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Abstract

Silicon samplingcalorimetryholds the promiseof providingthe fastest,finest grained

calorimeterpossibleat the SuperconductingSuperCollider.Presentwork indicatesexcel

lent potentialfor makinga hermetic,radiation-tolerantcalorimeterfrom silicon. However,

no workingmodel existsfor sucha detector. We proposeto build an electromagneticend-

capcalorimeterquadrant,to illustratethe capabilitiesof silicon calorimetryin a high-flux,

high radiationregion. This devicewill embodyall the necessarysignalprocessingandme

chanicaldesignconsiderationsto permit extensioninto a full endcapmoduleand will serve

asa testbedboth for electromagneticshowerresolutionandspatialseparationstudiesand

as a model for possiblefuture extensionto a hadronicmodule.
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I. Introduction

Jet and lepton measurementswill be the fundamentaltool in studiesof old and new

physics at the SSC. Precisioncalorimetry is one of the principal experimentaltools for

thesestudies. In the forward regionsJI > 2 therearesevereproblemsof showerover

lap within a singleevent,due to large multiplicities per unit rapidity interval, as well as

pileup problemsfrom previousbunchcrossings.In orderto minimize thesedifficulties and

give the best accessto indicationsof newphysics,an SSC calorimetershouldhave a short

chargecollection time, havefine transverseand longitudinal segmentation,requiremini

mal mechanicalsupport and cable penetrations,and be linear and compensated.Silicon

samplingcalorimetrymeasuresup well to thesedemandsandmay be the optimal solution

to cover this regionof phasespace.

In the barrelregion the primary pileup concernrelatesto eventsfrom different bunch

crossingssince the rapidity plateautends to keep the numberof hits per calorimetercell

relatively low. However,a heavy top quark may producesomechangesin this thinking.

If the t -* b + W is a major "background"to new physics, then therewill be manymore

leptonsassociatedwith W eventsthanhasbeenanticipated.The ability to resolveleptons

close to quark or gluon jets is a real strengthof a silicon calorimeter,one which makes

it especiallyuseful in the barrel systemaswell as in the forward direction. In this appli

cation, good lateral and depth segmentationminimizesconfusionbetweentrue electrons

and possibleoverlapof hadron and showerfrom within a jet. This addeddiscrimination

is useful both within a singleeventand in minimizing multiple-bunchpileup.

In the forward region minimum bias event simulationsindicate that the angularre

gion from 50-200milliradians will typically contain 30 chargedhadronsand 30 photons

per event with energiesin the 10-50 GeV range. Most studiesof "new physics", e.g.,

Higgs scalars,new W and/or Z particles,compositeparticles,etc.,show a needfor good

electronidentification and energy measurementthroughout this angularzone,which de

mandsminimal showeroverlap. Therefore,an electromagneticcalorimetershould be as

denseas possible,to minimize the Moliere radius. It should be finely segmentedto per

mit showershapeanalysisfor separationof overlappingshowersand for track matching,
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e.g., betweena TRD electrontrackerand the calorimeter. It should also be finely seg

mentedlongitudinally to improvediscriminationagainstelectron/photon,electron/hadron,

or hadron/photonoverlapsin this high-flux region. Most SSC studieshave agreedthat

a tower size of .03 x .03dyd4 is the upperlimit for good calorimeterperformance.The

energyresolution should be 0.15 or better and have a minimal constantterm. Sev

eral groupshave constructedandoperatedsilicon electromagneticcalorimetersand have

alreadydemonstratedenergyresolutionof this scalewith a negligible constantterm for

energiesin the 1-30 GeV range.1’2The inherentlinearity of silicon will ensurethe persis

tenceof this responsethroughoutthe wide energyrangeof interestat the SSC.At forward

anglesthe pixel sizesneededto give sufficiently small towersare of order 1.5 cm2 or less.

Silicon is probablyuniqueamongcalorimetermaterialsin providingpixels of this sizewith

few mechanicalconstraintsand with a graceful matchbetweenthe endcapdeviceand the

barrel structure. The henniticity thus achievedis especiallyimportantin the searchfor

light supersymmetricparticles.

Large areacoveragewith silicon detectorsis a maturing technology;severalrelatively

large silicon pad systems,somefor calorimetry,havebeenbuilt or areunderconstruction

SeeTable 1, Appendix I. Noteworthy amongtheseis the test hadroncalorimetercon

structedby the SICAPO collaboration.3Data from this groupis aimedat demonstrating

the feasibility of silicon hadroncalorimetryand to the understandingof radiationdamage

and damageannealing.

Thus, silicon calorimetry is advantageousboth in the barrel and forward regions to

minimize event pileup, by virtue of the very fast chargecollection time possiblein sili

con. It further enhanceslepton isolation, and gives stable,well-calibratedgainsuniform

throughoutall partsof a large system. Principalconcernsabout silicon havecenteredon

its high unit cost andon perceptionsof limited radiationtolerance.For this SSCsubsystem

proposalweplanto dispelboth of theseconcernsby building a silicon electromagneticend-

capmodule. An endcapwill testthe performancecharacteristicsof silicon calorimetryand

demonstrateall the necessaryelectrical and mechanicalattributesof a silicon calorimeter

system. Thesesameelectrical and mechanicalattributescan then be extrapolatedto a
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full system.

The radiation environmentof the endcapcalorimetercan be forecaston the basis of

presently-availabledataand simulations.4The radiationtoleranceof silicon to thesecon

ditions hasbeenstudiedintensivelyover the last two yearsby a numberof groups.5Their

resultsareconsistentwith eachotherand leadto the expectationthat an endcapunit will

handlethe doseof an SSC operatingyear quite comfortably. For damagein the electro

magneticsection,recentevidencesuggeststhat the processis self-limiting at an acceptable

level of leakagecurrent increase.For hadrondamage,recentstrides in readoutelectron

ics indicate that silicon systemscan be madefar more neutron-tolerantthan had been

thoughtheretofore.Moroever, annealingprocesseshavebeenstudiedthat allow reactiva

tion of damageddetectorsby simple thermal cycling. The good mechanicalengineering

propertiesof silicon calorimetry leadusto believethat a modulardevice couldbedesigned

to permit quick exchangeof the mostsusceptiblesectionsof the endcap,if necessary.With

a quadrantof anelectromagneticendcap,we will havea test vehicleto show the strengths

of silicon calorimetry and to explore its potential weaknesses,all at a level of cost and

effort well within the capabilitiesof the groupand the SSC DetectorSubsystemsfunding.

Somedesignsusing other calorimetertechniquesfor the barrelhavenot found a good

solution for the endcap.Due to its excellentmechanicalattributes,silicon calorimetryin

the endcapregionmay prove to havean advantageover other typesof calorimetryin the

endcapregion. In a similar vein, silicon mayprovidea superiorelectromagneticcalorimeter

for someregions in which anothertechnology would be more cost-effectivefor hadronic

needs. Detector optimization can be done more readily when a set of workedexamples

exist for all possibilities.The SSCneedsarebestservedby utilizing techniqueswhich offer

the fastestresponsetime and best spatial resolution - characteristicsthat are unique,at

this time, to silicon. A morecompletediscussionof the advantagesof silicon calorimetry

canbe foundin the SummaryReportof the Silicon CalorimeterWorking Group,Workshop

on Calorimetryfor the SuperconductingSuperCollider,Tuscaloosa,Alabama,March 1989,

which is included as Appendix I of this proposal. The conclusionsof the working group

canbe summarizedasfollows:
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1. Silicon calorimetersareequalor superior to other techniquesof calorimetry with

respectto most technicaldemandsof SSC operations,to wit "compactnessand flexibility

of the overall geometry,singlemip resolution,direct chargereadoutwith a non-saturating

absoluteenergycalibrationand high speed."

2. The major obstacleto the widespreaduseof silicon is its high cost. "Presently

diodesareavailable to the high energy physicscommunity at prices in the rangeof $6-

$12/cm2. Reduction to $2/cm2 is foreseenand is necessaryto permit full scaleuseof

silicon in calorimeters. If the cost is not reducedto or near this level, silicon will likely

play a smaller,albeit importantrole in SSC calorimeters."

3. Annealingstudiesindicatethat theperceivedproblemof radiationdamageto silicon

detectors,particularly by neutronsin hadroncalorimeters;is either tolerable,or at worst

repairable.

II. Proposed Electromagnetic Endcap Calorimeter

The major issuesto be addressedby this proposalare related to the construction

andoperationof a calorimeterwhich insofar as is possible,meetstherequirementsfor SSC

operation.Theseincludecompactness,fine segmentation,fastchargecollection,andsignal

processingaswell asresistanceto radiationdamage,particularlyto electroniccomponents

buriedwithin the calorimeter.While silicon offersan attractiveapproachin all regionsof a

detector,wehavechosento constructan endcapelectromagneticcalorimeterbasedon the

one specifiedby the Non-MagneticDetectorDesignof the 1987 BerkeleyWorkshop.This

choiceresultsfrom an analysisof the requirementsof the SSCand an identificationof the

regionmostableto benefitfrom the strengthsof the silicon. Theissuesof radiationdamage

are lessof a concernin the electromagneticcalorimetersincethe neutronlevelsaresmaller

and canbe controlled,andsilicon is relatively insensitiveto electromagneticradiation.The

outstandingtransversesegmentationpotentialof silicon canhavea tremendousimpact in

the endcapregion where the densityof particlesis greatestand the speedof silicon also

minimizes the overlapas the numberof events is reduced. Answersto key questions

necessaryto extend the technology to hadron calorimetry are the subjectof extensive
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researchby the SICAPOcollaborationat CERN. In particular,compensationandlinearity

of response,and measurementof radiationlevelsat internalpoints of a hadroncalorimeter

are currently being examinedin a series of test runs at CERN with participation by

membersof our group. We plan to continueclose cooperationwith the SICAPO group

throughoutthe durationof this project. Discussionsareunderway that eventuallymay

result in this proposedcalorimeterbeing usedas an electromagneticfront end to the

SICAPOhadroncalorimeter.

We proposeto constructone quadrantof an endcapmodulewith the dimensionsand

characteristicsshownin Table 1.
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Table 1.

Dimensions and Characteristics of the Endcap Module

End Cap beginning: 3.75m

Angular coverage: 50-225milliradians

Inner radius: 18 cm

Outer radius: 90 cm

Cell thickness: 0.76 cm

Samplingfrequency: 1.0 radiationlength

Converter: Pb

Samplinglayer: 0.4 mm silicon, 0.8 mm C112 coating

Depth: 24 radiationlengths

Total silicon: 14.66 in2

Mean pixel size: 1.5 cm2

Readouts/layer: 4070

Total power: 0.6 Kilowatts assumingno radiation damage

10 Kilowatts undermaximumleakagecurrent

conditionswithout any annealingassuming

that 2/3 of the detectoris drawingthe

maximumleakagecurrent

Total weight: 1 ton

Positionresolution: 0.5 mm 50 GeV

Energyresolution: 1.3 GeV 50 GeV

Ionization sampling: 2%
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HI. Engineering Design Studies and Division

of Responsibilities

In order to carry out this proposal,the group plansto carry out engineeringphysics

studiesin the following areas:

A. CALORIMETER ELECTRONIC AND MECHANICAL DESIGN

1 Preamplifiers

2 Summingamplifiers

3 Shaping

4 Analog Storage

5 Bunch CrossingCounterand Tag

6 Packaging

7 MechanicalDesignConsiderations

B RADIATION TOLERANCE STUDIES

1 Radiationdosesimulation

2 Radiationtoleranceexperiments

3 Damageannealingstudies

C CALORIMETER PERFORMANCESIMULATION

1 EGSstudiesfor electron/photonoverlaprejection

2 CALOR./FLUKA/EGS studiesof hadron/photonoverlap rejection

3 Tower structures/triggeringstudies

D PRODUCTION AND BEAM TESTING OF ENDCAP QUADRANT MODULE

1 Silicon DetectorProductionand Testing

2 Cableand connectiontesting

3 Mechanicalconstruction

4 Testbeamoperation/DataAcquisition system

9



A. ELECTRONICSISSUES AND DEVELOPMENT

Silicon has long been attractiveas a detector for chargedparticlesand the electro

magneticspectrabecauseof its excellentenergyto electron-holepair ratio 3.6 eV per

electron-holepair, low bias voltagerequiredfor fast chargecollection,and relatively fast

electronmobility. Theprimaryproblemswith silicon havebeenthetraditionally high price

for processeddetectorsand the perceptionthat the signal conditioningelectronicsareex

pensive. The costof theelectronicshasbeenhigh, primarlydue to the useof commercially

availableelectronicsfor small scaledetectors. Obviously, for largenumbersof integrated

circuit preamplifiers,economyof scalewill reducethe per channelprice of electronicsto

a level similar to that of otherdetectionmedia. In addition,silicon offers the uniquepos

sibility of integratingthe electronicsdirectly onto the detectorsubstrate.The electronics

developmentportion of this proposalwill addressthesecritical areasin an attempt to

be able to take advantageof silicon as a viable measurementmedia for SSCcalorimeter

detectors.

The overallgoalfor this calorimetryelectronicsdevelopmentis to designa highly inte

gratedlargenumberof channelsper unit volume systemthat will performthe necessary

functions of charge-collection,fast signal processing,signal-to-noiseenhancement,data

storage,and readoutin a reliable, radiation-hardened,low-power package. The overall

approachwill be to DC couple the detectorelementsto chargesensitivepreamplifiers.

Investigationswill include the option of directly mountinga preamplifier to eachsilicon

detector,thenfeeding the resultantpulseinto a shapingamplifier followed by a peakde

tecting amplifier. The signal from the peak detectingamplifier will be passedthrough a

double-correlatedsamplerand into analogstorageas shownin Figure 1. Interfacefor the

systemclock, circuitry for generatingandstoring the bunch-crossing/channelID tag, and

an interfacefor the first-level trigger will be incorporatedin this developmentphase.For

purposesof testing,datareductionwill be accomplishedwith conventionalelectronics.

1. Preamplifier

Thecharge-sensitivepreamplifierdesignto be usedwill be a refinementof the mono
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litHe designalreadyin progressat ORNL underthe CenericDetectorFundingprogram.In

particular,simulationshaveshownthat the preamplifierhasa. rise-timeof 4 nanoseconds

with a noiseof approximately3500 electronsat a shapingtime of 100 nanoseconds.The

powerdissipationis 6 mW for a supplyvoltageof ± 3.3V. The preamplifieris beingfabri

catedby VTC, Inc. in a complementarybipolar processwith 6 GHz npn and 1 0Hz pnp

transistors.Thetopologyemployedis uniquein that the bandwidthis, to anextent,inde

pendentof the detectorcapacitance.In addition, the preamplifieremploysa gatedservo

loop that correctsfor the expectedincreasein detectorleakagecurrentdue to radiation

damage. This method provides compensationfor variations in detectorleakagecurrent

at regular time intervais once per second,allowing the preamplifier to be DC coupled,

thus eliminating the needfor a coupling capacitor. The presentmethod allows for 0 to

15 microampscompensation.A variationof this method could conceivablyallow an order

of magnitudeincreasein leakagecurrentwith an associatednoise penalty due primarily

to full shot noise. Our presentplans areto fabricatethe new versionof the preamplifier

though the Military and SpaceDivision of Harris Semiconductor.The Harris processis

somewhatslower at 1 0Hz complementary,but is specified as a rad-hardprocess. The

designenvironmentwe will beusing shouldallow for a relatively short developmentcycle.

2. SummingAmplifier

Sincewe plan to haveone preamplifierper detectorelement,somenumberof pream

plifiers will needto be summedtogetherdependingon the desiredgranularityof certain

sectionsof the calorimeter. Investigationswill needto be performedconcerningthe gran

ularity requirementsbefore a determinationcan be made asto how many preamplifiers

needto be summedand, therefore, the optimum technologyfor this summingamplifier.

Since we are consideringwafer-scalepackagingtechniquesfor the preamps,we will also

needto determinethe physical locationof the summingcircuitry basedon the preceding

criteriaand on the mechanicalconstraintsof the detectorsystem.

3. Shaping

Simulationsindicateat this time that we areprimarily seriesnoiselimited sincewe are
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working at suchshort shapingtimes < 50 usecpeakingtime. It haslong beenknown6

that the desiredtime-invariant pulse responsefor series noise limited unipolar nuclear

pulse shapingis a triangle. We intend to investigatethe applicationof a time-invariant

triangularpulseor, if rise-timeand chargecollection dictate, sometime- variant version

suchasa variationof the Kandiah7pulseprocessor.Theapproachof the triangularpulse

responsewill be to generatea delay-line-integrateusingan inverting delayamplifier for the

delaychannel.This shouldbe appropriatesincewe only needa few nanosecondsdelayfor

the function. The pulse processorwill form the filtering for a doublecorrelatedsampling

baselinerestorer. This should come close to being an almost optimum pulse processing

systemfor the speedsof interest, i.e.. 10 nsecto 50 usecpeakingtime. Someinvestigation

into the possiblescenariosfor pulsepileup and how to handlesuchpileup will be needed.

4. Analog Storage

We will developa feedbackanalogmemorycell for analogstorage. Themain areaof

investigationwill be to determinetheoptimumconfigurationfor maximumsignal fidelity.
r5 will include work on the lowest offset input configtiration for the small input devices

requiredby a highly arrayableanalogmemoryunit. A block diagramof what sucha cell

might look like is shownin Figure2.

5. Bunch CrossingCounterarid Tag

The pulseanalog datathat will be storedin the anaiogmemorymust be taggedas

to which beamcrossingproducedit and from which channelit caine. Circuitry will be

developedto generatedigital words to representthecrossingnumberand channellocation.

Thesewords will be storedin digital memoryand linked to the "slice" of analogmemory

that it labels.

6. ElectronicsPackaging

Thepackagingof the electronicswill requiresomenew techniquesto providemaximum

packingdensity,adequatesignalfidelity, anddesiredhermeticity. In addition,a low costper

channelwill be requiredto allow affordabilityfor thelargenumberof desiredchannels.We

arepresentlyplanningto investigatea form of wafer-scaleintegration8in which the active
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integratedcircuits areembeddedandbonded into the detector substrateand metallization

runsaremadeto completethe desiredconnections.This type of packagingholds promise

for the type of mixed technologycircuits CMOS & bipolar that will likely be neededfor

a successfulcalorimeter.

7. MechanicalDesignConsiderations

The mechanicaldesignwill be developedfrom a systempoint of view and will be

strongly influenced by the electronic design. Mechanicaldesign considerationswill be

extremely rigorousgiven the size, weight, and compactnessof the endcapcalorimeter.

Specialmachiningand assemblytechniqueswill need to be investigatedto provide for

the close sampling layer spacingproposed. In particular, to removeheat load from the

electronics,pathsof conductingmaterial,e.g. copper, may needto be embeddedin the

radiator. A certain amount of materialsresearchwill also be necessaryto identify a

radiatormaterialof sufficientlyhigh Z vlue, rigidity andstrengthwhich is alsomachinable,

althoughat presentleadseemsto besuitable. Thetotal weight of the calorimeterquadrant

is projectedto be approximatelyone1 ton. Theconstrainingmechanicalstructurewhich

supportsthis load will be designedso that iuterferencewith the detector is minimized.

Therefore, the detector radiator platesand mechanicalsupport structurewill be fu1y

integratedto reduceextraneousmassasmuchaspossible.

B. RADIATION TOLERANCE STUDIES

1. RadiationDose Simulation

One crucial issue to calorimetry at the SSC, regardlessof the technology,is the ra

diation environment.As part of this effort we intend to devoteconsiderableattentionto

simulationof the fluxes, primarily with the Oak Ridge code,CALOR. Investigatorsin this

collaborationhaveextensiveexperiencein this area,from thecode’sauthorT.A. Gabriel

to otherswho haveusedthe codefor manycalorimetricstudies,including the official SSC

taskforce studyon the radiationenvironmentin the SSCexperimentalareas.By carefully

studyingtheresultsof thesedetailedMonte Carlocalculations,it is possibleto engineerde
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tectorsmoreableto survivetheradiationenvironment.An exampleof suchan application

is the recentstudy by Furuno,Brau, and Hwang on the neutronflux reductionin hadron

calorimeterspossiblewith additionsof polyethylenelayers in silicon detectors. Figure 3

shows one result from this work; here the neutron flux is comparedat showermaximum

for increasingthicknessesof polyethylene.This study finds that in silicon calorimetersthe

neutronflux canbe decreasedby more thanan order of magnitude with this approach.

In muchof this work thereis considerableoverlapbetweenthe needsofsilicon calorime

try and othercalorimetry schemes.The collaborationintendsto capitalizeon this other

work wheneverpossible,adaptingcircuits and/or techniquesas neededto fit silicon de

mands.Also, the GenericDetectorDevelopmentprogramhassupporteda numberof im

portantresearchprogramson specificareasof interest,suchasradiationdamagetolerance

studies,preamplifierdesignconsiderations,and simulationdevelopment.Thecollaboration

will exploit this initial investmentto generatea high-performancecalorimeterprototype.

2. RadiationToleranceExperiments

Therehave beenseverairecent studieson the radiation toleranceof silicon exposed

to all typesof damagingradiation - neutrons,protons,gammas,and X-rays. The studies

agreeon the damageconstantsand on the damagemechanisms.One can categorizethe

resultsby noting that hadronicdamagemechanismscauseboth surfaceand bulk defects,

but that the bulk defectsare far moreseriousin their effectson silicon calorimetry. Some

elegantspectroscopicstudiesof the bulk damagedoneby the SICAPOcollaborationhave

illustrated the different typesof defectsthat are introducedby hadrons,both point and

cluster. Thesestudieshave demonstratedthat the point defectscan be annealedout by

relatively low-temperature180°C annealing,but that the clusterdefectsare in fact sta

blized by this process.Theremainingclusterdefectsresult in an increasedbulk resistivity

ofthe siliconand could, if sufficientlynumerous,actuallyresultin an inversionof thesilicon

in certain regionsfrom n-typeto p-type. This would destroythe reversebias and quench

the operationof the detector. Presentstudiesindicate that radiationlevels at the SSC

are insufficient to causethe inversion.Furthermore,studiesby the Universityof Hamburg

14



Neutron Energy Flux at Maximum

io3

io2

101

100

-1

io2

1.4

z
‘El

Q
z
‘-4

U 3GeV U 20GeV
1 IIIuI1 I 11111111 I

11111111 I I I IUUIIJj U
11111111

I t 1 IIIIJIj 1
Illifihi

I I JHuiij

. * * ,

ir1 io 101 iø2 io3 lot
Energy MeV

Polyethylene
Thickness

1o1 100 101 1o2 1o3 io4
Energy MeV

0 06cm+ 0 cm < 0.2cm
0 1.2 cm 0 2.0 cm

Figurej.

+
: ÷÷

++ +
+

rnImuj i i iuIInç-r FUlFil1 I t

EXX

:°.

xx 0

x
Do

*0

Es 00

0

+

0

+

IIIi_Li I _I I_II IIllI_ I I_I_11IIll



grouphaveshownthat relatively largeresistanceincreases30% produced by fluencesof

order 1012 hadrons/em2 havevery little effect on the chargecollection efficiencyc 1%.

Furthermore,for electromagneticradiationdosesthe effectsaremostly surfacecharge

buildup andpoint defectcreation,bothof which areamenableto treatmentby annealing.

The electromagneticdamagecoefficient is lower than that due to hadrons,but further

work mustbe doneto determinethe damagecoefficient pertinentto the SSCenvironment.

That type of study is includedin the plan of this proposal.

3. DamageAnnealingStudies

As the remarksin the precedingsectionsimply, we expect that the electromagnetic

calorimeterdescribedhere will operatecomfortably in the SSC environmentwithout the

needto annealthe detectors. The dosesanticipatedfrom presentsimulationstudiesare

high, but theincreasesin leakagecurrentappearto bemanageablewith the electronicsthat

we arestudying. However,onemust alwaysbe concernedaboutaccidentsgiving a greatly

increaseddoseof either hadronicor electromagneticradiationto the system. We plan to

pushthedamagestudiesto dosesat least5 times thoseexpectedper yearof runningin the

SSC and thenexaminethe effectsof annealingat theseelevateddoses. Oneshould note

that the damageto thesilicon detectorsaroundthe beampipe in UA2 during the 1988 run

showedthat leakagecurrentincreaseswere linearly proportional to the luminosity alter

the installation of loss monitors aroundthe UA2 intersectionregion to dump the beam

if there was a bad fill. This experiencebodeswell for the SSC. Scrapingand dumping

are expectedto be handledcleanly in the arcs, with the radiation environmentin the

intersectionregionsdominatedby the luminosity itself.

The eleganttools introducedby the Milan and Hamburggroupsfor studyingdamage

canbe usedto good effect to ensurea detailedunderstandingof the physicsof the damage

process.For the purposesof calorimetryone would also like to measurethe energyresolu

tion as a function of doseand asa functionof annealingtreatment.The groupwill continue

the kinds of studiesthat the Milan, Hamburg,Brookhaven,and KEK groupshavebeen

pursuing,with particular focus on the kinds of damageexpectedin an electromagnetic

endcapmoduleat the SSC. We intend to explorethe responseof silicon detectorsto dose
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levels above 10 MRad.

C. CALORIMETER PERFORMANCE SIMULATIONS

In order to have a strongexperimentalcalorimeterprogram,a substantialeffort must

bemadein ealculationalanalysisof thedetectorsystem.This calculationalcapability must

be fundamentallysoundandbasedonpreviousinterchangebetweentheoreticalcalculations

and experimentaltest programs. Due to financial and manpowerconstraintsonly a few

prototype detectorscan be built and tested. However, once the calculatedresultshave

been shown to agreewith the test program data, a muchwider variation of the design

canbe calcula.tionallyinvestigated. This will be the approachfollowed by this group to

minimize effort and cost.

1. EGS Studiesfor Electron/PhotonOverlapRejection

Oneof the primary demandson electromagneticendeapcalorimetrywill be to identify

electronsfrom t, b, W, Z, and perhapstau decays,aswell asbe in position to tag the

singular electronsthat would arise from the decaysof new, massiveparticles like a Z’.

Theseelectronswill be kicked forward via multi-step decaysof heavierparticles, even

though massiveparentsmight be limited to 1.5 units of rapidity. The energyregime of

interestfor suchelectronsin the angularrangeproposedhere50-225mrad is 50 GeV-5

TeV. At the high end, eventswill be unusual, to say the least,and the major job of the

calorimeteris to rejectthe conjunctionof low-probabilityapparatusfailuresthat canmimic

a real, ultrahigh energyelectron. At the low energyend it is necessaryto isolateelectrons

from nearbyjets, to give a cleanelectrontag in the presenceof a high flux of hadronsand

photons, and to reject pileup of a real electronwith an overlying photon showerwhich

could fake a high-energyelectron.

For any assumedelectronicsand tower structure, theseelectron purity studieswill

examinethe joint problemsof single-bunchconfusionand multiple-bunthoverlap. They

will also look into the questionof showerposition resolutionfor comparisonto trajectories

seen in tracking devices - silicon, drift chamberor Till systems. It is clear that an
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importantpiece of the electrontag will be the positionmatchbetweenthe calorimeter and

the tracker. We will also examinethe effectsof fine depth segmentation,to improvethe

separationof electron/photonoverlapsby longitudinal showershapediscrimination. The

effectsof pileup within sucha systemcanalso beexplored,oncethe full electronicreadout

chainis designed.We observethat sincethe ratio of "interesting"eventsto all interactions

is of the orderof 10_Jo,simulationscannotbe expectedto predict the tails of distributions

correctly, but it is importantto demonstratethat thereareenoughindependenttestsof the

particleidentification to haveconfidencein the result despitethe low ratesof occurrence

of eventsfrom "new" physics.

2. CALOR/FLJJKA/EGSStudiesfor Hadron/PhotonOverlapRejection

At the SSC,the forward regionof solid angle2 C q < 4, will contain,on average,

50 to 60 photonsandhadronsfrom minimum bias events,with energiesin the 10-500eV

range. Careful studiesof showeroverlapsbetweenelectrons,photons,and hadronsare

neededand the adverseeffect on trigger and reconstructionefficienciesof the overlapsin

time and spacemust be understood.Few if any electromagneticcalorimetershave done

weU in thesecircumstances.Detectorsimulationwill play an important role in theinitial

understandingof theseissues.

We plan to study the responseof the calorimeter in a twofold simulation effort.

Monte Carlo Studesof e/h/7 responsein the calorimeterwill be carried out using the

CALOR/FLUKA/EGS simulation packagesand comparedclosely with test beamdata.

TheeventgeneratorsISAJET/PYTHIA/DTUJET will be utilized to project physicsevents

into the calorimeterand study e/h/7 overlap.

Studieswill be done to: 1 developa flexible method of introducinggeometryand

materialschangesto the MonteCarloshowercodes,2 tunethesimulationpackagesto test

beamand physicsresults,3 study e/h and e/7 separationas a function of longitudinal

samplingfrequency,transversecell size, and tower structures,4 study the dependence

of hadronrejectionand electronefficiency on hadroncalorimetry Somestudiesindicate

that multiple longitudinal samplingreducesthe needfor hadroncalorimeterinformation

in a reconstructionor triggeralgorithm. This techniquemay be importantin establishing
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a fast electron trigger from the silicon electromagneticcalorimeter. 5 investigatethe

advantageof a 1-2 radiationlengthpresaznplinglayer to improveelectron/photonposition

measurementsand how this might reducethe needfor suchhigh tranversesegmentationin

this busyregionof phasespace,6 include saturationand recombinationeffectsin silicon.

The projectsmentionedabovewill take a greatdealof CPU time. We proposeto n.m

the Monte Carlo codeson a systemof workstationsbasedon RISC CPUs25MHz R3000

chip. Suchsystemsarecurrently in useat FNAL E769, at pricesof about $1.5/Mips.

Thesemicrocomputersare a cost effective method to do large scalecomputingfor high

energyphsyics in which single eventsareprocessedindependently,and can easily equal

the powerof a mainframe.

Someestimatesgive that a single SSC event will take about 1 day on a 1 Mips .9

VAX 11/780 processor. Since 1000 event sampleswill be neededto establishvariation

of detectorparametersto a few percent,a 100-1000Mips processorfarm could begin to

answersomeof the questionsposedabove. We proposeto usea small 20 Mips workstation

to establishthe feasiblity of sucha solution for Monte Carloneeds.

3. Tower Structureand TriggeringStudies

One of the advantagesof a calorimetermedium like silicon is the flexibility in cell

structuredesign. in the forward region fast summedhardwaretowers might be used

in a fast electrontrigger, and they could enhancethe speedof a shower reconstruction

algorithm. On the negativeside, hardwaretower structureswill likely add to the cost of

the detector,perhapscomplicatethe fabrication,and possibly result in somesacrifice in

uniform responseand hermiticity of the calorimeter.

Since the pad sizes will be small, tower structuresmay be defined in the software.

Definitions of these"softwaretowers" can thenbe changedin the triggeror reconstruction
algorithms,which couldrepresenta distinct advantage.

It remainsto be seenfrom carefulstudyof electronshowerdevelopmentand practical

considerationsof assemblycostsand complexity which optionwill be taken.
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D. PRODUCTION AND BEAM TESTING OF ENDCAP QUADRANT MODULE

1. Silicon DetectorProductionand Testing

Silicon caiorhnetrywork hasprovidedhigh energyphysicsexperimentswith detectors

which haveexceptionalperformancecharacteristics;for example,low full depletionvoltages

c100VDC andvery low leakagecurrentstypically clOnA/cm2. Most devicesusedthus

far have beenproducedusing ion implantationtechniques. Detectordevelopmentwork

is currently under way to implement standarddiffusion processinginto silicon detector

fabrication. The primeobjectivesof this work areto reducethe unit cost ofsuchdetectors,

andto cultivate U.S. manufacturinginterestfor largescaleprojectssuchasthe SSC. The

advantageof ion-implantationmay not be worth the cost for large cells such as those

employedin silicon.

The devicesfor this project will be procuredfrom a reliablevenderusingproven pro

cessingtechnologyto insure optimum performanceand longevity. Specificationswill be

developedwhich are basedon the findings from otherstudiesdescribedelsewherein this

proposali.e., radiationhardnessrequirementsandannealingtreatments,if required.The

detectorsWill be fully testedby the manufacturerand testedby the assemblygroupprior

to systemassembly.

2. Cableand ConnectionTesting

Dueto the largenumberof cellsand thelargephysicalareathat the endcapwill cover,

aswell asthe speedrequiredfor operation,the electronicsfrom the preampthroughsum

ining stageswill haveto be locatedclose to the detectorsthemselves.Severalapproaches

for the implementationof such an electronicspackagehavebeen conceivedandmust be

studiedin detail to select the optimumsolution. Interconnectionamongelectroniccom

ponentsand detectorelementsrepresentsa sizabledesignchallenge. Detailed reliability

studieswill be conductedprior to the writing of the manufacturingand testing specifica

tions for thesecomponentsand interconnects.Of course,final assemblytest procedures

will be createdto facilitate systemcheckout.
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3. MechanicalConstruction

Mechanicaitooling and constructionwill be developedandperformedin sucha way

as to producerepeatableand dependablestructuresthroughout the endeap. Mechani

cal tolerancesconsistentwith desiredendcapperformancewill have to be developedin

conjunctionwith tower structureand EGS overlapstudies.

4. TestBeamOperation

We plan to test prototypesof the calorimeterin testbeamruns at FNAL during the

1990 and 1992 fixed target running periods with the effort culminating in a test of a

fully constructedquadrant.It is our intention to perform a completetest, from hardware

through the dataacquisitionand showerreconstructionphase. We feel that the major

advantagesof a finely segmentedand fast silicon based calorimetermay well lie in its

capability to reducepileup in time and to provide superiorreconstructioncapabilitiesfor

confusingevents. Only a completetestwill establishthesequalities.

if possible,we would like to test intermediateversionsof the calorimeterat Fermilab

during the 1990 fixed targetrunningperiod. Thefirst versionwill be a scaieddownversion

of the full quadrant.It will be 20-25radiationlengthslong and 25 cm wide for good lateral

and transversecontainment. It will be finely segmentedin the center 1 cm2 padswith

coarsersegmentatioutowardsthe outside.

Given theshort time scale,the amplifier/readoutelectronicswill likely be conventional,

i.e., similar to that usedby the SICAPO group. We would prefer to set up the test in a

commonusersite, but dueto theexpectedhigh demandfor theseareas,we arenegotiating

to run parasitically in an experimentalarea. We anticipatechecking the calorimeter’s

responsefor particlefluxes > 107/secin an energyrangefrom 50-500GeV.

The primary goalsof the initial testswill be:

1 to measureelectron, photon, and hadronsignal to noise response,2 measure

energyresolutionasa function of stackparameters,3 study pileup effectsat high rates,

4 study showerreconstructionproblemsasa functionof rate,5 measureshowerprofiles

as a function of energy,rate, and incidentangle,6 study any hybrid detector/amplifier

prototypeswhich areavailable,7 critically comparethesestudieswith EGSand CALOR
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simulations.

In a secondphaseof testbeamrunsoccurringin the 1992fixed targetperiodat FNAL

we will test the full quadrantwith all of the samegoals in mind. At this time a complete

testingof new advancesin detector/amplifierhybridsandother associatedelectronicswill

be possible.

6. DataAcquisition System

We planto instrumentafew hundredchannelsof electronicsandreadthemout through

a standarddatalogging systemfor the early testbeamruns. Due to our strong interestin

electrontriggering,we areparticularlyinterestedin a novel DAQ systemusedby E791 at

FNAL. It is a VME basedsystemcapableof recording12 MB/sec of datato 8mm video

tape. This high ratecapabilityis accomplishedby havingfast front- end ADCs, anda high

degreeof paralleleventbuffering. The events’fragmentsare assembledby AC? modules

16 MHz 68020. With the adventof ACFII systems25MHz R3000, and introduction

of massiveparallelism, we can envision a third level trigger which reducesthe load on

earlier trigger decisions. In a parallel proposalto the SSC, the University of Mississippi

hasdisplayedinterestin developingDAQ and triggering along theselines.

The spatial segmentationis driven by the electronidentificationobjective. Hadron/
photonoverlapsarereducedby havinggood showercentroidinformation. With good lon

gitudinalsegmentation,showerdevelopmentcriteriacanbeusedto reducehadron/electron

confusion. For an endcapmodule,themeanenergyof electronswill be high, so the spatial

extentof the electromagneticshowerwill be limited in thefirst 10 radiationlengths. Good

two-dimensionalshowerprofile information canbeusedto reduceelectron/photonoverlap

problems. The exact natureof the optimizationdependson the electronicsdesign,emp

hazingthe importanceof a systemapproachfor the caiorimeterelectricaland mechanical

assembly.

IV. Operation in the SSC

For an electromagneticendcapmodule in the SSC the first questionto be addressed

is the radiation damage. Thereare two independentapproachesto an evaluationof the
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damage,both of which yield consistent results. First, at the La Thuile Workshop, G.

Stevensondid a FLUKA simulationof an endeapcalorimeterdesignvery similar to this

one, using 1 radiation length sampling with 1 mm silicon. The dose at 50 milliradians,

the worst casefor this problem,scaledfrom a distanceof 117 cm to our caseof 380 cm,

is 0.039 MOy at electromagneticshowermaximum. This samesimulationhasbeenused

to evaluatedosesat the SPS in a variety of conditions and agreeswith measurements

to within a factor of 1.5. Stevenson’snumbersat 100 milliradians are almost an order

of magnitudelower becauseof the well-known failoff of particle flux with angleon the

rapidity plateau. At the SSC the fluxes at the sameanglewill be somewhathigher than

Stevenson’sLHC computation,but the silicon samplingfraction is only half asmuch. The

SSC dosein 0.4 mm silicon is actually lower, about .028 MGy.

Onecanget an independentestimateof the doseby using a particleproductionmodel

to estimatethe photonflux in this angularregion. This will be muchcruderthanSteven

son’s actual simulation,of course,but it gives someconfidencein the numbers. From

Ranft’s model of minimum bias collisions, eachinteractionproducesabout 28 photonsof

meanenergy 15 GeV in the angularregion from 40-100mrad. For a Pb converterE7

= 6.7 MeV this will makea flux of 63,000 electrons/interactionin the calorimeter. Of

these,about 12% crossthe layer at showermaximum. Thus, per SSC operatingyear, the

silicon at showermaximumwill see 2% of this dose,or 5 xlO’3mips/cm2/yr. This is a dose

of .015 MGy/SSCyear, comparableto Stevenson’sreal calculationscaledto our sampling

fraction.

For this dose,how will the silicon respond?A seriesof recentmeasurementson damage

mechanismsin silicon aresummarizedin the SummaryReportof the Silicon Calorimetry

Working Group at the TuscaloosaCalorimetryWorkshop. The chargedparticle dosere

sponseis shown in Figure 1 from Lindstroem,et al. For 3 x iO4 Gy, ignoring annealing

effects, the leakagecurrentwill increaseby about 5 ordersof magnitude. However, this

changesthe currentdrawnfrom the 100 volt bias supply from 100 microamps/m2to 10

amp/rn2.The maximumpowerdissipationin the silicon underextremeradiationdamage

conditionswould increaseto 1000 watts/rn2- significantly greaterthanthe preamppower

22



input. Furthermeasurementson chargecollection efficiency at thesedoselevelsshow very

small decreasesin the chargecollection efficiency. Thus, all presentinformation indicates

that even without annealingeffects, the annualoperatingdosefrom the SSC would not

causeseriousdisruptionto the endeapmodule. Furthermore,we emphasizethat the dose

decreasesby an orderof magnitudein going from 50 to 100 milliradians. Only theinner

most sectorsof the endeapmodule will experiencethesehighestdoserates. The simple

mechanicallayout of silicon calorimetrymay allow theselightweight, small elementsto be

handleddifferently or replacedif required.

The neutrondosefor an electromagneticendeapmodulewill includeneutronalbedo

from the forward hadronic calorimeter and also from the beam collimators protecting

the forward quadrupoles.Measurementsof neutronalbedoagreegenerallywith simula

tion. The albedoflux is predominantlylow energyneutrons,andmoderatingthem with a

polyethylenelayer about 10 cm betweentheelectromagneticmoduleandthe downstream

regionshouldmakethe flux quite tolerable.Again therehavebeena seriesof recentmea

surementson the neutrondoseeffects. Widely-varyingtechniqueshavebeenused,and all

agreeon the dosecoefficient of leakagecurrentincreaseand on the existenceof annealing

effects.Presentinfcirrnation suggeststhat theradiationdosein theelectromagneticendeap

modulewill be dominatedby the electromagneticeffects,not the neutrondose.Thegroup

will pursuethesestudiesasan early part of the designana’ysis.
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V. Budget

OPERATING

Yearl Year2 Year3 Total

Oak Ridge NationalLaboratory $470K $395K $265K $1,130K

Two manyearselectronicengineers,

year 1 and 2, one manyearelectronic

electronicengineer,year3

Subcontractto Harris Semiconductor,

$50K eachyear

Subcontractto Vanderbilt University,

$75K year 1

Subcontractto IntraspecCorp.,

$2OKyearl and2

Travel and miscellaneous$26K per year

Computerprogramming$80K per year

University of Tennessee *164K *205K $215K $584K

1 postdoctorairesearchassociate

1 student,1 technician,travel

.5 manyearproject engineer1st year

1 manyearyears2and3

University of Oregon $130K $136K $143K $409K

1 postdoctoralresearchassociate

1 student,1 technician,travel

CarnegieMellon University $11OK $115K $150K $375K

1 postdoctoralresearchassociate

1 student,travel

24



University of Colorado $50K $52K $55K $157K

1/2 postdoctoralresearchassociate

1 student

University of Mississippi $60K $63K $66K $189K

1/2 postdoctoralresearchassociate

1 student

BrookhavenNational Laboratory $35K $70K

Total operatingbudget $1019K $1001K $894K $2914K

EOUIPMENT

Yearl Year2 Year3 Total

Silicon Detectorsincludes10% spares

University of Oregon $107.5K $215K $322.5K

University of Tennessee $107.5K $215K $322.5K

DetectorMounting

University of Oregon $1O.75K $21.5K $32.25K

University of Tennessee $1O.75K $21.5K $32.25K

MechanicalConstruction

Universityof Tennessee $16.7K $33.4K $50.1K

Electronics

included in ORNL operatingbudget $ 0 $ 0 $ 0

Total equipmentbudget $253.2K $506.4K $759.6K

Total Budget $1272.2K $1507.4K $894K $3673.6K
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VI. Project Schedule

Perhapsthe most challengingproblemin silicon calorimetry is the developmentof

electronicsto take full advantageof the superiorperformancecharacteristicsof silicon

detectors. The Instrument and Controls Division of Oak Ridge National Laboratory

hts assumedthe primary responsibility for this developmentin close cooperationwith

BrookhavenNational Laboratory. The Brookhavengroupwill provide consultingservices

andensurethat the project is closelycoordinatedwith SSCsubsystemresearchon general

electronicsfor calorimeterssothat major duplicationsof effort do not occur. In Year 1 fab

ricationof an improvedradiation-hardbipolarpreamplifierdevelopedat ORNL for silicon

detectorsunderthe genericdetectorresearchprogramwill takeplace. It is plannedthat

this preamplifierwill be fabricatedusing the Harris Spaceand Military Division process

line. Techniqueswill be developedto incorporatethepreamplifierinto the detectordirectly

using a silicon on silicon approach,and testingof the detector-preampcombinationwill be

completed.In Year 2 testingof the preamplifierfor overall performancewill be completed

andschemesfor routing thepreamplifiersignalsto summingampswill be developed.Non

rad-hardCMOS datahandlingcircuits will be designedin a CMOS processthat can be

translatedinto radiation hardenedCMOS suchas the new Harris fabricatedlines. Fur

thermore,the overall electronicdesignwith the silicon detectorswill be tested. In Year

3 testing of the dataprocessingVLSI circuits will be completed. Design translationof

the datacircuity into rad hard CMOS will take place, and the rad-Itard CMOS will be

fabricatedand tested,The electronicinstallationsystemtestingwill be completed.

The mechanicaldesignand constructionof the calorimeterwill be done by the Uni

versity of Tennessee.The project engineerwill closely coordinatethe design with the

electronicsgroup at ORNL and with the membersof the collaborationengagedin sim

ulation work. Tennesseewill have the final responsibility for systemintegration. Silicon

detectorprocurement,testing and mounting will be done jointly by Tennesseeand the

University of Oregon.Both institutionshavewell equippedcleanroom and laboratoryfa

cilities andhaveexperiencein acquisition,testingand installationof fairly largequantities

of silicon detectorsseveralsquaremeters.They arealsoengagedjointly in a genericR&D
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project to locateandencouragepotentialsuppliersof low cost detectors.Theseeffortswill

continueduring the lifetime of this project. Acquisition of detectorswill be conductedin

sucha way asto facilitateand take advantageof continuedefforts at price reduction.

Radiationdamagestudiesand toleranceexperimentswill be conductedby Carnegie

Mellon University and BrookhavenNational Laboratoryin years1 and2. Radiationlevels

at leastfive timesthe expecteddosagewill beexplored.Extensivesimulationsarerequired

for this project. The collaborationhasextensiveexperiencewith the useof calorimeter

codes usedin thesestudies. ORNL will improve CALOR code to describesaturation

and recombinationeffects in silicon moreaccurately. Thesecodesrequirelargeblocks of

computertime and will utilize the computingpower of severalinstitutions. Simulations

will be carriedout at Mississippi,Colorado,Oregon,CarnegieMellon and Tennessee.The

University of Mississippiand ORNL will incorporateCALOR,89into the GEANT program

describingthe caiorimetergeometry.

WI. Requestsfrom SSC Management

This proposalrepresentsa significantnewtechniquefor calorimetry. We expectthat it

will succeedandindicategood potential for extensionto otherSSCproposals.Its demand

for detector-gradesilicon is modestat the moment,not larger than alreadyplannedfor

Zeus. However, if one combinesthe plansfor silicon calorimetry with plansfor silicon

trackingdevices,strips andpixels, thenit is clearthat the SSCwill makean unprecedented

demandon the silicon foundry productionof high resistivity silicon. We would hope that

the SSCmanagementwill join us in discussionswith Americanandforeignsilicon suppliers

andprocessorsto solicit bids to supply largeareasof high resistivitysilicon wafersfor diodes

and strips or pixels. Sucha demandwill requirelargeindustriesto be involved, and the

support of the SSC directoratewill be importantin persuadingsuchcompaniesthat the

scaleof the project is largeenoughto hold their interest.
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Appendix I

See attachedcopy of SummaryReport of the Silicon Calorimeter Working Group,

Workshopon Calorimetryfor the SuperconductingSuperCollider,Tuscaloosa,Alabama,

March 1989.
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ABSTRACT

SSC experimentswill rely heavily on their calorimeters.Silicon calorime

try, which hasbeenintroducedin recentyearsasa useful tethnokgy,hasmany

attractivecharacteristicswhich may makeit a viable option for consideration.

The manyattractivepropertiesof silicon detectorsare reviewed. The relevant

presentday applicationsof largeareasof silicon detectorsare summarizeto ii

lustratethe emerginguse. The troublesomeissueof radiation damagein a high

luminosity environmentlike the SSC is consideredwith a summaryof muchof

the recentnew measurementswhich help clarify this situation. A discussionof

the electronicsand a possiblemechanicalconfigurationis presented,followed by

a summaryof the outstandingR&D issues.

INTRODUCTION

Experimentsat theSuperconductingSupercolliderSSC will placesevere

demandson theperformancesof thehadroncalorimeter[11. As the coreelement

of the centraldetectionsystem,thecalorimetermust face the exceptionalexperi

mentalconditionscreatedby a very high luminosity, high niultiplicities, and the

largevariety of physicsphenomenato study. Thefollowing featureswill be asked

of the hadroncalorimeter: compactconstruction,flexibility, fine segmentation,

fast charge collection, easycalibration, good resistanceto radiation damages,

good energyresolutionand a compensatinge/h=1 response.With respectto

theseissuesof performance,silicon detectorsoffer an attractive approachfor

SSCcalorimeters.Futhennore,they canbe employedascomplementarycompo

nentswith othercalorimeters[21, for exampleas the presentapplicationsof plug

calorimetersand small anglecalorimetersdescribedbelow.

Though the first applicationsof silicon detectorsin high energy exper

iments were largely motivated by the high resolution possible with microstrip

devicesin vertex detectors,there is now a growing demandfor large areapad

detectors.This rathernew field hasrecentlybecomevery interestingespecially

for the instrumentationof calorimetersandother relatedequipment.In thefor

lowing discussion,we enumeratethe featureswhich makesilicon detectorsvery

attractivefor calorimetryat the SSC.



The unsurpassedsignal to noiseratio resultsin singlemip resolutionpos

sible alreadywith an active layer thicknessof less than 500 pm. Due to such

thin samplinggaps,silicon instrumentedcalorimeterscan be mademost com

pact. In fact they may be the only choice,wherelimited spacedoesnot permit

othersolutions. On top of this, thesedetectorscanbe usedin normallaboratory

ambientsand at room temperature. No specialencasementsuchas a vacuum

tankor a cryostatvesselis necessary.Thereforethe constructionof calorimeters

with almost perfect herntiticity is feasible. The technologyof silicon detector

fabricationenablesa tailoredgeometrywith a fine lateral and longitudinal seg

mentation. Another big advantageis the overall modular designof calorimetric

devicespossiblewith this technique.Thus the samplinggeometrycaneasilybe

changedandoptimizedin testsetups.Deadcells resultingfrom radiationdamage

or electronicfailuresare in principlereplaceable.Due to their small thicknessof

less than 500 pm and the high ohmic resistivity of about 5-10 kohm-cm,silicon

detectorscanbe operatedat comparativelylow biasvoltages.In mostcasestotai

depletion,i.e. the extensionof the electric field throughoutthe detectorthick

ness,is alreadyachievedat about100 V. Like otheractivemedia,silicon detectors

exhibit a direct chargereadout.Sincetheir responseis practicallynonsaturating,

independentof theparticletype, andexhibits a perfectchargecollection,a direct

and absolutecalibration of the depositedvisible energy is possibleand can be

readily accomplishedusing, for example, an alphasource. Especiallyfor large

areadetectorswith a small thickness,the Hall effect is not expectedto play a

significaatrole. The signal responseis thereforenearly insensitive to magnetic

fields. A high valueof the averageelectric field, which in thesethin detectors

is alreadyestablishedby the low operatingvoltage, together with the compar

atively high mobilities of the chargecarrierselectronsandholes leadsto very

short chargecollection times of less than20 us. Finally it shouldbe mentioned

that semiconductordetectorsae the only active deviceswhich have the poten

tiality for a direct integrationof the front end electronics.In summary,it is the

combinationof the mentionedoutstandingpropertieslike compactnessand flex

ibility of the overall geometry,single m.ip resolution,direct chargereadoutwith

a nonsaturatingabsoluteenergycalibration andhigh speed,which makesilicon

detectorsmost promisingfor future applications.



Theseattractivefeaturesas they apply to any particularsituation have

lead to a growing numberpf instrumentaldevelopmentswhich are summarized

in table 1 see reference3 for details. Total areasbetween0.1. and 50 m2 are

alreadyemployedor underdesign. Exceptfor theSICAPOcalorimeter[4], which

is the first and up to now only project for a full hadronictest calorimeter,the

other installationsareeither mainly designedfor dE/dx-measurements,electron

hadronseparation,luminosity monitoringor asplug calorimeters.The following

examplesillustrate the different applications.

The UA2 detectorat CERN was the first experimentto employ a large

areaof pad detectors[I* For the inner cylindrical layer eachdetectorcontains

16 padsof 2x16 mm2. The detectorsof theouter layerhave7 padsof 9x40 mm2.

The total areacoveredis 0.1 in2 for theinner and 1 m2 for the outer layer. The

mthnpurposeof theinstallation is a fast andsimplevertexreconstructionaswell

as a rejectionof otherwisenot resolvedtracks.

The ZEUS experimentat HERA will contain in the forward part of the

uranium/scintillatorcalorimeter2 planesof 9 an2 silicon detectorsat 3 and6 Xo

and 1 layer in the otherpartsof the calorimeterat 3 X0. This instrumentation

exhibits the largest total areaof silicon detectorsabout 50 m2 so far under

development.Thepurposeof thesamplinglayersis an improvedelectron/hadron

separation.

Thesmall angleelectromagneticcalorimeterat SLID [61 will coveranoverall

2 in2 active areaand consistsof four subcalorimeterswith fine granularity. 1-2

cm2 detectorsarebeingusedand the designcovers the otherwisenot accessible

forward region between23 and 200 mrad. The purposeis to provide a high

precisionluminosity monitoring via Bhabhascatteringand the extensionof the

electromagneticcoverageto very small angles. The coveragein the small angle

regionis particularlyimportantfor vetoingbackgroundsto missingenergyevents,

suchas
if C - - v17 1

This calorimeteris includedin the SLD trigger.

The plug calorimeterfor the Hi detectorat HERA is anotherexamplefor

thepossibility of filling the gapbetweenthebeampipeand themain liquid argon

calorimeter.But in contrastto SLD, it is devisedasa hadronicmodule installed



experiment UA2 UA2 NA3S JETSET ZEUS SlID 111 LEP DELPHI SICAPO

outer inner lIES LMSAT

purpose

date of operation

dE/dx +fr

1987

dEfdx +Ir

1988

multipi.

1989

dE/dx

1990

hadr/clec

20% 1990

plug-cal.

1989

plug-ca].

1990

iwnin.

1989

plug-cal.

part.89

fuU calor

1988

silicon:

total activearea

# of diodes

area/diode

# otcrystas

# otcr.tested

1 m2

3024

3.5 cm2

432

432

0.1 m2

3072

0.3 tin2

192

n 130

0.1 m2

800

1.12 cm2

25

25

n 1 n2

10000

1 cm2

2500

0

n 50 ,n2

50000

10cm2

50000

350

1.65 m3

11776

1-2 cm2

736

50

1.56in3

672

25cm2

672

50

0.3 m2

848

.4-25 cm2

128

n 50

1 in2

n 60000

0.2 y2

1300

few

6.5 in2

2200

28 2

2200

local electr.:

type

# of channels

power/channel

multiplexing

hybrid

3024

70mW

64:1

ASIC

3072

1.5mW

128:1

ASIC

800

12 niW

64:1

ASIC

10000

512:1

hybrM

50000

S 100mW

hybrid

1024

120 mW

512:1

hybrid

336

128:1’

hybrid

848

70mW

ASIC

60000

hybrid

440

n 100mW

performance:

noise[ennsj

signal/noise

1800e

13/1

1200e

20/1

2500e

10/1

< 2000e

> 12/1

5000. 6.l6ke ps7000e 5-2Oke t4000e

Table 1. Summaryof large aressilicon projects as reported by G6ssIingin [31 * indicatesaddition to Gössting table.



in the proton directionandwill serveto complementtheliquid argoncalorimeter

for reducingthe missing . It will also be implementedin the overall trigger.

About 700 detectorsof each5x5 cm2 aaeforeseen.

The SICAPO Collaborationis employing large areasilicon detectorsin

their beamtest calorimeters[7,81. Thesedetectorshave a standardareaof 28

an2 and can assembledto build mosaicswith an active areaof up to several

thousandsof cm2 [8]. The silicon detectorthicknessaround 300 pm and its

thin supportallow samplinggapsof less than2.5 mm. Thesedetectorsnaturally

allow a very flexible, andvery fine, longitudinaland lateralsegmentation;this is

the essentialproperty to provide preciseanglemeasurementsandseparationof

very closejets and/orphotons. Thehigh granularityso achievedis the necessary

condition to resolvepossiblecomplicatedinteractionconfigurationspresentat the

SSC energy I]* At the sametime silicon detectorsallow very flexible construc

tions which can very eEcientlycover availablespaceleft by the relatively small

crossingangleat the SSC. The useof serialcouplingof 5 silicon detectors,while

reducingthe numberof electronicchannelsandthe overall detectorcapacitance,

allow the useof fast electronicsabout 100 ns base-timesignals with a wide

dynamicalrange. The silicon detectorsare also characterizedby a fast response;

for standardsilicon detectors300 - 400 pm thick the electroncollection time is

2 ns or less whereasthe hole collection time is less than 6 ns, althoughelectron

ics responsenecessarilylimits the collection time to somewhatlonger than this.

Furthermore,they operatewith very low voltages,typically less than 100 V for

200 pm depletionand a resistivity between1 and 5 kflcm.

At the sametime that theseapplicationsof high resistivity detectorsare

growing,amorphoussilicon showspotentialfor future applications[101. Research

anddevelopmentis beingpursuedto make largeareaamorphousdetectorsavail

able. Presently,theseare not suitable for systemsapplications,but the R&D

shouldand will be pursued.

COMPENSATION IN SILICON

Reachinga good electromagneticand hadronicenergy resolutionis cer

tainly the most crucial goal to be achieved for any SSC calorimeter.



Electromagneticcalorimetersusing silicon as active medium have been

demonstratedto have a good energy resolution. Measurementsperformedby

the SICAPO SIlicon CAlorimeter and POlarirneter Collaboration Florence,

Hamburg,McGill, Messine,Milan, Oregon,Tel - Aviv, Tennessee,Trieste,Turin

with an electromagneticcalorimeter24 radiation lengthsdeepusingsilicon as

activematerialeachdetectorhadanareaof 5x5 cm2 andtungstenanduranium

aspassivematerial,haveshownan energyresponsewhich is linearandstableto

betterthan1%, andanenergyresolutionof eE/E = 17.6±O.3%i-/E[CeVJ

where r is the thicknessof eachabsorberlayer in radiation lengths i.e. the

samplingfrequency[7]. Other groupshavereportedsimilar results[ifl.

Obtaininga goodhadronenergyresolutionnecessitatesthe achievementof

the compensationcondition. Contrary to the electromagneticcascading,which

is fully described[12 by QuantumElectro-DynamicsQED and dependsessen

tially on the densityof electronsin theabsorbermedium,thehadroniccascading

is propagatedby a variety of complexhadronicprocesses[131. Decaysof hadronic

resonancescreatedduring the degradationof the energyof the incidenthadrons,

andchargeexchangereactionsin theseprocesses,yield an electromagneticcom

ponent for any hadronicshower; this componentis largely determinedby the

productionof ir and p in the first interaction,and thereforeevent-by-eventfluc

tuations are important. In the hadronicinteractionsof a cascade,a sizeable

amount of the availableenergy is convertedinto excitation or break-upof the

absorbernuclei, of which only a fraction would result in visible energy. There

fore, the signal per unit of incident energywill be different for electromagnetic

andhadroniccascades.The performanceof hadroncalorimetersis determined

by the relative responseto the electromagneticandnon-electromagneticshower

component,the e/h signal ratio. Equalizing the responseof the calorimeterto

electronsandhadronsthat is, achievingthecompensationcondit,n of e/h= 1

is the requirementfor reachingoptimal performancesof the calorimeter. It has

beenshown[14,15,16] that the e/hsignal ratio is in fact determinedby the pro

cessesthat occurat thenuclearandatomiclevelsduring thelast stagesof shower

development.In hadroncalorimetersemployinghydrogenousmaterialas active

devices,the compensationcondition can be achievedby increasingthe relative

contributionof the purehadronicsignal; this is obtainedby neutronsgenerated



in the last stagesof the hadronic showerdevelopment,where processesat the

nuclearlevel occur interactingon the protonsof the readoutmaterial. The rel

ative contributionof neutronscan be modified by varying the samplingfraction

in order to achievethe compensationcondition [15,16]. Silicon, beinghydrogen

free, is lesseffective in absorbingneutronenergythan a hydrogenousmaterial.

However,recentwork reportedin theseproceedings[17] finds that a polyethylene

layerarounda silicon detectorgives anenhanceddetectionsensitivityto neutrons

via the knock-in protons. This effect is most pronouncedfor the higher energy

neutronswhich carry most of the neutronenergyin the hadroniccascade.This

enhancementmay be usedto tunethe e/h responseover a significant range and

aid in compensation.Other meansof compensation,besidesneutrondetection,

canbe considered,and will haveimplicationson the choiceof the absorber.

In order to exploretheexpectationsfor compensationin silicon sincea

perimentalwork is incompletea understandingof the theoryof compensationis

required1181. The original motivation of the techniqueof compensationwas the

understandingthat hadroniccascadeswith largeamountsof electromagneticen

ergy haveless lossesof energydue to nuclearbreak-upthanthosewhich contain

little electromagneticenergyand thereforea large numberof hacironicinterac

tions [19]. Showerswith a largefraction of theincidenthadronenergyconverted

to ir0s andotherforms of electromagneticenergyyield anobservedsignalcompa

rable to the responseof the calorimeterto incidentelectronsof the sameenergy

with little energylost to the breakupof nuclei; the e/h ratio for sucheventsis

nearlyone. On the otherhand,showerswith largeamountsof lost energyin the

nuclear break up resulting from many hadronicnuclear interactions including

nuclearbinding energylosses,as well as lossesfrom heavyfragmentproduction,

neutrinoproduction,andlow energynucleongenerationmay result in a reduced

detectableenergyin thecalorimeter. In theabsenceof compensation,theseshow

ershavea minimal amountof generatedelectromagneticenergyandtheresulting

e/h ratio is much greater than one. Combining all types of hadroniccascades

leads to a very broad distribution of responses,and a resulting poor resolution

for the measuredenergydeposition.

In compensatingcalorimeters,the nuclearbreakupenergyhasbeen corn-

pensated for, by designingthe calorimeter to preferentially respondto the low



energyloss. While theintrinsic saturationin liquid argonis lessthanin scintilla

tor, thekinematicconstrainton theenergytransfersin neutron-nucleuscollisions

leadsto a greatersuppressionof thetransferof neutronenergyto observablesig

nal. In liquid argon the highly ionizing recoil nuclei receiveonly one-tenththe

relativeenergyof the lesshighly ionizing recoil protons in scintlUator

This understandingthat now existsconcerningcompensatingcalorimeters

can be applied to the silicon detectorcalorimeters. The fundamentalquestion

that needsto be addressedis what thee/hratio for thesesilicon basedcalorime

ters will be. Onepropertyof silicon that plays an important role in this study is

the extremelinearity of silicon up to very largestoppingpower. That is, silicon

exhibits very little saturation. It hasbeen demonstratedthat saturationpre

ventsfull compensationin currently designeduranium-liquidargoncalorimeters,

so this could be a very important factor in silicon calorimeters. Naively it is

expectedthat very good resultscanbeobtainedfor silicon calorimeters.

It is pedagogicallyuseful to considerthe differencesbetweenthe response

of silicon and liquid argon, since except for the saturationin liquid argon, full

compensationcould possiblybe achieved.The threecritical factorsabovewhich

determinethe differencein neutronresponsein scintillator and liquid argon are

useful to compareagainfor silicon. First the neutroncrosssectionin argonfalls

for energiesbelow a few MeV, while thecrosssectionin silicon remainslargeand

evenrises below 500 keV. This will result in a larger energydepositionby low

energyneutronsin silicon than is observedin liquid argon. Secondly,the effect of

the kinematic limitation on neutronenergytransfercanbe considered.Equation

2 shows that while only one-tenthof the neutronenergycan be transferredin

liquid argon collisions, the restriction on energy transfer is somewhatless in

silicon. This should lead to an additional increasein the energy transferredto

the silicon. Thirdly andfinally, thevery limited saturationwhich occursin silicon

will enabletheseincreasedneutrondepositionsto be moreobservable.

The potential for compensationwith silicon certainly seemsbetter than

for liquid argon. To makequantitativepredictionsit is necessaryto makeuseof

a Monte Carlo code systemwhich takesinto accountall of the basicprocesses

and examinesthe details of the showerdevelopment. The Oak Ridge system

CALOR has been applied to this problem Figure 1 shows the calculated
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responsedistribution for 10 GeV Cs incident on a silicon calorimeterwith 5

millimeter thick uranium radiatorsand 400 pm fully depletedsilicon detectors

sandwichbetweentwo layers of 5 millimeter thick 010. Therefore, the total

layer thicknessis 15.4 millimeters and the1depth of the stack extendsfor 150

readoutand radiator layers. The transversedimensionsof the stackhave been

takento be 100 x 100 2 Thechargecollectionis cut off after50 nanoseconds.

The resultingenergyresolutionalE is 21.5%and the e/h ratio is 1.07, close

to compensation.In fact the two layers of Gb in this stackare increasingthe

value of e/h as the neutronenergyfrom the uraniumis being depositedin the

Gb through the large energy transfersvia hydrogen. Additionally, significant

transfersoccur to the carbonandoxygenin the Gb.

The energyresolutionof a samplingcalorimetercannaively be written as

c/E=C/v’E+f1-1 3

where o = id + cLmp1/2, containsthe contributionfrom the intrinsic fluc

tua.tionsdue to nuclearbindingenergylossescwa and that from the sampling

fluctuationsasamp. f - 1 is energydependentasa resultof the logarithmic

increaseof c n> .- 5lnEGeV -4.6 [13] with energyandis vanishingonly if

For a given absorberthe samplingfluctuationscanbe modifiedby chang

ing the frequencyof the sampling i.e. changingthe numberof active planes

per interaction length A and/orby changingthe ratio betweenthe relative

thicknessesof the readoutand the absorber.The valueof cj correlateswith

thenumberof neutronsreleasedby the absorberperGeV of incidentenergyand

canbe minimized by anadequatechoiceof the absorber.For instanceat 5 CeV,

35%/y’E for uraniumabsorberand15%/y’E for iron absorber[181.

Thereforethe aim to reacha resolutionof alE = 50%/VE lead to the concept

of a calorimeterwith a Fe dominatedabsorber[23]. In fact for a calorimeterwith

silicon readout,the compensationcondition is realizedwith a combinationof Fe

low-Z and Pb high-Z as the passivemedia [23]. Such a combination leads

to an electromagneticshowerenergytransformationeffect, generatedby a sharp

transitionfrom small to large value of the critical energy.



Thereforethelower thecritical energyof theabsorber,thesofter is the en

ergyspectrumof the electromagneticshowerwhenenteringa low-Z Fe absorber

andexiting from a high-Z Pb absorber.As a result,the energydistributionof

the showeris transformedand the responseof the calorimeterto the incoming

showeris dramaticallymodified. The degreeof the effect obviously dependson

the fraction of Pb in an absorbermadeof a combinationof Fe andPb. A com

pletestudyhasbeenperformedby theSICAPOCollaborationandwesummarize

herethe resultsthey haveobtained[23, 241.

The sensitivity of the visible energycvia to the samplingfrequencyand

confIguration is shownin fig. 2 where e,u.+ is given as a function of the sam

pling frequency r. In absorbermaterial configurationssuch as FePb-Si-FePb

and PbFePb-Si-PbFePb,where the forward-generatedelectronsin Pb can en

ter the silicon detectorsdirectly, a substantial increaseof c2,3.r is measured

as expected.Howeverfor the configurationPbFe-Si-PbFewhere the forward-

generatedelectronsin Pb enterthe Fe absorberthe measuredvaluesof ej3.r

increaseonly slightly. In fig. 3, the valuesof e/mip aregiven as a function of the

Pb fractionfin the passiveabsorber1 = Lpb/[Lpb + Lj’] andshowthat when

low-Z Fe andbigh-Z Pb absorbersarejoined there is a deepmodification of the

absorptionpropertiesof the electromagneticshower.

These datahave to be comparedwith the e/mip valuesfor Pb and Fe

absorbers[23j: 0.78 ± 0.02 at r = 1.99 and 0.74 ± 0.04 at r = 3.98 for Fe,

and 0.69 ± 0.04 at 7 = 1.96 and 0.66 ± 0.04 at r = 3.39 for Pb. The data,

in particularthosefor the PbFe-Si-PbFeconfiguration,suggestthat the electro

magneticshowergeneratedin the Pb samplerwith e= 7.4 MeV is filtered by

the Fe samplere= 21.0 MeV. In fact, the meanenergyof the electronsof the

electromagneticshowergeneratedin the Pb material is lower than the critical

energyof the Fe absorber.Consequently,theseelectronsundergomainly collision

lossesin Fe, where they are easily absorbed.Au appropriateuseof this filter

ing effect on electromagneticshowersallows the modification of e/mippg+pb

with the fraction of Pb in the absorberand leadsto the possibility of tuning

the ratio dir = e/rnip/[e/mipfem + h/mip1 - femJ, where1 - fem.h is

the visible hadronicenergyseeref. [4] and referencestherein and fern is the
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averagefractionof hadronenergydepositedby theelectromagneticshowerin the

calorimeter.

At 4 GeV the comparisonof ‘vi. = e/r[h/rnipE,.1 - fem/1 -

e/rfem] E3 is the energy shared by the minimum-iothzing particle in the

silicon detectorswhene/ir = 1, with e,,, measuredfor the PbFe-Si-PbFecon

figuration will provide, at the crossingpoint of the two lines see fig. 4, the

exact fraction " 25%of Pb neededin the absorberto achievethe compensa

tion condition. Insertionof Gil will changethe positionof the crossingpoint

as a consequencemainly of the absorptionby GlO of soft backward-scattered

electronsthusnot enteringtheSi detectors.Furthermoretheh-signalhasto take

into accounttheneutronsgeneratedin thehadroniccascadeshowerinteracting

on the protons insidethe 010 material. This results in a smallerfraction of Pb

beingneededin the absorberto achievethe compensationcondition. In fig. 5 we

show the reductionof the electromagneticshowerenergy which is due to the

local hardeningeffect [24].

A recentsystematicstudy on the influence of relevantparametersin the

EGS4code hasled to an improvedunderstandingconcerningthe propertiesof

silicon instrumentedcalorimetersincluding the Gb effect [251. The resultsmay

be summarizedasfollows. Thin active mediaposea specialproblem to any reli

ableMonteCarlo studysincethey aremuchmoresensitiveto theiow energypart

of the particle spectrumthan thick detectors. In an EM sampling calorimeter

instrumentede.g. with 400 pm detectors,electronswith an averageenergyof

about 0.5 MeV arestill completelyabsorbedwhile 10 MeV particlestraversing

the detectorsat thesameaverageincidenceof 45 degreeleadto anenergydeposi

tion of only 200 keV. For a Cu/Si sandwichcalorimeterwith oneXo sampling,20

percentof all particlestraversinga detectorplanehave an energyof less than 1

MeV, but 40 percentof the total visible energyis causedby thesecrossings.This

illustratesthe predominantrole playedby low energyelectronsin suchdevices.

For a reliable simulationof the calorimeterresponseit is thereforeessentialto

ensurea correctreproductionof the energydepositionfor low energyelectrons.

Fig. 1 of ref. 25 shows how well this can be achieved,providedthe stepsize pa

ratneterESTEPEis kept below 1 percentandtheenergycut ECUT below 100
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keV. Only for suchsmall stepsizesdoesthe EGS4multiscatteringalgorithm lead

to correctresults,while larger valuesoverestimatethe incorporatedstep length

correction. Theenergycut shouldbe chosensuchthat the correspondingrange

is smallcomparedto the detectorthickness.The rangeof 100 keY electronsis 50

pm, i.e. about 10 percentof the detectorthicknessin this case.A furtherreduc

tion to 10 keV wasshownto affect the depositedenergyby less than 1 percent.

With the sameprecautionsfor the choiceof ESTEPEandECUT the well known

energyrangerelationshavealso beenvery nicely reproducedfig. 2 of ref 25.

Basedon thesefindings the responseof different silicon sandwichcalorimeters,

for whichexperimentalresultswereavailable,were theninvestigated.In this case

the parameterchoicenot only in theactivemediumbut alsoin the absorberswill

influencethevisible energy. If e.g. too muchenergyis depositedin the absorbers

due to inadequateparameters,the active layerswill seeless. In order to reduce

CPU time consumptionwithout losing accuracyit wasshownto be sufficient to

subdividethe absorbersin a bulk part with a high energycut while maintaining

low cuts in appropriateinterfacelayersadjoining the detectors.A quite low ES

TEPE value had to be chosenthroughoutthe absorberand it was shownthat

this valuehaseven to be smaller for higher Z material ESTEPE= 0.5 percent

for copperbut for lead even 0.4 percentseemsnot to be sufficient. Following

this recipethe visible energyand the energyresolutionof EM Cu/Si andPb/Si

calorimeterscould be very weU reproducedtable 3 of ref 25. This includes

alsoseveralconfigurationswith Gb layersin front or rearof the detectors.The

reductionof the visible energyby suchG].O layers or other low Z material has

so far beendescribedqualitatively as a local hardeningof the electronenergy

spectrumand this is of coursethe main effect. Low Z layers leadto energyab

sorptionwith muchlessparticleproductionby photo or Comptoneffect than in

the comparativelyhigh Z absorbers.Thus the intensity of low energyelectrons

traversingthe detectorplanesis reduced,aneffect which is clearly reproducedby

theMonte Carlos.This absorptionis morepronouncedfor high Z absorberssince

in this casethe soft electroncomponentis more intensedue to energyfocusing

via the energyshift of the minimum attenuationcrosssectionfor photons. Also

moreelaborateMonte Carloswhich concentrateon theparticle tracking through

the different media in the forward andbackwarddirection has beenperformed



meanwhileby the samegroup. Thesecalculationsresult in an understandingof

the additional effect that the visible energyreductionis muchlarger if the Gb

platesareplacedat the rearof the detectorsthan in front. In summaryone can

concludethat the EGS4 codeif usedproperlyrepresentsa very reliabletool for

calculating the propertiesof electromagneticsilicon sampling calorimetersand

that we havelearnedto understandeffectsbeingproducedby the incorporation

of other material.

As a conclusion,we find experimentalevidencefor a filtering effect on

the soft-electroncomponentin electromagneticshowerswhen combinationsof

low-Z and high-Z materialsare usedas absorbers.This effect can producethe

compensationcondition e/ir = 1.

RADIATION DAMAGE STUDIES - ANNEALING

Very high neutronfluencesof several1013 n/cm2 per year are foreseen

in the SSC calorimeterat very forward angles. Theseexceptionalexperimental

conditions[261 requirea detailedunderstandingof the defect formationprocesses

andof the electrical behaviorof irradiatedsilicon detectors. It is thereforeim

portant to perform measurementson silicon samplesin order to correlatethe

damagescausedby neutronswith the degradationof detectors. During irradi

ation the incident particlescollide with silicon atoms, thus transferringpart of

their energyand producingprimary knock -on atomsPKA. The spectrumof

energiesanddirectionsof PKA dependson thenatureandenergyof the incident

particles.The primary defectsvacanciesand interstitialsin equalnumbermay

movearoundindependentlyandjoin up with impurity atomsor other vacancies

and interstitials, forming vacancies-impuritypairs andaggregatessuchasmulti-

vacancies,string of interstitials, etc. Thesedefectsare deep in generalsince

they introduce tightly bound localized states,in contrastwith the well known

shallow hydrogenic.donorand acceptorimpurities. Information about many of

the propertiesof the radiation induceddeepdefectshave beenobtainedin re

centyearsprincipally by meansof ThermallyStimulatedCurrentTSC [27] and

Deep Level TransientSpectroscopyDLTS [28] methods,and variantsthereof.

However,asfar as the effectsof high energyparticleson silicon diodesare con-



caned,there is no largedatabaseavailable. Fast neutronsessentiallyinteract

by elastic scatteringwith silicon atoms,hnpartingat most 1/7.5 of their elastic

energy seeequation2. Such direct collisions result in up i03 displacements

per event. Within the very short rangeof silicon recoils, a vacancy rich and

somewhatdisorderedzone cluster is formedwhich may produce,in the silicon

band gap, defect levels different from thoseof isolatedpoint defects. There is

experimentalevidencethat the formationof point defectsvacancy-oxygencom

plex or A center,vacancy-phosphoruscomplexor E center,di-vacancycomplex

may be attributedto a largeextent,to the vacancyreleasefrom defectclusters.

Somepreliminaryresultson point defectsproducedin n-typesilicon detectorsby

neutronirradiation havebeenpresentedpreviously [29] using DLTS technique.

A morecompleteset of measurementsby the SICAPOCoUaboration,both with

DLTS andTSCmethods,wascompletedrecentlyon n-typesilicon detectorswith

different dosesof neutrons. R.esultsare presentedhereon the annealingbehav

ior of the defects. From thesemeasurementsa coherentpicture emergeswhich

generallyagreeswith experimentaldataobtainedby otherexperimentalgroups

[30,31]. In particular,a comparisonis carriedout with the resultsby Brotherton

andBradley[32 on defectproductionandlifetime controlin electronandgamma

irradiatedsilicon.

The effectsof radiationdamageon the detectorperformancemay be enu

meratedasfollows. Theleakagecurrentis stronglydependenton theaccumulated

dose. Very high valuesof the currentand the relatedelectronicnoise imposea

limit on theoperabilityof thedetectorsandhencethelifetime of the calorimeter.

Thoughthis is certainlythe mostsevereimplication, thereareothereffectswhich

may be important too: radiation inducedtrappingcenterslead to a chargecol

lection deficiency. If this effect would be strongit would result in a degradation

of thecalorimetric responseandhenceinfluencethe absoluteenergycalibration.

The changeof the effective impurity concentrationis also a consequenceof ra

diation damage.This effect tendsto increasethe material resistivity andhence

changesthedepletionthicknessof thedetectorat a givenbias voltage. Finally all

or at leastsomeof theseeffectsmay be dependenton the operatingparameters

of the detectorunderirradiation. On top of theseissuesit is of courseof utmost

importanceto study the possibility of damageannealing. Room temperature



self annealingandshort term heattreatmentsseemto be likewiseimportantand

have beeninvestigatedcarefully. Following this outline we will describethe ma

jor findings of the severalcontributionsgiven in this conference[33,34,35] and

comparethe resultswith a recentdamagestudy by Kraner [36]. The SICAPO

work is describedin somemore detail sincethe work by Lindström et al E3I as

well asthat by Ohsugieb al [35] is coveredby individual reports.

Defect formation and characterization. In the following, the work

being reportedby the SICAPOgroup is summarized[331. Sampleswere irradi

atedusing a 252Cf neutronsource. Fluxes were variedfrom 3.3x103 to 9.1x104

[neutrons/cm2seclwith exposuretimes between1.6x106 and l.0x107 [sec]. The

point defectsformedby neutronirradiation were electrically characterizedusing

DLTS [28]. The DLTS analysisof the silicon samplewas carried out using a

BoontonDLTS system,DL 4600, manufacturedby Bio-Rad UK. The details of

the methodsof measurementsarereported in [291. A typical DLTS spectrum

after irradiation is shownin fig. 6. Thermalemissionrate measurementsmade

on the first peak,calledE1, give an activationenergyof 0.16±0.02 [eV] below

the conductionbandedgeE0. This is the activation energyreportedfor the A

center [30]. The secondpeak,E3 correspondsto theenergyE-O.25±O.O3fey]

andcanbe associatedwith the doublechargestateof di-vacancy,while the third

peak,E3, with energyof E-O.4O±O.O2[eV], is interpretedas a sum of the two

contributionsof thesingle-minuschargestateof the di-vacancyand the E center

[301. Theseexperimentalvaluesare comparedwith the DLTS resultsobtained

in electronandgammairradiatedn-typesilicon by BrothertonandBradley[32].

This comparisonshowsa substantialagreementin the behaviorof the point de

fect energies.This indicatesthat damageis quite independentfrom the various

conditionsof irradiationaswell asof materialparametersfor what concernsthe
point defectsgeneratedinto the irradiateddetectorlattice. The Nt/Nd fraction

whereN is the trap concentrationof the deepestE3 point defect and Nd is the

donorconcentrationobtainedfrom irradiation of 10 samplesis shownin fig. 7.

The plot shows the linear dependenceof Nt/Nd on the fluence. Table 2 shows

theenergyof the threedefectsE1, E31E3togetherwith theelectron-capturecross

sectionsfor E1 and E3 obtainedwith DTS technique.
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In the TSC method the silicon sample,maintainedto a certain reverse

voltage, is cooled to liquid nitrogen or liquid helium temperature. Then the

energylevels associatedto the defectsare filled giving a small forward bias.

Coming back to the reversevoltage, the sampleis now heatedwith a known

rate fi while the reversecurrentis measured.The de-trappingof carriersfrom

a defect level causesa peakin the measuredcurrent; the temperature,at which

the peak occurs, is relatedto the energylevel of the defect [27]. Typical TSC

spectraait sliownin fig. 8 and for two peakswith energiesof 0.39±0.010LeVI

fig. 8a. and0.25±0.03 [eV] fig. Sb respectively.Note that two similar TSC

peakshavebeenfoundby Heijneet al. [37] at 0.29±0.02eV and0.4±0.02 eV

below the conductionbandedgein silicon detectorsirradiatedwith high energy

muons. Theregionof temperaturewherethe A centeris presumablylocatedhas

not beenanalyzedyet. By using the delayedheatingmethod [38] or the thermal

cleaningmethod [39] it is possibleto resolvethe different contributionsthat give

rise to the peakat energy0.39 leVi. The detailsof this study will be reportedin

a forthcomingpaper.

Defectcode energylevel crosssection

E1 EO.16±O.O1 1.40±O.15x10’4

E2 E-O.25±O.O2

E3 E-O.4O±O.O2 1.70±O.40x1015

Table 2. Energy levels in eV and electron-capturecross sectionsin

cm2 obtainedwith DLTS measurementson neutronirradiatedsilicon detectors.

Effects on Detector Performance.By far the most importanteffect is

the increaseof the leakagecurrent. If I is the differenceof thedetectorcurrent

before and after irradiation, V is the depletedvolume, and f is the irradiation
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fluence,the leakagecurrentconstanta is definedby:

EsI/V = af 4

Thougha numberof different investigationshavebeenperformedrecentlyfrom

which the damageratea canbe extracted[33,34,35,361,thecomparisonof these

results is complicatedby the situationsunder which the irradiations and ma

surernentshave been done. Various neutron sourceshave been used,roughly

betweenaverageenergiesof about 1 and 14 MeV. The valueof a depends,how

ever slowly, on the neutronenergy. It is thereforenecessaryto normalizeall

valuesto that for a standardenergy,which may be done following a recipeby

Kraner[36]. As will be describedlater, an appreciableself annealingeffect is

already visible at room temperature. This leads to a reductionof the visible

damageduring a long exposureascomparedto that seenin a short irradiation

with the samefluence. Also the measuredcurrentincreasedependson the time

at which the measurementhas beenundertakenafter the irradiation. Both ef

fects can also be correctedfor using the dataon self annealingreportedin this

conference[34,35]. The bulk generationcurrentgiven in eq. 4 is proportional

to the intrinsic chargecarrier density which dependsvery much on the detector

temperature.It is thereforeadvisableto normalizethedifferent datato the same

temperature.Within this scopeall availabledataon the damageconstantwere

normalizedto a standardsituationseeTable 1 of [34]. This leadsto an average

damagerate for 1. MeV neutrons,correctedfor self annealingand normalized

to 200 C of a = 6.8 ± 0.2 x to-17 [A/cm]. It should be emphasizedthat a

possibledoserateeffect hasnot beenobservedE51* The dependenceof a on the

material resistivity and on the operatingconditions seemsnot to be very pro

nounced[34,35]. Other effectsconcerningtheinfluenceon the materialresistivity

andthe chargecollectionadcy havebeenreportedby [33,31 In generalthe

observeddonorremoval leadsto an increaseof the resistivity by about 35% for

a fluenceof 1G’2n/cm2. On the otherhand, the chargecollectionefficiency was

shownto remainstablewithin 1%evenafterirradiation by the samehigh fluence

[34]. This is important since it guaranteesthe calibrationstability of a silicon

instrumentedcalorimeter.

Annealing procedures. The SICAPO results are reportedas follows



331: Mixed isothermalandisochronalannealingswerecarriedout on thesesilicon

samplesWith temperaturefrom 1000 C to 3000 C andannealingtimes from 1.

up to 50 hours. Fig. 9 presentsthe decreaseof the leakagecurrentcausedby

annealingwith the temperaturerangefrom 100 to 2500 C as a function of the

annealingtemperature.al is thedifferenceof theleakagecurrentbeforeandafter

annealingand 1s10 is the samedifferencebefore and after neutronirradiation.

Eachannealingstepwascarriedout for 50 hours. Theplot showsthat recoveries

of 80% and 85% of the neutronirradiateddetectorleakagecurrent is obtained

with a 50 hoursannealingat 1500 C and2500 C respectively.Fig. 10 showsthe

ratioof theconcentrationof E3 trap after annealingN andtheconcentrationof

the sametrap alter neutronirradiation N,0 of the sampleversusthe annealing

temperature.An 80% decreaseof theconcentrationof the E3 trap occurredwith

a temperatureannealingof 2000 C. The differencesbetweenleakagecurrentand

concentrationof E3 trap anneaiingsshouldbe associatedto thecontributionof

A centeron electricalbehaviorof the irradiatedsamples.Anyway, it seemsthat

a 200° C annealingfor 50 hoursshouldbe a good experimentalcompromisefor

the recoveryof both electrical and lattice characteristicsof the sample. DLTS

measurementsafterannealingswith higher temperaturesup to 350° C revealed

the presenceof two annealinginduced defectsE4 and E5 with corresponding

energy levelsof E-O.35±O.O4[eVJ andE-O.48±O.O5[eV] respectively,values

in a relative good agreementwith thoseestimatedby Tokudaand Usami Es
0.31 [eV] and E-O.45 [eVI [301. Re-irradiationof the annealedsampleswith

neutronfluencesof about2.3x1011 [neutrons/cmlgaveapproximatelythe same

results concerningthe leakagecurrent measurementsand confirmed a leakage

currentconstantof 6.0x1017[A/cm]. Re-irradiatedsamplesannealedat 2000

C during 50 hoursshoweda leakagecurrentrecoveryof ‘- 80%, in agreementwith

the valueobtainedwith a similar annealingafter the first irradiation. Hence,it
seemsthat thedetectorsbehaviorafterirradiationandannealingis independent

from previousirradiation-annealingcycles,if during thosecyclesa good recovery

of the detectorwas obtained. A similar study is carried out with DLTS and

TSC techniqueson re-irradiateddetectorsand the resultswill be reportedin a
forthcomingpublication.

TheseSICAPO findings are consistentwith the resultsof Lindströmet al



0
.0 In

0
U,
c’4

00

ow‘1

4-
m
I
a,
a.
@5

-4-.

C
-S

U
0Jo =

cc

0
Un

c ‘0 -t 14

1 0 0 0

V4Oiv,iv

Fig. 9: PercentageleakagecurrentrecoveryAl/Al0 versusannealingtemperature.

Eachsteprefers to a 50 hours annealing.



0

_______________

0
I I I I

0
U,

oLI

%}

Fig. 10: Percentagetrap concentrationrecoveryN/N20 for E3 defect versusan

nealingtemperature.Annealingtimes rangefrom 2 to 50 hours.



[34] reportedto the workshop in which the dependenceof annealingto previ

ousIrradiation/annealingcycleswasexamined.In both this report and that of

Obsugiet al [35] theroom temperatureannealingwas studied.Their resultsaxe

comparedin Table 4 of 1341 showingvery good agreement.The time constantsfor

self annealingreportedby Lindströmet al [34] would leadto an effectivedamage

reductionin a long time exposureof, for example,one year with a constantflux

factor of 3. In [341 it wasalso reportedthat a short heattreatmentof 1 hour at

2000 C seemsto be enoughto guaranteea currentrecoveryof 90%.

Radiation damagesummary. Experimentalstudies of the electri

cal behaviorof n-type silicon detectorsirradiatedwith iluences up to - 1012

[neutrons/cm2showeda linear increaseof leakagecurrentvs the fluenceof in

diation with a proportionality constanta = 6.8±O.2x10’7 [A/cm] for 1 MeV

neutrons. It has beenrecognizedfrom DLTS andTSC analysis that the main

effect of neutronirradiationon detectorslattice is the formation of threepoint

defectsat 0.16±0.2, 0.25±0.02 and 0.40±0.01 [eV] below the conduction

bandedge,to be associatedto A center,double-minuschargestatecenterandto

the sum of single-minuschargestatecenterand E centerrespectively. It hasto

benotedthat neutronirradiationalsocausesformationof defectclustersthat are

invisiblewith thesetechniquesE401 andwhichparticipatein definingtheelectrical

characteristicsof irradiatedsamples. A correct study of dusterscould be done

with Hall effect measurements[41j. Studieson electron-capturecrosssections.

showedthat the shallow A centercouldgive an important contributiontogether

with the deeperlevel at 0.40 leVi to the leakagecurrent. Electricaland lattice

characteristicsrecoveryof 80%occurwith a 2000 C annealingduring50 hours.

Re-irradiationandre-annealingof thepreviouslyannealedsamplesgive approxi

matelythesameresult concerningleakagecurrentmeasurements,so that it seems

that detectorsbehaviorafterirradiationandannealingis not affectedby previous

irradiation-annealingcycles, if thesecycleshavebroughtto a good electricaland

lattice recoveryof the samples.Neutron damageresultsreportedpreviouslyby

Kraner andcollaborators[361 are consistentwith our findings [33,34,35].



ELECTRONICS

In silicon calorimetry the largeunit capacitanceof the individual silicon

samplingelementsprecludestheassemblyof manyunits into atowerwith a single

amplifier. On the otherhand the high responsespeedof silicon readout< 15

us shaping time permits one to considerelectronicswhich handlesindividual

bunchcrossingsat the SSC in real time. Thesetwo considerationssuggestan

electronicsschemein which eachdetectorejementhas a preamplifier, limiting

the capacitivenoiseto the noiseper elementc 100 pF addedin quadrature

for the NTOWER elenentsin a given tower. Therewill be a very largenumber

of amplifiers needed, 7 x 106, and they will be embeddedin the calorimeter.

However, the reliability of thesecircuits canbe madeextremely high. Recent

dataon radiationhardnessof digital CMOS circuitry indicatesthat circuits will

tolerateneutronfluxes of 1015 neutrons/cm2andelectromagneticdosesof 0.1-10

Mrad without lossof function [42].

The Milan group [43] have studied a CMOS preamplifier that demon

stratesthe performancelevel neededfor silicon calorimetry. Their circuit had a

risetime10-90% of 30 ns anda powerconsumptionof 35 mW. Onewould hope

to improveboth thesenumbersby a factor of 2 with later technologies,but this

indicatesa satisfactorylevel of performancealreadyhasbeenattained.For refer

ence,35 mW/detectorimplies an overall powerconsumptionof 70W/rn2 and for

60 layersin a depthof 1.5 m, a volumepowergenerationof 2.8kW/m3. Thesede

viceswill bein goodthermalcontactwith theabsorber,sooneexpectsto transfer

heat along the absorberlayersto heat wicks at the endsof the structure,inter

leavedwith the datacables.The noise characteristicsof the present-generation

circuits look good, comparedto anyothercalorimetertechnology.Themeasured

noiseper padin a model calorimeterstructurebeing testedby the SICAPO col

laborationat CERN is 30 keV noise. The samplingfraction for electromagnetic

energywith 1 radiationlength samplingis measuredto be 0.3%. The hadronic

samplingfraction is estimatedat 1.2%and will be at leastas largeas the 0.3%

in the electromagneticsection. A jet region definedby R. = 0.4, typical of jets

measuredat hadroncouiders,will include about 500 silicon detectorpixels per

samplinglayer. Thus, the noise expectedfor 60 measuringlayers30,000 total



padswill be:

Noise x 10 x 30 keV/pad/.003= 1.8 GeV/jet 5

This will be increasedby the effects of shot noise in the detectorbias

currentto about 2.5 0eV noise/jet. However,therewill not be any addedcontri

butionfrom thepileup effectsthat plaguemediawith longerreadoutandshaping

times. The estimatesof pileup noisefor 75 ns shapingtimes in liquid argonde

tectorsaretwo or threetimes worsethanthesenoisefiguresaccordingto studies

madefor high luminosity operationat the LHC at CERN.

Th electromagneticenergyresolutionfor silicon-W or silicon-Pbcalorime

ters hasbeen measuredby severalgroups[7,111. Energy resolutionsof about

0.15/a havebeenattainedwith oneradiationlength absorbers,i.e. sampling-

dominatedresolution. The constantterm hasbeenshown to be very small, as

expectedfor a linear mediumlike silicon, if oneestimatesthe dynamicrangere

quired to handlethe extraordinarycaseof a 5 TeV electron,thenit becomesvery

awkwardto measurethe expectedsoft electronsand photonsfrom conventional

but interestingsourceslike heavy-flavordecayswith the sameelectronics.For the

silicon calorimeter,we proposeto addparallel,lower-gainelectronicson specific

samplinglayersandprocessthesesignalsdifferently from the conventionaltower

sums.For dramaticelectromagneticenergydepositslike thosefrom 5 TeV show

ers,the energyresolutionpossibleby showershapeanalysison 5 samplesshould

give excellentenergymeasurementwithout skewingall remainingmeasurements

of low energyelectronsor photons.

The questionof groupingsignals into towersremainsan open issue. One

of the major advantagesof silicon calorimetry is that longitudinal AND lateral

segmentationcanbevery fine at little additionalexpensein the electronics.This

advantagestemsfrom havingplacedpreamplifierson eachpixel in eachlayer.

Therefore,the groupingof signals for trigger purposesand for readoutmay be

handleddifferently in silicon calorimetersthan in other devices. The study of

separationof electronsfrom nearbyquark or gluon jets and the questionof jet-

jet separationfrom W decaysdone at La Thuile [44] indicatedthat therewere

substantialadvantagesto having longitudinal segmentationof 0.5 A. Silicon

electronicscan be adaptedeasily to suchrequirements,but thereis appreciable



systemsengineeringthat must be done before the optimal readoutstructure

can be defined. However,one clear advantageof silicon calorimetry should be

emphasized- mechanicalandelectricalconnectionspresenttheminimumpossible

difficulty. All power is low-voltageC bOy. Thereareno edgeconsiderations;

detectorscanbe locatedwithin a few hundredmicronsof eachother. Mechanical

structurecan be usedfor electrical power and/or signal transmission. Silicon

calorimetry offers the prospectof the most nearly hermeticstructureof any of

thecandidates,alongwith the potential benefit of very fine tower segmentation

to facilitatejet separationand lepton isolation.

COST OF DETECTORS

The costof silicon detectorsis a major issuefor any interestin usinglarge

areasof silicon in an SSC experiment.Presently,diodesare availableto the high

energyphysics communityfor prices in the rangeof 6 to 12 dollars per square

centimeter.it is possibleto foreseea reductionof this price to around2 dollars

[45j* Such a price would appearnecessaryfor silicon detectorsto reach their

full potential as active componentsof large calorimeters[1]. If the cost is not

reducedto or nearthis level, silicon will likely continueto play a smaller, albeit

important,role in SSC calorimeters.

CONCEPTUAL DESIGN

A conceptualdesignhasbeendevelopedfollowing theconstraintsdiscussed

above. The guiding principle is to employ mainly iron as the radiatormaterial.

This should minimize the radiation damagefrom neutrons. Furthermore,we

attempt to equalize,asbest wecan,theresponseof different showercomponents

in the electromagneticand the hadronic sectionsof the calorimeter. This is

accomplishedby mixing in somelead high-Z material in order to tailor the

electromagneticresponse,as describedabove. In order to achievea survivable

design,we find it is necessaryto insert sheetsor an hydrogenousmediumsuch

as polyethylenein the stack. This moderatesthe neutrons,leaving a large

fractionof their energyin the sheets,not in the silicon. Theseexpectationsare



basedon simple extrapolationsfrom the neutronflux calculationsfor silicon and

scintiflator calorimeters,in which the effect of hydrogenouslayersscintillator

&e clear in suppressingneutrons[461, and in recentfollow on calculationswith

CALOR [47].

With theseconceptsin mind, one arrivesat the cell configurationshown

in table 3. The 36 cells of the electromagneticsectionconstitute24 ra&a.tion

lengths,and whencombinedwith the 48 cells of the hadronicsection,we have

7.4 interactionlengths. This will require3700 m2 of silicon. One would plan to

have 8 longitudinal readouts. Extra silicon planeswould be inserteda several

depths in the electromagneticcalorimetersay 4, 8, and 12 radiation lengths

with low gain preampsto reducethe dynamic range demandson the regular

preamps,but still achievegood resolutionfor the highestenergyelectromagnetic

showers.

electromagnetic hadronic

cell cell

6mmFe l5mmFe

2mxnPb 5minPb

0.4 mm Si 0.4 mm Si

polyethylene polyethylene

24 cells 48 cells

Table 3. Cell structure

It is necessaryto keepthe innerradiusreasonablysmall to ensureaccept

able total silicon areaand cost. Figure 11 shows the schematiclayout of the

calorimeter. Thechoseninnerradius is 0.7 m.

The estimatedpowerconsumptionof this design is about 300 kilowatts.

Roughly half of this will comefrom the sevenmillion preampsand roughly half

from the remainingelectronics.Leakagecurrentheatingwill accountfor only a

percentor so of the thermal budget.

We expect this caiorimeterto achieveexcellentperformance,with an elec

tromagneticenergyresolutionof 15%/V’ plus a very small constantterm and
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an hadronic resolutionof 6Q%/v or better with a small constantterm. The

equalizationof electromagneticand hadronicresponsewill be achievedthrough

the mixing of somelead with the dominant radiator, iron. Timing better than

a beamcrossingwill easily be achieveddue to the very fast intrinsic responseof

silicon. The jet noisewill be less than two GeV/jet.

It must be emphasizedthat this design has been developedlargely t6

provide a radiation resistantcalorimeter. First, the dominantmaterial of the

calorimeteris iron, leadingto a small numberof generatedneutrons,anda min

imal neutrondamagecondition. Secondly,the addition of polyethylenewill sig

nificantly moderatetheseneutronsand further minimize their impact on the

silicon detectors.Finally, the installation of heaterin the high radiationregions

will providefor an annealingcapability to extendthe life of thosedetectorsin

the small angleregionsthat aresignificantly exposedto the neutronradiation.

Given this design,the expectedlifetime of the devicesoutsideof the ten degree

region will be sevenyears, an adequateperiodof a successfulphysics program.

In the five to ten degreewewould expect to haveto replacecalorimetermodules

yearly. However, this representsonly two percentof the total system,so this is

a tolerablefraction. Therewill be a fraction of the calorimeterjust outsideten

degrees,representinganothertwo percent of the system that will need to be

replacedevery threeyears. In summary,the neutrondamageis manageable;the

frequencyof replacementrepresentsabout a fifteen percentincreasein the cost

of the calorimetermodules.

RESEARCH AND DEVELOPMENT REQUIREMENTS

FOR SILICON CALORIMETERS

Technicallyit is clear that silicon devicesarepotentially superiorwith re

spectto manyof the requiredcharacteristicsfor a. SSCcalorimeter.In flexibility,

compactness,hermiticity, fine segmentation,fast chargecollection, easeof cali

brationandpotential for direct integrationwith electronics,silicon is unmatched

by anyothersystem.On the otherhandcertaindisadvantages,mostimportantly

cost, could severelylimit the utility of silicon calorimetry at the SSC. Research

anddevelopmentareneedednot only to reducecost but to ensurethat, through



propercalorimeterdesign,maximumadvantageis takenof the uniqueproperties

of silicon. It is also important that further attention begiven to suchimportant

issuesas compensation,radiation hardness,power dissipationin compactsys

tems,andoptimal utilization of the uniquepropertiesof silicon detectorsin data

acquisitionandbuffering, triggering, preprocessing,multiplexing andsystemde

sign.

Specifically the following items are among those important for future R

and D on silicon calorimetry.

1 Researchon reductionof price of silicon, including newrefining techniques

andwafer processing.While $2/cm2 not yet achievedis an acceptable

price [1 for a compactcalorimeter,pricereductionsbelow this level would

markedlyimprovetheattractivenessof silicon. Cooperationwith industry

is essentialfor this effort.

2 Additional researchon radiationhardness,annealingeffectsandon reduc

tion of neutronflux within calorimeterswith moderatorsof hydrogenous

material. Improvementsin theseareaswill eventuallydetermineminimum

anglesfor which silicon calorimetrycanbe usedat the SSC.

3 Developmentof componentscapableof in situ annealingwould greatly

simplify the useof the calorimeterandcould evenpermit toleranceof the

high radiation levelsin the extremeforward regionof an SSC detector.

4 Developmentanddesignstudiesare neededon systemsfor removalof the

heatgeneratedby the high speedelectronicsnecessaryto takefull advan

tageof silicon’s outstandingspeedand compactness.In so far aspossi

ble this systemshould be integratedwith the annealingsystemdescribed

above. One could, for example,envision a thermal systemwhich could

protect sensitive electronicswhile at. the sametime heating radiatively

damagedsilicon detectorsto temperaturesnecessaryfor annealing.

5 Although MonteCarloresultsaremostpromising,testsmust becompleted

to establishexperimentallythat a fully compensatinghadroncalorimeter

with good resolution can be built with e/h = 1 and that techniquesfor

reductionof internal radiation levels with the calorimeterproper areef

fective. Thesetest can only be madeconclusively with a fully hadron

test calorimetermodule. Constructionof sucha calorimetermodule for



SSC researchis desirablealso from the view point of testingelectronics
packagingschemes.

6 Perhapsthe most important areafor researchanddevelopmentis in the

areaof electronicsfor silicon calorimeters.While therearespecialrequire

mentsfor front endelectrothesin silicon detectors,manyof theelectronics

problemsare common to all SSC detectors. However, if one is to take

&Ivantage of the high speedof silicon to provide trigger information at

theearliestpossibletime it is necessaryto carefully designan integrated

calorimeter/electronicssystem. While it is generallyacceptedthat front

endamplifiersshouldbe locatedimmediately at the detectorproper, the

questionof the locationand type of pipelinestorage,multiplexing, digiti

zationequipment,triggersumnetworks,etc.,remainopenquestions.Pro

totypesmust be built to testschemesof "gluing" amplifiersto silicon and

perhapsto investigatethemoreambitiousquestionof direct integrationof

front endelectronicswith thehigh resistivity silicon wafers themselves.

SUMMARY

Silicon detectorsshowpromisefor applicationsin SSCcalorimetersdue to

their manyattractiveproperties. Unsolvedproblemsstill limit theplansthanone

can presentlymakefor their application. Researchanddevelopmenton theseis

beingconductedandonecanexpectthesituationto maturein the nextfew years.

Independentof the resolutionof the problemslimiting largecalorimeters,silicon

layers will likely be included even in the experimentswhich deploy primarily

anothertechnologyfor the calorimeter,due to silicon’s outstandingadaptability

and usefulnessin coveringregionsof extremelylimited space.
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