
rr

A Proposal for Researchand Development to

Design and Build a New High Resolution
Fiber Tower Electromagneticand

Hadronic Calorimeter for SSC
Application

University of Florida

Paul Avery, Julie Harmon, JamesWalker,
Andy White, and JohnYelton

University of Sherbrooke

Christain Carrier and Roger Lecomte

RCA

Robert McIntyre

Oak Ridge National Laboratory

Gary Alley, Martin Bauer, Barbara Bishop,
Hugh Brashear,Tony Gabriel and Mark Rennich



TABLE OF CONTENTS

Abstract

1. Introduction
A. Objectives
B. Background

II. Initial Considerations
A. Calorimetrywith Lea.d andScintillator
B, Compensationasa Functionof Time
C. RadiationLevelswith LeadAbsorbers
D. Cost Comparisonof Leadand Uranium
E. The Choiceof Scintiliator

1. Compensation
2. Energy Resolution
3. Fast Time Response
4. Hermiticity
5. RadiationHardness
6. Calibration

F. Descriptionof ConceptualDesignof a Fiber Tower CalorimeterFITCAL
1. GeneralTower ConceptandAdvantagesOver Other Approaches
2. PrototypeDimensionalConsiderations

a. TransverseContainment
b. Longitudinal Segmentation
c. TransverseSegmentation

C. Fiber Tower Calorimetryin PresentlyConceivedSSC Detectors

H. Resultsand DesignConsiderationsfrom the Existing FITCAL Program
1. RadiationHard Scintillator Development
2. Measurementof Absolute Light Yield

a. Philosophy
b. Measurement
c. Comparisonwith PreviousMeasurements

3. Photo DetectorReadout
a. VacuumPhotosensitiveDevices
b. Solid StateDevices

III. Engineering
A. EngineeringDevelopmentProgram

1. PhaseI
2. PhaseII
3. PhaseIII

B. DevelopmentRequirements

1



C. ComponentManufacturing
1. Scintillator Plastic
2. Lead Layers
3. Aluminum Tubes

D. Assembly
1. Installation of WavelengthShifting Fibers
2. Installation of Power and InstrumentationCabling
3. Installation of Head and PlasticLayers Inside Aluminum Tubes
4. Handling and TransportingAssembledTowers
5. Assemblyof the Detector
6. DetectorMaintenance

E. Materials
F. Structural

1. Layer Structure
2. Tower Structure
3. Assembly Structure

IV. Preliminary EngineeringStudiesof SeveralSSC FITCAL CalorimeterShapes
A. Polygon BasedSphere
B. Rectangular
C. Cylindrical
D. Focused
E. Igloo
F. DetectorEnd Plugs
C. EngineeringDesignProcedure

V. DataAcquisition andCalibration for the FITCAL DetectorPrototype
A. Introduction
B. Data Acquisition for the Prototype

1. GeneralApproach
2. PhaselYearl
3. PhaseII Year 2
4. PhaseIII Year 3

C. Calibrationfor PrototypeCalorimeterDiagnostics

VI. Simulationof the ElectromagneticandHadronic CascadesIncluding Light Collection
in the High ResolutionFiber Tower Calorimeter
A. Background
B. Methodsof Calculations
C. DesignCalculations

VII. Test BeamProgram
A. PhaseI
B. PhaseII

VIII. Milestonesand Schedule

11



IX. Budget Discussion

X. References

XI. PersonnelList

111



APPENDICES

AnDendix 1.

I. ‘An ElectromagneticCalorimeter with WavelengthShifting Fiber R.eadout. B.
Loehr, S. Weissenrieder,F. Barreiro,and E. Ros,DESY 56-072.FTUAM-EP-S6-
04 July 1956.

II. ‘A Scintillator-Lea.dPhotonCalorimeterUsingOptical Fiber ReadoutSystems.H.
Fessler.P. Freund.J. Gebauer.K. M. Glas. K. P. Pretzl,P. Seyboth.3. Seyerlein.
and 3. C. Thevenin,MPI-PAE/Exp.El. 149 February1985.

iv



A Proposal for Research and Development to

Design and Build a New High Resolution
Fiber Tower Electromagnetic and

Hadronic Calorimeter for SSC
Application

ABSTRACT

The purposeof this proposal is t.o design and build a lead/scintillatorcalorimeter
which is ideally suited to operation at the SuperconductingSupercollider SSC. It is
basedon two recent revolutionarydevelopmentsin detectortechnology. The first of these
is the developmentof new plastic scintillator which is one hundredtimes more resistant
to degradationby radiation than previousscintillator. The secondrevolution coiicerns
the developmentof new solid statephotodetectorswith a speed,sensivitity, noise level,
dynamic range, stability and cost which makesthem especially suited for calorimetry
readoutdevices. In addition, they are immuneto magneticfields.

The designof the calorimeteris optimized to achieveminimal readoutareaconsistent
with adequatephotoelectronproduction in the solid state devices. The result of this
optimizationis very good energyresolution,minimal deadspacedueto readoutmaterial,
and minimal area,and therefore,cost of solid statereadoutdevices.

Our objective is to producethe fastest,most hermetic,high resolution,compensation
calorimeterin themost economicalway possible.

From anengineeringpoint of view, thepurposeof this proposalis to designandbuild a
lead/scintillatorcalorimeterbasedon thefiber tower calorimeterFITCAL conceptwhich
is largeenoughto containhadronicshowersand to test its operationin all respects.This
subsystemprogram hasthree major design, test, and constructionparts to meet these
objectives: Part I designand constructan electromagneticcalorimeter;Part II design
andconstructa nine componenthadroniccalorimeterbasedon the learningcurveof Part
I, and Part III designa FITCAL calorimeterfor SSC application. During thesemajor
phases,testing and researchand developmentwifl continuein severalotherareasneeding
additional attention.

We requestfull support for this extremelypromising new approachto calorimetry at
the SSC.
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I. Introduction

A. Objectives

The objectivesof the proposedprogram are to verify the calorimetermeasurement
capabilitiesand theengineeringdesignconceptfor the fiber tower calorimeterFITCAL.
We will accomplishthis in a phaseddevelopmentprogram which will culminate in the
fabrication and beam testing of a full-scale prototype assembly. The proposedprogram
beginswith a seriesof small-scalelight collection and componentdesignstudies. In the
secondphaseof the program, individual longitudinal tower segmentswill be built and
tested. Phasethreewill build on the earlier developmentsand a completeprototypical
tower will be constructed.In the final phaseof the proposedprogram.we will designand
testa segmentof a full-scale FITCAL SSCdetector.This subsystemwill be usedin beam
teststo verify the proposedcalorimeterdesignand engineeringstudies.

B. Background

The use of precise calorimetric measurementsof jet energiesangles, and types is
expectedto be of greatimportancein all experimentsat the SuperconductingSupercollider
SSC. The signaturesof new physics are anticipated to include identification and
measurementsof jets, electrons,photons,and missingenergy. All of thesemeasurements
dependupon calorimetry. At high energies,calorimetricmeasurementsof thesequantities
are superior to other known methods. For example,in calorimetry, the relative energy
resolutionimproves as 1/a, in magneticmeasurement,the resolutiondeteriorateslike
E. In addition, in calorimetrythe depthfor containmentof energyincreasesonly as ME
which resultsin relatively compactdetectorsevenat the energyof the SSC.Finally, since
measurementsof jets will be crucial, the similar responseof calorimetersto chargedand
neutralhadronsor electromagneticparticlesis essential,and fortunately, straight forward
to achieve.

The performancecriteriafor successfulcalorimetryhavebeenstudiedand identified at
numerousSSC workshops.They include:

1. Excellent hermiticity.
2. Adequateshowercontainmentin depth.
3. Adequatelateral and longitudinal segmentation.
4. Fast time response.
5. Adequatecompensation.
6. Radiationhardness.
7. Tower geometry.
8. Easeof calibration.

Quantitativespecificationof someof thesecriteriahave beenmadeat SSC workshops
for calorimetryat a luminosity of io cxn2sec1.Thetechniqueof calorimetrywepropose
meetsall of the aboverequirements.

Theefforts in this proposalaredirectedat designing,building and testinga prototype
lea.d/scintillatorcalorimetersuitablefor operationat the SSC. The calorimeteroperation
will be simulated with a Monte Carlo programwhich will aid in the design, and the



evaluationof the results. The lead to scintillator ratio will be variedcalculationallv and

experimentallyto achieveoptimum compensation. The responseof the calorimeter to
hadronsand electronsover a wide range of energieswill be investigated. Finally, the
constructiontechniquesfor this type of calorimeterwill be developedin a mannersuitable
for massproductionand cost minimization.

There are two recent revolutionary developmentswhich have made the proposed
technique extremely attractive. First, the University of Florida group has developed
new plastic and new dyeswhich togetherhave much higher resistanceto degradationby
radiationthanpreviousplasticscintillator. Light outputandattenuationlength is expected
to be ratheruniform up to io rads. Secondly,new solid statephotodetectors.suchasthe
Rockwell solid state photomultipliersSSPM, and the new RCA avalanchephotodiodes
APD, show greatpromiseas scintillation light detectorssuitablefor calorimetry at the
SSC. The calorimeterdesign which we proposehere is particularly well suited to these
solid statephotodetectorsascomparedto other prototypedesignssubmittedto t4.SSC
becauseof the very small readoutareaof fibers in our design. This minimizes reidout
costs. In particular,our areaof readoutis at leasta factor of 25 smaller than any other
design.

At the sametime, we have measuredusing conventionalphototubesadequatelight
collectionefficiencysuchthat only a finite, but acceptabledeteriorationof energyresolution
occurs. Therefore,the combinationof high quantumefficiency, fast operation,low power
consumption,andoperationin a high magneticfield makestheuseof thesenewsolid state
photodetectorswith the new scintillator a techniquewhich shouldbe aggressivelyexplored
at this time. We believethat the FITCAL designwhich embodiesthesetwo evolutionary
developmentsis optimizedfor minimum overall systemcost.

II. Initial Considerations

A. Calorimetry with Lead and Scintillator
The energyresolution of hadronsmeasuredby a calorimeter1hascontributionsfrom

sampling fluctuations, which are reduced if the sampling frequency is increased,and
contributionsdue to the largefluctuationsbetweenthe different componentsof hadronic
showersi.e., electromagnetic,hadronic,low energyneutrons,nuclearbindingenergy,etc..
The energyresolutionmay be written:

wherethe two termsare related to the above two mechanisms,respectively.Theconstant
term, b, can be written2 as

b=b.[.f. -i]h inir

where k.1 is the averagedetector responseto an electron comparedto the purely
hadroniccomponentsof a hadronshower. If tintr 1, fluctuations in the fraction of
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energy going into the electromagneticcomponent in a hadron shower leads to several

undesirableand related detector characteristics:

1. The hadronicenergyresolutionis impaired at all energies,

2. The secondterm, b, canbe dominant at high energy and be larger eventhan
the expectedcalibrationerror. Thus, if t - 1 > 0.1, then b 1.5%,and

3. The resolution will not scaleas

In an experiment,one does not measurefl. but ratherthe relatio; betweenthe
averagecalorimetersignals for an electronand a hadronof the sameenergy,t the latter
being due to a mixture betweenthe electromagneticand ha.dronic componentsof the
shower. Sincethis mixture is energydependent,f varies with energy,whereasU17. is
a constantdependingon the calorimeteronly. Figure11.1 shows the relationshipbetween
S and S.. basedon a Monte Carlo simulation2of hadronic showersin a calorimeter.it it ,ntr S.

It is apparentthat a well designedcalorimeterhas fjnj,. = 1, and therefore, this leads
to = 1 at all energies approximately. This is especiallyimportant due to the very
large number of low energy less than 10 GeV pions in very high energyjets. Until
recently, the ratio, f close to one, hasbeenachievedonly in sampling calorimetersusing
depleteduranium as absorberand plastic scintillator as detector. Some time ago, Brau
andGabriel’ suggestedthat, ‘compensation,* = 1, couldalso possiblybe achievedusing
lead andscintillator,’ albeit with a different ratio of thickness.The optimumratio of lead
to scintillator thicknessis expectedto be between3 and 5.

This expectationwas verified3 with a sampling calorimeterconsistingof 10 mm thick
lead platesand2.5 mm thick scintillator sheets.In the energyrange3-75 CeV, the energy
resolution was measuredto be 23% /E for electrons and 44% VE for hadrons. For
energiesabove10 GeV, the ratio c/h was 1.05± 0.04. This result gives strongsupport to
this proposalbasedon lead and scintillator. We will study the resolution with detailed
Monte Carlo simulation and experimentallyto determinehow the energyresolution and
c/h varies with 1 the lead to scintillator thicknessratio, 2 the absolutethicknessof
thesematerials,and 3 how to extendgood compensationdown to energiesof order 1
GeV.

Thanksto the relatively largeratio 4:1 of lead to scintillator thickness,comparedto
1:1 for Uraniumandscintillator, the averagenuclearinteraction length for the two types
of compensatingcalorimetersare essentiallythe same. Thus, the proposedcalorimeteris
as compactaspossible.

B. Compensation as a Function of Time
The important ratio, e/h, is also affected by the signal integration time. It is likely

that this ratio approachesits asymptoticvaluefasterin the caseof leadthanthe uranium
absorber. This should be the case,sincethe fission occurring in Uranium increasesthe
fraction of energycarriedby slow neutrons.Detailedsimulationof this effecthasnot been
carriedout. We proposeto measurethe ratio, c/h, asa function of signal integrationtime
andcomparethe resultswith simulateddata.
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C. Radiation Level with Lead Absorber

The flux of slow neutrons produced by hadron interactions in a lead sampling
calorimeter is expectedto be several times lower than in the caseof Uranium. Since
theseneutronsare the major sourceof radiation damagein the plastic scintilla.t.or and
photosensitivedevicesusedin the hadronicpart of the calorimeter,it is advantageousto
useleadas the absorber.

D. Cost Comparison of Lead and Uranium -

A recentpreliminarycost comparison4hasbeenmadefor the useof leadanduranium
in an SSC calorimeter. Basedon the experienceof constructingthe uraniumcalorimeter
for ZEUS, the uraniumcost is broken down asfollows:

DepletedUranium Billet = $ 1.58/lb
Roll/Shear/Punch = $ 7.71/lb
Clad with StainlessSteel = $ 2.62/lb

Total Cost: = $11.91/lb

On the otherhand,lead plate cost is estimatedasfollows:

Lead PlateCost = $ 0.80/lb
Numericallycontrolled

cutting/holeproduction
and button addition = $ 2.00/lb

Total Cost: = $ 2.80/lb

Cladding of the leadwith aluminwn which hasbeenconsidered,canslightly increasethe
abovecost number.

A genericSSCcalorimeter5,including barrel plus endcaps,may weigh about 5,000 tons.
Hence, the absorbercosts areexpectedto be:

UraniumCalorimeter = $120M
LeadCalorimeter = $ 30M

In conclusion,thereis an overwhelmingcost advantageto the useof lead and this choice
also reducesradiationlevels to photosensitivereadoutdevices.

E. The Choice of Scintillator
We havechosenplasticscintillator asa readoutmediumfor severalimportantreasons.

These are;

1. ComDensation: It hasbeen experimentally demonstrated at least once that
the combination of lead and scintillator can give full compensation.

2. Enejgv Resolution: The experimentalhadronicenergyresolution3of 44%
/ v’E with 10 mm lead plates promises 30% / v’ with the 4 mm lead

5



plateswhich areenvisagedin this proposal. The correspondingelectromagnetic
energy resolution basedon datawith 4 mm lead thicknessis expectedto be

3. Fast Time Response:We expect to readouttheenergyof the eventin a 0-20
nsec. This has to be comparedto a typical figure of 200-400nsec integration
time for liquid argon. Thisshort readouttime for scintillat.or permitsseparation
of eventsfrom different beamcrossingswhich occurevery 16 nsec. In the case
of electromagneticshowersall the energy is collectedwithin 10 nsec. Slow
neutrons producedin hadronic cascadescreatea tail in the time response,
however,we expect85% of the total hadronicenergyto be detectedwithin 20
nsec. Integrationbeyond that time will be performedfor full compensation
and energyresolutionchecks.

4. Hermiticitv: A greaterdegreeof hermiticity ca.n be achievedwith the use
of scintillator than liquid argon. Our mechanicaldesigncontainsless thth 2%
deadspacedplus cracks. Monte Carlo studies6haveindicatedthat at this level
of hermiticity missing transverseenergy is probably dominatedby neutrino
productionby heavy quarks6.

5. Radiation Hardness: There have beenrecent developments1in the useof
siloxaneas the basefor plastic scintillators and in associateddyes. This new
typeof plastic scintillator showsno degradationat the 5%level up to i0 rads
exposure.Much furtherwork remainsto be doneto implementthis technology
on the scalerequired for the SSC. A. companyis in the processof licensing
this technologyand has receivedinitial financing to develop the technology.
Calorimetry basedon this scintillator should be stablefor ten yearsof SSC
operationdown to about 100 polar angle. At smaller angles, the scintillator
canbe changedon an appropriate schedule.

6. Calibration: There will be a very large number of produced Z0’s which
will provide the most powerful on-line calibration for the electromagnetic
caorimetry. A similar tool for calibrating the hadroniccalorimetry doesnot
exist. It is essentialto havea meansof calibrating the 10,000or so channelsin
the calorimeterto about ±1% in a routinemanner. Both CDF and UA2 have
obtainedanabsoluteenergycalibrationof betterthan 11/2%using embedded
radioactivesources.A similar techniquewill be developedin this case.

For all of theabovereasons,we areproposingthe detailedstudy of a lead/scintillator
prototypecalorimetersuitablefor operationat the SSC.
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F. Description of Conceptual Design of a Fiber Tower
Calorimeter FITCAL

1. GeneralTower Conceptand AdvantagesOver Other Approaches

The basic idea of FITCAL is to use scintillator plat.esinterspersedwith lead plates
and readout the emitted light with wavelengthshifting fibers oriented paralel to the
incident particles. A schematicdrawing of a FITCAL ‘tower’ is shown in Figure 11.2. The
above design concept may be comparedto two others, known as Spaghetti Calorimetry
SPA CAL and ZEUS CalorimetryZEUSCAL, respectively. SPACAL employs a very
large number of scintillating fibers 25/ cm2 running parallel to the incident particles.
ZEUSCAL usesscintillating plates interspersedwith metal absorberplatesand light is
readoutusing wavelengthshifting plates running parallel to the incident particles. The
principal advantagesof FITCAL are:

a. Channelingis reducedby a factor of 100 comparedto SPACAL. Tails of
resolutionfunctions aretherebygreatly reduced.

b. Projective geometry is easily achieved compared to SPACAL and yet
FITCAL stiU preservesthe ability to calibrateall fibers and maintain the
optimum absorberto scintillator thicknessthroughoutthe calorimeter.

c. Longitudinal segmentationis able to be implementedfor the purposeof
powerful c/it separation.This featureis difficult to achievewith S1’ACAL
due to the very large numberof fibers.

d. Lateral segmentationin the electromagneticsectionof the calorimeterto
about 2 cm typical of the diameterof an electromagneticshower can
easily be achievedin FITCAL. This feature is important for identifying
and measuringsingle electrons or photons within a jet and providing
powerful c/it separation. ZEIJSCAL hasdifficulty in achievingthis high
level of lateralsegmentationwithout excessivespatial nonuniformities. In
an attempt to addressthis deficiencywith ZEUSCAL, it is possibleto use
a separate,high transversespatial resolutiondetector. For example,one
may usesilicon at the peakof the electromagneticshower. Thereare two
disadvantagesto this remedialaction. First, it meansthe incorporationof
an additionaldetectortechnologywith all the attendantcomplicationsand
additionalcost a preliminaryestimate5hasbeenmadeat $15M. Secondly,
this approachdoesnot give an accuratemeasurementof the energyprofile
associatedwith the excellenttransversesegmentationwhich is providedby
FITCA1. Thisfeatureis important for optimal c/it separationandelectron
identificationin the midst of a jet.

e. Cost minimization of thesystem. An important advantageof the FITCAL
design is in minimization of the readout areaconsistentwith adequate
light output to reducethe areaof solid statereadoutdevices,and hence,
the systemcost.
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For these reasons, we believe that. the general concept of FITCAL
offers substantial advantages over alternative implementations of
metal/scintillatorcalorimetry at the SSC.

2. Prototve Dimensional Considerations

In this prototype proposal, we proposeexploring the limits of the hadronicenergy
resolutionfunction = 30%/v"f implying about + 1% resolution at I TeV, and develop
a calibration reliability of about + 1%. To minimize uncertaintiesassociatedwith lack
of energy containment,we require a calorimeterwith 12 nuclear absorptionlengths to
contain98% of the 1 TeV hadronenergy8. Therefore,the proposedprototypecalorimeter
will be 12A in thickness. In this way, a rigoroustest of the simulationprogramand, the
basicperformanceof the calorimeter,will be achieved. It is quite likely, however,that the
calorimeterdesignedfor the SSCmay be somewhatshorter. This is becausea 1 TeV jet’s
highestmomentumparticle hasa most probablemomentumof about 200 GeV, and the
numberdistribution is down an order of magnitudeat 600 GeV. Thus, for the sam&level
of energycontainment,a jet requiressomewhatless thicknessof calorimeterthana single
hadronof the sameenergy.

A final choiceof calorimeterthicknessfor an SSCdetectorwiU dependon manyfactors
in theoverall optimizationprocedure.However, thephilosophyfor prototypedevelopment
which we havedescribedaboveshould give the most reliableprocedurefor final detector
designconsideration.

a. TransverseContainment

Similar considerationsapply to transverseenergycontainmentandagainwe
proposeto achievethe 98% level. Detailed calculationswill be performed
to reliably determinethe transversecalorimeterdimenthons,however,we
expect them to be approximately48 x 48 cm2.

b. Longitudinal Sezmentation

A detailedMonte Carlo simulation will be performedto investigatethe
dependenceof the calorimeter physics capabilities on the number of
longitudinal segmentsinto which it is divided. Previousstudieshaveshn
that two segmentsin the hadronicpart is adequateand at least two is
required in the electromagneticsection. Pion/electronseparationwill be
fully simulatedandstudiedasa functionof longitudinal segmentation.The
preliminarydesignincludesa total of four segmentationsthroughthelength
of the calorimeter.

c. TransverseSegmentation

Fine transversesegmentationis mandatoryfor thehigh multiplicities at the
superconductingsupercollider. The 1986 Snow Mass CalorimeterGroup
conducteda study of the physics capabilitiesas a function of transverse
segmentationin the range Ay x A from 0.0]. x 0.01 to 0.05 x 0.05.
Surprisingly, no thresholdeffectswere found, althoughfiner segmentation
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wasclearly better. It is also true that with a segmentationof 0.01 x 0.01,
which correspondsto 2 x 2 cm2 at a calorimeterdistanceof 2m from the
interactionpoint, the transversesize of an electromagneticshowerwill be
comparableto the segmentation.

It. would seem,therefore, that identification of electronsin jets is optimally achieved
with a segmentationof about 2 cm x 2 cm at the front face of the calorimeter. Detailed
physicssimulationwill be performedto further justify this choice. With this segmentation.
therewill be enoughenergysharingwith adjacenttowersto provide position resolution of
the order of 1/10 of the tower size, or about ± 2 mm. This segmentationwill occur in
the first electromagneticsectionand increaseto 4 x 4 cm2 in the secondelectromagnetic
section.The hadronictransversesegmentationis chosenpreliminarily asS x S cm2 in each
of the two longitudinal sections. In this way, the transverseshapeof a high energyjet.
which will cover typically 6 x 6 towers,will be well measuredto allow a study ofjet shapes
and effectivemasses.Again, detailedphysics simulationswill be performedto explore the
calorimetercapabilitiesversustransversesegmentationbeforea final choiceof dimensions
is chosen.

G. Fiber Tower Calorimetry in Presently Conceived
SSC Detectors

Presentdiscussionson potentialSSCdetectorshavefocusedon thefollowing conceptual
designs.

1. Air core toroid for muon detectionand no magneticfield in the regionof the
calorimeter.The FITCAL calorimeterwill fit naturally into sucha detector.

2. ‘Small’ solenoidinside a calorimeter. The return flux can be carriedby iron
outsidethe calorimeter. Again, FITCAL will work in a straight forward way
with this approach.

3. ‘Large’ solenoidwith high field > 20kG which is only just larger than the
calorimeter.In this case,FITCAL mustbe designedwith photosensitivedevices
which canoperateat thesehigh fields. This clearly representsa challenge,which
may not be achievablewith existing photomultiplierdevices,but certainlywill
with solid statedevices.

4. ‘Jumbo’solenoidwith low field, 7.5kGwhich hasa radiusmuchlargerthan
the calorimeter. In this case,FITCAL can certainly be readoutsuccessfully
with existing fast multi-anodephotomultipliersand solid statedevices.

5. Specialpurposebeauty detectorwhich may only require an electromagnetic
FITCAL. This would be a possibleapplicationof the FITCAL technology.

6. A particularly attractivepossibility is the useof a single technologyfor particle
tracking and calorimetry. This could be achievedwith a scintillating fiber
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trackerwith solid state device readoutand a FITCAL designalso using solid

state readout. The FITCAL approachis probably the most suited of the
different scintillating calorimetersto this type of readout,sincethe readoutis

by a relatively small numberof fibers. In the caseof spaghetticalorimetry,there
area large numberof fibers, and in a ZELS type design,there is a largearea
of wavelengthshifter plates. Becauseof their large areaof readout,they are
less appropriatefor solid statetechnology. The single technologyof radiation
hardenedscintillator. plus solid statereadoutwith total immunity to magnetic
fields opensthe door wide to placing a solenoidalcoil outsidethe calorimeter.
This removesthe presenceof severalradiation lengths of material solenoid
coil for electronsat intermediateangleswith the small coil approach.A single
technologyapproachshould offer major savingsin manpowerand dollars by
focusing activity in a unified way. This possibility will be carefully explored
early in the development.

In summary,there is a broad rangeof applicability of the researchand development
into FITCAL which we areproposing. It appearsthat the technologycan be successfully
appliedto the majority of presentlyconceivedfull scaleSSCdetectors.

H. Results and Design Considerations from the Existing
FITCAL Program

1. Radiation Hard Scintillator Development

Oneyearago,approvalwasgiven to proceedto designand build an 8 x 8 cm2 x 30 cm
long prototypeelectromagneticcaiorimeterbasedon theFITCAL design.Theresearchand
developmentassociatedwith that effort forms the technicalbasisfor severalkey elements
of this proposal.

A majoreffort hasbeenexpendedat the Universityof Floridaover the last two yearsto
developa plastic scintillator which providesa stablelight output up to radiationexposure
of severalio rads. This effort hasbeensuccessfulandcorrespondsto a factor of one
hundredimprovementover commercialplasticscintillators. Figure11.3 showsthemeasured
stability of light outputversusradiationexposure.Theabsolutelight yield is comparableto
commercialscintillator. This technologyis in the courseof beinglicensedby the University
of Florida to Nanoptics,Inc. for full scalecommercialization.Other companiesare also
developingradiationhardscintillatorsandcompetitivebiddingprocedureswill be followed
to obtain the most desirablescintillator.

In the caseof FITCAL, thescintillator platesarebeingdesignedto emit light at about
450 nm. This wavelengthis long enough to assureexcellent radiationresistanceof the
polysiloxanematrix. Thewavelengthshifting fiber will absorblight at 4SOnmand emit at
525 nm. The latter wavelengthwill permit a long light attenuationlength with extreme
resistanceto radiation degradationof light transmissionin the polysiloxanefiber core.
Appendix 2 describesthe proposedsub-contractto producethe siloxaneplate and fiber
required for this proposal. We anticipate initial constructionof the proposedFITCAL
prototypewith commerciallyavailableplastic scintillator. Later, polysiloxanescintillator

11
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plate andfiber will be usedwhenit becomesavailablefrom Nanoptics,Inc. on a time scale
specified in Appendix 2.

2. Measurementof Absolute Light yield

a. Philosophy

The design philosophyof FITCAL is to achievean adequatelight yield, so as to not
substantiallyimpair the energy resolution. and at the sametime, minimize the area of
readoutof wave lengthshifting material. This minimizes the cost of thesolid statereadout
system. It shouldbe emphasizedthat our primary thrust. in FITCAL developmentis solid
statereadoutsincethis permits operationof the calorimeterin an arbitrary high magnetic
field. A secondadvantageof minimized readoutareais reduceddevice capacity,higher
bandwidthof the device, and lower dark currentnoise. A third advantageis minimizing
cracksanddeadspacefrom shifter material,therefore,thereis a high priority in minimizing
readoutareafor systemoptimization. OtherSSCcalorimetersystemproposalsdo notseem
to haverecognizedthe great importanceof this parameterin systemdesign. The specific
designcriterion which we have adoptedat this stageis:

‘The contributionto electromagneticener’ resolution through samplingfluctuations
should not be exceededby the contribution from photoelectronstatistics. A similar
criterion canbe appliedto the hadronicsectionof the calorimeter.’

We will show from our measurementsand from comparisonwith measurements
performedon similar calorimeterdesignsin the past, that the designwe proposemeets
this criterion. Firthermore,thereis suflicient flexibility in the designto vary the number
of readoutfibers per unit areato more closelyadhereto the criterion, if desired.

b. Measurement

A 2 cm x 2 cm x 1 rum thick scintillator plate, polishedon all sideshad a 1.5 mm
diameterhole drilled in its center. The hole was not polished. This plate represents
the proposedfundamentalunit in the electromagneticcalorimeter. A 1 mm diameter
wavelengthshifting fiber traversedthe hole in the plate and at the endof its 20 cm length
was optically coupledto an RCA 8S50 PMT. The set up and associatedwavelengthsof
light areshownin the Figure 11.4.

A 3 mm x 3 mm wide beamof electronsfrom a strontium 90 sourcewas definedby
two small scintillation countersoperatedin coincidenceas shownin the Figure 11.5. A 0.8
mm thick plate of aluminum wasplaced in the beam to ensurethe passageof energetic
electronsthroughthe 2 cm x 2 cm test scintillator plate. Coincidenteventsin the beam
counteropeneda gateto permit pulsesfrom the testcounterto be analyzedin the pulse
height analyzer. Randomcoincidenceeventsbetweenbeamcounterswas small. The test
counterdistribution is shown in the Figure 11.6. The large peak correspondsto single
photoelectronsandtwo andeventhreephotoelectroneventscould be distinguished.

The ratio of test counterevents 1 photoelectronto coincidenceeventswas found
to be 0.4. Approximatetests to ensurethe validity of this result were performed. These
included measurementof test counterrandomrate, removalof wavelengthshifting fiber,
removal of 2 x 2 cm2 scintillating plate, but leaving the fiber present, ensuring that only
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light from the wavelengthshifting fiber struck the cathodeof the test phot.omultiplier.and
the position of the sourcewas variedto changethe counting rate.

All tests were supportiveof the conclusionthat the FITCAL scintillator plate gave
0.4 photoelectronsper electron traversal. We plan to do further measurementswhich vill
include:

1. Uniformity of scintillat.or plate response.

2. Changeof photoelectronyield as a function of hole polish, edgeof plate polish.
edgeof plate reflectioncoefficient, etc.

c. Comparison with Previous Measurement

To our knowledgetwo previous electromagneticcalorimetershave been constructed
with a very similar design to that proposedhere, FITCAL. Since the issue of light
collection efficiency, spatial uniformity, energyresolution.etc. were studied caref1y in
thesepreviousprototypeswe felt it was worthwhile to attachthe publicationsresulting
from thesemeasurementsas Appendix 1. Our measurementsare in very good agreement
with the resultsof thesepreviousstudies.Sincetheissueof light collection efficiencyin the
FITCAL designhasbeenof someconcernin the past,it is essentialto recognizethat there
is little doubtin thevalidity of the resultat this stage.Table11.1 summarizesa comparison
of the resultsfrom the two previouscalorimeterprototypesandour own measurement.It
canbe seenthat we anticipate:

1. ElectromagneticEnergy Resolution:

= 0.0]. + 0.14/v"GeV

with approximately equal contributions,from sampling fluctuations and photoelectron
statistics.

2. Adequatespatial uniformity to achievethe aboveenergyresolution averaged
over the entire detectorarea.

The system design we have proposed,therefore, meets the objectives of unifonn
compensation4 to 1 ratio of Pb to scintillator throughout the entire length of the
calorimeter,adequatelight collection efficiency, and finally, minimal areaof readoutto
minimize the cost of solid state readout. Overall system preliminary optimization has
beenachieved.

In the unlikely eventthat our developmentwork with solid statedevicesrulesout their
usein their use in this application, the systemcan be re-optimizedfor the useof multi-
anodephotomultipliers. A photocathodewith maximum responseat 550 nm would be
usedto provide 20% quantumefficiency comparedto the non-optimized15% quantum
efficiency photomultiplierusedin the testmeasurement.

Secondly,the numberof fibers would be increasedby a factor of 4 to 1 fibers per cm2.
This is still a factor of 25 fewer fibers per cm2 than the spaghetticalorimeter design. We
conservativelyestimatethis changewill doublethelight yield. With thesetwo changes,the
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expectednumberoi photoelectronsper GeV will become53 andwill contributea factor of

0.14/vTGc 1’ to theenergyresolution. This will result in an estimatedelectromagnetic

energyresolutionof 0.01 + 0.17/ v’GcV. This is still an acceptableresolution,adequate

to perform the physics anticipatedat the SSC.

3. Photo Detector Read-Out

As part of this proposal,we intend investigatingthe relative merits of the two broad
classesof photosensitivedetectors.

a. Vacuum Photosensitive Devices

i. Somegeneraldesigncriteria for a desirablephotodetectorare:

Thephotocathodeareashouldbe largeenoughto accommodatea minimum
of 16 each 1 mm fibers for multi-channel operation in the case of
electromagneticcalorimetry and single channel operation in the caseof
hadroniccalorimetry.

This may imply due to cost considerationstwo different types of devices
for the two typesof calorimetry.

ii. The multi-alkali photocathodeshould have good quantum efficiency
20% in the 500-600mm range.

iii. The intrinsic rise and fall time of the device should be 2 nsecandpulse
height shouldhavefallen to less than 1% after 12 nsec.

iv. The deviceshouldhavethe sensitivity to detect signalsin the range50 to
100,000photonflux at the photocathode.

v. The deviceoutput shouldbe linear throughthe signal rangespecifiedin 4
above.

vi. Thedeviceshouldbe radiationhardsuchthat thereis lessthan10% change
in responsefor a total exposureof jg7 rads.

vii. The deviceshouldbe minimally sensitiveto magneticfields.

viii. The cost per channelshouldbe $30.

ix. The deviceshouldbe ascompactaspossible.

These design criteria were discussedwith Burle Industries, Inc. and they have
submitted a proposal to the SSC generic detector program to do the researchand
development necessaryto produce such a device.

Hamamatsuproducesa variety of multi-anodephotomultipliers. Someof theseare
of the proximity focus type with high immunity to magnetic fields. Philips produces
multi-anode photornultipliers with similar properties. There are two optionsfor locating
the photosensitivedevices. They may be locatedat eachof the longitudinal segments,
or they may be at the back of the entire calorimeterif the light from eachsegmentis
piped out to the back. Cerenkovlight producedin a glassenvelopeof the photosensitive
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device if it hasone by particlesin the showercangive spurioussignals. Dr. W. Selove.
University of Pennsylvania.exploredthis problemand solved it with a specially fabricated
photamultiplierin which the photocathodematerialwasdepositedon a thin film separate
from the glass envelope. In addition, he used the photomultipliersfacing in the same
directionasthe incidentparticlesin the shower. To minimize theeffect of Cerenkovlight, it

is clearly desirableto locatethe phot.omutipliersat the back of the calorimeter. However.
this introducessmall cracksin the calorimeter for light piping purposes. Maintenance
would be easierhaving the photo devicesat. the backof the calorimeter. In summary. the
relative advantagesof these two optionshave to be exploredearly in the 6evelopmentof
this program.

All of the abovedevices,and others, will be studiedto ascertainthe extent to which
they meet the designcriteria. It is quite likely that the optimum solution dependsupon
the generaldesignof the SSCdetectorfor which FITCAL calorimetry is being used. For
this reason,it is essentialto thoroughlyinvestigatethe rangeof possiblesolutionsto photo
detectorreadout. -

b. Solid State Devices

In the above discussion, we have concentrated on conventional vacuum
photomultipliers. However, in the last two years a revolution has occurred in the
developmentof solid statephotodetectorsSSPD. Thesetwo developmentswere the solid
statephotomultipliersSSPMandthe avalanchephotodiodeAPD. Our special interest
in thesedevicesis that they can operatein high magneticfields.

1. Solid State Photornultinliers SSPM by Rockwell International:
This is a solid state device capableof counting single photons1°with an
electronic gain of 5 x io. It has very high rate capability and can be
fabricatedin a variety of configurations. The linear dynamic range should
be extremely good and is only limited by the lateral spreadof the Geiger
saturatedavajanche.’1Sincethis shouldbe about6 pm in diameter,we expect
full saturationof output at an input currentof 3 x io photo electronson
a 1 mm diameterSSPM. A reasonablelinear dynamic range can, therefore,
be estimatedto be 3 x io and this could be increasedby coupling a 1 mm
fiber to a larger areaSSPM.Sincethe dynamic rangeis not important in the
useof the SSPM’s in tracking applications,we intend to work with the SCIFI
trackinggroupandRockwell to explorethis particularaspectof their operation.
The radiationresistanceof SSPM is of primary importanceand we intend to
investigatethis further.

Cryogenicoperationof SSPMis necessaryfor adequatelylow noise. Since the
heat capacityis low, helium gascan be used. Micro transfer tubes about
1 mm diametervacuuminsulatedtubesand 2 m long have been developed
and extensivelyusedin the areaof milli and microkelvin research.Since the
University of Florida has the largest raicrokelvin researchlaboratory in the
world, we canrapidly transferthis technologyto our application. In summary,
weproposean aggressiveinvestigationof thesuitability of the SSPMrevolution
to our FITCAL design.
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2. The Avalanche PhotodiodeAPD by RCA: The silicon photodiode
has been testedin the pasO2with disappointingresults becausethe APD’s
went into breakdownbefore producing stablegains. This problem has now
been resolved, and recent studies by us13 have shown that stableoperation
can be achievedwith the new RCA devices. Their characteristicsmake them
particularly suited to FITCAL operation.

Their typical propertiesrelevantto FITCAL are:

a. 1 mm diameterup to 4 x 4 mm2. The smaller sizesuitablefor individual
electromagnetictowerswhile the larger size is suitable for integrationof
the signal from the 4 x 4 array of fibers from an S x S cm2 hadronictower.

b. Total insensitivy to magneticfields.

c. Low power consumption 0.1 Watt making their location at each
longitudinal segmentwithin the calorimeter a possibility. Howevedue
to the largepulsesproducedin the device by traversalof showerparticles
through the avalancheregionof the device, it will be essentialto locateall
of the APD’s at the backof the calorimeter. Light from eachlongitudinal
sectionof the calorimetercan be light piped to the backof the calorimeter
using nondopedplastic optical fibers. Becauseof the very small readout
areaof FITCAL comparedto other proposals,the fraction of ‘crack’ area
will be minimal. Connectionsbetweenwavelength shifting fibers and
undopedfibers canbe madeefficiently and inexpensively.

d. Good matchingof spectralresponseto wavelengthshifted light of 500
nm.

e. High quantumefficiency of about 80% at 500 nm.

f. Intrinsic high bandwidthcapability.

g. The gain of the APD’s are in the rangeof 50 to 200.

h. We havemeasuredthelineardynamicrangeof the APD to be at least1000.

A test on the operation of an API as a scintillation photo sensitive device was
performed. A 5 x 5 mm2 APD had its baresensitiveareaoptically coupledwith silicon
greaseto a 4 x 4 x 4 mm3 CesiumIodide crystal. Variousgammaand x-ray sourceswith
energiesfrom 5.9 ReV to 1.33 MeV wereappliedto the crystal. The temperaturevariation
of the APD wasmaintainedat less than 10 C. A typical spectrumfor Am241 is shownin
Figure 11.7. It canbe seenthat x-raysof 14-20 KeV can be well resolved. In fact, x-rays
of 5.9 ReV can be resolvedclearly abovethe noise. We havemeasuredthe APD noiseto
be less than 10 r.m.s. electronsfor a 4 x 4 mm deviceoperatingunderconditionssuitable
for calorimetry at the SSC. The noise will be significantly less than this for a 1 mm x 1
mm APD suitablefor electromagneticcalorimetry.

A developmenttype, C30905, APD has a simplified coupling to a fiber of 1.0 mm
diameter,spectralresponsefrom 400 to 1,100 nm, a pulserise andfall time of 0.5 nsecand
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wide operatingtemperatureof -40° C to +100 C. We havemeasuredthe gain stability of
this APD for one yearandfound it to be betterthan ±5%. A chargesensitivepreamplifier
is included in the paclage. The RCA estimatedprice for thesedevicesin the quantities
neededfor an SSCFITCAL detectoris $25.00. A seriesof testsis beginning now on these
devices.

III. Engineering
A. Engineering Development Program -

This is a proposalto design and build a calorimeter,basedon the FITCAL concept.
which is large enough to contain showers and test its operation in all respects. The
prototype program has three major design and construction phasesto meet these
objectives:

PhaseI. 1990 ElectromagneticCalorimeter -

An electromagneticcalorimeter,16 cmx 16 cm in areaand 34 cm in depthwill bebuilt.
It will have two longitudinal segmentswhich will be read-outseparately.The calorimeter
will be composedof individual towers,each2 cm x 2 cm in area. This correspondsto 12$
individual read-outchannels,eachwith 1 mm diametersensitivearea.

The objective of this phaseof the program is to engagemany of the design and
constructionproblemswith a small, but significant objectives. This calorimeterwill be
adequateto be fully testedto ensurethat the design meetsall the device objectivesor
modified appropriatelybeforeproceedingto the next step.

PhaseII. 1991 Full Length Electromagneticand Hadronic
Calorimeter A FITCAL Module

A full length fiber tower calorimeterFITCAL, 16 cm x 16 cm x 284.44cm in length
will be constructedFigure 111.1. It will use the PhaseI electromagneticcalorimeter
followed by a hadroniccalorimetersegmentedlongitudinally into two sections. The two
hadronicsectionswill be composedof 4 towerseach8 cm x 8 cm in area.This corresponds
to 8 individual read-outchannels,each4 mm x 4 mm composedof 16 fibers in area.

Theobjectiveof this phaseof the programis to engageessentiallyall of the designand
constructionproblemsfor the fundamentalbuilding block of a full-scale SSCcalorimeter
detector. This module is inadequateto contain enoughof a hadronicshowerto provide a
definitive test of somevital propertiesof the calorimeter.Theseinclude energyresolution
function, and extent of compensation. Complete evaluation of the efficiency of the
calorimeterdesigncanbe achievedin the next step.

PhaseIII. 1992 Nine FITCAL Modules

Nine FITCAL moduleswill be constructedand arrangedin a 3 x 3 array. The cross-
sectionalareaof the array is 48 cm x 48 cm. This is adequateto containenoughhadronic
energyto test all aspectsof the operationof the FJTCAL design.
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Theobjectiveof the engineeringdevelopmentprogramis t.o usethe constructionof the

nine tower prototype Figure 111.2 as a vehicle for the analysisof fabrication techniques.
assemblymethodsandmaterialsrequiredt.o constructa full-scale FITCAL calorimeter.

B. Development Requirements

The requirementsof the FITCAL engineeringdevelopmentprogramwere determined
through an evaluationof severaldesignapproachesto a full-scale SSC calorimeter. That
evaluationis summarizedin SectionIV. The following tabulation of design issuesresulted
from that ana.lvsis. They are divided into four categories: manufacturing,assembly.
materials,and structure. The proposedprogramis designednot only to resolvethe issues
alreadyforseen.but to exposeotherissueswhich will needto be addressedbeforethe design
of the SSCdetectoris undertaken.Eachphaseis expectedto provide a few surpriseswith
the nine tower assemblyoffering the most potential for practical insights into the actual
requirementsof the SSC design.

In addition to the constructionof the prototype assembly,the developmentprogram
will include two measuresto provide the necessaryengineeringbackgroundto designthe
SSC calorimeter. First, eachaspectof the designwill be evaluatedin bench-scaletests
prior to the inclusion in the prototype assembly. Secondly, design and manufacturing
conceptswill be subjectedto reviewsby commercialvendorsto confirm the validity of the
approachfor usein the SSC detectorproductionprogram.

C. Component Manufacturing
We proposeto begin the developmentof techniquesrequiredto fabricatethe very large

numberof piecesnecessaryto build the SSCcalorimeter.The sizeof this problemis easily
realizedby considerationof theestimatethat a full-scale detectorwill haveapproximately
4,000 towers,eachof which will requirea total of 660 layers of leadand plastic. Further,
note that eachlayer will be slightly different due to the taperingof the tors. Thus, if
either a cylindrical or sphericaldetectorconfiguration is used,the detectorwill require
a total of approximately 1,320,000piecesof at least 660 different sizes. Similarly, the
manufacturingof the 4,000 aluminum tower jackets will also requiredevelopmentwith
respectto construction,handiing, and assembly.

1. Scintillator Plastic: A typical plastic scintillator sheetis shown in Figure
III.3a and in Figure IIL3b. The scintillator sheetscan be manufacturedfrom
1.0mmto 1.5mm 0.04 in. to 0.06 in., thick polydimethyl-diphenylsiloxane
PDMS plastic. In addition to being an efficient scintillator, the PDMS
has a controllableflexibility. This programhas alreadyproduced material
having a substantiallyhigher Shorenumber, thereby significantly improving
the fabricationandhandlingcharacteristics.Developmentof a coatingfor the
scintillator plastic may also be undertakento reducethe effectsof ageon the
surfacesof the plastic. Scintillator layers will be divided into segments.The
first two longitudinal tower segmentselectromagneticwill have 64 lateral
segmentswhile the third and fourth longitudinal segmentshadronicwill also
have only 64 lateral segments. Water jet or laser cutters will probably be
usedto size, segmentand drill the scintillator plastic. Both cutting methods

25



* C
a U

a
0

.0

V -
‘ci.
N

N
0ja -

0

U

2:
ci

if

x

-J
C
F-
w
2:

z
C

w Q::
I-
C

N

0’
Cu

Cu
-i-i
O-o

.JV

LU>-
SF

2:
U

26



rTYPICAL WAVE

/ SHIFTER HOLE

*i_:_ii .101*

__

o a 0 0 0 0 0 0

o 0 0 0 0 D 0 0

o o 0 0 * 0 0 0

o 0 0 0 0 0 0 0

o o 0 0 0 0 0 0

0 0 0
O.

___ ___ ___ ___

OlD Lf o

TYPICAL
"BUT TON"

HOLE

Typical Scintillator Layer
FIGURE III.3a

27

SCINTILLATOR
SEGMENT

NOMINALLY 2CM X 2CM



The upper photograph shows a single sheet of plastic scintillator
with 0.015 in. width cuts which provide the 2 cm x 2 cm
light collection areas required for electromagnetic calorimetry. The
lower photograph shows more clearly the boundary of four towers.

FIGURE III.Sb
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havebeenusedsuccessfullyon plasticsin the past with excellentprecisionand
surfacefinish condition. Eachlayer will be cut in a single set-up to avoid the
distortion which may result from handling. Note in Figure UI.3b that lateral
segmentswithin layerssvill be joined at the cornersto hold the sheetintact for
assembly.Bench-scaletestingwill be usedto verify the specific characteristics
of the scintillator layers. Extensive bench-scaletesting will be carried out.
Bench-scaletestswill include the determinationof the following mechanical
characteristics:

‘Hole tolerancelimits

*Hole surfacefinish requirements

sEdgesurfacefinish requirements

*Segment s’ot length

sOptic fiber placementtolerances

It shouldbenotedthat Loehr1 statesthat thesurfaceof thescintillator holes is
not criticai. Specificationsfor the scintillator will be developedandcompetitive
bidding procedureswill be followed. OR.NL will have responsibility for all
aspectsof scintillator specificationsand bidding procedures. It is expected
that companiesin Japan, Europe and the U.S.A. will bid on scintillator
procurement.

2. Lead Layers: A typical leadlayer is shownin Figure 111.4. In the first three
longitudinal segments,the layers will be 4mm 0.16 in. thick. In the fourth
segmentsecondhadronic,the lead layerswill be 8mm 0.32 in. thick. In
the prototype andbench-scaletests,other thicknesseswill be usedto permit
testingof different ratiosof leadto plastic. The layers of lead in all segments
will haveidentical crosssections,including 64 optic fiber holes.

Methods of mass producing the lead sheetswill be deve]oped. Several
techniqueshavebeensuccessfullyusedin thefabricationof existing detectors
including drilling, shearing,waterjet andlasercutting. Numericallycontrolled,
automatedmanufacturingpromisesto bea low cost andprecisionmethodwhich
caji be applied to all theseprocesses.Special tooling may also be justified by
the relatively largenumbersof pieces.

Methodsof handlingtheleadsheetduringfabricationand assemblyto maintain
the flatnessof the layerswill be developed.A likely solution to this problemis
to Ian,jnatethe leadwith thin sheetsof aluminum. Theadditionof a 0.025mm
0.01 in. thick sheetof aiuxninumto both sides of a 4mm 0.157 in. sheet
of lead will increasethe stiffnessby over 300%. Aluminum cladding will also
providecleanhole and edgefinishes.

3. Aluminum Tubes: Manufacturing methodsfor forming aluminum tower
jackets will be developed. If a spherical detector is built, requirements for
tapered thicknessesand triangular cross-sectionsFigure 111.5 define the
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manufacturingproblem. Taperingcan be achievedusing deep-draw forming

while the triangtilar shapemay be realizedfrom a round, taperedtube using a
die forming machine. Other methodsareavailableand will aiso be considered.
Industrial participation will be particularly important in this part of the
developmentprogram.

D. Assembly

Assembly of the SSC FITCAL will requiredevelopmentof specialproceduresdue to
the large nm-nberof pieces, weight of the subassemblies,inconvenienceof the assembly
location, and the minimum structuraiframing available. As an exampleof the scopeof
the problem, it should be noted that each tower in the comparativelysmall prototype
assemblywill weigh approximately635kg 1,400 lbs., and the entire assemblywill weigh
approximately6,SOOkg 15,000lbs., including the frameand all nine towers.

Areasof particularconcernwith respectto handling aid assemblywhich have been
identified arediscussedbelow.

1. Installation of WavelengthShifting Fibers: Methods will be developed
to install the small 1 mm 0.04 in. diameterwavelengthshifting fibers in
the tower layers. The 64 fibers in eachprototypelongitudinal segmentwill be
routedthrougha tunnel of holesin the lead and plastic layers. The holes are
to be machinedas small aspossibleto reducepotentiai lossesin the efficiency
of the detectorwhile still maintainingan air gapor minimumcontactwith the
plastic and lead. The assemblyof eachlongitudinal segmentof a towerwill be
startedby stacldngthe lead andplastic sheetswith metal rods in placeof the
fibers. After the stacking of each longitudinal segmenthasbeen completed,
the fibers will be pulled into the holes with the rods. The fibers will then
probablybe cut and connectedto the multinode sensorslocatedin the sensor
boxesat the endof eachlongitudinal segment.Alternatively, the wavelength
shifting fibers will beconnectedto light transmissionfiberswhich will be routed
throughthe cablewaysto photosensitivedeviceslocatedoutsidethe detector.
If thealternatemethodof terminationis used,thehadronicwavelengthshifters
will be combinedin the sensorboxesand only 4 light transmissionfibers will
be routed to the endof the tower.

2. Installation of Powerand Instrumentation Cabling: Cabling will be
routedaxiaily aiong thelengthof eachtower from thesensorbox to the outside
of thedetector.Methodsof minimizing theamountof spacerequiredto contain
the wires must be developedsince the routing path will tend to reducethe
hermiticity of the detector. If the wavelengthshifting fibers are coupledto
light transmissionfibers in order to route the light to photosensitivedevices
outsidethe detectoran approximately 100 mm2 0.16 in.2. in ca.blewaywill
be neededin the secondhadronicsegment.

3. Installation of Lead and Plastic Layers Inside Aluminum Thbes:
Methods will be developed to install components inside the long tower
tubes. Note, for example, the problem of installing the wavelength shifting
fibers in a flaring stack-up. Since the hole spacing will changefrom layer
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to layer, a method of moving the wires used in assembly out as the

stacking processprogresseswill have to be developed. Examples of other

installation requirementswhich will be exploredin the developmentprogram

include handling proceduresfor the plates,control of contaminates,and the
establishmentof in-processinspectionprocedures.

4. Handlhig and ansporting AssembledTowers: A completed tower
assemblywill representa significant. investment.It will be importantto develop
methods and standardsto both test the completedtowers to determineif
the units are ready to be installed in the assemblyand to protect the units
againstdamageprior to instailation. Subassemblytesting will be particularly
importantsincethein-placeinvestmentincreasessubstantiallyafter the towers
are inserted into the full detector. Handling of towers between assembly
and instailation at the detectorassemblysite will requirespecial fixtures and
methodssince the aluminum tubes in which the towersare stackedsijil not
support the tower assemblyin a free-standingconfiguration.

5. Assembly of the Detector: Installation of towers into the assemblywill
requireadditional fixturing and detailedproceduresto insure uniform frame
loading andmaintenanceof assemblyclearances.Additionai informationwill
be obtainedon the accessand support requirementsneededto assemblethe
detector.

6. Detector Maintenance: Methods of replacing individual towers must be
developed. This will be particularly difficult since the towersmay tend to
interlock in the completedassembly. As with the original assemblyof the
detector,accessandsupportof the maintenancefunctionswill be of particular
importance.

E. Materials

While a majority of the materialsto be used in the detector are determinedby
experimentalproperties, the specific types and alloys remain to be established. For
example,a coating for the scintillator sheetsis unspecifiedas is the aiuminumor similar
materiai to be usedin the framing. Other areasof interestare the radiationresistanceof
the wiring and the scintillator plastic. We will evaiuatethe radiation resistanceof these
componentmaterials in neutronand gammaradiation testsprior the completionof the
developmentprogram.

F. Structural

The amount of structure is a principle factor in determining the hermiticity of the
detector. Consequently,we will devleop a detailedconceptualdesign for the full-scale
calorimeterframe. This effort will be concentratedin threeareas.

1. Layer Structure: The towers will be positioned with longitudinal axis
oriented thrDugh a full 360 degrees. Consequently,the internal structureof
eachtower must be able to support the lead and plastic ‘ayers in a manner
which will not load either the plastic or the waveength shifting fibers in any
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orientation. This requirementstipulatesthat the tower jacketsbe constructed
precisely so that the layerscan lay on theinsideva11 and align with the fibers
correctly. To addressthe local structural loading, particularly on the plastic
layers. which will result in both the top and bottom orientations,‘buttons’
Figure 111.6 will be installed in the stack to transferthe loa.d to the sensor
boxes which in turn will be fastenedto the aluminum tower jackets. The
‘buttons’ will also serve to position thelayerswith respectto eachothersince
the holesfor both the buttonsand theoptic fibers will be machinedin the same
set up.

2. Tower Structure: Developmentof aiuminum tower jackets with adequate
structural integntv to withstand not only assemblyand installation, but
removaifor repairor replacementwill be particularly challenging.It is assumed
that thejacketswill not beusedfree-standing,but ratherwill havestrong-bath
thturingduring all operationsoutsidethe detectorassemb1tAttachmerfl and
containmentof the sensorboxesto thejacketswill also be resolvedand tested
in the prototypeassembly.

3. Assembly Structure: The designof the exoskeletaiframe to support the
SSC detectorwill be analyzedusing a finite elementcode. The symetry of
the prob]em tends to offset the fact that the frame must be able to support
the estimatedtotal weight of 3,400,000kg 7,500,000lbs., and yet, permit
the j-exnovaj or jnstailation of individual towers. The full-scaie frame will be
conceptualizedto determinethe feasibility of the basic assemblytechnique.
This design will provide a basis for the accurate determinationof cost,
complexity, and hermiticity.

IV. Preliminary Engineering Studies of Several of SSC FITCAL
Calorimeter Shapes

In order to prepare an effective engineering development program for an SSC
calorimeter, we madea preliminary analysis of possible detectordesigns. Five basic
methodsof constructingan SSC FITCAL were identified in that study. Thefive assembly
proposalsare describedbelow starting with the sphericalconcept. While the spherical
conceptoffers manyadvantageswith respectto calorimetry, it is prematureto statethat
it is the preferredconceptsinceotherSSC requirementssuch asthe designof the centrai
tracking detectormay dictatethat anothershapebe used.

The descriptionof eathoption appliesonly to the centersectionof the detector.The
beamopeningsin this portion of the detectorwill requireoutboardplugs which will be
smailer, but wiU usethe samebasic FITCAL conceptof stackedlead and plastic. The
plugs arediscussedseparatelyat the endof this section.

A. Polygon BasedSDhere: The po1yon based sphere concept Figure IV.1
achievesboth the optimum geometryand efficiency. This arrangementprovides
the easiestconfiguration for accuratelyrecording and anaiyzingdatadue to the
uniform positioningof the individual towersaroundthe beaminteractionpoint.
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Two common types of basic polygons can be used to form the sphere; the

dodecahedronand the isocahedron. In either congura.tion,the polygons would

be subdividedinto assembliesof triangles. The triangleswould be sized to limit

the t.otai weight of each tower to a maximum of approximatelythree thousand.

five hundred 35OO lbs. poundsfor purposesof handling. Beamports would be

provided on either sideof the sphereby removingone or morepo’ygon segments.

The polygon basedspherewill require the fabrication of many different sizes of
components. it should be noted that neither the dodecahedrondr isocahedron
form a sphereusing identical triangles, therefore.severaldifferent shapeswill be
requireda minimum of 19. In addition, the trianglesvi11 flare towardsthe outer
diameter,therefore, eachlayer within the triangle will be sUght.ly different. It s
estimatedthat a minimum of 12.500 different lead and plastic layer sizes will be
requiredto build a spherewith triangles.

B. Rectangular: The rectangularFITCAL concept is based on using ideiticai,
rectangulartowers stackedas if building a chimney on its side. The obvious
advantageof this approachis that it usesthe most easilyfabricatedcomponents
au thelayershavethe samecross-sectionin a simplearrangement.Theoverriding
disadvantageof this conceptis the poordetectorgeometrywhich would makedata
analysisdifficult and inefficient.

C. Cylindrical: A cylindrical calorimeter has the advantageof having better
geometricaiand structural characteristicsthan the rectangulardesign while not
being ascomplexasa sphere.Only two typesof towerswould be requiredto build
a cylindrical FITCAL; one for the cylindrical section a flaring rectangk and
anotherfor the endspossibly rectilinearboxes. The flaring rectanglesrepresent
a significant increasein complexity over rectilinearboxessincethe leadand plastic
sheetsmust increasein sizeslightly with eachsucceedinglayer.

D. Focused: The goal of the ‘focused’ assemblyFigure IV.2 conceptis to provide
the maximumvolume insidethecaiorimeterfor targetingassemblieswhile pointing
most of the towers at the beaminteraction point. A focused FITCAL would
representa major increasein cost and complexity over the cylindrical concept,
becauseit would requireboth a large numberof different lead and plastic sheet
sizesdue to the flaring on the towers,axid a large numberof different tower sizes
due to the constantchangein axiai angle. Further, the structurefor a focused
asemb]ywould bevery complex.

E. Igloo: The igloo conceptis basically the sameas thefocusedconceptexcept that
it attemptsto approximatea sphereratherthana cylinder. This techniqueis used
to build ice housesbecauseit allows the fabricator to start from a flat surface
and build rows toward the top center. Eachrow has the sametype of flaring,
trapezoidalfaced tower. Complexity is, however, introduced by the requirement
that eachsucceedingrow must be madefrom eithera different numberof the same
typeof bricks thus, complicatingthe structureby overlappingthe joints, or with
bricks having smaller face dimensions. A reasonabledesign for a FITCAL based
on the igloo conceptcould not be envisioned.
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F. Detector End Plugs: The FITCAL detectorconcept includesremovableend
plugs at both beam openingsFigure IV.1. The end plugs will have the same
basiclead and plastic layering configurationas the centerportion of the detector.
The plugswill receivemuchmoreradiationdamagethanthe central portionof the
detector,therefore,the end pkg mounting frameswill facilitate easy removal and
repairof individual towers.

G. Engineering Design Procedure
The designof the FITCAL detectorfor use in the SSC will requirea designprocess

similar to that used for airplanes. Specifically, it. will require a totally integrated
engineeringeffort in which all factors are consideredsimuJtaneousy. The program
defined in this proposalinitiates this processby beginning work on the first two phases
of the design. The first step will be the developmentof fabrication methods far the
detectorcomponents,including materials selectionand performancetesting. This will
be undertakenin the early bench-scaleaid prototypetestingprogram.Examplesirkiude
the determinationof the optic fiber hole size tolerancein the scintillator layers. Analysis
of scintillator coatingsand evaiuationsof different thicknessratiosof leadand scintillator.
Secondly, commercialvendorswith expertisein applicablefabricationprocesseswill be
consultedconcerning the best approachesfor eachof the processesproposedfor the
FITCAL. The developmentprogram presentedin this proposaibegins making contact
with vendors at the inception of testing. The basic objective is to test materia’sand
designswhich realistically can be used in the full-scale SSC calorimeter. Finally, the
eng5rieerilgdesign teamwill useexisting computerbasedmodelingprogramsto anaiyze
the structurai,mechanicai,and physics of a full-scaie detectorfrom the samedatabase.
Using the computermodelinginformation, a basicconceptualdesignfor an SSCdetector
will be completed.Due to cost, this phaseof designwill not be starteduntil afterselection
of the FITCAL conceptfor usein the SSC.

V. Data Acquisition and Calibration
for the FITCAL Detector Prototype

A. Introduction

Dataacquisitionfor the FITCAL calorimeterwill involve the processof detecting,with
anappropriatephotomultiplierdevice,thelight that hasbeencoupledinto thewavelength-
shifting fibers from the scintillator sheetand processingthe resultingelectricalsignal. The
two electromagneticEM sectionswill have64 datachannelseachand the two hadronic
HA sectionswill havefour datachannelseach. Two piecesof informationwill be extracted
from the dataout of eachchannel. The first is a measureof the total energydepositedin
thescintillating sheetin the neighborhoodof eachwavelength-shiftingfiber. Thesecondis
theelapsedtime from eachbunchcrossingto somesubsequentinteractionthat takesplace
in a particularchannel. The energyresolutionmust be at least 1% over threedecadesof
amplitudeand the timing resolution mustbe a least1-2nsec. The calorimetertowersmust
be calibratedperiodically,primarily becauseof the degradationof the scintillator material,
wavelength-shiftingfibers, anddatatransmissionfibers with accumulatedradiationdose.
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Techniquesfor calibrationaswell as determinationof the frequencyof calibrationwill be

investigated.Testing of componentsand suba.ssemblieswill be performedat appropriate

intervalsthroughoutthe durationof the project. The developmenttime will be threeyears

from the receipt of funding. A phasedapproachwill be takenin the developmentof the

dataacquisition and calibration system. The individual phaseswill be describedin detail

below.

B. Data Acquisition for the Prototype

1. GeneralApproach

For the SSC,the ideal tharacteristicfor any detectorsystemwotild be to acquireand
processdataat a rate greaterthan the machineinteraction rate N- every 16 nsec. To
accomplishor evenapproachthis typeof performance,datamust be handledandprocessed
in a parallel fashionas much aspossibk. As part of this project we plaato investigatea
schemeto senda linear ansiogrepresentationof the dataover optical fibers thus ailowing
the anaiog-to--digitalprocessinghardwareto be locatedat the rearof theindividual towers.
Therewill be 64 channelsof information in eachof the two E!f sectionsand four thannels
of data in eachof the two HA sections. Processingin eachof the individual channels
vi11 be identical as shown in Figure V.1. Light from the scintillator will be piped into
a multi-anodePM deviceby the wavelength-shiftingfibers. The resultingpulseswill be
fed into an appropriatepreamp.At this point, it may be decidedto apply someminimai
amount of pulse shapingin the prefilter section. The signal will then be input into the
opticai linearizerwhich will transformthe electricaianaiogsignai to a representativelight
signal to be transmittedover the optical fiber to the rear of the tower. At the rear of
the tower, an opticai receiver,matchedclosely rjth the operatingcharacteristicsof the
devicesin the opticai linearizer, will convert the light signal to an electrical signal for
further processing. This approachwill involve minimal hardwarein an alreadyspace-
limited arrangementsinceoptical fiberswill occupyapproximatelyone-tenth1/10th the
spaceof coppercables. All fibers and cableswill be run to the rearof the tower in a self
containedcable chaimel allowing the towers to be stackedtogether without hermeticity
problemsat the towers’ physicai interfacesdue to cables.

2. PhaseI Year 1

a. LiElit Collection Studiesof’ the Scintillator and Wavelength
-Shifting Fibers: Much testing needs to be done to experimentaily
determinethe light collection efficiency of several different geometric
configurations of the scintillating sheet, wavelength-shiftingfibers, and
PM device. This will include tests to a determine the optimum
scintillator/fiber interface, b explore the use of multiple fibers for
individual channels,c determinethe optimumfiber/PM deviceinterface,
and d evaluatethe tradeoffs involved in using a 1mm thick versus a
1.5mm thick scintillator sheet.

b. Develop the Data AcquislUon Architecture: The primaxy purpose
of this proposalis to determinethe feasibility of the FITCAL concept.
Accordingly, the thrust of the electronics research and development
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vi11 be toward those issues that directly impact the performanceand
construction of FITCAL. We do not propose at. this time to develop
a new complete architecturefor ca]orimetry data storage. Instead, we
intend to addressonly those issues that pertain uniqudy to FITCAL.
Specificaily, we will researchthe optical analogdatatransmissionconcept
with respectto linearity, power dissipation,noise, radiation hardness,and
manufacturabjlitv.After evaluationof the FITC.AL measurements,we will
researchthe optimum pulse shapingandstoragefor enhancingboth count
rate and signal-to-noiseperformance. A preamplifier. prefliter. optical
linearizer, and optical receiver amplifier will need to be researchedand
developedto exhibit the highest possiblespeedand linearity. Thesewill
probably be a mixture of customCMOS and bipolar technologies.An area
of interestto severaltypesof detectorsneedingto storeanalogsignalsprior
to qualification by the leve] onetrigger is analogmemory. We areplanning
to developa fast, linear, arrayableanalogmemorycell that will ailow.high
fidelity storageof analog signals prior to analog/digitai conversion, The
basic conceptis illustrated in Figure V.2.

High voltage necessaryfor the PM device will be generatedat the tube
rather than distributing high voltage from outside the tower. We are
presently generating high-voltage forrn another project using a custom
CMOS analogcontrollerdevelopedat Oak RidgeNational Laboratory. This
controllerusesvery low power and cangeneratefrom 5OO to 2000V with
someexternaicomponents.Therefore,only a low voltagepowersupply level
will haveto bedistributedthroughoutthetower. Somefurtherdevelopment
of this controller throughout the tower be undertakento adapt it to the
specific needsof FITCAL.

c. Evaluate Photornultiplier Devices: An evaiuation of multi-anodePM
tubes will be madeto determinethe must appropriatechoice in terms
of anodecrosstalkfor the scintillator/fiber combination we will be using.
Tubes from threevendorswill be purchasedand evaluated: 64 channel
device from Amperex Model No. XP4702, a 16 or 64 anodetube made
by Hamamat.suSeriesNo. R1712, and a 100 channeldevice from ITT.
In addition, we will explore the possibility of using the new emerging
techno1orof solid statephotornultiplierdevicescurrently beingdeveloped
by Rockwell, Inc., Dude Industries,and RCA.

d. Fabricate. Assemble and Test Data Acquisition Electronics
for EM1 Section: Data acquisitionelectronicsfor the first EM sectiol]
will be fabricated,assembledand installed. This assemblywill then be
testedin an actualbeamat a locationto be determined.

3. PhaseH Year 2

a. Fabricate,Assembleand Test Electronics for
EM2. HAL and HA2: Work in the secondyear will build upon work
aiready done. In addition,wewill planto instrument the secondEM section
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as well as the two HA sections. Ratherthan have separatearchitectures

for the EM and HA sections.weplan to usethe samegeneralarchitecture

for both to reducethe overall developmenteffort . After all sectionshave

been fabricated, we plan to assembleand instrument a complete tow’er
for testing in a beam. The instrumentationused for this tower will
be refined arid subsequentlyduplicatedfor other towersplannedfor the
third year. Preliminary investigationswill be conductedinto aiternative
architecturesfor digitizing the analogsignal arid processingthe resulting
digitai information at the rear of the towers.

4. PhaseIII Year 3

a. Fabricate,Assembleand Test Electronics
for an Array of Towers: Work in the third year will involve the
instrumentingof either nine or 16 towersthat canbe arrangedin an array
similar to the way they would be usedin an SSC experiment. Thisarray
will thenbe testedin a beam. A manufacturingplan will be developedfor
the dataacquisitionsystem.

C. Calibration for Prototype Calorimeter Diagnostics

The readout electronics and the detector mediafl. in each segmentmust have the
capability to be caiibrated. The responseof eachdetectorsegment,which includes each
fiber as well as eachscintillating sheet,must be calibratedwith no disassemblyof the
caioriineter. An innovativelight-pipeschemeis beingproposed.Sincethis developmentis
not yet proven,a more conservativealternativeis also presentedwhich usesan insertabie
radioactivesource. Calibration of the scintillator sheetand the wavelengthshifting fibers
will be accomplishedby iflumination with an externalsource.Calibration of thefibers will
be accomplishedby illuminating, via fiber optic light pipes, a face plate that sits in the
front of eachsegmentFigure V.3. The scintillator sheetswill be testedby illuminating
the edgesvia fiber optics Figure V.4. It will be impossible to calibrate every single
sheetof scintillator material due to beingunableto get a sourceof illumination to every
sheet. The approachtakenwill be to illuminate only sheetsalong the perimeterof the
calorimeter. Calibration information gainedin this way will be usedfor correctingthe
dataas it is processed.

The wavelength-shifterfiber absorbslight in the 450 run rangeand re-emitsit in the
525 nm range. The calibration of the fiber pathswill be by illumination of a face plate
where all thefibers areterminatedusinglight pulsesat about 450 nm. This will test fiber
fitness and conversionefficiency, fiber to PMT connection,and all the electronics. The
light will be pulsedin the5 nsecrangeto be comparab]eto the sdntillator decaytime, all
fibers and channelswill be illuminated. A nitrogen-pumpeddye laserwill havesuitable
optical and timing properties. The illumination will require fibers to be run from the
tear of the tower to the face of each section. Large diameter > 400 ii pure silica fibers
should be used.It will probably take at leastfour fibers, lighting the cornersof a frosted
face plate, but may take more to achievea semblanceof uniformity. All the fibers will
terminatein face plate madeof a frosted plastic sheet. Fibers can be loose coupled,like
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the scintillator stacks. The responseof the wavelength-shiftingfibers vi11 be measured
using the dataacquisitionelectronics.

The scintiflazor-flber will be tested by edge iliurniimtiot of peripheral stacks of
scintiliator squaresusing 450 nm light piped to the scmtiflator plates. Use of 450 nm light
w211 model the scintillations. It may also be feasible to test the scintillation propertiesof
the plates if they can be illuminated with 360 zm light. This is possible.but may not
be pr.ctica1becausethe 360 nm light vi11 be much harderto pipe and distribute. Large
diametersilica fiber will suffice if the 360 nit illumination is not implemented. For the
300 tim pulsing. larger core C> 600 rim tiT-transmitting silica fiber will be required. It
is proposedto only test the edge stacksusing the technique,thus 2$ fibers are required
for the S x S EM sections.EvanescentEM field in the cladding coupling will be usedto
couple the light from the fiber to the scintillators. A coupling gel betweenthe fiber and
plate will probably suffice, but protectivecoatingsmust be strippedfrom the fiber first.
Nitrogen-pumpeddye laserswill be suitablefor generatingthis light.

The use of high purity silica fibers will give an intrinsic radiation hardnessto the
light calibrationsystem. Fiberswith harnessesof greaterthan 10’ radsarecommercially
available. The calibration processshould allow for correction to radiation degradation
effectsof the scintillators and wavelengthshifting fibers, aswell asother agingprocesses.
An aiternativeto the light-piped caiibration is the use of a. small gammasource,driven
down guidetubesbetweentowers. Thesourcewoujd illuminate wholesheetsof scintillator
andfibers from their edgesFigure 1.5. Throughthe useof a small, moving source,each
layer of scintillator could be checked,giving information on relative efficiencies from the
front-to-backof a towersection. Becausethe scintil]atorswould be edgeiliuminated,fairly
high efficienciescould be attained.A sourceof 1 mCi of Cs-137,shot down the middle of
the sideof a tower would create100 photons/secondin a 2-cm.-squarescintillator on the
otherside of a 16-nm-squaretower. A sourcethis sizewould fit in a 3-mm-ID tube.

VI. Simulation of the Electromagnetic and Hadronic Cascades
Includzng Light Collection in the High Resolution
Fiber Tower Calorimeter

A. Background

In order to have a. strong experimentai caiorimeter developmentprogram,a substantial
effort must be involved in calcula.tionalanalysisof the detectorsystem.This calculationai
capability must be fundamentaily sound and based on previous interchangebetween
theoretical calculations and experimentaltest programs. The CALORS9 code system
for anaiyzing calorimetersoffers a solid approachfor investigatingall facetsof detector
systemsand will be usedin this work.

Due to financial constraints,only a few prototypedetectorscan be built and tested.
However,oncethe calculatedresultshavebeenshownto agreewith the testprogramdata,
a much wider variationof the designcan be caiculationailyinvestigated.This will be the
approachfollowed in this proposalso as to maximizeeffort and minimize cost.
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B. Methods of Calculations

The calculationsto he carried out in this proposalvi11 be performedwith the new
CALORS9 computer system following approximately the proceduresused in previous
caIcuIaiions*34 The majorchancesin CALOR arein an improvedhigh energycollision
model following FLUIcAS7 and a better low energyneutrontransportby thecodeMICAP.
A flow diagramof the codesin CALOR is given in Figure VI.1. The three-dimensional.
multimedia. high-energy nucleon-mesontransport code HETCSS6"8 was used. with
modifications, to obtain a detaileddescriptionof the nucleon-mesoncascadeproduced
in the absorbersconsideredin this paper. This Monte Carlo code takesinto account the
slowing down of chargedparticlesvia the continuousslowing-down approximation.the
decayof chargedpions and muons. iDelastic nucleon-nucleusarid charged-pion-nucleus
excluding hydrogencollisions through the useof an intermediate-energyintranuclear-
cascadeevaporationMECC model E c 3 0eV, a scalingmodel 3GeV c E c 5 CeV,
and a multi-chain fragmentationmodel E> 3 GeV, and inelasticnucleon-hydrogenaid
charged-pion-bydrogencollisions via the isobarmodel E C 3 GeT, and a fragmentation
model E > 3 0eV. Also accountedfor are elastic neutroz-tucleusE < 100 MeV
collisions, anddasticnucleonandcha.rged-pioncollisionswith hydrogen.

The int.ranucelar-cascade-evaporationmodel as implementedby Bertini is the law
energy20-3000MeV heartof the HETC code.9This model hasbeenuseddfor a variety
of calculationsand has beenknown to agreequite weli with many experimentairesults.
The underlyingassumptionof this model is that particle-nucleusinteractionscan be
treated as a series of two-body collisions within the nucleus and that the location of
the collision andresultingparticlesfrom the collision aregovernedby experimentaland/or
theoreticalparticle-particletotal and differential cross-sectiondata. Thetypesof particle
collisions included in the caicula.tionsare elastic,nonelasticand chargeexchange. This
model includedin the calculationsareelastic,nonelasticand chargeexchange.This model
incorporatesthe diffusenessof the nuclearedge,the Fermi motion of the bound nucleons,
the exclusion-principle,and a local potential for nucleonsand pions. The density of
the nuetronsand protons within the nucleuswhich is usedwith the total crosssections
to determinethe interaction locations are determinedfrom the experimentaldata of
Hofstadter.9Nuclearpotentiaisaredeterminedfrom thesedensityprofilesby usinga zero-
temperatureFermi distribution. The totai well depthis then definedasthe Fermi energy
plus 7 MeV. Following the cascadepart of the interaction, excitation energy remains
in the nucleus. This energy is treatedby using an evaporationmodel which allows for
the emissionsof protons,meutrons,d, SHe, a, and t. Fission, inducedby high-energy
particles,is accountedfor during this phaseof the calculationby allowing it to compete
with evaporation.Whetheror not a detailedfission model is includedhasvery little effect
on the totai numberof secondaryneutronsproduced.

In recentyears,a large amountof experimentaiana theoreticaiwork hasbeendone,
andmorereliablemodelsarenow availablefor the descriptionof high energy>5-10 GeV
hadron-protonandhadron-nucleuscollisions. In particular, a mWti-chain fragmentation
code by 3. Ranft, j.,1° following the work of A. Capdla and 3. ‘Fran Thanh i11

The versionof the model that is usedin the work reported here, with somemodifications,
is that provided by the transport code FLUKAS7. The modifications that have been
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madeare mostly thosenecessaryto predict suchthings as residualnuclei and excitatiofl

energks2This information is neededin HETC for evaporationcalculanons e1d

the productionof low-energyneutrons,protons,deutei-ons.alphapartides. etc.

At high energies.a cornpet.eintranuclearcascadedoes nor develop when a nucieon

s hit by a hadroric projectile inside the nucleus. The time-scale governing typical

hadronicinteractionsis very long. andtherefore,themost energeticsecondariesareactually
producedas the jet decaysbeyond the target nucleus,and therefore,have no changeof
re-scattering.

EVENTQ is the hadron-nuc1euscollision code taken from FLUKA. In this code,
a simplified Monte Carlo model is used in which no tracking or cascadingof panicks
occurs. Fragmentationof the producedjets is carried out wit.h possible formation of
iSO stableparticlesor resonances.’3Theresonancesdecaywith either two-body isotropic
decayor three-bodydecay.Experimentaldecayproductsandbranchingratiosareinput4
to the code so that all quantum numbersare conserved. In this way, exclusiveevents
are generated,and correlation studiescan be carried out. A] particlesproducedin the
fragmentationof thejets areassumednot to interact with the nuc1eus.’5’6Cascadestyle
maciconsare sampledfrom datatables.

The source distribution for the electromagneticcascadecalculation is provided by
HETC; it consistsof direct photon production from hadron-nuclearcollisions, photons
from neutralpion decay,electronsandpositronsfrom muon decayaithoughthis is usually
not of interestin cajorimetercalculationsbecauseof the long muonlifetime, de-excitation
gammarays from nonelasticnuclearcollisions and fission gammarays. Sincethe discrete
decayenergiesof the de-excitationgammasarenot providedby HETC and only the total
availableenergyuntil it is completelydepleted.The transportof the electrons,positrons,
andgammasfrom the abovesourcesis carriedout using EGSsystem.1’

Neutronswhich areproducedwith energiesbelow 20 MeV are transportedusing the
MORSE1"9 or MJCAP2° Monte Carlo transportcodes. The neutroncrosssectionsused
by MORSE or MICA? areobtainedfrom ENDFB/V. Gammarays including thosefrom
capture,fission, etc. producedduring this phaseof thecalculationsarestoredfor transport
by the EGScode. The MORSE code was developedfor reactorapplication. TheMICA?
code was developedspecifically for detector analysis. Both codescan treat fissioning
systemsin detail. This ability is very important since a majority of the fissions results
from meutronswith energiesless than 20 Mc’. Time dependenceis includedin MORSE
and MICAP, but since neither HETC nor EGS hasa timing schemeincorporated,it is
generallyassumedthat no time passesfor this phaseof the particle cascade.Therefore,
all neutronsbelow 23 MeV areproducedat t + 0. Generaltime cuts usedin the MORSE
or MICA? codesareôOns for scintillator and lOOns for TMS or Argon.

The nonlinearityof the light pulse,L, in sciritillator due to saturationeffects is taken
into accountby the useof Birk’s law2’

dL dE/dx
dx 1 + k8de/dx
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where k8 is the saturationconstam.For plastic scintiflator kB is generallybetveen0.01-
and O.O2-g cm2 MeV’. A simi1r law is assumedto apply to the chargecollected in
ionization detectors.This ta1esinto accountthelossof signal resultingfrom recornbrnation

effectsmt he ionization column.22 For electronsat all energies.n is assumedthat /ra = 0.

Efficient collection of scintillation light producedby the energydeposidoncii a charged
pztrticie or of wavelength shifted light is important in the overall performanceof a
scinrijlaror detector svsreni. The detection eciency is determinedby maty factors
including the geometry of the modularsection.the index of refraction of the scintillatory
material arid external material usually air which determinesthe internal reflection
efficiency of the phorotubes.and the sizeof the phototubes.The MORSE Monte Caro
code hasbeen modified to include all of the abovefactors so that accuratescintillation
light transportcan be carried out. This codewill be referredto as MOR.LIGHT.

A simplified flow of the calculationsis asfollows:

1. Determinethe wavelengthgroupof the scintillation photon.

2. Determinethe directionof the photonfrom an isotropic distribution.

3. Determinethe flight path distancefrom c’, where A is the inverseabsorption
length for the group.

4. If thetotal pathdistanceis completedbeforethe nextboundaryis encountered,
kill the photon no downscatteror wavelength changeallowed in current
calculation,but canbe included.

5. If the next boundaryencounteredis not the phototubeboundary,determine
angleof incidenceandcompareto critical angle.

6. lIthe angleof incidenceis less thanthe critical angle,kill the photonleakage.

7. If the angle of the incidenceis greaterthan the critical angle, then continue
transport after reflection until the path length is completedor the photon
reachesthe phototube. Hill the photon asin statement4.

8. If thephotonreachesthephototube,determinetheprobability that the photon
will producea photoelectron. If an electronis produced,scorearid kill the
photon,otherwise,just kill the photon.

9. Start at statement1. again.

Severalmodifications to the aboveprocedurecurrently implementedin MORSE will
have to be carried out in order t.o study the light gatheringcharacteristicsof the plastic
towersconnectedto a single light shifter fiber. For example,changeswill haveto be made
to include the converthonprobability of the light shifter when the scintillator light enters
the fiber.
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C. Design Calculations

Part of the geometryof a FITCAL module is given in Figure VI.2. This represents
two segmentsof a muchlargersystem. The scintillation light from eachof the scintillitors
is readout by a 1 mm diameterfiber wavelengthshifterpassingthrough holes in the lead
and plastic p’ates. The depthand width of the calorimeterwill be chosenso as t.o contain
a typicai high energyhadronicshower.

The designcalculationswill be usedto confirm or adjustthe 4 to 1 ratioof Pb to plastic
thicknessfor compensationwith the Pb/plastic calorimeter. In addition. the effect of
streamingwill be investigated.Theenergyresolutionandcompensationof the calorimeter
as a function of energy will aiso be calculated. In general, the CALOR code system
vi1I be usedto determinethe optimum designof the Fiber Tower CalorimeterFITCAL
with respectto energyresolution and compensation.The initial FITCAL designwill be
anaiyzedin detail andappropriatechangesmade. As experimentaidatabecomeavailable,
changesin the codesystemwill be madeto removeany discrepancies.

As part of this analysis. the light collection efficiency must be included in the
c&culation. The MORLIGHT codewill be modified anddataaddedso that scintillation
light transportcanbe carriedout in theplastictowers. Thedatathat arenecessaryfor such
calculationsinclude frequencydistribution of the emitted scintillation light, the number
of scintillation photonsemitted per 100 eV of energy deposition, the light absorption
characteristicsandindexof refractionof the scintillator, the conversionprobability of light
in the wavelengthshifter fibers, the light absorpotioncharacteristicsof the light guides
fibers, phototubeconversionefficiency,etc. Much of thesedataae availableand cannot
be easilyobtained,reaiisticdatabasedon past experiencewill be substituted.Sincethere
are variations in the types of dataneeded,some sensitivity studieswill be carriedout.
The finai resultsof the MORLIGHT cakulationswill be a spatiai and energydeposition
dependentlight collection efficiency including fluctuations. By varyingthelight absorption
characteristicsof the plastics scintiflator and the light guides,levelsof radiationdamage
canbe simulatedsothat performancedegradationcanbe studied.Thesedatawill be used
in the electromagneticandhadroniccascadecaiculations.

VII. Test Beam Program

The proposedtest beamprogramis in two parts:

A. PhaseI
Prototypeelectromagneticcaiorimeterswill be constructedand testedfor resolution,

uniformity, and linearity. To study the constantterm in theenergyresolution,an electron
beamenergyof at least100 CeT is required. The beamenergyresolutionmust be 1%
for this purposeand theintensity shouldbe in the rangeof 102 to 106 particlesper second.
BeamenergyshoWdbe I to 6 CeV. The initiai tests for the electromagneticcalorimeter
canbe performedat BrookhavenNational LaboratoryBNL. We expect to use a total of
threeweeksof BNL beamtime in threeperiodsof a week each.
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B. PhaseII

High energytestsof the electromagneticcalorimeterwill be performedat FERMILAB.
Beamenergyfrom 5 to 2O 0eV ss’iii be requiredand the beammust be fully instrumented.
Thefull electromagneticplus hadroniccaiorimetervi11 be tested.Ekctronpion separation
techniqueswill be investigated.Hadronicresolutionand linearity vi11 be studied. The ratio
of lead to scintillator will be variedto explore the compensationmechanismand also its
time dependentstructure. We expect to usefour weeks of FERMI beam time in four
periodsof a week each.
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IX. ifudget Discussion

The proposedbudget is summarizedby year and by institution in the lilhlwing Table.
Detailed budgetsare given for eachcollaboratinginstitutions in Tabtes 2 through 16.

TABLE 1
Budget Suxnmaiy

1990 1991 1992

University of florida $ 321,673 S 337,757 5 353,840

University of Sherbrooke $ 86,720 S 91,056 $ 95,392

Oak Ridge National Laboratory $1.370,200 11,261.500 $1.540,500

TOTAL $1,778,593 $1,690,363 732

58



TABLE 2
Detailed First Year Budget 1990

University of florida - 1990

1. Salaries

a. ResearchScientist Assistant $ 40,000
b. Two Post Doctorai Associates@ 528.000 ea. $ 56.000
c. Technician $ 22,000
ci. Two GraduateStudents $ 21,000

$ 139,000
Overheadat 24% of a., plus C.; 2.1% of b. $ 16,05b

2. Material

a. PhotosensitiveDeice Evaluation $ 20,000
b. Plastic Scintjl]ator for Tests S 5.000 $ 25,000

3. Equipment

a. FastElectronics for Light Output $ 20.000
$ 20,000

4. Travel

a. Two per month to ORNL at 5350 ea. $ 8,400
b. One per month to collaboration

meetingat $500 Ca. $ 6,000
c. Oneper two months for SSC meetings

at $600 ea. $ 3,600
ci. Beam Tests at $10,000 $ 10.000

$ 28,000

Total Direct Costs: $ 228,050
Modified Total Direct Costs: $ 208,000

Overheadat 45% of MTDC: $ 93.623 $ 93.623

TOTAL $ 321,673
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TABLES
Detailed First Year Budget 1990

University of Sherbrooke - 199W

1. Sa]aries

a. C. Carrier,Res. Assist. $ 20.000
b. One Engineer $ 28,000
c. Graduate Student $ i o.ooo

$ 58,000

Overheadat 24% of a. andb. $ 9.120
$ 9,120

2. Material

a. Scintillator sampks,SOUrCeS and miscellaneous $ 5.000

$ 5,000

3. Equipment

a. Componentsfor amp. constructionand testing $ 5.000
$ 5,000

4. Travel

a. One per month to collaborationmeeting
at $500 ea. $ 6,000

b. One per two monthsfor SSC meeting
at $600 ea. $ 3.600

$ 9,600

1DTAI2 $ 86320
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TABLE 4
Detailed First Year Budget 1990

Oak Ridge National Laboraton’ - 199ffl
Engineering and Design

2. Fabrication

a. The first fabrkaiion will be composedof the
El and E2 longitudinal segmentsonly. It will
requiremanyof the developmentsof fabrication
methodsfor lead and plastic layers. Component
handling and assemblyprocedureswill be worked
out in this model.

Short StackAluminum Container: 100 MH $ 5,000
Lead Layers 60 ea.: 500 MH $ 25,000
Plastic Layers 30 ea.: 500 MH $ 25,000
Assembly: 500 MH S 25.000

$ 80,000

b. The full tower will expandon the engineeringand
experimental lessionslearned in the short stack.

Full Tower Ajumjnum Container: 150 MH $ 7,500
Lead Layers 300 ea.: 750 JAIl $ 33,000
Plastic Layers 150 ea.: 500 MH S 25,000
Assembly: 1000 MH $ SMOG

Subtotal: $ 425,500
Contingency25%: $ 106,000
ProgrammerIncludesComputing and

Overhead: $ 120,000

Subtotal: $ 651,500
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TABLE 5
DetailedFirst Year Budget19901

Oak Ridge National Laboratory - 199Q
Instrumentationand Controls

Labor 2 man-years

1. Material

a. 1 AmperexPM Tube $7,500 ea. $ 7,500
b. 1 HarnamatsuPM Tube S6,000ca. $ 6,000
c. Ifl PM Tube $ 12,000
d. ASIC Fabrication $ 50,000
e. Components $ 10,000
f. PC Board Layout and Fabrication $ 15,000
g. Miscellaneous $ 10.000

Subtotal: $ 275,500
Indirect 40%: $ 110.200

Subtotali $ 385,700
Scintil]ator Acquisition: $ 333.000

TOTAL ORNL: $1,370,200
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TABLE 6
Detailed SecondYear Budget1991

University of florida - 1990

1. Salaries

a. ResearchScientist Assistant $ 42,000
b. Two Post DoctoralAssociates@ $28,000ea. $ 58.800
c. Technician $ 23,200
d. Two GraduateStudents S 22.050

$ 145,950
Overheadat 24% of a., plus c; 2.1% of b. $ 16,853

2. Material and Equipment $ 47,250 $ 47,250

3. Travel and Tests $ 29,400 5 29,400

Total Direct Costs: $ 239,453
Modified Total Direct Costs: S 218,453
Overheadat 45% of MTDC: $ 98.304 $ 98.304

TOTAL $ 337,757
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TABLE 7
Detailed SecondYear Budget 1991

University of Sherbrooke- 1991’i

1. Salaries

a. C. Carrier, Res. Assist. $ 21,000
b. One Engineer $ 29,400
c. GraduateStudent $ 10.500

60,900

Overheadat 24% of a. and b. $ 9.567 S 9,561

2. Materiasand Equipment $ 10.500 $ 10,500

3. Travel $ 10.500 $ 10.500

TOTAL . $ 91,056
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TABLE 8
Detailed SecondYear Budget 1991

Oak Ridge National Laboratory - 1991
Engineeringand Design

1. Engineering

a. The primaxy engineeringgoal of the secondyear will
be the fabricationof the completenine tower prototype.

a. Engineering: 1 man year
b. Drafting: .25 man years $ 150.000 $ 150,000

TOTAL $ 576,000

2. Fabrication

a. Fabricationand assemblyof a nine tower assembly.
This assemblywill be basedon the technology
developedfor the single tower.

Aluminum Containers: 600 MH $ 30,000
StructuralFrame: 600 MEl $ 30,000
LeadLayers 3000 ca.: 3000 MH $ 100,000
Plastic Layers 30 ea.: 300C MH $ 100,000
Assembly: 1500 MM $ 75.000

Total for Nine Tower Fab.: $ 335,000
Contingency25: S 121,000
ProgrammerIncludesComputing

and Overhead: $ 120.000

Subtotal: $ 726,000
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TABLE 9
Detailed Second Year Budget 1991

Oak Ridge National Laboratory - 991
Instrumentationand Controls

Labor 2 man-years

1. Material

a. ASIC Fabrication 5 35.000
b. Components $ 20,000
c. PC Board Fabrication 5 15,000
d. PM Tubes2 additional $ 15,000

Subtotal: $ 258,250
Indirect 40%: $ 103.300

Subtotal: $ 361,550
Scintillator Acquisition: $ 174.000

TOTAL $1,261,500
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TABLE 10
Detailed Third Year Budget 1992

University of florida - 1992

1. Salaries

a. ResearchScientist Assistant $ 44,000
b. Two PostDoctoral Associates@ 528,000 ea. $ 62,600
c. Technician $ 24.200
d. Two GraduateStudents $ 23.100

$ 152,90Q
Overheadat 24% of a., plus C.; 2.1% of b. $ 17,655

2. Material and Equipment $ 49.500 $ 49,500

3. Travel and Tests $ 30%800 $ 30,800

Total Direct Costs: $ 250,855
Modified Total Direct Costs: $ 228,853
Overheadat 45% of MTDC: $ 103.985 S 103.985

WTAL $ 353,840
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TABLE 11
Detailed Third Year Budget 1992

University of Sherbrooke-

1. Salaries

a. C. Carrier, Res. Assist. $ 221100
b. One Engineer $ 30,800
c. GraduateStudent $ 11,000

$ 63,800

Overheadat 24% of a. and b. $ 10.032 S 10,032

2. Materials and Equipment $ 11.000 $ 11,000

3. Travel $ 10.560 $ 10.560

TOTAL $ 95,392
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TABLE 12
Detaile&Third Year Budget 1992

Oak Ridgeatipna1 laboratory - 1992
Engineeringand Design

1. Engineering

a. In the 6nal year of the propsaI,we will evaluate
the nine tower assembly,begin preliminarydesign for the
full-scalt SSC detector,and makemodifications to the
test prototype.

a. Engineering: 2 man years $ 270,000
b. Drafting: I man years $ 120.000

TOTAL
.. $ 393®

2. Fabrication

a. Miscellanous $ i5o.ooo

Subtotal for Year Three: $ 540,000
Contingency25: $ 135,000

Subtotal: $ 120,000

Subtotal: $ 79500
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TABLE 13
Detailed Third Year Budget 1992

Oak Ridge National Laboratory - 1992
Instrumentationand Controls

Labor 2 man-years

1. Mateñal

a. ASIC Fabrication $ 35,000
b. Components $ 30,000
c. PM Tubes for Eight Towers $ 240,000

Subtotal: S 496,500
Indirect 40%: $ 199,000

Subtotal: $ 695,500
Scintillator Acquisition: 50.000

TOTAL ORNL: $1,540,500
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A liar at I e, h Lit iii I.e itrirt I. us $sIa ,i ps,,1 t.u I.e rI.t tin,, piol as r ,dIi,Irq II 1 I A j$ I.
juntntly undei cou,stt.actiói, at I KSY . is lu ii,. I,! SI t cub,, iu,wtns. litty I,v, to be

Con.I.att. to’cr a iargt soil1 m,,tIe. Asuti pIrrpuI a I,iI, ‘ i,..IniIy in tb. r.,d,,ut. Tb. .nv,tv

* 1.11 aiiu, at ICMIIII jun 01 I hr cat.,, in,rI rs .1,1 ri ,,i ,,r I., * r a I .. n eli I the ji., un nIn * of the

wIi,ili ilcier lot

As part oF ii.r .Iqsipi slinlirs top the tElls dein lop a II.I{A* w Inn ,,.si,,uctr,I
a ml te%tcd I tier ttohutpirt if Iqt iii sri rr u,,,,,I,p Ir W jib a lit aI IiI.ti i rA.h,,p I

in ox. r to in rest is te the rite, g y ,rc140 I,.,,,. ii pill,., oily of 1 hr * *. .n,. . s..I pIecIlPIrc Ii on

yirhl. Oilier .‘I.nhiuiicutI ir,iIt iii, ii,,’ n,usr ,,iI,pt, I ciii I.e I,..sn.I isi .eI,,ri,, * tI

II DESCIIII’TII’l or iuii; Muiiiii*:s ANII r:xrF;UWIF:NIAI. SETuP

Etch aIuriinrtrr unoili,Iir j a s.ui,wit Is ol ill Ir.,I I’I..tr. * nil lu ii jul sham, itist.. .n *
;chem.tic dr.winp1 in fig. fl 11w thu ‘ten of t Iw Ir,uJ j4sI, i 1 tiuiug aujul ihe Iii,. p’ns

the itilititlatot pIlr% iS heist. lisp Ic,IaI Mit * ,i,,,4u1. j flIt I!I ‘4Ictii. ib. t..tj.I I’nttI,
is ZS.5 radiation Irnitlis i.,I I., M,,Iirir * a,Is,, aI.o,I fl n.e -

The Ii1ht piculuteti in Iii,., iu,tiIhI,,, i r,,Ilr, fr.I by lb..1.I.. .1 fibres ‘‘‘liar, tnt vs. a

at Incite IightRuidr to $ pln.top,,.,kij,I.ri jdat rd at i hr rca, .4 I hr , aJ.,,i,,,rIrj 1 Iue*. f.b.i.

*rq is,ertt,I in 16 hum at ,,,us, ,Iia,m.rIr, ,IuiIIr,I 1.r,1.r,ssIi, s,IacIy lip ii., 1.I*rn %V.

upiKal Iibrn, 4 cii IS ,p,ui, *IlMIsrri * t’IlIass.i.,g swavrI,nttls Is,ltsng atrnl 1 try * .n,qi.I .4

a polyity rent tote sri, at liv. ipu,Ir I ..9 *Inp..I wilt. IIR u.sj/ê i.t K ii .ini a i IuI4i,,* .4
J’oIyrnrt.yknrsartylal J’MMA. icr,.. liv. ii,,,!: I .lfl. it,. an.gr Iii,., Iru,tI. w. P20 .n..
We un.I two scintiHator u,saIr,iafs KSTI-3!$I fr. stid S :SN-JA j7. The .4gr .4 tIp. platn

were in.JisI.rd awl the plain Ow,n,rlvrs nagsr. ,n j ruin live I.,u,sptiti,p, gui. Th. update, .4
1h Iioin in the sri" Ella or WtI itOt iIOIihI9I I I fl II, ‘‘Ii I’R- I he iti,,I ide w ,tI. ti..
K STI.3A1it itutiliator will he fIrrrnI In i. I hr h4h.w...g a, nnnJuk A. and ii.. .,,,r .qnipp..I
will, SCS N 3R a lo.nI, I, II. Mmlii Ir A Ii a’I iI.I ‘‘mull i;sI.r t V I ‘‘p M1 IVI’ * p.4 *,mduIe H

*si X I’ZIJ I I Tt.h I ‘u.p.sa; un the elru u 11.111.1s .4 br.l I, i a b.c i,,,rrs,

IIsnr u,lIi* In irs wfl I, eM r.I ii. a I l.S V f I *.t ails wI,i. Ii Irij rEef U on, I,.m. I hi

; V. *Ijip Iii,,siwtit ‘is.’ .r nil ol I isis I $1. slu w a; Iu,ii,..I ii I., si uuil., I % Ii,,,., s .,,.‘ ii, esi.ep,t

with a IR tryst al - tIit ,ii.,.I iii,, wri r ssc I a ‘Pit a * ri i.t.trSy c-out,,,lIrd ii,. ,v.abI. ...pjnn I

allow jug lie in. pM I point * p1 tI,c ‘‘it ii Ic iii li,a is’ .5, the I.,, if, sri r I tq lit tap erit II.. ti sg.r

was dr Is pirul wiLl, ii,. lieu. 01 tw,, AI1% ‘.1 i I r i iii ilia tic,,, . ‘op ,,t., *frh,. sn* a ,.am *i,.
elf S its him1 iii tI,. front fare .4 il,.* * aIcp,ui,,rIcc A vnI,tq,.,usiI,I ‘viii, .rusI,aI h,,I. of 2 tin

ii iainflrr was tisni In hjqc I 1,.,,,,, hal., $s; I I kc 11.0 r usf a I scull. ii’ I Di. hesniI,ae a

,bown in 4t2. Else p.I...totiopllipl*ri na, i,,Iry.iul..,I Ir a I.rt.,,y AIW 774’PA iiI. a

gate t..,t I I 411 ii, - ihe A III a.. i *.I4 ,.iq.. .1 Ni in U *..topnfei at,.? f, avt,Irt,n? fre

the IJESY hIM Iw *,lIIip.e tu,i1,Irn’

Tpr.s.I hp *! 11$



Iii UNEARJTY AND RESOLUTION At THE CENTER OF TIlE MO1IJIZ

We meaaai,ed ib. :nponse of Ihe 2 caloriuntier modules to Incidrot eI&uoiis of I tu S
‘. the mliii muSh art summirized in table I. The ealogirnrt,, rnpouse and *esoI,sIii,ii
funcIk. tsi the energy us .n ncdtnt i.t.t.. at The ceutcu of ttit u,odic& are .IispIaye’I in

in tIIa end glib. tJuih ,nodw}a .1mw bn,sc Iespune will, ,IcviaiWii Ins tub i% UI
gin in the cage between I ..nd S CeY.

The meisuared inolutions aunt an entity ikpendencc of the type:

S $ S nnns th spare root of a quasj,atksum

fitted v.1g., 1., beth ctlefimtt,rs .re lot E in CrVJ:

* 13.1 1 O.S% ntJ ê 2.21 ii% for module A.

* - 8.6* O.3% and I = IS ± Q.5% icr ,,uduk U.

constant term $ is acnpstibk wick he beam resolution. Tb, parameter a includes
ily tb. ,a.hiti.n v the cthrhnIer due to ampling tlu.ctustiuns and also the fluctuati,.n
to pkototkctton stitistics.

flit cn;tjb,%Ion to tin inohition dv, cc fluctuation, in lb. ,nnnbp, of photo.Iect’onu
ned at th a th pholomuhiplier °M in table i has been det,ruihsed by two
,rqM msthoà, in the fit.t .ne s grey 5Iter is innfl.d beiwea th. fl1ht sude and

pbotocstIwde and ib, pukeheight I. cunseq.atntly reduced by * factm / din is
rmined .ccmdhitto the foeinuh:

OPASV
!n °z ends, as. the ,aoIuUons wIth and without irey 6Iter rnpiectivdy. hi the .econd
hod, the pidntieighs of. light enüts,.g diodr ILt.D.. mounw4 u tont of it.. tub,, is
vi to th. nin, value u the tMo’mek; Mint Under the asumpIion tJ,ai the L.E.D.
‘iris stable liM outpvt 4IULM the ane.aurnn.nttime, Ii’s width ol the jwlseheight ills.

gIYa dinctly o,. 0.4k methods were checked .g.int each olin,, giving coa.p.tfl4e

The measured taoluiiorp in

a tot i.o%Vt to; module A,

*,, - S O.3%V’C tot module H.

Ike tuattibiation torn nmpIin ftvctustjun. to the ,noIuijon tail be ntj,,,.te4 us.iq hut

‘wet Moat.Cmzjo .mraJation pscgnmEGS J5J. In thu pflflrarn the .not.daiy d.ctroaa
d photons art Followed ..ntiI they tnch some m.4m.I enrqes.normally 14 MeV &nd 0.1
4’ rnpeflinly. ad then $1 their enev1y it 4epoiited. it turns out that the ,esui.fliou and
rae depo.tedhi thetciutilIaIu, drpends on tIme flits I.e. OslO.. We line .,sr.l

In, Ihne q.iansitkshe valueswI,ji b I,,ft,,w lion, till .in.Iati.sj the ciotofi run 1in to mo
a 5.6%Ii and SIL9% of iii, incident risc lion *:,n*, *k1aI lw ac intiII.tot. TI.vy
1tlw correspond Ii, & srii.i.iitIui,it, me4,,,Iu. mu ib, Mmii, *, I. ski pre4k Is Ins mu nitr

size cz.Iorit.,rttr alt *nngy kab.ze of 3 ‘1%. p.au.Iy Iiaii,n.s. anti inilq,nulrnt .4 the tnt idqnt
pin t,,,u, r,,rigy, n.I IIu tuMittu Is., t his e.kiq1e iii I ‘E .rr h iii, - Tb * ni,I.,tw.n .4
Iht jilrnili’tUr is iI,n.4u,e flit %U.tl c.I Imir iauisj.Iii.s *.nj Iii. Irk*te U’s,

*â: 4E in ;rV

II we suht,acl *$II.IJ?I*IC aJIy ii,,’ * *is,I t itsiul tIlls 1,1 iIi0tlrIt I oil I atI%tii & 6 ma Use Vt
d,perulrnt par1 ni lie n,e&i,, ru tr-w,lot cuc. we .,,, a p psulntsni n,%, n table I ol
!i.5 I I .S4.It fez IPHHIIIIt A *n4 jG .% t ft t..c.ft: I... *.n,,Ii.k’ ii flip tab.e fur ,rnnJ.,lt ft
is co.p.pniUe with ik. rtsoltgt4on j,eeJi, Iril by Et S; I,., him1 ole A, I,,,wtvti * Si’ *4,Iit,osi*I

it itot e,tcIu.kd.

The iiumhtt .4 pI.tth.eln ro$i o.r Mr V of *Ir.q...sIr. ,ur. r 1,1 il,r p. inu,II.tnr a., in

t*kut&tcd tram the tetssrnl* n/t 1/ and t,osi. Jut rn,,It i’" by ECS thet it.,
Fraction of deposited csirr in tin ni., iHatrn ts nate raagr im hntn - Wi obt.a

it, this ny 0.7*0.2 pho*otl&tn.ius fur uu,ncIuiI. A *.l 1.1 I 91 a, itiniluk U. V/. not. thai
the thitinen ot the scii,tiIItor lain 3% ,10b ih*t a uIailIupl.,Ii, *gsjzi$ ii. It *ltj’n,it, 09
MtY per plate at nor,,,.1 nrj’Ir,,t .n,l twivI,tc pr’..lu. r, I - s iiIiisI.rIn tinia.

IV JNWOIIMITY 01 TIIF; CALUICIMEfEIt HEsroNs
Module U wis scanned with an tin ion beau, ol 3 ;.V *lc,tt 3 hmswnta hi,,. hnsns

lows of Rb.,,. The results an .?.own in figo,, 4. *flse caI.,iinsettr ii Ioun4 to b* nuik.m in
:espone wit,jn j i%, eipt in tb. j.roist.ity of & bo,,Ier whn. *,,e.jy Ie.k.. b.,o,nn s
important effect. In pa,tkuar .cai.s knfl the two *ymowtiic lion shown in s 4 live tt,e
‘tint result within ,tatiatit. *1 nus.

W.. have also iawuu,ed the ii..,’., inn .‘ pis..c whit, er a, ‘i ,s 1w,, pit i hhft.n liii
4hers hi the cent,, vS the mo,I’d, - 11,r *r,.,uIt a,, Is,,w,, us hg ta .ini Sb in. 4fl vthat The in;mnse et tie fibei 1,osik.e.s is I.iggn than ii ik. , r,,tri ,,I it,. r elu pisjqel . lb.

.ntsa.,ce,,wni i of the in.,, of 51% Iw ii., nunl,sJr rq.uipj.r,I with Ike It ST I- I’M .önt4htn,

.nd 20% tot the one tqoipprd with !iCSM 3$. *11 list ‘us,I,e,jht .tist,iutunn sa’p ‘inn
nms,iaJneJ to I at the crister iii ii,. isn,,IipIc, I ,flci runs .1 tit l,v,4 ul

1U$

bet wflR hi.,,.
are siso obstrved.

To in,estiate the ocijin ski the uoin,,s,lo, iii %i,, nnttti .r$.os.. Iir4f ii,. itti* Wt

Ionned scansactussIther pusitiun. un4ti nli.’.Is c.,rnhlk,,,. ,,ein the amnjsdp B. Fig 6* *1ns
the innsu,ed rnponn fur the fuII,,wi.,* tIi$’%

i module eqi.i;.ji..I wii Ii .11 Ill hJ.VIi a I,g %I.

2 ‘rn’ iii", is_ p’11 i,i,t

3 all flint. bin one *re j.u,Ifr, aol

I 4 ii., stipitillisiji pla%vs ,. .u.nov..I

.ui,I O.4y **‘, Iit,rt .1 ys ii. *Ii, .mI,’u .irI,s



By compnIn the tacks of I to 3 one finds th.t the tesponse at Ui, liber positi..;i
* the nme shepe independent of the number 0r Iibea in the calorinueter. It is vrry .n,lI
grib.d by’ I/i d,pnidence piua a constant tnpnr hem1 the distance brtwnn tIs. i.ijuirt

InC sad Ike øber pu&tâon. Zn fig. Sb, whkh display, the 4.ts of setup. 3. it is sliowi.
d this dependence persist, to large distances. At small dist.ncn Ins hap, I tin, the
i-er spread and the born size produce t smetrin; or this I/c behaviour. In setup 4 the
itrlbutien ot shower pinkie. trestipi$ scintillition and Cerenhpv U1ht in th, polystyrene
a Is deWtnined. This tojitribuflon to the totsi MnsI is found to b sm.II. We note also
it a small .juaI enhsnc,ment persists at a tber position even when the 6be: l.a. i.etg,
lied out. A pussibk nphn.tion lvi this eITnt S that the colkcted Iiptht, Cohleupig Iioiii hit,
ynrh,g Inside th. bole, suffer. rn .ttepuation than in the tnt ci normal shown..

VJ EFFECT OF tilE HON.UUIFORM1TJCS IN TIlE RESOLUTION

Tin Inert, raoiulion cC the calorimeter depend. on the mp.ct po.tion of the barn. Wi
vi analysedtld. dependencefor module U. At the center of the caIozhneIe, the rnolution
a. ./R dependence picu t smell conhtani term pce.ibIy due to . beam iDea. At the fiber
.ILlun, urn only th, average pulnhei;ht is bigsn than at the center but tiso the di.trit,ution
brosdef md exhibus a ttil to M1Iter niun. Thu is shown in s" 9. and Vt.. It n try
tin the RI in Gg.7:

* we find t 10.3% end brS.3%.

he constant turn ii now uIgnlksntIy bigger thin s ponibk mutntntum ip’ead Iron. I.,
*tm.

A lute cskdmeter bui1t in the s.me n a wit tnt module can be regarded as
‘mpu,ed of sutcnsin reflections of ont quadrint oi the squire Formed I.y the ip,netuu,ost I
bin.. show. in 6g. 8.. This I. certainly an deaJintion since different fiber qualitin, ciacks
etwnp module and othn effects aI,o contribute to the nonunitormities in * ml calerlinetet.
inder to determine the n,rqe ,aoIutiun ut nib a alo,inieter we ,.ve ;,nformed a scan
cros the revuns I,23 .nd 4 Iuidk.ted hi IIure 5. with the 3 G.V electron born. Any of
me tegloas Is nprn.ntaUn of the rapoun of tht whole caloriinetn and dillerencn cats

nit be attributed to the quality of the fiber. thtm,e,n. TMJ at... p,urrded in stcJ.!I of

mm u indksted hi Ilgu,. Sb. The result for the .cann,d irions and the oirmpolltling
ben at .vmmarited ha fifln Sc. We up in I.e mr of hbn I for ensripk, ti,.t tune is a

5% inresst hi the .ignsl it the fiber pusitiou. wkti respect to the center of th. c.Ioriuwer,
‘hires this invnae Is only a% ..nacrcI over the corrnpondin scanned rrion. 11k
how, the pulseheight distribution averiked ova the indicate.1 are. in fig, if.. In Jig. Nd
ye uIaw Ike isolutiuc at an tnergy ci 3 1eV ilter .ubLractng the rnulution at the crntrr
vhich is 5.4% .1 ft,I. energy. If we assun,. again an tangy dtpendence tin the resolution of
he type ./E-./v’teb, - suunted by the in..sutnwu’ts described previously, and tOe
or a the saint valve s in the center. thu gulitraction protilurt jhn ditetily the constutot

W, Lad fur n.mpk in region I a ronst.u,t Irripi ol $,e4% in aulditinpi to is. W&I,I turn
.hkh is I,u ptnrnt at Ui, Lenin.

W, note thAt Liii 419*1111 III,,P Ku’ i sr.t, nhi.iliuI ii sit,.’? uuiiI,.utut ,.IHfl. then the
aver qq aiid then jflo4I’fl cs * lila lie. *o laid b ii. i is tile u I.., i.t.t u 4 * it,1 list Ir MIII

why list cotistauit b liii th. avnaR. id .11 4 , ru.s., i, only 1 -

ran rouu-I,,,Ir Itoi., tIsrr sisra..iirpisrtulq Ilsal Ilir ,r,.,I,jui,,u, oF ii,. *.icnIwI. II 4 the
impact pDMtioss i% mit Iliowli ta,i I.e pMuai.srtii,r.I by

I
t, /L

where * 10% alpIf ,4% is, 1w r sr wiIrIr all bin.,, i.r a I& ,r.,e will, inpn I tip ii,.
t,itp, of lie runt us it In. It I,uuIcI hr fbi eli ii. A I ii,. *Isny u.s Ii II. ,,ti, .i. .s nol a g*us.i.n

but show, s tail dii, to tIu tmon., us ii,,, i,,it r, Ii, r ft? Pout - k asi .11.1 id. ,,t,op* wi I,. n

sy’L,rn .tic lilly taken I.. tins. M trMilii ti,,ii

VI MONTE CARlA SIMIh.ATlON

hi o,dn to taiIai;, Our ripnit.mr.,tsi ceigII, we Iiavr ,i,ril ?I,,,,Ir :, I.. ,iuuts,lation
rI,i 1 IOU ii lion *ist hr EC S r ipsir I.,, sin .wP p *Ir yrl, ipiltie ot null . ioi al lois b., t lit Ii&Iu I
collation by the hi.... see ,e1jftj ho liloIr *IrIiI.J 1 I.e *r,,,lI cdliii I’Io,,Ir ni,, ,i.nul.ti,.,i

is * prob.biliy lot h,sht toilet ted by * ,,.,piIe GI,rr isI In ty i.e

Mv ii r ./i.
,

where r is the di,tasue t,etwtttt lie film an,I hr jm,ict whege IagI.I i, p,ti.J.n nJ *jg i the JpoI.
radju. and A, i an elfrtive *tlennati,,u. lrcitIi ol IiftIs ini,Ir be ii ,u,tiII.t.n IA. n RU i’u

ru, scsn-.is;. lb. p.ssi,,rtrr * cat, hr ml,, pirtr,I , ii,. tilsiti it.,tion .1 Iitst tM kin1 hit

liber alter 0111! in puori, I rUn ti.,cis st a lateral ,u. Ia, * ii,. .I*Lr, w I,ne, I,. $ term *a the
cent r ihu ion ot I iRli I I ear I, j,. Ilir hun di:.. t I y. II p. vs. un ft 1 .Itp,r isis .ini y ..li s.cPpi$tt I K

quantities like Lisp lupIc radiI% lot r0- I pIIpu,wr I, -ii 7% i s... c,c,J. gun.,,.,, .
d.pend, I,otb mi the reIln tivity II at the sin lair iii I.e i’kt. An,i ipu, A it.., *kp.n.Irnc. is

shown in 1i1. II. The lit I.rhRvie,sn .4 IigIi * iii.. lint, by * isngtr fllwt i in .1tnment will,
our ], see fiRO. and 6%.. The Mont, I., .iu.uuatsous c,u, sit I.. t .cpi into,. 1k. Iii. of

6. with a- J.G"h api.1 .isu,u,i ci a is’, imp in l,.a us, .4 w 4 u.n us I I i. It in. litilci
* Iso hr .it, Ii ilus intl Ie,e;,p t.rti. irs liii tin I hr I ri Ibi, r pitt it,,, Is.,’, wa t ii pie.i ‘it or .1..
hi ‘epr...I sire I Ii., .1* La of rtti I. 4 iii Iit fia

When we i to the 16 Fibers ,sr. ulir *.aiau,srIti,atsi.rs U,.t ii,, IskP.I pq..I.nI.stulv *:

I0 I,
p = piilru wilit I’%t >:

i i * Font lien whir Ii ran he I,,.,pul l’s *. 191 u,.I , * nnu,tq J,u hr ,. ,I,i,, I,t.,a u.n. *

5,11 bare Is, a,u.e . iii tier nile liltri . a’r. t, i ii. *ti,t.p,q t’ I,. Ii,,lr a I.aI I. I.rt ha’ a

wtisi,t II.,; I.,! pl. tital Iilrp,ps wr will i..k ii,,, I lii all bI,r,c A .tInrq.,r... era,1, bitt.

r.



.& a dp$.ruiI * p.nmewr. Tue modult II dita see lush can be repraduceil with th.
‘azsnnter. as fox the I hbn case by simply Wsui’.s the * paranietet see fl. I 2II. TI.,
‘Er repous. h reproducedwith * =0.30% and the rght IiI,er wit1 orO.51%. TI,ez4c
*uggnt big diflerenca in the reap.,... ol indivi,InI Al,,,,.

in c.kvlstn. a tuaction ala the rnponn al a hi’?; posiflon 1’,, at tI’t center of
Io,im,tbr £, and icr the average I’* with lie tisociated resolutions Oc. o In.’ 0.

quantities *r, plotted in r.g.13. The resiplutions ste lie constant terms oI,taii.rd alter
h. nine way as tot the dati. The Monte Carlo prrdictian or .=o.s%,, J’1f,= 122,
= 1.02. .1/I’1=s.s% and *,/I’.s2$%. All Iliete vain,, are in *S’CINItIII will. our

We can .1w obnrv, thai he connans trig is’ the rnou1w, Jo, list .n:.ge .ignaI1
* Fall. below 1% only toe vu1 hi1h ‘sign of.. Weahic note that imafler vsIun at A,
.i.o smaller ‘ilun ole and therefore higher values of P,/l’.; tid. nphmns why tusodule
is wi,ilc,m then uiioduk II since A, is smaller For KS1l-3gO titan to, SCSN-38.

is also possible to include in the Mon4, Carlo th. attenuation kngi, A, along i.e
We introduc, in Lids ny * new constant tetm in Ust rnalutiun and deviations Irotu,

ty. lisa. dnsflons, alter Iineu fit in he range between I snd S GeV. are sn,aIkr
"en fur ‘due. u A, u smill a. 40 cm see hg.14s. In fl1.14b tb dependence ci

n.tanI term as. function O11 is shown. Our data fur module II tie co,npatiI.he will,
* of A, train th.n GO cm; if A, ii Irene; th.a. I m, the constant tetin falls below 1%.

1 CONCLUSIONS

‘e ban lewd sa eIntr.nmsnetic calorimetir ot the lad scntiIhitor .andwicls type with

readout. We have conñdned two acinlilMtor options KSTI.390 and SCSN-38. We
rot b.ih option IS polystyrnw fibs’s dept. with 127 in a tonentratK,n of 400 ‘u.i/I.

be bat resolution ii achieved with liii cskrjmettr equ,iped with SCSN-3s ucintillitor.
resolution h e=R.o%./t at the center ci the calorimeter, or;esponding to
sampling fluctuations and &6%v’? rum photoststistice. This combingtku, aaUsfies
&quiceunent .1 providing ,noi.1h 1i1b1 about 1.5 photoelectrons per minimum ionisiiij

It and plate.

owe’,: th, gC7it’i.ornanironnkia in the ,nponte or the c.Iothn...
‘Gil I pMflhItkaI aug11 the rapons. nun like hr p’us * constant, wheve , is ii.
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ABSTRACT

The construction and performance of a tower structured scintillator-lead

photon calorimeter using a novel fiber optics readout system is described.

An energy resolution of alE - O.IOITE was obtained with incident electrons

in the range of 0.3 - 5.0 6eV/c. The uniformity of response across the front

face of the tower was measured. Results obtained with a silicon photo-diode

are compared to those obtained with a photomultiplier.
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. Introduction

Optical fibers doped with wavelength shifter ws material have been

introduced to tead out scintillator light from tower structured photon

calorimeters [I. It was shown in Ref. I that optical fibers can effec

tively replace complicated and work-intensive light guide systems and stilt

maintain good light collection and light transmission efficiencies. They

offer the possibility to build calorimeters with high granularity, in which

the cross sections of the individual towers are small and well matched to

the shower size.

These small diameter fibers 1-2 mm allow the transmission of the light

from the calorimeter cell over several meters to the photomultipliers with

low loss. This technique may find an interesting application for showen

detectors which have to operate in a magnetic field.

In Ref.I we described a scitti11acor-1ead calorimeter using an optical

fiber readout system based on the double ¶45 principle. In this paper we

report on new results which we obtained with a scintillator-lead photon

calorimeter using an optical fiber readout based on the sin1e WS principle.

We describe in section 2 the mechanical construction of the calorimeter

and in section 3 the performance of the calorimeter in a test beam. In section

4 we compare the results which we obtained with a silicon photo-diode

Hamamatsu S1790 and a photoutultiplier PM Ramamatsu R647-I respectively

attached to the optical readout fibers.

2. Mechanical constructiort

The configuration of the photon calorimeter tower is shown in Fig.!.

The tower consists of 60 lead plates with the dimensions 54 x 54 x 2 mu?

sandwiched with 60 scintillator plates NEIJO with the dimensions

54 x 54 x S mm3. The total radiation length of the tower is 22 X0.

The scintillator plates were glued hot foil glue. Product of H. Rost

and Co., Hamburg, Germany to the lead plates, providing self-supporting

strength to the tower.

The optical readout fibers with a diameter of 2 mm were made of polystyrene

base material Product of SUrE, Saclay, France which was døped with K-27

200mg/I uS material. The polystyrene core and the cladding material of

the fiber had refractive indices of n1-I.59 and n2-1.46 respectively.
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Thus the opening angle 9 of a light cone which is internally reflected

through the fiber was 0 * ±23.30. The light attenuation length of the fiber

was measured to be H w for a K-27 doping of OO mg/I [I]. The attenuation

length of the fibers used in this experiment 200 ugI1 K-27 doping was

measuredto be only 2 m. It is not clear at this moment whether this is a

result of the higher concentrationof the K-27 itaterial.

The fibers were inserted into 3 diameter holes which WST! drilled

through the scintillator and lead converter material. The lout fibers were

optically coupled to one Hamamatsu8.647-I photoinultiplier with a diameter

of 1.3 cm.The scincillator-lead tower together with the readout fibers

was inserted into a box made of 0.5 m thick refletting aluminum sheet.

3. Performanceof the calorimeter

The calorimeter tower was exposed to incident electrons with energies

of 0.5, 1, 2, 3 and S 0eV. The electrons were selected by threshold Cerenkov

counters. The incident beam was defined by beam and veto scintillation

counters to a divergence of ±3.3 trad and a spot site of S x io mm2. in

order to account for the lateraL shower leakage the test calorimeter tower

in Fig.i was surrounded by 8 towers CT12345673 of the type

described in Ref.1. The towers were placed on a remotely controlled movable

support structure. Thus the impact point of the incident electron beam on

the calorimeter could be varied.

3.1. Energy resolution

The energy resolution of the calorimeter was measured with the electron

beam hitting the central tower of the calorimeter. Por each event the

responses of the nine PM’s of the nine towers were summed, taking the relative

calibration factors into account. The obtained energy resolution /E as a
function of i/if, with E in GeV, is shown in Fig.2. A linear fit through

the data points gives an energy resolution of

-La 0.014 + 0.10
E fE/Get’

The energy resolution OlE1 due to sampling fluctuations was deterwined

[2 to be

- n n,c,dWtr.,
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The energy resolution due to photoelectronstatistics, with Ne the

number of photoelectrons per CeV deposited energy, can be estinted from

the observed energy resolution and the sampling fluctuation using the relation:

- +

One obtains

a - 0.066
£ Ne /E/CeV’

From OIEN .

____

we calculate Ne - 229 pbotoelectrons/GeV. From

the approximation alE5
,4I.t’

, with Ph the number of equivalent minimum

ionizing particles crossing a calorimeter layer per CeV deposited energy,

the photoelectron yield e a NeINS per niinimu ionizing particle pet1ayer

can be estimated to be 1.3.

As shown in Fig.3 the calorimeter response is linear from 0.3 GeV to 5 6eV.

3.2. Uniformity of response

The uniformity of response of the calorimeter tower was studied with

S GeY electronS performing a hàrizontal scan through towers with the numbers

T4, T11 and see Fig.. For this uniforudty scan the electron axis was

parallel to the optical readout fibers.

In Fig.4 the results of a scan through the towers T4, T31 and as in

dicated by the dashed line are shown. The black dots. represent the peak

pulse heights obtained from the sum of all nine PM’s, while the crosses,

the squares and the triangles indicate the peak pulse heights obtained from

the PH’s of the individual towers T4 T11 and 13 respectively.

As shown in Fig.5 a second horizontal scan was performed in which the

electron beam was impinging near the optical readout fibers. The black dots

end the crosses in this figure represent the peak pulse heights from the

sum of all nine P14’s and from the PM of the individual tower respectively.

As the results show, the uniformity of response of the calorimeter tower

is ± 2% over a large region. Near the optical readout fibers the uniformi

ty worsens to ± 102. This is probably due to a geometrical effect. The non
uniformity can also be influenced by Cerenkov light in the fibers end by

additional u1tra-vo1et scintillator light with wavelength shorter than
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420nm, the emission of NE HO which can reach the readout fibers 3.

Measurements were also made with the calorimeter rotated about a vertical

axis through its center by an arg1e 0 as shown in Fig. 6. The results show

that the uniformity increasesslowly with increasing 9.

4. Results with a silicon photo-diode

The use of silicon photo-diodes in connectionwith scintillstor-Iead

shover detectors has already been studied [4, 5. The main advantages

of silicon photo-diodesas compared to photomultipliers are their stability,

their insensitivity to a magnetic field, their small size and their rela

tively low price.

We tried to take advantage of the light collection by the stall area

fibers and replaced the PM at the end of the four fibers by a smal1 area

io x ID silicon photo-diode Hamamatsu S 1790. The configuration of

the electronics in connection with the silicon photo-diode is shown in Fig.1.

The signal. of the photo-diode was fed into a charge-sensitive preamplifier

and a shaping amplifier with a shaping time of 2 SSeC The preamplifier

and the shaper were both developed at the Max-Planek-Institut für Physik

in Munich. The noise of the amplifier without load was measured to be

500 photoelectrons and of the photo-diode 500 photoelectrons. The total

noise of the arrangement vas 1000 photoelectrons. The system was calibrated

by injecting a well defined charge through the test capacitor into the signal

line. The signal we obtained with S GeV incident electrons on tower

was Ne - 500 photoelectrons/GeV. Because of the noise level of 3000 photo

electrons a signal only above 2 GeV incident electron energy could be observed.

Compared to the PM signal of We - 229 photoelectrons/GeV the silicon

photo-diode is about * factor 2 more efficient. This is explained by the

expected higher quantum efficiency of the silicon photo-diode at 500 n

emission peak of K-27 as compared to the fl’f.

The results show that for the layout and energy range studied in this

paper the use of silicon photo-diodes is unfortunately iiited by the large

noise level and or the 1iiced light output from the fiber optics readout

system.
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5. Conclusions

The optical fiber readout techniqueallows to build ca1oriieters with

fine granularity, minimal dead spacebetween individual towers and a good

energy resolution.

The uniformity of responsewas ceasuredto be S 2Z over a large area

of the calorimeter. Part of the non-uniformity neat the optical fibers can

possibly be reduced in the future by using adequate filter material. Perhaps

some filter nterial in the fiber cladding already helps.

The use of silicon photo-diodesseems to be litnited at present due to

the high noise level and or the litited light output from the fiber optics

readout system.

The light transmission in the fibers could be increased by a factor of

- 2 1! a cladding material with a low index of refraction -1.36 could be

found.
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FIGIfl CAPTIONS

Fig. I Configuration of the scintillator4ead photon caloriceter. The

readout system using optical fibers is shown in detail.

Fig. 2 The energy resolution alE for incident electrons with 0.5, 3, 2,

3 and S GeV is shown. The straight line representsa linear fit

through the data points.

Fig. 3 The peak pulse height as a functiott of the electron energy.

Fig. 4 The peak pulse heights obtained from a horizontal scan dashed

line in insert over towers T4, T11 and T3* The black dots represent

the peak putse heights obtained from the sum of all nine PM’S.

The crosses, the squaresand the triangles indicate the peak pulse

heights obtained from the PM’s of the individual towers T4, T11

and T3 respectively.

Pig. 5 The peak pulse heights obtained from a horizontal scan dashed

line in insert over the towers T4, T31 and 73 crossin& the .optical

readout fibers. The black dots and the crosses represent the peak

pulse heights obtained from the sum of all nine P14’s and from the

PH of the individual tower t respectively.

Fig. 6 The non-uniformity as a function of the tilt angle $ about a

vertical axis.

Pig. 7 The electronic configuration of the silicon photo-diode readout.
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