield.

In our design the pre-radiatorwould consist of -- 2 m long fibers forming
a cylindrical shell just inside the solenoidcoil. Four such cylinders would be
requiredfor an Sm long solenoid. Layers of fibers would be aligned at angles
of -15, 0 and -15 to the magnet axis. The 500pm fibers would be read out
individually with an image-tubeinside the magneticfield. There would be 4
super-layerseachconsistingof 6 layers of fibers locatedin the first 1.5 RL of
lead. The exact numberof layers and the lead thicknesswill be determinedin
the near future in our forthcomingFNAL beamtests. Assumingthe magnetto
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be Sm long and to have an inner radius of 2m there would be 600k fibers for
each super-layeror 2.4 million fibers in all. The total sensitive photo-cathode
areathat would be requiredfor the pre-radiatorwould be 6000 cm2. This would
require 1500 image-tubes2cm square.

Outstanding Issues
Therearetwo major issuesin the designof the pre-radiatorwhich can only

be settledwith further R&D. The first of theseis the level of complexity that is
requiredby the physics. If the pre-radiatoris sensitiveto the synchrotronradi
ation emitted by the electron as it traversesthe magneticfield. this point could
be evenmore important. It is thereforeurgent to begin the physicssimulations
to help decide theseandother relatedquestions.

The secondis the feasibility of the image-tubereadout. There are two dif
ferent issueswhich must be addressed.The first is the fiber occupancyand the
secondis the technical feasibility. The former requiresa good physics Monte-
Carlo andthe latter a prototype. A proto-typeof this tube hasto be built to
demonstratethat it can work.

In the detectorwe are considering,which has2m long fibers placed 2m. from
the beam axis, the fiber occupancy computedfrom the expectedinteraction
ratesat L=l033, is approximately20KHz. Eachfiber is readout with 10 100Mm2
squarepixels, giving an expectedpixel occupancyof 2kHz. At theseratesa 4
cm2 pixel readoutconsistingof 40 thousandpixels would haveon average1 pixel
hit per bunch crossing. Even taking into account the correlationsin hits due
to clustering neighboring fibers into the sameimage tube factor of 10 more,
the readout would be able to operate comfortably. However, since this is a
very important questionfor thesedetectorsit shouldcalculatedas accuratelyas
possiblewith Monte-Carlocomputations.

The pixel detector usesa 2m polysilicon getter which the photoelectron
would have to penetrate before it can deposit detectablecharge in the pixel
detector. It has to be determined how thin this getter can be made without
effecting the propertiesof the device.

When image-tubesare madethe manufacturingprocessincludes a bakeout
stagewherethe temperatureof the tube is raisedto 4000 C. This temperatureis
closeto the melting temperatureof conventionalalloys usedin indium bumping.
The correctallor’has to be selectedfor usein the image-tubewhich must havea
low vapour pressureanda high melting point. Alkali-poisoning of the silicon is
also a danger,but this hasbeenavoidedin the past by enclosingthe silicon in a
glassampule which is later cut internally usinga current-carryingresistivewire.

The choiceof thepre-radiatoraffects the requiredgranularity of the calorime
ter. If an imaging pre-radiatoris feasibleat the SSC,considerablecost could be
saved in the calorimeter design. Therefore, for the engineeringdesignto take
into accountthe possibility of a pre-radiator,a first level prototypeof the image
tube has to be built in the coming year to prove its feasibility.

A numberof other questionsabout the pre-radiatorwill be settled by forth
comingtestsat FermilabRockefeller/Yale.In particulartheoptimumlead/fiber
configuration, the effect of albedoon the pre-radiator,and the interaction be
tweenpre-radiatorandcalorimeterespeciallyas regardsenergyresolution.

R&D efforts to date
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The Rockefeller/Valepart of the collaboration has. for the past two years,
been working on the designand constructionof an imaging pit-radiator. This
pre-radiatorwill be testedin a test-beamat FNAL this coming winter. When
variouscalorimetermodulescurrently being built by other groupsare tested,our
pre-radiatorwill be placedin front of them and readout at the sametime.

The group. as part of this project. has developeduseful tools for building
imaging pre.radiators. Theseinclude a winding device to accuratelymakefiber
ribbons, a fast-busreadoutfor image-intensifiers.GEANT3.13 softwareto simu
late showersanda facility for fiber testing.

Separatework by the SPACAL collaboration include a test beammeasure
ment of the effects of a pre-radiatorin conjunctionwith a spaghetticalorimeter
module. These tests were madewith a piece of plastic scintillator directly in
front of the module precededby 2.6 RL of lead. Thesetestshaveindicatedthat
a factor of five improvementcan be obtainedbeyondthat obtainedwith shower
spreadingcuts. A further test will be madein the near future using silicon pads
as a pre-radiator.

ProposedR&D
The selection of an optimum pre-radiator for the design is an important

aspectof the group’s R&D program. In order to be able to complete the fn]i
engineeringdesignby November1990we proposeto work on the following items.

1 Optimization of the Rockefeller/Yale imaging pre-radiator for use in a
2 Tesla. 2 meter solenoid with the final calorimeter chosenbc this sub
systemgroup. This will include changing the numberof fiber layers and
the lead thicknessesin the prototype.

ii The vacuumtesting of an etsting pixel detector. followed by potting one
by Hamamatsu.This image tube will be testedfor readingout fibers in a
magneticfield.

iii The initiation of a program of physics simulation in conjunctionwith the
other membersof the collaboration with an emphasison the type of pre
radiator that is requiredfor a generalSSC detector.

Milestonesand Schedule
1990

i Vacuumtestsof apixel detectorwith a source.

ii Potting of a pixel device inside an image-tube. We will use the most ad
vancedprototype available.

iii Evaluationof the pre-radiatorparametersbasedon the requirementsof the
physics andthe overall needsof the detector.

1991

i Developmentof aspecializedpixel detectorsuitablefor useinsidean image-
tube.

ii Test Beam studies the image-tubeand pre-radiatorwith the calorimeter
selectedby this sub-group.

iii Full engineeringdesign of the pre-radiatorfor inclusion within a detector
proposal.
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Milestonesand Schedule
1990

i Vacuum tests of a pixel detectorwith a source.

ii Potting of a pixel deviceinside an image-tube. We will use the most ad
vancedprototype available.

iii Evaluationof the pre-radiatorparametersbasedon the requirementsof the
physics and the overall needsof the detector.

1991

1 Developmentof aspecializedpixel detectorsuitablefor useinsidean image-
tube.

ii Test Beam studies the image-tubeand pre-radiatorwith the calorimeter
selectedby this sub-group.

iii Full engineeringdesignof the pie-radiator for inclusion within a detector
proposal.
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E. PROTOTYPESTUDIES AND TEST BEAM RESULTS

El. BOSTON UNIVERSITY

Our Boston University collaboratorshave constructedand tested 9 scjntjl
lating fiber electron calorimetermodulesin the context of experimentAGS 821.
a new measurementof the muon g-2.A photographof these calorimetermod
ules, with their associatedfiber light guide and multi-anodePMT for readout,
is shown here as Fig. 45 Eachmodule is 4cm x 4cm x 12cm. with a radiation
length of 0.8cm for the lead alloy/plastic fiber composite. Eachmodule contains
288 1mm diameter round scintillating fibers, arrangedin a lattice as shown in
Fig. 46 At each endof eachcalorimeter module, fibers passthrough a thin alu
rninumplate which is machinedto a smoothsurfaceafter casting. This plate is
then a 288-fiber "connectorplate", with alignment pins and small screwsper
rnitting connectionand disconnectionto 288 1mm diameterclearplastic fibers
making up a light guide. This light guide is then coupledto amulti-anode p1w-
tomuhiplier for readoutof the energyandspatial pattern of individual electron
showers. The goal of the g-2 calorimeter was to measureelectron energieswith
good resolutionwhile discriminating againstpile-up from simultaneouselectrons
incident upon the calorimeterat different positions.

A completeelectron calorimeter consistsof 16 modules.each 4cm x 4cm x
12cm. This modularity is preservedin orderedplastic fiber light guide bundles,
which attachseparatelyto calorimetermodulesaxtd to the photomultiplier input
fixture. This allowsfor the separateconstructionand installationof eachmodule.
and for the replacementor repositioningof individual modules. The readoutof
eachmoduleis further divided into 3 x 3 ‘pixels’ matchingthe pixels of asingle 12
x 12 multi-anodephotomultiplier which can then readout an entirecalorimeter.
This pixel sizematchesthe typical cross-sectionalprofile of anelectronshowerin
the calorimeter.Only clear fibers extend beyondthe boundariesof the cast block
containing scintillating fibers. eliminating backgroundfrom ambient low.energy
chargedparticles.

Electromagneticshowersaregeneratedin aentecticalloy of lead/bismuth/tin/
cadmium, with scintillating fibers running along the length of the calorimeter.
The melting-point of the eutectic metai is 70 degreesC 158 degreesF and its
densityis 9.5 g/cm3. Blocks were castof this material with embeddedscintillat
ing fiber, with no degradationof the scintillation and transmissionpropertiesof
the fiber. Eachmodule contains288 fibers 1mm diameter, arrangedin 24 "rib
bons" of 12 fibers each. The packingdensityof fibers within the calorimeteris the
resultof a tradeoffbetweenincreasedlight collection andenergyresolutionmore
fibers vs. minimizing requiredphotocathodereadoutareaand hencecost. EGS
simulations indicated that a packingfraction of LS% 288 fibers/16cm2 would
provide an energy resolution of better than . There is, however,no step in

our assemblyprocesswhich precludesamuch higher fiber packingfraction.

The metal alloy can be machinedto a smooth surfaceon its four long sides
for stacking, with a thin metal plate on each end. Thesemetal platescan be
drilled with countersunkholes for mechanically inserting and fixing the fibers

61



prior to casting. A 5 micron precision in locating holes for each fiber with
numerically controlledmachinesat the Boston University Scientific Instrument
Facility can maintain fiber alignmentwith a similar metal plate on the end of a
ftber light guide bundle to within 5% of an individual fiber diameterof 1mm. A
calibration fixture may beattachedto the upstreamendface of eachcalorimeter
in a similar manner.

For each 12cm long module. 288 holes were machinedinto eachof two thin
aluminium "spacerplates"which maintainedfiber positioning alongthe lengthof
each module. Slightly larger "flow-through holes" were drilled into each spacer
plate, to increasethe mechanical rigidity of the cast module. The fibers for
each module were fed by ribbons into a sdwich" of two end platesand two
spacerplates.after which theplateswere pulled over the fibers to aseparationof
12cm. Deburring of theplatesandlubrication during the pulling werenecessary
to avoid damagingthe fiber cladding during this procedure,particularly since
the Optectron scintillating fibers used exhibited a 5 - 10% variation in fiber
diameter. Once theplateswere properly positioned,the fiber endswere epoxied
into position on the endplates,sothat fibers wererigidly held for machiningalter
casting. Vibration of the fiber assemblyduring casting was sufficient to remove
the few small air bubbleswhich formed,and our final productwas very uniform
in internal composition.

The 1.6 meterlight guidewhich connectseachcalorimetermoduleto aphoto-
multiplier is madeof clear acrylic fibers, of a type specially chosenfor long >20
meter attenuationlength at the frequenciesemitted by the scintillating fibers.
Readoutof an entire calorimeter16cm x 16cm x 12cm deepis performedwith
a single Hamamatsu3" multi-anode photomultiplier. Eachphotornultiplier con
tains 144 4mm x 4mm pixels, arrangedinto 12 ‘X’ rows and 12 ‘V rows for
readout as 24 signals. In this way one can read out 24 projectionsof electron
showerswithin each calorimeter, identifying double-showersseparatedin either
x v.

This device was tested with 1 - 3 GeV electrons in the A2 test beam at
BrookhavenNationa’ Laboratory. The measuredlight yield was 500 photoelec
trons per GeV of incident electronenergy,which could be increasedby silvering
oneend of eachacintillatingfiber. The measuredenergyresolution was better
than consistentwith showerleakagethrough the sides of a single module

and with contaminationfrom pious in the mixed test beam. We measuredthe
efficiency of the optical coupling two connectorplatesjoined with either optical
greaseor optical epoxy as greaterthan 90%. The light collectedafter a lSm
light guidewas 80% of that collectedby aPMT mounteddirectly on the calorime
ter end plate. Pulse shapewas dominatedby the PMT rise time of roughly 4ns
10% to 90%, with a FWHM of 6ns for lOOxnV 1 GeV pulses.

62



E.2. FNAL5OLLABORATION

We have beenvery active in prototyping efforts andmeasurementswith the
goal of viable scintillator calorimetry for the SSC. A secondarygoal involved the
use of scintillator calorimetry in an upgradeof the CDF endplug.

Fiber Technology

We havestudiedmanyconstructionschemesfor scintillator/fiber calorimetry.
We have evaluatedand discardedas unfeasibleideas like: Depth segmentation
in fiber calorimetersusing wavelength shifting fiber ribbons to couple to the
fibers not enough light; FITCAL. i.e. threading wavelengthshifting fibers
longitudinally through thin scintillator plastic tiles not enough light, lack of
uniformity.

We have developeda new type of fiber: WavelengthShifting Core fiber in
2 variants, solid and hollow versions. where the clad WLS core is either drawn
with the surroundingscintillator in one pass,or is insertedinto a hollow-drawn
scintillating fiber. This may have application in fiber calorimeterswith depth
segmentation,wherevery fine readoutfibers from a front compartmentcan pass
directly through the backcompartment.

We have prototypedlead manufacture. The Purdue University group has
successfullyrolled a sufficient number of grooved lead plates to producea set
of electromagneticprototypeslOxlOx3O cm. Figure 47 shows a groovedlead
plate rolled by the Purduemembersof our collaboration. We are working with
industry Vulcan LeadCo., Able Metal to devise massproductiontechniquesto
roll groovesin lead platesandto machinegroovedlead plates. We areexploring
castingtechnologies.Leadcastingwas used to build a smail EM prototype.

Ve have performedextensivemonte Carlo studiesusing GEANT and EGS4
to understandthe physicsof the fiber calorimeter.

We have started ANSYS structural studies of fiber calorimeters, including
the magneticforces on a solenoid.

Tile Technology

Our experiencewith tile is more limited, neverthelessthis technology,where
the tile is readout by a fine waveshiftingfiber embeddedin the tile surfaceor
perhapsgluedajongoneor more edgesof the tile, seemsto be highly promising,
both in light yield and in uniformity of response.

We have built tiles and measuredlight yield and uniformity using cosmic
rays andUV lasers.Fig 48 showsa photographof two geometriesof tile studied.
Thesemeasurementsconfirmed previousmeasurementsof other groups.

We have developedoptics monte carlo programsto aid us in understanding
andpredicting measurementsboth of tiles andof the waveshifter-coredscintil
lating fibers, and to aid in optimizing light yield anduniformity of responseof
the final design.

We areinvestigatingtechniquesof tile manufacture:Laser-cutting,NC milling,
and casting. Working with a lasermachining company LW , we have been
ableto combinethe tile cutting andthe groovemilling stepsinto asingleprocess.

We have startedANSYS studjesof calorimeter designs.
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E.3. UNIVERSITY OF ILLINOIS PB/SCIFI GROUP

In the past year, the Illinois componentof our collaborationhas built many
prototypes of Pb/SCIFI detectorsand has built nearly 200 final modules in a
fully tapered.projective geometry. This task has beenrelated to an effort to
complete the forward electromagneticcalorimeter for the JETSET experiment
at CERN’s low-energy antiproton ring. Thesedetectorshavebeen testedusing
incident electronsfrom 35 to 5000 Me The detectorsexhibit a characteristic
resolution describedby Sigma/E

=
Our latest testsusing an array of the

final detectors,light guides.andphotomuitiplier tubes,confirms this result.
We attribute this excellent performanceto several factors. First, a rigorous,

andreproducibleassemblyprocedureis used:

This procedureis basedon "weaving" fibers on top of preciselygroovedlead
foils. A machinehas beendevelopedwhich is capableof fabricating largequan
tities of foils at a very modest cost $0.70 each,parts and labor. The foils are
subsequentlycleanedin an ultrasonicbath before inclusion in the detectors.The
assemblyof a "raw" detectorproceedsby

- 1 placing aplate on a specialtable with a precisevertical travel,

2 applying a thin but evenlayer of epoxy,and

3 guiding a properly spacedset of up to 72 fibers acrossthe foil. The proce
dure is repeateduntil the detectorreachesthe desiredheight. A"weaving"
machinehas been built at our laboratory and is operatedby our group’s
technician.At the presenttime, four SxSx2O cm3detectorsareconstructed
simultaneously in about 10 hours. We actually make 1 82 cm mod
ule and divide it later into smaller segments. This time can be reduced
as discussedbelow with modestupgradesto the weaving apparatus.Our
techniqueguaranteesthat the fibers are distributed evenly throughout the
volume of the detectorwith close-packedspacing. This insuresthe highest
resolution given the chosenlead-to-fiber ratio since,in this configuration,
samplingfluctuations are minimized. To date, nearly 200 detectorshave
beenbuilt using this apparatusandthe detectorto detectorquality control
is well in hand. A straightforwardmodification of our weavingapparatus
would allow us to make2-metermodules,with different fiber spacingasre
quired for the final calorimeterwhich is proposedabove. We plan to marry
our efforti andexperiencewith the plans from the FNAL componentof our
collaborationin order to producethe next appropriatemachinefor weaving
detectors. This machinewill most likely reside at FNAL.

Secondly,high-quality scintillating fibers are used:
Thesefibers are notably more robust in terms of physical characteristicsas

comparedto thosewhich were employedin earlier similar detectors. Presently,
Optectron5101 S fibers form the basic componentof the detectors. They have
apolystyrenecoren=1.59 anda claddingof fluorinated acrylic n=1.39. The
claddingis approximately 15 microns thick and is capableof withstandingtem
peraturesup to 90 C. This is important to the construction since an optical
epoxy Bicron BC-600 is used to keep the fibers in place. Recently,there has
been an explosionof interest in dad scintillating fibers and companiessuch as
Bicron and Kyowa GasJapan haveenteredthe market with a variety of new
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products. W’ta tested severalfibers from these companies,including fibers
dopedwith fluW which are particularly radiation resistantsuch as 3HF. A mod
ified assemblyprocedure.basedon the abovedescription,is used to build "test"
calorimeterdetectorswhich are madeout of variousfibers. A very recent test of
radiation damageusing Kyowa 3HF fibers and a silicon - based bonding agent
was very successful.We plan to explore the performanceof other typesof fibers
and glues in an effort to guide the final selection of ingredients for our main
full-sized hadronicmodules.

Finally, great care is used in the machining and polishing of the finished
detectors.

"Raw" Pb/SCIFI blocks are accuratelycut into the requiredtaperedtrape
zoidai shapesusing computer-controlledmilling machines Severalpolishing
stepson the flat face seen by the photomulliplier tube are madein order to
assurea good transmissionof the light from the detector. The detectorsare
kept clean at all times and are not exposedfor long periods of time to UV light
which might bleachparts of the fibers. The assemblyroom itself is outfitted with
‘TV-less" lighting so that the many spools of fibers which are neededdo not
deteriorate.

The FSU / UF componentof our eQilaborationhas testedanumberof scintil
lating fibers, scintillating plastics,anda variety of epoxiesfor radiation damage
resistance.We arecollaboratingwith severalfiber-producingcompaniesin order
to developscintillating fibers which haveboth long attenuationlengthsandwhich
areradiationhard. We havetestednumerousgluesas well andhavefound, for ex
ample, that the mentionedBC-600 glue describedabove cannotwithstandthe
anticipatedradiation dosagein the SSCenvironment. It turns black at an expo
sure of less than 1 MR. Instead,a silicon-basedglue was usedon the calorimeter
module built with the 3HF fibers. This glue does not discolor at exposuresex
ceeding10 MR but it is considerablymore difficult to work with. An interesting
question we hope to soon answer,is "to what extent does it matter if the glue
discolors? " sincethe glue does not form the optical interfacefor the fibers. We
will continueto explorethesetestsas a part of this proposal.

E.4. UNIVERSITY OF TSUXUBA

University tf Tsukubais conducting thorough studiesof radiation damage
to scintillating fibers, in close contact with Kyowa Gas Co. We have tested
1mm diameterfibers madeof scintillator SCSN3Sand SCSNS1with 20 microns
acrylic cladding. Two type of sampleswere tested: i in long for measuringthe
attenuationlength, and bundlesof twenty 5 cm long fibers for measuringlight
yield.

Attenuation Length Measurement

The attenuationlength is measuredby exciting a 1 in long fiber with UV
light, as shown in Fig. 49 The fiber, in a glass tube, is exposedto UV light
1 cm spot size via 12 remotely controlled shutters COPAL-EMS. The fiber
is viewed by two HamamatsuR580 photomultipliers, PMTI and PMT2, The
photornultipliers are operatedas a photocell with no dynode amplification by
applying 100 V betweenthe photocathodeandthe first dynode. The currentsare
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read out by ‘tco-ampermeters Keithley 485 andrecordedusing NEC PC-
9801 computerTig. 50 showsan exampleof the resulting current measurement.
The ratio of PMT1 and PMT2 currentsis fitted with a function

PMTI
- G exp-X/AL-.- Ciexp-X/As

PMT2 - exp-L-X/AL - C,exp-L--X/As

to determineshort As andlong AL componentsof the attenuationlength.
Reproducibility of the measurementis monitored by re-measuringperiodically a
set of referencefibers.

Light Yield Measurement

The relative light yield is determinedin terms of the averagenumberof pho
toelectronsin aphotomultiplier, which is determinedby measuringthe counting
efficiency for a source. The experimentalsetupis shown in Fig. 51 The
bundleof scintillating fibers is viewed via ND filters by a HamamatsuR329 pho
tomultiplier operatedat -2.1 kV. The radioactivesource was used as a
sourceof electrons. Assuming a-Poissondistribution of-photoelectronsemitted
from the.photocathode.with the dynode amplification contributing negligible
fluctuations, and that the thresholdvoltage of the discriminator is low enough
for a singlephotoelectronto bedetectable,the countingefficiency is given by the
equation

= o1 - exp-UUT,

where ñ is the averagenumber of photoelectronswhen the filters are not
insertedand servesas a measureof the light yield of scintillating fibers, T is a
transmittanceof the ND filter, andeo is a constantlessthan 1. The deviationof
so from unity is mainly due to gammarays from the 106Ru source,and multiple
scatteringof electrons. An exampleof the experimental results for a reference
sampkof fibers is shownin Fig. 52 -

Study of Radiation Effects

After the measurementof the attenuationlength and the light yield fibers
are placed in a 2 mm thick alurththum tube with a well defined environment
air, oxygen nitrogen, argon, vacuum. After a six hour period of outgassing
fibers are exposedto gammarays from 60Co source. Dose ratesof 2, 100 and
400 krad/hour are used to achievea total dose of i05, 106 and io7 rads. After
irradiation samplesare kept in the sameenvironment, and the light yield and
attenuationlength an measuredperiodically. Preliminary results,shownin Fig.
53 indicate the beneficialeffects of an oxygen atmosphere.
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F. DETAILED BUDGET

F.1. EQUIPMENT BUDGET

LAMINATED HADRON CALORIMETER PROTOTYPE$K

COMPONENT UNIT COST QUANTITY TOTAL COST

Scintillating Fibet Bicron Quote $0.5/rn 200km TOO.

Rolled Lead $1.45/lb. 3200 lb. 4.6

ManufacturingMachines

Fiber Loading

Rollers

20.

5.

1

1

25.

Iron and Bonding 7.

Light Guides

Machining $30/hr. 1000 hrs.

30
£1

30.

Assembly,Labor $10/hr. 2500 hrs. 25.

Electronics 20.

..

- Photomultipliers

TOTAL LAMINATED PROTOTYPE

20.

262.

TILE CALORIMETER PROTOTYPE$X

COMPONENT UNIT COST QUANTITY TOTAL COST

Wavelength Shifting Fiber Bicron Quote $0.5/rn 4 km 2.

Scintiltator Plate 4.

Machining -. $20/hr. 400 hrs. 8.

Assembly. Labor $10/hr. 400 hrs. 4.

Plastic Casting 10.

Light guides/Optics 12.

Laser-Cutting 8.

N/C Milling 5.

Cosmie-RayTest Stand 15.

TOTAL TILE PROTOTYPE 66.
C
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2-ST.%CL/ILECTROMAGNETJCCALORIMETER PROTOTYPESSKj

COMPONENT 1.NIT COST QCANTJTY TOTAL COST

Scintillating Fiber Bicron Quote SO.5;m 30 km 15.

Clear Fiber $025/rn 32 km 8.

Diffusers/Optics 7.

Casting 12.

Machining $20/hr. 200 kits. 4.

Assembly, Labor $10/hr. 300 hrs. 3.

TOTAL 2-STAGE ELECTROMAGNETIC PROTOTYPE 49.
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SPECIALIZED TOOLING ISK

FIBER CUTTING TOOL

Fiveutting Spindle

%Vork Spindle - Drive

COMPONENT

Saw Spindle - Drive

Base

MachinedPans

Controller

Engineering/Drafting

SUBTOTAL

COMPUTER CONTROLLED PRODUCTION MAPPING FIXTURE

CartesianRobot

Sources,Fiber
r

and Readout

SUBTOTAL

CNC CARBON DIOXIDE LASER PLASTICS CUTTING MACHINE

TOTAL SPECIALIZED TOOLING
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ENGINEERING DESIGN $K

TASK UNIT COST QUANTITY TOTAL COST

ManufacturingEngineering S35./FTE 2.0 FTE 70.

Structural Engineering S40./FTE 1.5 FTE 60.

Drafting $30./FTE 0.67 FTE 20.

TOTAL SUBSYSTEM ENGINEERING 150.

FIBER/PM TEST EQUIPMENT $K

COMPONENT UNIT COST QUANTITY TOTAL COST

Fiber Test Station 20.

PMT Test Station 20.
S.
..

TOTAL FIBER/PM TEST 40.

r

CALIBRATION $K

COMPONENT UNIT COST QUANTITY TOTAL COST

Laser tight injection system 17.

Point sources 0.3 30 9.

Line sources 1.7 3 5.

Remotesourcedrivers 16

PMT currentreadoutand DAQ electronics 10

TOTAL CALIBRATION &YSTEM 57.
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- - BEAM TESTS $K

COMPOXENT UNIT COST QUANTITY TOTAL COST

Logistic support 10.

Supportframes

Data Acquisition

10.

10.

TOTAL BEAM TESTS 30.

TRIGGER/FRONTEND AND DAQ ELECTRONICS$K

COMPONENT UNIT COST QUANTITY TOTAL COST

PM Tube Assemblies 2. 5 10.

FADC/Iogarithmic 20. 1 20.

PackagingEngineering 20. 1 20.

-

Electronic Components

Trigger gatearray

10.

20.

1

.1

10. *

20.

Prototypecircuit boards
r-

rOTAL TRIGGER/DAQ ELECTRONICS

20. 1 20.

100.

RADIATION DAMAGE SK

COMPONENT UNIT COST QUANTITY TOTAL COST

2 Weeks beamtime illinois Microtron 30.

Beam line equipment- vacuumgauge, table 5.

Fibers, lead, glue for EM prototypes 12.

Multiallali PMTs. bases,}TV, counters

Fast Digital Oscilloscopepulse shape

Assembly,machining,production

TOTAL RADIATION DAMAGE

8.

5.

15.

75.
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- PRERADIATOR SE

COMPONENT UNIT COST QUANTITY J TOTAL COST

Imagetube 30.

Data link TCP/IP 10.

TOTAL PRERADJATOR 40.
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F.2. OPERA?I!’G BUDGET

BOSTON BUDGET

COMPONENT FUNDING $K

SALARIES

Salariesfor 1.5 FTE postdoctoralfellow

Support for 3 FTE graduatestudents

TOTAL

48.0

40.5

88.5

BENEFITS 24.4% for postdocs U.?

TOTAL SALARIES AND BENEFITS 100.2

TRAy EL
Travel 20.0 Design/Constructionwork FNAL, 5.0 Test Beam,5.0 CollaborationMeetings . 30.0

TOTAL DIRECT COSTS 130.2

INDIRECT COST65% off-campus0 47% i- 35% on-campusat 73%,minus underrecovery. 58.6

TOTAL BOSTON OPERATIONS 188.8

‘ThDTAL BOSTON EQUIPMENT 199.0

BOSTON PERSONNEL

% this task Other tasks

Faculty
S.T. Dye

LV Millet

B.L. Roberts
3. Stone

L. Sulak P.!.
W. Worstell P.!.

25

15
15

10

40
50

1MB

G-2. CP LEAR
C-2, CP LEAR

MACRO

1MB, G-2
G2, MACRO

Post-doctoral Resesre* Associates

S. Klein

To be named

10

SC

MACRO

DepartmentREP
Engineers

E. Hazen

D. Nigby

T. Coan

25
75

50

Electronics
CAD/CAM
Structural

Draftsmen
S. Glass
R. Bruni

25
25

Graduate Assistants
To be named - 3 © iOO
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ResponsitflTt: EngineeringDesign, EM Calorimeter. Electronics
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FAIRFiELD BUDGET

COMPONENT FUNDING 1K

SALARIES -

Two summerstudent &.o
One month summer salary 6.0

TRAVEL AND OPERATIONS

For meetings.collaboration, phone.xerox 5.0

TOTAL DIRECT COSTS 16.0

INDIRECT COSTS @47% 8.0

TOTAL FAIRFIELD OPERATIONS 24.0

TOTAL FAIRFIELD EQUIPMENT 17.0

FAIRFIELD PERSONNEL

% this task Other tasks
Faculty

DR. Winn 50 G-2
SummerStudent

To be named 50 DepartmentREP

Responsibility: Optical calibration, liquid scintillator calorimeter.
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FNAL BUDGET

PROJECT j FUNDING $K

SALARIES
Salariesfor 1.5 FTE postdoctoral fellow 42.0

Salariesfor 3.0 Summerstudents 12.0

BENEFITS 25% for postdocs 11.0

TOTAL SALARIES AND BENEFITS 65.0

TRAVEL
For meetings,coflaboration 30.0

TOTAL DIRECT COSTS 95.0

TOTAL INDIRECT COSTS ©46 % 44.0

TOTAL FNAL OPERAT1OTS 139.0

TOTAL FNAL EQUIPMENT 563.0

.

FNAL PERSONNEL

% this task Other tasks

ResearchPhysicists

r M. Atac 15 CDF

M. Sinkley 10 CDF

A. Bross 35 DO

GW. FosterPI. 50 CDF

J. FreemanP.!. 50 CDF

S. Hahn 15 CDF

J. Hauser 15 CDF

C. Newman-Holmes 25 CDF

M. Mishina P.1. 50 CDF

A. ParaP.1. 50 CDF

D. Theriot 10

Post-doctoralResearchAssociates

-S. Tkaczyk 25

Engineers

T. Droege 50
J. Krebs 30 Cryo

Ii. Wands 50

Responsibility: Hadron caiorirneter,Testbeam,Tile caiorimeter,Specialized
tooling, Radiation hardness.
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UNIVERSITY OF FLORIDA BUDGET

COMPONENT FUNDING SE

SALARIES
Onesummer student 7

Two monthssummersalary ?

TRAVEL

For meetings.collaboration 7

TOTAL DIRECT COSTS ?

INDIRECT COSTS ©47% ?

TOTAL FLORJDA OPERATIONS I 20.0

UNIVERSITY OF FLORIDA PERSONNEL

% this task Other tasks

Faculty

Majewski Pd. 50 7

Responsibility: Radiationhardness
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FLORIDA STATE BUDGET

COMPONENT FUNDING $K

SALARIES

One summer student ?

Two monthssummersalary ?

TRAVEL

For meetings.collaboration ?

TOTAL DIRECT COSTS ‘?

INDIRECT COSTS ©?% ?

TOTAL FLORIDA STATE OPERATIONS 20.0

FLORIDA STATE PERSONNEL

% this task Other tasks

Faculty

K. JohnsonP.!- 50 -

Responsibility: Radiationhardness
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ILLINOIS BUDGET

COMPONENT FUNDING Sic

SALARIES

0.5 FTE Post-doctoralResearchAssociate ItO

TOTAL 14.0

BENEFITS 25% for postdocs 3.5

TOTAL SALARIES AND BENEFITS 17.5

TRAVEL
For meetings, collaboration 4.0

TOTAL DIRECT COSTS 21.5

INDIRECT COSTS @47% 10.0

TOTAL ILLINOIS OPERATIONS 31.5

TOTAL ILLINOIS EQUIPMENT 75.0

Responsibility: Radiation hardness

at
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MICHIGAN STATE BUDGET

COMPONENT FUNDING $K

SALARIES .
‘.5 FTE Post-dot 14.0

Undeigrad salary 3.0

TOTAL 17.0
BENEFITS 25% for postdocs 3.5

TOTAL SALARIES AND BENEFITS 20.5

TRAVEL

For meetings. collaboration 7-0

TOTAL DIRECT COSTS 27.5

INDIRECT COSTS @46% 12.5

TOTAL MSU OPERATIONS 40.0

o.
MICHIGAN STATE PERSONNEL

% this task Other tasks

Faculty
,r C. Brombcrg P.!.? 50 ?

3. Huston P.!.? 50 7

Post-doctoralResearchAssociates

To be named 50 DepartmentREP

SummerStudent

L. Sorrell 50 DepartmentHEP

Responsibility: Hadron calorimeter:Test beam.
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-- PURDUE BUDGET
COMPONENT FUNDING $K

SALARIES -

0.5 FTh Postdoctoral fellow IDC=OFF; 14.0

Undergrad salary IDC=ON 4.0

TOTAL 18.0

BENEFITS 16.4%for postdocs 2.3

TOTAL SALARIES AND BENEFITS 2O3

TRAVEL
For meetings,collaboration 8.5

TOTAL DIRECT COSTS 28.8

INDIRECT COSTS ON49%; OFF=25% 8.16

TOTAL PURDUE OPERATIONS 37.0

TOTAL PURDUE EQUIPMENT 40.0

a
t

PURDUE PERSONNEL

% this task Other tasks
"‘

Faculty
V. Barnes P.!. 25 CDF

A. Garfinke} 25 CDF

post-doctoralResearchAssociates

A. Laasanen 25 CDF

To be named 50 Department MEP

GraduateAssistants

.1. Tonniscn 10 CDF

SummerStudent

To be named 50 Department REP

Responsibility: Sourcecalibration, optics montecarlosimulation.
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-- ROCKEFELLER BUDGET

COMPONENT FUNDING $Kp
SALARIES

Salary for 0.5 FTE postdoctoral fellow 14.5

BENEFITS 23% for postdocs 3.3

TOTAL SALARIES AND BENEFITS 17.8

TRAVEL
2 trips 2 people to FNAL for 2 weeks test beam

Travel to group meetingsetc.

TOTAL TRAVEL

5.0
2.0

7.0

MATERIALS AND SUPPLIES 6.0

TOTAL DIRECT COSTS 30.8
INDIRECT COSTS ©68% 20.9

TOTAL ROCKEFELLER OPERATiONS 51.7

TOTAL ROCKEFELLER EQUIPMENT 40.0

t.

ROCKEFELLERPERSONNEL

t" % this task Othertasks
Faculty

P. Melts

R. RusakPt

A. Vacchi

S. White

50

50
50

50

7

?

?

?

Post-doctoral Research Associates

To be named
.

50 Department HE?

Responsibijty: Preradiator
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ROCHESTER BUDGET

PROJECT FUNDING $K

SALARIES
One 0.5 FTE SefliOT RA 19.1
Two 0.5 FTE grad students 11.0

BENEFITS 24.4% 4.8

TOTAL SALARIES AND BENEFITS 35.5

TRAVEL
including suppon for two RA’s stationed at FNAL 19.9

TOTAL DIRECT COSTS 55.4

INDIRECT COSTS 430% off-campusrtte 16.6

TOTAL ROCHESTEROPERATIONS 72.0

ROCHESTERPERSONNEL -j-
% this task Other tasks -

Faculty

A. Bodek 50 Department REP
,r- S. Olsen

Post-doctoralResearchAssociates

P. deBarbaro

10 HEP

50 Department REP

H. Budd 50 REP

W. Sakumoto 50 HEP

GraduateAssistants

M. Swain 50 REP

M. Dixon 50 Department11FF

Responsibility: Hadron Calorimeter;Testbeam
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TEXASA&MBUDGET

PROJECT FUNDING SK

SALARIES

Salaries for 0.5 FTE postdoc 15.0

Salaries for 0.5 FTE staff scientist/designer 17.9
Support for 0.5 FTE graduate student 12.0

TOTAL 44.9

BENEFITS 10.4

TOTAL SALARIES AND BENEFITS 55.3

TRAVEL

US trips: meetings/collaborations, 10 5.0

TOTAL DIRECT COSTS 60.3

TOTAL INDIRECT COSTS ©31.5 % 19.0

TOTAL TAMU OPERATIONS 79.3

TOTAL TAMU EQUIPMENT 60.0

4

-

TEXAS A & M PERSONNEL
,‘ % this task Other tasks

Faculty

T. Bowcock 20 CDF

F. R. Huson 20 E690

P. McIntyre 20 CDF

It. WebbP.I. 40 CDF, MACRO
J. White 50 E690

Post-doctoralResearchAssociates

To be named 50 DepartmentHEP

ResearchStaff

P. Datte 50 TAC
A. David -. 25 Electronics
N. Diaczenko 25 Mechanics

GraduateAssistants
S. Zaman 50 Department11kW

Responsibility: Liquid scintiliator calorimeter, TestBeam
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- UCSD BUDGET

FUNDING $K

SALARIES
Salaries for 0.5 FTE postdoetoS1eow 14.0

Summersalariesfaculty 2 months total 12.0

Support for one FTE graduate student 11.0

TOTAL 37.0

BENEFITS 4.0

TOTAL SALARIES AND BENEFITS 41.0

TL

For meetings,collaboration 12.0

TOTAL DIRECT COSTS 53.0

TOTAL INDIRECT COSTS© 50% 36.0

TOTAL UCSD OPERATIONS 79.0

TOTAL VCSD EQUIPMENT 40.0
p

e

UCSD PERSONNEL
t % this task Other tasks

FacuJty
ii. PaarP.1. 50 TPC/Two Gamma

M. Sivertz 50 TPC/Two Gamma

Post-doctoralResearchAssociates

To be named

Graduate Assistants

50 DepartmentlIE?

B. Ong 50 TPC

P. Acosta 50 TPC

Responsibility: PM/Fiber testing; FUU scaleprototype; EM prototype.



YALE BUDGET

COMPONENT FUNDING $K

SALARIES

0.5 FTE Post-doctoralResearchAssistant

TOTAL

14.4

14.4

BENEFITS

NON-TIAA - $7,000 at 28% JAN-JUN
$7.420 at 29% JUL-DEC

2.0

2.1

TOTAL SALARIES AND BENEFITS 18.5

TRAVEL

FNAL 2 trips: 3 peoplefor 14 days

Meetings, Conferences,Vendor Visits

TOTAL TRAVEL

7.0

2.0

9.0

SUPPLIES AND SERVICES

Telephone.Postage,Copying, Fax

StockroomPurchasesand Labor

Computing

Expendable Purchases

0.5
- 1.0

.3 -.

1.0

TOTAL SUPPLIESAND SERVICES 2.8

r TOTAL DIRECT COSTS

IN DIRECT COSTS

$30.3K of Total Direct Costs ©68%

30.3

20.6

TOTAL YALE OPERATIONS 50.9

TOTAL YALE EQUIPMENT 10.0

YALE PERSONNEL

% this task Other tasks

Faculty

P. CushmanP.!. - 50 C-2

Post-doctoralResearchAssociate
To be named 50 DepartmentHEP

Responsibility: Preradiator
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WASHINGTON BUDGET

COMPONENT FtNDING $K

SALARIES
0.5 FTE Post-doctoralResearchAssistant 14.0
1.0 GraduateAssistant 12.0
TOTAL 26.0

BENEFITS 3.0
TOTAL SALARIES AND BENEFITS 29,0

TRAVEL 14.0

TOTAL DIRECT COSTS 43.0

INDIRECT COSTS

$43OK of Total Direct Costs©51% 21.9

TOTAL WASHINGTON OPERATIONS 64.9

TOTAL WASHINGTON EQUIPMENT 10.0

S
- e

WASHINGTON PERSONNEL

% this task Other task5
‘ Faculty

T. Burnett 12 SLD. ALEPII in 1989/90

V. Cook 25 SLD, LAR

K. Young P.!. 50 SLD

Post-doctoralResearchAssociate

To be named 50 DepartmentREP

Graduate Student

Ta be named 100

Responsibility: Light collection, test beamdataacquisition andtriggering

87



REFERENCES

1. Physics of the Superconducting Supercollider, Snowmass 1986,// ExperimentsDetectors,
and ExperimentalAreas for the Supercollider,Berkeley 1987

2. J. Freeman.C. Newman-Holmes.Detector DependentContributions to Jet Resolution.
Proceedingsof Berkeley 1987 Workshop,p.673

3. G.W.Foster. Proceedingsof the Fermilab in 1990’s Workshop, Breckenridge.1990

4. L. Ealka et al., !‘JIM A267 19B8 272-279;// S. Bertolucci et a]., NIM A267 1988
301-314;//S. R. Hahn et at. NIM A267 1988 351-366.

5. "The EngineeringDeveLopmentoIa ScintillatingFiber Calorimeter",G. Bauci, S.T. Dye.
S. Klein, .1.?. Miller, B.L. Roberts,J. Rohif, L. Sulak, D. Winu and W. Worstell, Boston
University preprint,June 5, 1989.

6. heavy higgs freeman

7. F

8. R. Wigmans, NIM A256, 273 1988

.-.9. A Uranium-ScintilatorCalorimeterwith PlasticFiber Readout,NIM A256, 23 1987

10. Scintillator ReadoutSystemsStudiedin the Developmentof the lCD, M. Marcin, 11. Neal,

ft. Gufstafsori,G. Snow, DO Note 841

11. K. Fast, et si. "Design Report for an Indirectly Cooled 3-rn DiameterSuperconducting
Solenoid for the FermilabCollide, Detector," TM-1135,Fermilab,Batavia, IL 1982

12. R.H. Wandsand H.J. Krebs, "Magnetic Field and Force Calculations for an SSC Detector
Using a CommercialFinite ElementCode,"Advancesin Cryo. Engr. 35: to be published

13. S. Dawsonet alSingle Leptonsfrom HeavyQuark ProductionProceedingsof the Workshop
on Experiments,Detectorsand ExperimentalAreasfor the Supercollider,July 7-17, 1987,
Berkeley CA.

14. R. Barnett et a! Techniquesfor finding Supersymmetryat the SSCibid.

15. .J.S.Whitaker et al, Physics Parameter,for New W’, and Vs and NC. Deshpandeci
olDetectiomof a new 2" in the V to Wtr Mode at the SSCibid.

16. J.L Rosnerand L. Stodoisky Direct-PhotonSearchesas Testsfor UnconventionalHigh-
EnergyElectroweak InteractionsPhys.Rev. D, Brief Reports.40 1989 1676.

17. K Ansorge et oJPerfonnanceof a Scintillating Fiher Detector in fit UA2 UpgradeNIM
A265 198S-33.

18. C. Back fl 4Thc AMY ProposalTRISTAN-EXP-003 KEK 1984.

19. J. Kirkby et at, Reportof the CompactDetectorSubgroup,in Proceedingsof theWorkshop
on Experiments, Detectors and Experimental Areas for the Supercoflider,July 7-17, 1987,
BerkeleyCA.

20. K. Kuroda A New Thend in Photomtdtipiicr Techniquesin Future CotEider Experiments
NIM A277 1989 242.

21. M. Petroffand M. Mac, IEEE Trans. Nuci. Sci. 38, 1989 163.

88



FIGURE CAPTIONS

1 Invariant massof dijet systemform the decayof high P W boson

2 Time structure of the signal from SCSN-38scintillating plastic fibers excited at various
points. Fiber has mirror on one end. other end is read out with a photodiode

3 Schematic of an SSC detectorchosenas example

4 A compositeof the finite element analysisof a lead/fiber barrel calorimeter. An aluminiumpipe on the inside and open bridge work on the outsideprovidesupport.

5 The deflection left and stress right for a vertical supertower.

6 Support structnrefor a barrel and endcap calorimeters,and for superconductingsolenoids.

7 Pulseheightspectraof 100 MeV two upperfiguresand88MeV electronbeamrecordedin
an electromagneticcalorimeterbefore,immediatelyafter andthreeweeksafter irradiation.
The absolutescaleof the last measurementis not necessarily the same a for the first two

measurements

8 Absorption andemissionspectraof dyes in the multistepscintillator developedby Kyowa
Gas Co.

9 Emision spectrumof new scintillator developedat Fermilab

10 Structureof the laminated flber calorimeter

11 Fiber arrangement in a calorimeter

12 Projective tower build of parallel plates

13 Monte Carlo simulation of 100 GeV electromagnetic and hadron showers. Top figure
shows the number of towers with energy deposition exceeding 0.5 GeV. Bottom figure
shows the distribution of the fraction of total energy deposited in towers with minimal
energydeposition in ‘side’ fibers. Towers were S x 5 cm at the front face, 10 x 10 cm at
the back

14 Pulse height spectraof 40 GeV electron beam as a function of the angle of incidcnce,"1

15 Electromagnetic section of the calorimeter: double bend of the platesprovides large inci
denceangle, preserving projective natureof the tower

16 Change in the eRr due to different light attenuationas a function of the attenuationlength

17 Contribution to the energy resolution for hadronieshowersdue to light attenuation as a
function of the attenuationlength

18 Structure eI’the segmented fiber calorimeter

19 Wavelength shifter core fiber design

20 Examples of ray tracing through the compositefiber

21 Photograph of the wavelengthshifter fiber developedby Kyowa Gas Co.

22 Splice of the scintillating fibers and cleat read-out fibers

23 Fiber by fiber splicing

24 Hadronsegmentdesign

25 UV laserscanof a prototype tile

26 Photographof a tile stackfor cosmic ray studies

27 Structureof tile plates.

28 EM calorimeter structureusing tiles
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29 Hadron calorimeterstructure using tiles

30 A model of a detector

31 Detectorcross section

32 Finite elementmagneticmodel

33 Support eargeometry

34 Endpiug module support ears

35 Finite element model of barrelassembly

36 Barrel module support ears

37 Endplugmodule support

38 Finite elementmodel of endplugsupport structure

39 Stressintensity in barrel assemblysupport structure

40 Solenoid supportat detectorrnidplane

41 Exampleof schemeto construct TIR channels

42 Wedgedesign showingfihling,venting and calibration channels

43 .knotKer view of a wedgedesign

44 Oneof the test setupsfor studying TIR channels

45 BU scintillating fiber EM calorimeters

46 BE scintillating fiber lattice endplate

47 A photographof a lead plate rolled by Purdue University.

48 A photographof a tile prototype

49 Setup for measurementsof attenuationlength

50 Currentsin PMT1. PMT2 and their ratio, as a function of position

51 Test standfor measurementof relative light yield

52 Efficiency of the SCSNS1referencebundleas a function of the transmittanceof ND filters

53 Recoveryof the attenuationlength of a function of time, for different environments
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