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1 Executive Summary

* ProposalObjectives:

This proposalcoversthe12 monthfirst phaseof a 36 monthprogramto demon
stratekey technicalperformancerequirementsfor silicon pixel vertexdetectors
for the SSC.The effort addressesdiffering needsfor high P1 andintermediate
P experimentssuchas thosestudiedby two different groups,the Solenoidal
Detector Experiment SDE, and the Bottom Collider Detector BCD.

During the first year, systemdesignconceptswill be developed,a preliminary
systemcost analysiswill be performed,andprototypehybrid detectorswill be
designedandfabricated. Beamtestson the pixel detectorswill be performed,
andspecialtestequipmentwill be designedandbuilt to operatethe prototype
arrays. Theprincipalobjectiveof this first phaseis to demonstratethetechnical
andcost feasibility of pixel detectorsystemsfor the BCD and the SDE. After
thefull 36 month term, final designverificationandkey hardwareelementswill
be demonstrated;beamtestsof detectorarrayswill demonstratereadinessfor
full scaleengineeringdevelopment.

* TeamDescription:
The SSC placessevereperformancerequirementsupon detectortechnology,
requiring new and imaginative solutions in many areassuch as tracking and
vertexdetection.A teamapproachcouplingthehigh energyphysicscommunity
and industry is essentialto establishrealistic technical requirements,develop
an appropriatesystemsarchitecture,provide rapid evaluationand test beam
results,andoptimize the overall systemperformancefor an acceptablecost.

The industrial partner, HughesAircraft Company, is a recognizedleader in
both pixel array designand sophisticatedelectronicsystemfabrication. Pixel
detectorarraysin a 10x64 format andin a 256x256format havealreadybeen
built and initial test datais presentedin this proposal. The physics research
membersof the teamcombinetechnicalexpertisein semiconductordevicesand
extensiveandvaried experiencein high energy physicsresearch.BCD and SDE,
the major SSC initiatives reflecting this experience,are well-representedin this
collaboration.
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* Key Elementsof the ProposedProgram:

- Early appraisalof systemfeasibility and cost issuesreducesrisk;

- Early involvementof industry will increaserateof progresstoward a final
systemand introducesophisticatedmanagementpractices;

- First yeareffort addresseswide rangeof physicsrequirements;

- Coordinatedeffort by all key membersof physics communityeliminates
duplicationof effort and ensuresgood communications.

- Prototypepixel arrayswith sparsereadoutcircuitry will be designedand
built for testingand evaluation.

* Total PhaseOneCost for ProposedProgram: $1,190,000
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2 Introduction

For theSSC,silicon pixel detectorsoffer theattractiveprospectof highlyunambiguous
patternrecognition,high spatial resolution,high radiation tolerance,and fast time
response,which are essentialqualitiesfor vertex detectionand tracking closeto the
beampipe. The extremelychallengingphysicsand backgroundenvironmentof the
SSC would appearto make all other known detectorconceptsinferior to a pixel
detectorfor this purpose. Much of the basic semiconductortechnologyneededto
realizepixel detectorssuitablefor the SSCalreadyexists, and significant advances
in pixel detectordesignshave beenachievedduring the currentSSC GenericR&D
program. Nevertheless,to meetprojectedSSCschedulesfor detectorconstruction,&
substantialeffort is needednow to realizetheprogressneededto achievetherequired
technical performanceand to establish budgetaryrequirementsfor thesedetector
systems.

Within the broadestcontextof SSC physics,thereare perhapsthreeor four dis
tinct categoriesfor pixel detectorapplications.High P physics, with a wide variety
of physics signatures,requiresa complextwo-level trigger structure,that hassub
stantialimpacton thepixel arrayarchitecture.IntermediateP physics,on theother
hand, placesemphasison very rapid readoutof detectorinformation after a single
relatively short trigger decisioninterval. A third categoryincludesmorespecialized
physicsgoals such as exotic particlesearcheswherehigh quality ionization density
informationas well as spatialresolution is required. Finally, it hasbeenrecognized
that the pixel arra3?swe intend to developarevery well matchedto a possiblesolu
tion in conjunctionwith an imageintensifier for the ratherdauntingreadoutsystem
requirementsfor a scintillatingfiber detectorat the SSC. While thepixel arraychar
acteristicsneededfor all four categoriesmay overlapsubstantially,only the first two
categoriesareaddresseddirectly in this proposal.

To facilitate rapid progressin the developmentof silicon pixel vertexdetectors,a
sizablecollaborationincluding anexperiencedindustrialpartnerhasbeenformed. In
largepart, the proponentsareassociatedwith the BCD and SDE groups,which have
undertakensubstantialefforts to evaluatethe detectorrequirementsfor the inter
mediateand high P1 SSC physicscontextsrespectively.Throughtheseassociations,
the technicalgoalsof this collaborationwill maintain the closestpossiblerelation
ship to therequirementsassociatedwith thehigh andintermediateP1 physicsof the
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SSC.The collaborationis enteringinto a teamingagreementexpressingourcollective
intentionto work togetherthrough the constructionphaseof SSC detectorsystems.

Thecurrentproposalpresentsin detailour planfor thefirst yearof what is foreseen
as a threeyearprogramto reacha rathercompleteengineeringdemonstration.The
developmentprogramfor the following two years,including an approximateestimate
of budgetaryrequirements,is given in broadoutline.
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3 Relevance of Pixel Vertex Technology to the
ssc

3.1 Overview

TheSSCwill providea window into anentirelynewandunchartedphysicsdomain. In
order to bestexploit the discoverypotentialof this instrument,interactionsmust be
studiedin sufficient detail to separaterareor unexpectedprocessesfrom theferocious
backgroundscharacteristicof theSSC.New physicsprocessesareexpectedto generate
heavyquarksand leptonsasdecayproductsmuchmorefrequentlythanknown QCD
processes.Heavy quarkswill be copiouslyproduced,offering an opportunity for the
study of the mechanismof CP violation and raredecays.On a moremundanelevel,
a consequenceof the high design luminosity is a high probability of more than one
interactionperbeamcrossing. It is clearthat theability to measurevertexstructure
is an essentialalthoughextremelydifficult technicalchallenge.

There exists to date no silicon vertex detectorin an e4C machineor hadron
collider, though efforts are underwayto install suchdevicesin severalexperiments,
like CDF at Fermilab, MarkIl at SLAC, and Delphi and Aleph at CERN. These
first generationdetectorsall use silicon strip technologyand newly developedVLSI
circuits mountedon thedetectorfor amplificationand readoutprocessing.TheSLD
vertexdetectorat SLAC will be a CCD devicewith very a slow readout.

3.2 Intermediate P2 Physicsand Vertex Detection

The BCD experimentis a programof physicsthat will study intermediateand low
P1 physics at the SSC.It is hoped that the BCD can begin taking dataat Fermilab
in the mid 1990’s with some of the detectorsystems. The completeexperiment
will be a first round detectorat the SSC. The physics goal of this experimentis
the completeand thoroughstudy of the CP violating decaymodesof the B meson.
Only B mesonsthat decayto all chargedstatesareconsidered. CP violation has
great importancewithin the standardmodel and is a subjectof much interest for
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theoristsandexperimentalists.Thefollowing is a list of someof the interestingphysics
questionsthat canbe addressedwith a detectorat the SSCthat hasa powerful vertex
detector.

1. CosmologicalmodelsinvokeCP to helpexplainthe matter-antimatterasymrne
try in the universe.Thus theexistenceof the universeis thoughtto be related
to CPin someway.

2. Multiple Higgsbosonscan leadto relativecomplexphasesthat in turn haveCP
violating effects. Thus theunderstandingof massgenerationand CP is related.

3. CP violation is important to the generationpuzzle. With two families there
is no CP violation in the StandardModel. All existing datais consistentwith
threefamilies or one complex phase. If therearefour families, thenthereare
threecomplexphasesand new CP phenomenaare expected.

4. Measurementsof CP violation in the B systemcan overconstrainthe C-K-M
matrix.

5. Left-right symmetricmodelspredictsmall CP violating effectsin the B system.

6. Thereis somehope that if the C-K-M elementsare well determinedit will be
possibleto observesymmetriesin themassmatricesof thequarksandtherefore
Yukawacouplings.

7. The StandardModel is a parametri±ationof experimentaldata. It providesno
insight into the origin of CP violation. Furtherstudy of CP violation in the K
systemand information from a new systemmay providevaluableinformation
far beyondthe standardmodel.

8. Thesearchfor Higgs particlesthat decayinto M is madepossiblewith a vertex
detector. Technicolormesonscan decayto bb aswell.

9. In summary,manyfundamentallyimportantphysicstopicsarewithin reachof
study at theSSCif a vertexdetectorof sufficientperformancecanhelpextract
the B signal.
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3.2.1 BCD Vertex Detector

Introduction The emergingopportunitiesto study B physics at the SSCarepri
marily a resultof theadvancementof silicon vertexdetectortechnology. It hasbeen
understoodfor sometime that the SSCcouldproduceof order 1012 bb pairsper year.
The experimentalchallengeis to fully reconstructthe B mesoninvariantmassfrom
its decayproducts.Thereare2-6 chargedtracksfrom the B mesonand typically over
100 chargedtracks in the event. Fortunatelythe B lifetime is sufficiently long that
the decayvertex can be separatedfrom the beamcollision point using a precision
vertexdetector.Theinvariantmassis thencalculatedusingonly tracks comingfrom
a secondaryvertex. Techniqueslike this havegivenrejectionfactors of up to 106 in
somedecaychannelsin low ratefixed targetexperiments.

The most relevantwork for BCD is that of the CDF group. However, in order
to reconstructfully the B mesonmasswith high efficiency over a largesolid angle,
the BCD vertex detectordesignis significantly morecomplex. The requirementsare
describedin the following sections.

Vertex Detector Requirements The BCD must build the bestvertex detector
possibleif it is to achievesuccessat the SSC. If the vertexdetectordoesnot work
well, theexperimentwill be severelycompromised.The BCD vertexdetectorshould
determinethe impactparameterof chargedtrackswith respectto thedecayvertexto
less than 10pm rms error. The multiple scatteringerroron the track is proportional
to R/Pt.JL/Lo, whereIt is theradius to thefirst detectorplane,P1 is the transverse
momentumand L/L0 is thepercentradiationlength. To meetthe requiredresolution
goals, the vertex detectorinner layer must be placedat It-’ 1.25 cm. This short
distanceis necessarybecausethe averagePr of tracks from B decayat the SSC is
less than 1 GeV/c. Furthermore,there is much incentiveto minimize the amountof
materialand the Z of the material. Beryllium is thereforea common choicefor the
support material.

The radiationdamagetolerancefor gammarays must be greater thanor equal
to l0Mrads. If luminositiesabovelO32cnr2sec1arerequiredto study smallerthan
expectedCP asymmetries,a higher radiationresistancewill be important. Theneu
tron fiwi in BCD may be less than detectorswith 4r steradianhadroncalorimetry
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coverage,but BCD has substantialiron in the magnet yokes and muon detection
system.A betterestimateof the neutronflux in BCD is needed.

An important design factor will be the hit occupancy. This may ultimately de
termine the pixel readoutsystemand the highest luminosity possiblein the vertex
detector.A sophisticatedsimulationof the silicon vertexdetectoris underwayby the
BCD groupand will contributeto designconsiderationsin thenext coupleof months.
The patternrecognitionstrengthsof a small pixel devicemust be tradedagainstthe
difficulty in manufacturingthe electronicsfor eachpixel asthe sizedecreasesbelow
bOx100 pm2.

The following is a list of mechanicalissuesthat the BCD vertexdetectorgroup
must addressin the coming monthswith simulation and tests. This overall system
mechanicaldesignspecificationis underway. We list issuesand raisequestionsthat
requireexaminationduring the performanceperiodof this proposal.

1. Thevertexdetectoris envisionedasbeingconstructedwith self-supportingmod
ules. Thesilicon detectorswould be gluedinto a polygon matrix. The modules
would thenbe mountedto an externallysupportedstructurecalled a "gutter".
It is the gutterphilosophyand alternativesthat requireexaminationas part of
the work of this proposal. Ref. FermilabTM-1616 Jostleinet al.

2. The alignmentaccuracycanbe consideredin two parts. Theinitial alignment
of detectorswith respectto eachotherand the support structurethe gutter
during and after assemblymust be specified. The long and short term drifts
dueto heatingfrom theamplifiersmustbesimulatedin orderto understandthe
limits of an acceptabletolerancespecification.It is estimatedthe x-y accuracy
must be 4pm , while the accuracyin Z may be 200pmover the lengthof
thegutter.

3. The assemblyprocedureneedsto be studied.

4. Thecooling requirementsmay feedbackinto theelectronicsdesign. An efficient
cooling system,capableof extracting2-5 kW of powerwill permit a lower noise
amplifier design. The cooling will begasand liquid.

5. The issue of operating below room temperature,e.g. zero degrees,must be
studied. This will reduceleakagecurrentsin the detector.
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6. Material from connectorsand cablesare a major sourceof scattering. Fiber
opticsshouldbestudiedasan alternativesignaltransfertechniqueevenif power
dissipationis higher.

The electronicsissuesfor BCD are similar but perhapsmore severethan those
for SDE, primarily becauseof two reasons.First, the requiredresolutionfor BCD
must be 10pm. This suggestsa pixel size of 30 x 30pm2. The subsequentarea
available for electronicsis roughly an order of magnitudeless for BCD thanSDE.
Secondly,the noise level requiredis driven by the dipped track problem,ie. small
depositionof chargefor high angleof incidencetracks.A high efficiencyfor detecting
tracks that deposit 6000 electronsis necessary.Even so, this placesa 45° track
cutoff angleof incidence.Theremainingissuesand questionsarelisted.

1. A further considerationdriving the low noise goals of the electronics, 51
electronsrins noiseperpixel, is the very largenumberof noisehits in a system
of 10" pixels.

2. The radiationdamageeffectsaresimilar for BCD and SDE, but if BCD runs
at higher luminosity, this changes.The higher luminosity running will be de
terminedby the magnitudeof the CP asymmetries.Also, the proximity of the
silicon to thebeamduring injection may give largedamage,asexperiencedwith
IJA2.

3. The BCD wishesto read out the vertexdetectorevery few microseconds,in
contrastto SDE. The readoutdesignsmay be different.

4. Theresettingphilosophyof thepixels for the two experimentsmaybedifferent.
If the resetfrequencyis too small, pixel occupancybecomesexcessive.This
may be moreseverefor SDE if the level 2 wait time is S0psec.

5. The bunchcrossingtaggingproceduremustbe defined.

6. The advantagesof driving analogversusdigital signalsneedsinvestigation.

7. Centroid finding techniquesareof great interest to BCD becausethe dipped
tracksgive up to 60 hit pixels.
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3.3 High P2 Region and Vertex Detection

For a completetracking detector, a high resolution, radiationhard detector
array is needednear the SSC beam to tag b’s and r’s and to allow lifetime
measurementsof newlong-livedparticles[1}. Suchdetectorsareneededfor track
reconstructionand accuratedE/dxmeasurementsto searchfor free quarksin
the cores of jets[2]. In addition, the detectorprovidesaccurateseparationof
trackscomingfrom different primaryinteractionverticesin a singlebeambunch
crossing.

The following are some representativephysics goals for the vertex detectorin
thecentralrapidity region:

a Taggingof secondaryverticesin the searchfor an intermediate-massHiggs
bosondecayingvia the bb or ri’ channels.Thedetectoris alsovaluablefor
reducingbackgroundsby anti-taggingin otherHiggs massregimes.

b Tagging isolatedleptonsfrom W decaysto reducebackgroundfrom QCD
jets andphotonconversionsto e+c pairs. This is needed,for example,to
study WW scatteringor heavy Higgs decayvia the channelW-+ lv +
W-. jets.

c Improvementin the signal to noiseratio in high-masstop quark searches.
Possibledecaychainsof interest are, e.g., ii -p bevbqqor ii -* evpvbb.
The b’s may be fairly soft, so thepixel trackercanhelp here.

d Accuratemeasurementsof the physics processesinvolving the copiously
produced& quarks.

3.3.1 SDE Vertex Detector

Introduction In large part the general characteristicsof the BCD vertex
detectoralso apply to the SDE vertexdetector.Ratherthan repeatthose,we
elaborateon the specific characteristicsneededfor the SDE.

A major difference is that the SDE vertexdetectormust coexistwith and be
integratedwith a much larger and very complex tracker, which we presume
hereto be a silicon-basedsystem. As such,it may be expectedthat systems
engineeringconsiderationswill play the dominant role in the ultimatephysical
configurationand generalelectronicarchitecture.
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A useful definition of a pixel detectoris that the subdivisionof detectionele
mentshasbeenincreasedto the maximumpracticalextentconsistentwith the
intrinsic spatial resolution. A consequenceof this extremesubdivision is that
the hit rate of individual pixel cells is typically a few hundredHz. This is true
evenfor rather largepixels suchas100 x 100 pm’ closeto the beamline at full
designluminosity. In turn, this low hit rate allows the pixel to be usedas its
own buffer for eitheranalogor digital information. This powerful but paradoxi
cal fact is thecentralconceptfor thesystemsarchitectureof the pixel detectors
consideredin this proposal. At the same time, this featureplacesstringent
limitations on the length of time datacanbe maintainedwithout compromise
from pileup effects; it also introducescomplexity in the relationshipsamong
deadtime,pixel reset,and circuit design.

A "smartpixel" concepthasbeendevelopedby D. ft. Nygrenand H. Spielerto
match the SDE requirements;a further elaborationof this conceptand other
issuescan be found in appendix8.2, which is a reprintof a reportgiven at the
Snowmass1988 meeting.

Vertex Detector Requirements The SDE vertexdetectoris envisagedto
provide tracking within a rangeof ± 2.5 units of rapidity, matchingthe gen
eral rangeof tracking for the detectorsystemsat larger radii. Physically, this
translatesinto an extentalongthebeainlineof about± 50cmfor a 10 cm outer
radiusfor the pixel vertexdetector.The inner radius may well be constrained
by backgroundand ratelimitations to a radius not less than4 cm.

Theminimumnumberof layersneededis generallyregardedasthree;this num
ber in principleprovidessomeconstraintsfor elementarytrack finding. As more
realisticsimulationsareperformed,addingbackgrounds,delta rays,deadtime,
andotherreal-lifeeffects,it canbeexpectedthat theminimumnumberof layers
increasesto four. Detailed and carefully executedsimulationsarean essential
part of the processleadingto a stablesystemarchitecture.

The rather long luminous region s 7 cm along the beam direction hasan
impacton pixel geometry.Particularlyin the very centralregion,a largerange
of track anglesthrougha given pixel will exist,on theorder of ±45°. Givena
standarddetectorthicknessof 250-300pm, this rangetranslatesinto a similar
"natural length" for depositedenergyin the beamdirection. Ionizationfluctu
ationswill be substantialalongthe projectedtrack length. Theconsequenceis
that a pixel cell substantiallysmallerthan200 pm will receiverelatively small
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fluctuating signals that cannotbe used to improve the resolution. From this
perspective,a pixel cell hasa similar naturallength that canbe usedfor needed
circuit functionality.

On the otherhand, resolutionsof 4-5 pm are desiredin the spatialdimensions
transverseto the beam. Experiencewith strip detectorsystemshas indicated
that this level is achievablewith widths on the order of 50 pm. For detector
sizes of this scale,diffusion and ionization processescontributeto an intrinsic
spreadingof chargethat can be usedto improveresolution using analogin
formation. Therefore,a rectangularpixel on the order of 40 x 200 pm is an
attractivepossibility.

Theorientationof thepixel arraycanbe chosento benormalto thecenterofthe
luminous region to minimize track obliquity. This leadsto anotherbeneficial
result for the distribution of the pixel arraysalong the beamdirection. For
progressivelylargervaluesof rapidity, the pixel arraysare increasinglyangled,
leadingto a kind of "Fresnelcylinder" configurationthat permitsa considerable
gap betweenone ring of arraysand its neighborswithout loss of efficiency for
all but the very lowest momenta. This significantly reducesthe numberof
arraysneededto providecoverageas comparedwith a configurationin which
the arraysarenot angled.Unfortunately,anadequatedrawingillustrating this
Fresnelconceptis not yet available.

Calculatedpowerdissipationfor eachlayerof this pixel array is on the orderof
100W. Removalof this heat with a reliable low-masstechniqueis a very seri
ous mechanicalengineeringchallenge.At the sametime, the low-masssupport
structuremust incorporatecompletepower distribution, trigger, timing, data
bus, etc. connectivity. Probablythe successfulrealizationof neededfunction
ality within the severephysicalconstraintswill be the most challengingaspect
of a completeSSCvertexdetector.

Thetriggerfor the SDEwill be a two-levelhierarchyasfar asdetectorsarecon
cerned.Level onemay occuron averageevery 100 crossingswith a synchronous
accept/rejectoccurringabout oneor two microsecondsafter the crossing.The
greaterthe delayin forming this trigger, the more silicon must be devotedto
storing pattern information. It is imperativethat this time interval be kept
to a realisticand stableminimum, and madeimmuneto gradualincreasesdue
to "improvements". Level two is expectedto provideanotherfactor of about
100 in rejection,but thelatencyis variable,perhapsevengreaterthan30 psec.
Givencurrentuncertaintiesin knowledgeof backgroundrates,thereis a danger
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that pixel information could be contaminatedfor very long level two trigger
latency. Simulationof this will be an importantpart of the informationneeded
to choosesensiblesystemarchitecturesand pixel cell designs.

If pixelscanstore information,they must alsohavethemeansto clearinforma
tion at appropriateintervals. A system-wideresetcanbe easilyenvisaged,but
this must occur more frequently thanthe level two accept,as the arrayswill
likely becometoo heavily "occupied". A system-wideresetoccurringafterlevel
oneacceptskeepingthe neededinformationwill introduceexcessivedeadtime.
It appearspossibleto selectivelyresetonly thosepixels falling out of theaccept
time window. Clearly, the resetquestionwill be an importantissue.

The issueof radiationdamagehastwo main branches,one for thedetectorsand
the other for the readoutIC’s, which havequite different aspects.

After SSP operation is underway, the leakagecurrent generatedby the de
tectors will becomehundredsof times greater than at first. Oneconcernis
stability againstbreakdown,which will benefit from a robustprocesssuchas
that developedat LBL. Anotherconcernis that thedarkcurrentwill contribute
integratedchargecomparableto or greaterthanthat of chargedparticletracks.
This indicatesthe needfor detectorswith AC coupling to the preamps.LBL
is developingthe meansto provide robusthigh resistancepolysilicon resistors
to bleed off the pixel leakagecurrent to groundand the capacitorsneededto
isolatepreampvoltageoffset. At the extremelyhigh fluencescorrespondingto
yearsof SSC operation,there is little informationabout chargecollectionand
trappingeffects. LBL, in collaborationwith others, is pursuing a systematic
radiation damageevaluationprogram. -
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4 Technical Discussion

4.1 SystemDesign Process

To determinethe feasibility of a pixel vertexdetectorfor the SSC severalbasic
questionsmust be answered:

a What are the radiation backgroundcharacteristicsin which the vertex
detectormust operateand how do thesebackgroundfields determinera
diation hardnessrequirements?

b What arethe physicalconstraintse.g. multiple coulomb scatteringand
photonconversionlimits,

...
that a vertexdetectormust match?

c What arethe spatialresolutionand track-pairrequirements?

d What arethe timing resolutionrequirementsfor tracktagging?

e What are the trigger requirementsand how do they affect systemarchi
tecture?

f What are the datareadoutrequirementsand how do they affect system
architecture?

The answersto thesequestionsareat leastpartially known; given this much,
thenthe questionsresolveto technicalissues:

a Are high speed,low power, radiationhardeneddetectorand readoutas
sembliespracticalwith currenttechnology?

b Can an efficient data collection and processingsystembe devisedwhich
canaccommodatetheseassemblies?

c Can a stablelow-massmechanicaland cooling systembebuilt?

Theproposedwork addressesthesequestionsfrom both a technicaland a cost
viewpoint.

Theproposedprogramwill consistof threemain activities: the design,simula
tion, andfabricationof a prototypedetectorand readoutarray,the simulation
anddevelopmentof a signalanddataprocessingarchitecture,anda conceptual
design for the entire system. The efforts for the pixel array developmentare
discussedin detail elsewhere,but theprototypedesignand simulationwill in
fluence and be impactedby the work donein the otherparts of the proposed

19



effort. For example,the functionsand featureswhich will be incorporatedinto
the initial prototypewill be thosewhich arenecessaryto validatetheprototype
as a proof of concept. Thesefeatureswill be determinedby a review of the
existing conceptsby the team. This task is complicatedby the diversity of
physical processesinvestigatedby the different collaborators. Theseconcepts
will be examinedto distill the essentialtechnicalfeatureswhich arecommon
to the various conceptsand which will enablea decisionto be madeasto the
feasibility of the pixel arrayvertexdetectors.

With an initial pixel array architecturedetermined,the questionof system
feasibility can be addressed.In order to perform this evaluationa candidate
systemdesign must be used. Representativequantitieswill be usedto arrive
at one or moresystemconfigurations,from which a designmay proceed.The
first step in developinga systemdesign is determininga datacollection plan.
This plan will detail how the datacollectedby the pixel arrays will be used
to accomplishthe track reconstruction. This plan will be the roadmspfor
the signal and data processingdesign. The data collection plan will address
the various trigger configurationsso that such quantitiesas datarates and
buffer sizes may be determined. In addition, the datacollection plan must
addressthe track reconstructionalgorithms. The reconstructionalgorithms
will influence such systemlevel componentsas pixel size, numberof pixels,
signal to noise ratio, and digitization accuracy. By developingsucha data
collectionplan, systemarchitecturesmaybe developedwhich takeadvantageof
signalpreprocessing,therebyreducingsubsequentdataacquisitionand storage
requirements.After thedatacollectionplan is defineda simulationmodel will
bedevelopedwhich will allow designtradeoffstudiesto be conducted.Thegoal
of suchanalysiswill be to determinetheminimal systemconfigurationnecessary
to achievethe physicsgoals.

Finally, a completesystemdesignwill be performedto assesscost and lifetime
considerations.The systemdesignwill cover mechanicalpackaging, detector
layout, cabling, cooling, shielding, and other mattersthat needto be studied
to identify technologyand cost drivers.

The first phase12 monthprogramproposedhereinis shown in Figure 2. Pro
vision is made for regular technical interchangemeetingsat 2 and 3 month
intervalswith all principalmembersof the teaminvolved in pixel detectordevel
opment.Theproposedreadoutdesignwill be thoroughlyreviewedat a concept
design review, preliminarydesignreview and final designreviewbefore initiat
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ing wafer fabrication. This review processwill assurethat the critical readout
requirementsnecessaryto demonstratetechnicalfeasibility for both the BCD
and SDE experimentsarebeingaddressed.

A numberof readoutdesignshavebeenproposedand thesewill be thoroughly
analyzedso that feasibility can be assessed:

4.2 Design,Fabrication, and Test of a PrototypePixel
Detector

The objectiveof the fabricationtask is to fabricateprototypedetectorarrays
whoseperformancecanbemeasuredand comparedagainstSSCgoals. Experi
encegainedin the prototypedevelopmentwill thenbe utilized in the develop
ment of thefull scalesystem.

Following the developmentof the conceptualdesigndescribedin the previous
section,a detaileddesignmust be produced.The detaileddesigndevelopment
comprisestwo broadareasof activity, technologyselectionand circuit develop
ment. Thereareseveraldevicetechnologycandidateswhich couldbeusedin the
developmentof a prototypearray. Silicon MOS technologyoffersvery low power
and reasonablyhigh speed.It is inherentlyhard againstneutronradiation,and
can be hardenedagainsttotal doseradiation. Bipolar technologyoffers speed
advantagesover MOS, but at the expenseof somewhathigherpower. Bipolar
devicesareextremelyhardto total dosebut suffersomedegradationin neutron
environments.Unipolar devices,suchas JFETSand MESFETS,offer further
speedenhancementswhenfabricatedin high mobility materialsuchas gallium
arsenide.Their radiationhardnessis similar to that of bipolartransistors.Fi
nally, it may be desirableto employ a BICMOS process,which is a mergerof
MOS and bipolar technologieson the samechip.

This allows the useof low powerMOS circuitry in powercritical areas,while
havingbipolar transistorsavailablefor portionsof thecircuit which requirehigh
drive capability.

The following requirementswere agreedupon for the first prototype hybrid
pixel readout. Theserequirementswere consideredgeneric to both the SDE
and BCD experiments.They areappropriatefor a first yeardemonstrationto
demonstrationto demonstratethe technicalfeasibility of pixel detectorarrays;
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a Powerfrom 100 mW per squarecentimeterto 1000 mW per squarecen
timeter.

b Readouttime of approximately1 ps per hit

c Tag time about 10 ns

d Radiationhardnessin excessof 1/2 megarad

e Noise level of 200 electronsrms

Thesespecificationsarebelievedto be a reasonableand conservativeset of first
year goals. Substantiallybetter performanceis expectedover a longer time
periodasprogressis achieved.

The completedprototypearrayswill be subjectedto a varietyof testsin order
to verify their performance.Initially, the readoutICs, are testedat the wafer
level in order to determinewhetherthe designis functioning correctlyas well
as to identify candidateparts for dicing, packagingand performancetesting.
Following wafer level testing, candidateparts will be hybridizedto detectors
and packagedfor performancetesting. The deviceswill be operatedat speed
using a pulsed laser as an excitation source. Such a setupwill enablea full
rangeof diagnosticand performancetesting to be performed.

Following the diagnostictestingand performanceverification, partswill bede
livered to the appropriateuniversityandlaboratoryresearchersfor furthertest
ing andinitial tracking experiments.

4.3 Design and Fabrication of the Control and Data
Acquisition Electronics

Electronicsto powerand clock the existing 10x64 arrayswill be built for long
durationradiationtests. Thesetestswill beperformedat UC Davis and oneor
moreof thefollowing institutions: SLAC, Los Alamos, Universityof Tennessee
at Knoxville, and HughesAircraft as describedin the Pixel Detector Tests
section. It is too costly to assignthe complex dataacquisitionsystemto this
task asit must be availablefor beamtests.

Electronicswill also be designedand built to operatethe new detectorarrays
that will be built aspart of the work describedin this proposal. The sparse
readoutschemeof the new detectorswill be quite different from the random
accessreadoutschemesusedin the existing 10x64 and 256x256arrays. Work
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on designingthiscontrol anddataacquisitionelectronicsmustproceedsimulta
neouslywith the pixel array readoutelectronics.The electronicswill be based
asmuchaspossibleon theelectronicsdesignthat is usedto operatetheexisting
detectors. The existing system matchesa set of computersand processorsto
the severaltasks. Calculationspeedand real time capability arethe most im
portantfeaturesof the processors.Custombuilt circuits using statemachines,
shift registers,andotherdigital componentswill be built if speedrequirements
makethem necessary.The software for the systemwill be written in parallel
with the hardwaredesignand fabricationwork to morefully ensurethesystem
will work and to completethe systemrapidly.

4.4 Pixel Detector Tests

The testingprogramfor pixel detectorswill involve

* laboratory tests,

* radiationtests,and

* beamtests.

We proposeto combinerelevantongoing individual genericR&D programsin
order to bring a coherentand efficient effort to bear on the problems. Beam
testsusing pixel detectorsand silicon microstripswill allow us to evaluatethe
performanceof the pixel detectorsthemselvesas well as that of a combined
systemof pixels and microstripsin an acceleratorenvironment.

4.4.1 Laboratory Tests

Testingin the laboratoryis aimedprimarily at characterizingthe performance
of thedevicesandoptimizing themfor high energyphysicsapplications.Typical
issueshere are:

* signal to noiseratio

* stability of performancecharacteristics

* spatialand time resolution

* effectivenessof readoutarchitecture.
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Continuedtestingof theexisting devicesfrom Hughes,a radiationhard 10 x 64
array with 120 pm squarepixels, and a 256 x 256 array with 30 pm square
pixels, is an essentialpreliminarystepin this effort. This will be funded in part
by the existinggenericR&D program.

The new pixel device must be testedto insure that the presenceof data is
signaledsufficiently rapidly within iOns and that datais capableof being
read out at speedsconsistentwith SSC requirements.A new dataacquisition
and control systemis requiredfor thesetests in order to run the device at
designspeed. Funding for the developmentof this systemincluding both the
hardwareand the extensivesoftwareis containedin the SSL budget.

4.4.2 Radiation DamageStudies

Radiationtestingof the devicesis necessaryto insurethat theywill be capable
of enduringthehigh neutronandchargedparticlefluenëesexpectedin theSSC
environment.The chargedparticledoserateat a radiusof 10 cm from an SSC
high luminosity intersectionpoint is estimatedto be 3x iO Gy/year.Theflux
of neutronsback-scatteredfrom the surroundingcalorimeteris estimatedto be
comparablein magnitudeandmoreseriousin termsof radiationdamage.Hence
the performanceof the the detectorsand thehybrid readoutcircuitry must be
reliably characterizedwith respectto both displacementdamageandlong term
ionization effects. Thesetests would proceedmost rapidly and efficiently if
they utilized the devicetestbeamsat the 68 MeV UCD cyclotronand proposed
radiationtestingfacilities at SLAC. Thelatterwould providea 6°Co sourceand
a 252Cf neutronsourceplus personnelfor managementof dosimetry[1]. If this
does not materialize, then an alternativesuchas Los Alaxnos may be needed
for long-termneutronexposuresandfacilities at the Universityof Tennesseeat
Knoxville UTK or Hughesfor 6°Co sourcesor X-rays.

Irradiation by neutronsand by gammarays canbe viewedasthe two extreme
tests. Irradiation by fairly ionizing protonsis usefulin that it producesamix of
ionization and displacementeffects,aswill be thecaseat the SSC.Furthermore,
recentstudiesof displacementdamageas a function of energywith a variety
of incidentparticlesindicate that in manysituations,the resultingeffects can
be accuratelyscaledfrom one energyand particletype to anotherl2]. Hencea
programof testingat the UCD cyclotron is proposed.This facility is regularly
employedfor testsof radiationdamageto semiconductordevicesby a variety
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of users. Proton energiesare availableup to 68 MeV with a maximum flux
of 2.5 x 10" protons/s. Typical doseratesin actual testsareof the order of
20 Gy/s spreaduniformly over a 40 cm2 area. Well-calibratedinstrumentation
existsfor dosimetryand monitoring the arealuniformity of the beam.Readout
and control electronicscan be placed in the radiation cavebehind shielding
blocksnearthe equipmentundertest. Remotecontrol systemscanbe located
within rangeof a 30 m cablerun. A further potentiallyuseful diagnostictool is
theproton microprobe-a4.5 MeV beam5 pm in diameterwith a flux of up to
1.3 x 1010 protons/s.Work is taking placeat presentto extendthe microprobe
energyto 40 MeV althoughwith an increaseddiameterof 30 pm. Sucha beam
couldbe usedto testspecificareason a chip for sensitivityto radiation. Various
neutronbeamsarealso available.

The existing radiationhard 10 x 64 arraywill be theprincipal subjectof these
testsduring the first yearof this program.

The funding for thesetestsis containedin thebudgetrequestsof UCD, SLAC
and OU. It shouldbe mentionedhere that if long-durationradiationtestsare
to be performed,dedicatedelectronicsto power and clock the devicesmust be
fabricated. It is too costly to assign the completedataacquisitionsystemto
this task,asit must be availablefor the beamtestsdescribedbelow.

Radiationtestingof thenewSSCdevicesresultingfrom thepresentproposalwill
follow a similar path. Additional powerandclocking circuits maybe necessary,
however.Thesetestswill be scheduledfor thesecondyearof the proposal.

4.4.3 Beam Tests

Testing of the pixel arrays in particle beamsis requiredto demonstratethe
functionalityof the readoutsystem,to studyalgorithmsrelating to the ultimate
spatialresolutionachievablewith thesedevices,to measurechargesharingand
its effects, and to study the responseto particles which strike the device at
non-normalincidence.

Testsof Existing Arrays Threeseparatetestsof the existing pixel arrays
areproposed:one at theUCD cyclotron,oneat theHyperonBeamat Fermilab
and one at the FermilabMTest Beam.
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The UCD cyclotron canbe usedfor initial chargedparticlebeamtestsof the
10 x 64 array. Responseof thedetectorwould bemeasuredin aparallelbeamof
68 MeV protons. This would also facilitate thestudy of detectorperformance
asa function of radiationdose. Thesetestscould be further refined if theloca
tion of eachtrackwere accuratelyknown asit entersthe array. OU expectsto
assembledouble-sidedmicrostrip detectorswith SVX-D readoutswhich would
be well suited to sucha test,sincethey providecorrelatedx,y positionmea
surementswith a minimumof scatteringmaterialandin a compactgeometrical
arrangement.A portabletest setupwould accessthe SVX CAMAC modules
andotherdiagnosticequipmentusinga Macintoshcomputer,aNationalInstru
mentsOPIB interfaceand a GPIB/CAMAC cratecontroller. This apparatus
with the requiredsoftwarewould be providedjointly by OU andUCD. A Sun
workstationwill be requiredat UCD to control the dataacquisitionsystemfor
the 10 x 64 pixel array itself. OU is requestingfunds in the presentproposal
for travelmoneyto conductthetests,for mechanicalsupportsand interfacePC
cardsfor the microstrip detectorsand for supportof a graduatestudentduring
thenext fiscal year.

Testsof the non- radiationhard 256 x 256 arrays as part of more sophisti
catedtrackingsystemsin beamsof minimum ionizing particleswill be doneat
Fermilab.

Thefirst of two suchstudieswill takeplacein the E781 testbeamduringMay
andJuneof 1990. Theapparatuswill occupya 350 GeV/cE beamofintensity

i0 particles/s12% byperons.Two pixel arrayswill be used, followed by
anumberof silicon strip detectors.Though this is primarily a testrun, we are
hopefulof recordinganumberof charmedcascadesandlambdas,andproducing
apublishablepieceof physics. Thefunding for this testwill comeprimarily from
genericR&D fundswhich havecometo SSL and SLAC as well as funds from
E781 sources.

Immediatelyfollowing the E781 test, we proposeto movethe 256 x 256 pixel
arraysto the Meson Lab at Fermilabwherethe BCD collaborationwill beper
forming testsof microstrip detectorsin the MTest beamduring the 1990 fixed
targetrun. Here,onecanobtain a5 cm squarebeamspotof 1-3 x 1O parti
cles perspill at energiesbetween75 and250 3eV. The OU microstrip system
will be readout with CAMAC-interfacedSRS and SDA modulescontrolledby
a VAX3100 computerworkstation. Detectorarrayswill be usedto measure
position resolutionsand noisefor a variety of detectortypes. We plan to take
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advantageof this setupto further evaluatethe performanceof the 256 x 256
array and to measurethe improvementin vertex resolutionbrought about by
the useof pixel detectors. Funding for the microstrip testshasalreadybeen
obtainedand the computerdataacquisitionsystemhasbeeninstalled. In this
proposal,we requestonly thoseadditionalfundsrequiredfor testingof thepixel
detectorsthemselves.

SystemTestof New Array As indicatedabove,thenewarray,whichwill be
designedandbuilt aspart of thework proposedhere,will be subjectedinitially
to a seriesof laboratory and radiation tests similar to those of the original
radiation-hard10 x 64 array. Following this, OU proposesto useit in a vertex
detectorsystemcombiningmicrostripandpixel devices.The goal of thesetests
is to measurethe position resolutionfor reconstructingverticeswith a detector
systemsimilar to that requiredfor an actualSSC experiment.This will allow a
direct evaluationof the capabilitiesof sucha combinedpixel/microstripsystem
in an acceleratorenvironment.

Fundsfor themicrostrip testswill be requestedin a separatesubsystemspro
posal. Timewill be requestedin theCO interactionregionat Fermilabduringthe
1992-93 colliding beamrun. OU requestsadditional funds in this proposalfor
a Sun-4 computersystemand associatedsoftwareto be stationedat Fermilab,
for mechanicalsupportsfor the pixel detectorsand for incrementaloperating
andtravel expensesinvolving the pixel testsat Fermilab.
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5 Technical ProgressSummary

5.1 UCB/SLAC/HIJGHES Generic Program

Developmentof hybrid vertexdetectorshasbeenthegoal of theteamcomprised
of Eric Arens and GarrettJerniganof the SpaceSciencesLaboratoryat UCB
SSL and StephenShapiroof SLAC for the pastthreeyears. In collaboration
with theHughesAircraft Company,we havedesignedandfabricatedtwo hybrid
pixel arrays.Thesensorportionof the hybrid arrayswerefabricatedby Micron
SemiconductorLimited.

5.1.1 DeviceSummary

The propertiesof thesetwo arraysaredescribedin Table I.

TABLE 1
Summaryof DeviceParameters

Array Dimension 10x64 256x256
Pixel Size 120 pm 30 pm
DetectorMaterial Silicon Silicon
Numberof Readoutchannels 10 2
PowerDuring "Write" Cycle 0 mW 0 mW
PowerDuring ReadCycle 10 mW 2 mW
Clock Speed 1 MHz 1 MHz
ReadoutMode RandomAccess RandomAccess
RadiationHardness 1 MR.ad ?
Noiseat Room Temperature 300 e- rms

5.1.2 Device Evaluation

To evaluatethesedevices,two separatedataacquisitionsystemsto clock and
readout thearraysweredeveloped.Theonefor the 10x64 arraywas developed
first, while the second,more sophisticatedsystemfor the 256x256 array was
completedonly recently. The10x64systemis describedin our first publication
1] while the secondis discussedbriefly in a papergivenby SteveCaalemaat the
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1989InternationalIndustrialSymposiumon theSuperCollider in New Orleans
earlier this year, and which is appendedto this proposal. Figure 1 is a block
diagramof this system. At New Orleans, the hybrid conceptwas discussed,
and its applicationto SSChighlighted. At that time we had just takensome
preliminarydatawith the 10x64 array, andit waspresented.

Testingof thesedeviceswith radioactivesourcesstartedin mid-september,1989.
This additionaldata,takenwith the10x64 array,will be briefly presentedhere.
A 1°6Rubetasourceandan 24Mm alphasourcewereusedto irradiatethedevice.
Thepixel capacitanceis 80 x 10_is F. The pixel is 120 pm square.Spectrafor
both the alphasand thebetaswereobtained.

The dataarepresentedin Figure 2. They havebeencastin a fashion which
allows, from an analysisof thesespectraonly, thecalculationof four quantities;
signal to noise, noise,size of the chargecloud,and spatialresolution.

In our geometry,particlesenterthedeviceon thecathodeof the PIN diode, the
side farthestfrom the bump bonds. Thus, muchof the chargecollectedmust
drift acrossthe entiredepletiondistanceof 300 pm. The chargecloud, spread
by scatteringof the initial radiationand by diffusion, will havea finite lateral
size. If the particlewere closer to the edgeof a pixel than to the center,one
would expectchargeto besharedby adjacentpixels. On average,we seecharge
spreadover nine pixels; a 3x3 array. If this spreadingis correlatedto the inital
positionof the particlewithin the pixel then a well definedlocus of points will
be evidentin Figure2 ratherthana randomdistribution. The axesin Figure2
representthe ratio of the chargein the center-toplabeledearly pixel and the
center-bottomlabeledlate pixel divided by the chargein the centercolumn
of the 3x3 array.

The cluster of points near the origin representeventswhich have no charge
depositionin the off-center or adjacentpixels. Therefore, the varianceof this
cluster is a measureof the fluctuation of the ratio of the signal of a typical
non-hit pixel and the total signal from the threepixels in a hit column. This
varianceis the inverseof the averagesignal to noiseratio. The signal to noise
ratio for betasdeterminedfrom this varianceof 0.029 ± 0.007 is 34 ± 8. The
averagesignal sizefor this dataset is roughly 6300 electrons.Thus, thenoise
is about 185 electronsrms. A similar calculationfor the alphadatapresented
in Figure 2 yields a varianceof 0.008 ± 0.001, a signal to noiseof 125 ± 15,
and a noise level of 287 electronsrms.

Thesenoise measurementsareconsistentwith a calculationof KTC noiseand
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dark currentnoise, which are the dominantsourcesof noise at room temper
ature. For our devicestheseare 110 electronsrms and 120 electronsrms
respectivelyyielding a combinednoiseof 165 electronsrms.

From the ratio of the numberof datapoints which lie near the axes and the
number of datapoints in the cluster near the origin, one can determinethe
averagesizeof the chargecloudproducedby an incident chargedparticle. For
betasthis sizeis 19 pm 1 o’ and for alphasthis size is 28 pm 1 o.

To determinespatial resolutiononeusesthefact that the clusterof datapoints
near the origin correspondsto eventswhich depositnearlyall of their charge
in the centralpixel. Thus, within this region,no interpolationis possible.For
thoseeventswhich arenearthe edgeof a pixel one canusethe variancenoted
earlierto estimatetheerror in thepositionwithin thepixel. For the betaswhich
strikewithin 30 pm of anedge,the centroidof the 19 pm 1 or distributioncan
be locatedto within about2 pm. A similar resultsfor alphasis 2-3 pm across
the entire 120 p pixel, dueto thelargersizeof the alphainducedchargecloud.

Thesemeasurements,though preliminary, arethe first measurementsdemon
strating good performanceof a pixel arrayat room temperature.

The majoreffort of thelastsix monthswas thecompletionofthereadoutsystem
for the256x256array. Late in September,thelast bugswere removed,andthe
256 x256 devicesin our possessioncould becharacterized.We haverun a curve
of cathodesvoltage againstchargecollected,and convincedourselvesthat we
fully depletethe detector. We also were able to measurethe dark current in
our devicefor one settingof readoutspeed48 ms to readout theentirechip.
At this speed,the dark currentwas within a factor of two of that measuredby
Micron Semiconductorfor thehigh purity siliconwaler usedin producingthese
devices. We havenot yet had the opportunity to calibratethe capacitanceof
eachpixel so in the calculationwe used that of the 10x64 device. Figure 3
shows the operationof the 256x256 PIN array. The deviceis operatedby the
generationof clockpulsesto driverow andcolumnshift registerswhich scanthe
full array. The electronicsthat control this operation is diagramedin Figure
1. The upper panelof Figure 3 is a displayof a portion of the full readout
consistingof two 128 row samples. The operationis shown for threedifferent
settingsof the detectorbias voltageand clearly indicatesthe increasein dark
current in responseto increasesin PIN bias voltage. The lower panelis an
expandedview of a 19 pixel segmentof a row. Theclock traceshowsthetime
of pixel resetwhich occursevery 2.7 ps in the exampleshown.
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5.1.3 Device Design and Simulation

Last year, in anticipationof this proposal,we proposed[2 the creationof a
prototypearrayby the HughesAircraft Co. which met someof the SSCspeci
fications. Thoughthis proposalwaspremature,its preparation,andthe design
work and simulationwhich followed haveprovideduseful ideasfor the present
effort. Figure 4 is a schematicof our proposeddesignfor a devicewhich was
to be radiation hard, responsiveto chargedparticlesin 15 ns and which had
a readoutschemewhich allowed the completeanaloginformation to be read
out in severalhundredmicroseconds.An alternativearrayarchitectureis being
studiedwhich requiresmore electronicson chip and less softwarefor readout.
Such a designcanbereadoutfasterthansimpler alternatives.A descriptionof
this designis included as an appendixand representswork in progress.A pre
liminary studyof the interactionof thesedeviceswith a digital signalprocessor
wascarriedout during the lastyear. Thestudyrevealedthat somearchitectures
would requireseveralhundredmicrosecondsfor thereadoutand calculationof
the centriod of chargeclustersinduced by particlehits. The parallel design
will operatesignificantly fasterthat the simplier serial designshownin Figure
4 sinceit presentsthe datato the digital signal processorin a form readyfor
analysis.

5.1.4 Conclusion

The UCB/SLAC/HUGHESgenericprogramhas reachedtheprimaryobjective
of fabricatinganddemonstratingtheoperationof hybrid PIN diodearrayswith
a room temperaturenoise of less than 300 electronsrms. Such devicescan
be usedfor somehigh energyphysics experimentstodayand are a significant
step towardsthe developmentof deviceswhich meet SSC requirements. We
havealso developeda prototypesystemincludingboth hardwareand software
necessaryfor the operationof thesedevices. This systemservesas guide for
thedevelopmentof a SSCcontrol systemaswell asprovidingthe capability to
evaluatedevicesboth in the laboratoryandin thefield. We havealsodeveloped
somepreliminaryconceptsfor new deviceswhich approachSSC requirements
and havecarriedout a modestprogramof simulations.More work is necessary
to properlycalibrateand characterizethesedevices.
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Figure 1: Block diagramof the control anddataacquisitionsystems

32



.3 I I I I I I I I I I I I I I I I I I I I

I cx
x

.3 - xi

F- -a -
I-.

2- x -

#4
-

4
x

- Wrx -

xx x x -
- a xx xxx 1’ x

0 ----p-

-.1 III! 11111111111111111111111

-j 0 .1 .2 .3 .4 .5
LATE/TOTAL

liii liii IIIIIIIIJI1I1l III

Al -

A- A

-- AJ

ILA
.3- -

- a. A -

Alas

IA -F- - I

‘ .2-- A A’ A

A -

A

- I A
A

£
£

AA -I - A A
A

A -
-

s4 A
A £ A -A I A A A A A

£
A £ A

A A AA AA
AA AtI4AA Ao -7rr*-.r-r

A -

- A
A

I A -
-* r -

-.1 11111 I 11111111111 IIII I I I I I II I

-j 0 .1 .2 .3 .4 .5
LATE/TOTAL

Figure2: Scatterplots of chargesharingfor a and fi particles

33



256 x 256 PIN Array

Low Response

Fair Response

Good Response

=

- __ - - - .--

- - - -- - - - -

‘F _t
Row of 128 Pixels

TIME

ExpandedView in Time

, ,

_. ,A ‘.A_A’A
A -

DetectorBias Voltage

2v

7v

22v

Correlated
Double Sample

Pixel Reset

Every 2.7 microseconds

TIME

Figure3: Oscilloscopetracesof clocksandoutputof 256x256 array

34



Figure4: Oneof the proposedreadoutarchitectures
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5.2 LBL TechnicalProgress

In this section,a very brief outlineof relevantcurrentactivities and progressis
given. Effort hasbeendirectedin five areas:

a A RobustHigh-TemperatureDetectorFabricationProcess;

b Monolithic Integrationof Circuitry and Detectors;

c Low-power low-noise Analog Circuitry Optimization;

d RadiationDamageStudiesof Detectorsand Circuitry;

e PIXSTRIP, a designstudy for a smart pixel array.

Thesetopics aredescribedin greaterdetail in Appendix8.2, a reportpresented
at the 1988 SnowmassMeeting. Referencesareincludedthere.

5.2.1 A Robust High-TemperatureDetector FabricationProcess

In this work, a backsidephosphorus-dopedpolysilicon layer hasbeenpostu
latedby S. Holland of LBL to offer excellentgetteringcharacteristicsfor heavy
metalcontaminantsthat causeexcessiveleakagecurrentsand/or early break
down behaviorin detectors.The techniquehasbeenfound to work extremely
well in practice,producingvery uniform andreproducibledeviceswith highper
formance. This gettering techniqueactually turns the high temperaturesteps
usedin conventionalIC fabrication to advantage,as the diffusive mobility of
the contaminantsis high enoughat thosetemperaturesto captureessentially
all contaminantswithin the electrically inert back layer. Strip detectorshave
beenproducedwith high yields, andexceptionalperformance.Thesearebeing
utilized in the activitiesdiscussedbelow, as well as in a relatedeffort aimed at
a silicon trackerwith optimizedpowerdissipation.

5.2.2 Monolithic Integration of Circuitry and Detectors

Building on the resultsmentionedabove, PMOS transistorshaveSbeen inte
gratedon high-resistivitysilicon with high-qualitydetectors.Thesedeviceshave
both channelstopand thresholdimplants, and comparefavorably with better
commercialtransistors. A completeCMOS processis regardedas a straight
forward extensionof this work, but effort will be neededto fully optimizethe
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P-well characteristics.A novel JFET structurehasbeenanalyzed,and would
appearto offer low-noise rad-hardperformance. All processingstepsare con
ventional,permitting commercialfoundriesto fabricatedeviceswith low risk.
This is thefirst clearexampleof a techniquethat eliminatesthe traditional in
compatibility of detectorfabricationand integratedcircuitry. A strip detector
with an integratedPMOS amplifier/MPX hasbeenfabricated.

5.2.3 Low-power Low-noise Analog Circuitry Optimization

In this task,an intimate knowledgeof devicephysics, circuit design principles,
radiationdamageeffects,and measurementsto definescalingbehaviorarecom
bined to synthesizeguidelinesand principlesfor optimizedlow-power low-noise
analog circuitry. Both CMOS and bipolar technologieshave beenincludedin
theseanalyses.Thesehaveapplicationto both pixel detectorsand strip detec
tors, and lead to novel configurationswith greatly reducedpower dissipation
relative to extensionsof currentdesign practice. The impact of thesestudies
on overall feasibility for a silicon tracker is quite substantial. For pixel cells,
designshavebeenevolvedthat areexpectedto demonstrateless than 100 elec
trons rms noise,with power dissipationsless than 10 pW perpixel. The useof
CR-lW shapingwith peakdetectionhasbeendevelopedto minimize shot noise
underconditionsof heavyradiationdamageto the detector.A pixel cell design
with optimized analogperformanceis scheduledfor implementationin silicon
this winter.

5.2.4 Radiation DamageStudies of Detectorsand Circuitry

In collaborationwith UCSC and Los Alamos, a set of exposureshasbeenmade
under conditions that will allow the determinationof damageconstantsfor
differing resistivity, crystal orientation,and processsteps. The exposurescor
respondroughly to one week and one yearof SSC operation.The preliminary
resultsdo not supportthe prevailingmythology that thedamageconstantsde
pend sensitivelyon the resistivity. Other aspectsof this work are systematic
noisemeasurementsof commercialradhardMOSFETs,an areaof great inter
est and little systematicinformation. A theoreticalanalysisof the relationship
betweendetectorsize areaand thickness,signal/noiseratio, electronicinte
gration time, damageconstantand fluencehasbeenmade,which permits the
straightforwardevaluationof systemperformance.
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5.2.5 PIXSTRIP, a designstudy for a smart pixel array

This device is a linear 128 channelarray implementedin silicon to test some
of the logic and sparsedatareadoutfeaturesof the smartpixel arrayconcept.
The sparsedatafeatureefficiently scanslarge addressfields to find true hits
belonging to the time-slice of interest. A major result of this study is that
the sparsedatascanproceedsto find a column or row with hit data at an
extraordinaryscan speedof 660 MHz. On average,a column with a valid hit is
found in about 100 nanoseconds.In a two-dimensionalversion,logic is included
for theinterrogationof row elementsto identify only true hits. Ambiguitiesare
thus suppressedat the chip level. This built-in logic is capableof expressing
the two-dimensionaladdressof a hit pixel in about two hundrednanoseconds.
Much of the circuit designconceptis an evolution of the successfulLBL SVX
silicon strip readoutIC.
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6 Statement of Work and Budget Summary

The following statementsof work and budgetsfor the various teamactivities
areproposed.

6.1 Hughes Aircraft Company

a HughesAircraft Companybudgetrequest-$487K

b Perform systemlevel architectureand design studiesfor pixel detector
systems,for vertextrackingfor both SDE and BCD pixel experiments;

c Performa preliminarycost analysisof the proposedpixel detectorsystems;

d Design fab and test pixel array addressingthe critical requirementsfor
technicalfeasibility.

e Personnel

i. Seeresumesin appendix8.1.4

6.2 Lawrence Berkeley Laboratory

a LawrenceBerkeleyLaboratory budgetrequest- $280K

b Providedesignsupport and systemanalysisto HughesAircraft Company
including a review of proposeddesigns;

c Continuedevelopmentwork on LBL detectorprocessto provideappropri
atepixel detectorarraysfor HughesAircraft Company;

d Perform analysisof radiation damagestudieson detectors,circuitry, and
hybrid arrayswith othercollaborationmembers.

e Personnel

i. SteveHollandwill devote40% of his time to thetaskof detectordevel
opmentandfabrication,usingthenew LBL high temperaturedetector
process. Thesedetectorswill be matchedto the pixel cell geometry,
to bedefinedand will incorporateAC coupling usingbuilt-in capac
itors and polysiliconresistors.As a variety of detectorgeometriesare
needed,this effort level representsa minimum.
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ii. David Nygren will devote80% of his time to physics direction and
coordinationof this entire proposedactivity. His salary is supported
by the LBL HE? budget.

iii. Helmuth Spielerwill devote40%of his time to thetasksof pixel array
architecturedevelopment,circuit and systemanalysis for prototype
smart pixels, and detectorprocessdevelopment.Theseactivities will
have a closerelationshipto the effort describedin a SSC major sub
systemsproposalfor a silicon tracking system,which will requirea
50% effort. Theremaining10% is devotedto a genericR&D program
emphasizingradiationdamagestudies.

iv. Michael Wright will devote40% of his time to the task of CMOS
pixel cell circuit designand analysis,underthe guidanceof Helmuth
Spieler. Pixel cell designswill be laid out, and prototypesfabricated
and tested.Thesedesignswill supportthe effort undertakenat HAC,
and are also intendedto providean avenueto understandalternate
conceptperformance. Another 50% of his time will be dedicatedto
the work for a silicon trackingsystem.The remaining10% is allocated
to a varietyof CMOS designprojects.

6.3 UC Berkeley - Space SciencesLaboratory

a UC Berkeley - SSL budgetrequest- $211 K
b Continuetestingof the currentpixel arraysthat havebeenprepared;

c Statemachineor digital signalprocessordesign;

d Assist in detectorreadoutdesign

e Testsystemdevelopment.

f Personnel

i. John Arens will devote50% of his time to helping designa readout
architectureand testing detectors,mainly in the SSL lab. He will
participatein designingtheelectronicsfor operatingthedetectorsthat
will be designedand built aspartof this proposal.He will coordinate
activitiesbetweenthephysicsgroupsand Hughes.

ii. GarrettJerniganwill devote50%of his timeto helpingdesignthe data
acquisitionanddatastoragesystemand to designingandbuilding the
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electronicsfor operatingthe detectorsthat will be designedand built
as part of this proposal. The designwork for the electronicscannot
begin until the architectureof the readoutchip is completed.

6.4 Stanford Linear Accelerator Center

a Stanford Linear Acceleratorbudgetrequest- $61K

b Performlaboratory,radiation,andbeamtestswith thecurrentpixel arrays
andthosebeingdeveloped;

c Perform mechanicaland cooling studiesof proposedvertex detectorsys
tems.

d Assist in detectorreadoutandpixel architecturedesign

e Personnel

i. SteveShapirowill devote 100% of his time to testing detectorsand
investigatingmechanicaland cooling systems. The testing will be
performedin two or threeareas:

A. Testing the 10x64 and 256x256 pixel arrays that were recently
producedby HughesAircraft and Micron Semiconductorat SSL,
at accelerators,and in high radiationflux facilities.

B. Using the 256x256 array in the testsetupof Jim Russ’ E781 ex
perimentat Fermilab. This work will be fundedby Russ.

C. Testingthedetectorarrays that will be designedand built aspart
of the work of this proposal.

6.5 University of Oklahoma, Yale University, and Uni
versity of Iowa

a Budgetrequest- $85K

b RadiationDamageStudies;

c Beamtestsat Fermilab;

d Preparationfor BeamTestsof a Vertex DetectorSubsystem.

e Personnel -
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1. Phil Gutierrezwill devote33% of his researchtime to testingstrip and
pixel detectors. He will test both the existing 10x64 and 256x256
arrayssadalso the detectorarraysthat will be designedand built as
part of the work describedin this proposal. Hewill haveno teaching
responsibilitiesin the spring of 1990.

ii. Pat Skubic will devote33% of his researchtime to testing strip an
pixel detectors. He will test both the existing 10x64 and 256x256
arraysand also the detectorarraysthat will bedesignedandbuilt as
part of thework describedin this proposal. Hewill haveno teaching
responsibilitiesin the spring of 1990. He will coordinateactivities at
Oak Ridgeif radiationsourcesthereareused.He will alsohandlethe
travel accountsfor the University of Pennsylvania,Princeton,Yale,
and the University of Iowa if the SSC choosesto consolidatesmall
financial grants.

iii. Paul Karchin will devote5% of his time to reviewingdesignsand test
results.

iv. Ed MeClimentwill devote10% of his time to partkipation in beam
testingat FNAL.

6.6 UC Davis and Iowa State University
a Budget request- $66K

b Physicssimulationsof systemperformancein SSC environment;

c Proton beamtestingof pixel detectorarrays.

d Personnel -

1. David Pellett UC Davis will devote20% of his researcheffort to
testing the existing lOx 64 array and the arraysthat will be designed
and built aspart of the work proposedhere. He will coordinatetests
at the U.C. Davis68 MeV cyclotron.
Altogether, half of Pellett’s researcheffort will be devotedto SSC
studies under the existing UC Davis generic R&D program plus a
majorsubsystemsproposalon silicon tracking,if thelatter is approved.
in addition to pixel devicetesting, this programincludessimulation
and design studiesof a pixel vertex detectorfor the central rapidity
region. Theseefforts, which involve additional personnel,complement
thework of the presentproposal.
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ii. John HauptmanIowa StateUniversity will devote25% of his time
to detectorsimulationsand will participatein detectortests. Funding
is requestedfor travel only.

6.7 University of Pennsylvania, Princeton University

a No funding requested;

b Providedesignanalysisand simulationfor BCD experiment.

c Personnel

i. Nigel Lockyer will devote40% of his researchtime to the designand
simulation of the BCD detector. About 1/3 of this time is usedfor
studyingmechanicalandelectricalissuesrelatedto thevertexdetector.
He will install the pixel geometryand gutter support structureinto
the Geant simulationprogram. He will provide Monte Carlo event
analysesto Hughesin order to study readout schemes. Raw data
ratesper tile and clustersof tiles will be provided. He will simulate
alignment effects on B reconstructionefficienciesand on background
rejection. He will ensuregood communicationbetweenthis project
and the BCD dataacquisitionsystembeing designedby Ed Barsotti
of Fermilab.
Nigel Lockyerassumesthecomputingresourcesof this project will be
providedby theFarmproposalof Lockyer,McDonald,et al submitteed
to the SSC laboratory. The overlapin the softwaredevelopmentfor
thepixel projectandtheFarmstudiesarenearly100%. Fundsfor this
work are requestedin theFarm proposal.

ii. Kirk McDonald will devote10% of his time to simulatingeventsand
reviewingdesignsand test results.

Total Cost: *1190K
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7 Budgets and Schedules

The budgetsfor the proposedwork are given below for each institution. A
schedulefor afive yearprogramto producea completeprototypevertexdetector
for theSSCis givenin Figure 1. Theschedulefor thework proposedherecovers
oneyearand is shownin Figure 2.

Hughes Aircraft Company Budget Summary

Total Material $ 23,600

Direct Labor Elements-Hours

Membertechnicalstaff 1,234
Associateengineer 156
Researchassistant 48
Seniormemberof technicalstaff 1,776
Senior technicalengineer 98
Total Direct Labor hours: 3,310

Other Direct Costs-Dollars

Waler processing $ 60,708
Dataprocessing 3,000
Travel 6,954
Total Other $ 70,662

Total EstimatedCost: $ 425,870

Total Costof Money: $18,414
Total EstimatedCost Plus COM: 444,284
Feeor Profit: 42,601

TOTAL PRICE: $ 486,885
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Lawrence Berkeley Laboratory Budget Summary

Scientific/EngineeringPersonnel$ 150,000/FTE:

Helmuth Spieler 0.4 FTE
SteveHolland 0.4 FTE
Michael Wright 0.4 FTE
Total 1.2 FTE $ 180,000

TechnicalPersonnel$ 100,000/FTE:

Distributedeffort 0.5 FTE $ 50,000

Equipment: nonerequested

Suppliesand Expenses:

MOSIS submissions $ 15,000
Travel 12,000
Shops 6,000
Supplies 6,000
Noncapitalequipment 11,000
Total Suppliesand Expenses: $ 50,000

Total Support Request: . $ 280,000
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University of California-Space SciencesLaboratory
Budget Summary

Labor

Arens 25% $ 22,000
Jernigan 25% 16,000
Engineer 50% 30,000
Technical 25% 12,000
Programmer 50% 22,000
Total Labor $101,000

Travel 10,000

CapitalEquipment 18,000

Overhead 57,000

Total Support Request: $ 211,000

SLAC Budget Summary

Material

Mountinghardwarefor 256 x 256 device $1,850
Powersuppliesand clock driversfor radiationtests 3,000

Labor
hours

Mount for 256 x 256 device 160 $ 4,000
Powersuppliesanddock drivers 125 3,000
Softwaresupport-simulationof mounting, cooling 500 15,000
Softwaredevelopment 250 7,500

Travel 8,000

Overhead 18,150

Total Support Request: $ 60,500
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UC Davis Budget Summary

StudentLabor $10,000

Equipment-SUNworkstationetc. for radiation tests 15,000

Supplies 2,000

Beamtime for radiationdamagestudies 10,000

Travel including budgetfor J. Hauptman 14,000

Overhead 15,000

Total Support Request: $ 66,000
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SSC- LONG RANGE PIXEL DETECTORDEVELOPMENTPLAN
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Figure 1. SSClong rangepixel detectordevelopmentplan.



University of Oklahoma Budget Summary

Material

Mechanicalsupportsand cables $ 6,000

Mechanicalsupports,interfacecards,cables 3,000

Irradiationchargesand instrumentation 5,000
pixel testsat UTK or Hughes

Pixel detectormechanicalsupportsandcables 13,000
"CO" tests

Labor

GraduateResearchAssistant,1/2 year 12,000

Capitalequipment

SUN-4 coliaputerand support hardware 18,000

Travel 7,400

Overhead 5,044

Total Support Request: $ 69,444

University of Iowa Budget Summary

Travel 7,500

Total Support Request: $ 7,500

Yale University Budget Summary

Travel 7,500

Total Support Request: $ 7,500
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Themilestoneschedulefor theHugheseffort is shownin Figure2. Regularmeetingswill be
heldat2 and3 monthintervalsamongall teammembersto ensureaccurateandup todatecommu
nicationandtechniCalinterchange.A ConceptDesignReview,Preliminary DesignReview,and
Final DesignReviewwill be heldto ensurethat thereadoutdesignwill satisfytheappropriatesys
tem requirements.

SSC PROGRAM - PIXEL DEVELOPMENT - HUGHES AIRCRAFT COMPANY

SCHEDULE
MONThS

o i a jj
K

GROUP MEETINGS

SYSTEM CONCEPT
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SYSTEM
REQUIREMENTS
FLOWOOWN/ANALYSIS

CONCEPT DESIGN
REVIEW

PREUMINARY DESIGN’
LAYOUT

PREUMINARY DESIGN
REVIEW

FINAL DESIGN

FINAL DESIGN REVIEW

WAFER FABRICATION

DETECTOR
ASSEMBLY/TEST

DEU VERY OF HYBRID
ARRAYS’

FINAL REPORT

CKOFF

>
a

0

0

0 0 0
-----A

V

0 I

INI FROM TEAM COLLABORATORS

* MN OF SIX HYBRID ARRAYS DEUVERED TO TEAM COLLABORATORS

A

Figure 2. HugheS Pixel Vertex Detector SystemDevelopment for SCC program-Miestoneschedule.



8 Appendices

8.1 HUGHESAIRCRAFT COMPANY CAPABILITIES

The electronic readoutand hybrid technology,which are critical to the devel
opmentof hybrid pixel detectorarraysfor the SSC,exist at Hughesasa result
of the work in long wave infrared LWIR sensortechnology. The SSC sim
ilarly requiressensitive,radiation hardened,high speedpixel detectorarrays.
Readoutarraysand their hybridizationhave alreadybeenmadeavailable to
SLAC and UCB on an existing SSCdetectordevelopmentproject "Silicon Pin
Diode Hybrid Arrays for ChargedParticleDetection: Building Blocks for Ver
tex Detectorsat theSSC." 0. Krameret al., presentedat the 1989 International
IndustrialSymposiumon theSuperCollider, New Orleans,LA, February8-10,
1989.

Someof the key technologyrequirementsfor the SSC detectorare:

a Thin substratedetectorsto minimizemultiple scatteringeffects;

b High speedoperation to matchbeamcrossingand particlerates;

c Radiationhardness.

Ourcapabilityto "thin" detectorchipsis demonstratedin Figure 1, which shows
detectorchips thinned to 50 m and hybridized to a readoutchip. Likewise,
readoutchips can be thinned.

Hughestechnologycan meet the high speedoperationneedsfor the SSC as
shown by the performanceof shift registers. The latest Hugheshigh speed
silicon integratedcircuit was recently tested. It uses the lowest risk silicon
on sapphireSOS processFigure 2 technologyat Hughes. The chip is a
digital fully pipelined 6x6 bit multiplier that operatesat speedsgreaterthan
132 MHz. The chip has8340 metaloxide semiconductorfield effect transistors
MOSFETs, and the latest lot has an 85 percentoperationalyield. Using
this exacttechnology,onecouldexpecta digital shift registercircuit to operate
at speedsbetween300 and 500 MHz. The circuit uses 1.5 pm gatesand 5-V
supplies. Figure 3 shows the scopephotos of the chip operation. The clock
is running the chip at 125 MHz, and the chip responseis at 100 MHz. From
the photo, it is clear that, if the clock rate could be increased,the chip could
respondat 250 MHz. TheSOS technologyis radiationhard to greaterthan 1
MradSi of total dose.
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Figure 1: Thinnedchip technology. Top chip on hybrid array is thinnedto 50 pm.
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In thepast4 years,morethan$50M of contractfundsfor hybrid detectorarray
technologyhas beenreceived by Hughes. The experiencegainedfrom these
efforts, in addition to companyfunded IR.&D, will ensurethe successof the
proposedSSC detectordevelopmentprogram.

Hughesis a leader in the developmentof LWIR sensortechnologyfor the De
partmentof Defense,havingcompiledmore than95 percentof all LWIR space
backgroundflight dataand performedmore that 70 percentof all successful
targetmeasurementflights using Companysensors.In 1964, Hughesdeveloped
thefar infraredsearchtracksensor,the first LWIR sensorto be twice flown suc
cessfullyin space1967, followed in 1970 by the first ballistic missile defense
fly along infrared FAIR I sensors. Thesesensorssuccessfullygatheredthe
first comprehensiveLWIR radiometricmeasurementsof ballistic missile targets
in flight. Hughesprovidedthe first mosaicsurveillancefocal planeto be flight
tested,HICAMP I in 1978, and the largestmosaicsurveillanceinfrared focal
planechip to be flight tested,HICAMP 11 in 1983.

The HI-STAR sensor,designedand developedby Hughesin 1971, completed
11 flights on Aerobeesoundingrockets,gatheringtheLWIR stellar background
datathat todayremainsthedefinitivecomprehensivedatareferencebasein this
country. The HughesCelestialMapping Programsaw thefirst orbital flight of
an LWIR sensorcooledby a closed cycle refrigerator;manyorbits and many
stellar backgroundmapswere completed. The P11 sensor,developedin 1971,
wassuccessfullyoperatedin the field from 1974 through 1978 to obtain LWIR
signaturemeasurementsfrom an airborneplatform.

The Hughesdesignatingoptical trackersensors,with five successfulflights to
date,provide the basic instrumentsfor the only continuinglow background
LWIR exoatmospherictarget radiometric signaturemeasurementprogramin
existence.TheHughesminiaturevehiclesensoris thefirst plannedoperational
LWIR sensor,and the spaceinfraredexperimentrepresentsthe only advanced
satellite-basedLWIR measurementsensorcooled by a closedcycle refrigerator.
The Airborne Optical Adjunct AOA sensorprogram, which hasdeveloped
the most advancedlit sensorever built, is in final test. Delivery to system
integrationwascompletedin July 1988.

Each year Hughesinvests heavily in independentresearchand development
IR&D programsand is strongly committedto advancementsin the field of
sensortechnology. Special emphasisis given to spacerelatedfocal planede
velopment,including detectors,readouts,and signalprocessing.Much of this
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Figure 2: Sos6x6 bit multiplier, composedof 8340 MOSFETs,operatesat 132 MHz.
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IRScD will directly benefit SSCprograms.

8.1.1 MOSAIC ARRAY DEVELOPMENT

The mosaicinfraredsensortechnologyMIST and forward acquisitionsensor
FAS optical sensorprogramsrequiredintensiveefforts to develophigh density
mosaicfocal planearrays. Hugheshasled in thedevelopmentof state-of-the-art
technologiesnecessaryto support major improvementsrequiredin next gener
ation infrared sensorperformance;the monolithic focal planearray MFPA
was demonstratedin 1973, the first monolithic extrinsicsilicon infraredsensi
tive chip in 1974, and the first incorporationand flight of a many thousand
elementMFPA in 1976. Theseadvanceshavepacedthe industry. The De
fenseAdvancedResearchProjectsAgency ChargeCoupledDevice program,
the Mini-HALO program,the Air Force’s Forward Looking Infrared Technol
ogy Developmentprogram,andthe Army’s TaákBreakermissileseekerall use
Hughesmosaictechnology. The USAF spacebasedsurveillancesystemdetec
tor technologyprogramand the Ballistic Missile DefenseAdvancedTechnology
Center’sMIST and FAS programshaveled to the designevolutionof the high
performancesourcefollower perdetectorSFD concept,which is thekey to the
low noise integrationand readoutof the tensof thousandsof low noise, back
ground limited detectorsrequiredfor spacesurveillanceand tracking system
development.

The AOA programdevelopedand manufactureda focal planewith 15 mod
ules, eachconsistingof 2,560 Si:Gadetectorelementsand devicesthat measure
contaminationlevel and sensoroptical image quality. In addition, the Sensor
ExperimentalEvaluationand ReviewSEER programhassuccessfullydemon
stratedthe feasibility of producinghardenedsensorchip assemblySCA hy
brids with LWIR Si:As detectorarraysand SFD multiplexer readouts. The
PrecursorAbove the Horizon SensorPATHS programhasnot only demon
stratedreproducibility by fabricatingSi:As impurity band conductionhybrids
with high yield but hasalsodevelopedhigh performancesiliconcapacitivefeed
back transimpedanceamplifier andgermaniumSFD multiplexerreadouts.This
programis also establishinga documentedpre-pilot processcapability for IBC
detectorsand silicon readouts.The experienceandcapabilityestablishedfrom
the SEER and PATHS programswill be directly applicableto the technology
developmentof the SSCDetectorSystem.
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In addition, developmentefforts on GaAs integratedcircuits for both digital
and radiationhardenedanalogreadoutcircuits arebeingpursuedat Hughes.

8.1.2 ORGANIZATIONAL RESOURCES

Hugheshasthe organizationaldepth and commitmentto successfullyconduct
thePixel VertexDetectorSystemDevelopmentfor SSCprogram.Thecorporate
structureof Hughesis shown in Figure 4. Managementof the Companyis
vestedin M.R. Currie, Chairmanand ChiefExecutiveOfficer, andD. H. White,
Presidentand Chief OperatingOfficer. TheElectro-OpticalandDataSystems
Group EDSG, which employsover 10,000 personnel,is responsiblefor the
overallmanagementofresearch,development,test,manufacture,andevaluation
of tactical, laser,and spaceelectro-opticalsystems. EDSG, headedby R. D.
Brandes,Senior Vice Presidentand Group President,will be responsiblefor
the overallmanagementand coordinationof the Pixel Vertex DetectorSystem
Developmentfor SCCprogram.

The HughesMicroelectronicsCenterHMC hasextensiveexperiencein ad
vancedsilicon detectorsand on-focal-planesignalprocessingelectronics.Thus,
it can developand manufactureadvancedhybrid arrays to meet SSC system
requirements.Hugheshas developedand demonstratedthe advancedanalog
radiationhard CMOS processfor readouts.

The HughesResearchLaboratoriesHR.L directly support the fundamental
technologyrefinementand processoptimization with their extensiveanalysis
andmensurationcapabilities.

Hughesis strongly committedto thedesignanddevelopmentof superconducting
supercolliderdetectorsystems. A highly skilled teamhasalreadybeenformed
asthe nucleusof the proposedprogramand is organizedasshown in Figure 5.
Hughesis fully committedto providing the personneland facility resourcesto
ensurethe successof this program.

8.1.3 FACILITIES

Electro-Optical and Data Systems Group Complete facilities for the
Pixel Vertex DetectorSystemDevelopmentfor SSC programareavailableat
EDSG’smodernengineeringandmanufacturingfacility. This 1,750,000-square-
foot facility, locatedin El Segundo,CA, is specifically designedand equipped
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to facilitateall aspectsof electro-opticalproductionand technologicaldevelop
ment.

56



HUGHESAIRCRAFT COMPANY

ioec -

.MRaJat *Nt.*TN
0" ,Amsn. It Tts
P J SCiaTZ $ C
FASMTH *DIlWIAtj

S

-a In__v I -_ It I
I *11MA1 I

-=_I L..J i=i Lt=iI s-wC-

--a
ON wrnU

- 00I

AM mt
Ia- -
4.n *11 1tM J10

Jrato IWIICS 1*00*11* WOW-fl A
v.a

--a-
- ...t.’r....

‘it
via

S - Pl.4*A. It
t ii - a 0IMI

- It_

I

C,’
-1

=- .a --
I £PiC’ I *NmOfl I 000Mt

__________

L 1 - I PAO

I

ua.w3t?a..p.s... a
* * SO. IM OMC’* SUON

"I. Pnd- P44t0.U
41.0I0".- - p...S

N0401
* ** P40.1* I S -
l tWfla

._ - -

Inn vasle.’
flhI

At A0014Ia
WI -

-r
a in n.ss

At IiSM
in

- pM_t.,= ow.

*3

A P

- .0*
-

In.-- IS a

Figure4 Hughes corporateorganization.



Integratedtesting laboratories,computer and processingfacilities, and engi
neeringpersonneloffices are available to support hybrid array development.
Facilities and equipmentare available to measureand evaluateall the criti
calperformanceparametersof integrateddetectorassemblies.Cobalt radiation
testequipmentfor radiationhardnessverification is also available. Someof the
key facilities andequipmentarelocatedin theSpaceand StrategicEngineering
Division’s IntegratedFocal PlaneArray IFPA Laboratory. This laboratory
includesa dedicatedcomputer-aidedfacility for testingandevaluatingthe per
formanceof detectors,readouts,and signal processingelectronics. It has four
permanent,fully equippedtestconsoles.Flying spot infraredscannersmeasure
detector/readoutinfraredperformanceovera wide rangeof dwell timesandsig
nal and backgroundphoton fluxes in thesensorsystemsbeingsimulated.This
facility hasbeenfurtherenhancedby the additionof a computerandlaboratory
interfacesystemthat canbe connectedto the test instrumentationto log data
and control testsequence.

Hughes Microelectronics Center HMC, with a staff of approximately
600 people,is locatedin a 150,000square-footfacility in Carlsbad,CA. Various
semiconductordevicesare producedhere, including silicon infrared detector
arrays,advancedreadouts,SOS/CMOS,germanium,andbipolar CMOS mixed
technologychips. Facilities exist to design, process,test, and packagevery
complexanalogand digital integratedcircuits. The programssupportedrange
from low volumeprototypepartsfor systemsin theearly stagesof development
to parts fabricatedaccordingto appropriatemilitary standardproceduresfor
space/flightprograms. The facility containsthe VHSIC 1 pilot line.

HMC deliversapproximately4000 parts per year for developmentand ffight
programs. In the digital SOS/CMOS area, the following programsare rep
resentativeof this capability: the Miniature Vehicle Sensor,Thornton Secure
Communication,MILSTAR signalprocessing,M-1 Abramstank, forwardlook
ing infrared multiplexers,USASDC VLSI radiation hardening,and very high
speedintegratedcircuits. For theanalogcommandand control electronicsand
silicon focal planearrays FPAs, successfultechnologydemonstrationshave
beenachievedin theAdvancedAnti- tankWeaponSystem-Medium,FiberOptic
GuidedMissile, High EndoatmosphericDefenseInterceptor,Highly Calibrated
Airborne Measurementsprogrammodule usingdopedsilicon areaarrays,Th
dent programusing a visible imaging array, and a variety of other programs
suchas AdvancedSensorDemonstration,FAS Joint ServicesSeeker,PATHS,
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and AOA. Theseefforts demonstratea unique ability to designand fabricate
state-of-the-arthardware.

Processing:The HMC processinglaboratory is responsiblefor the fabrication
of prototype linear integratedcircuit devices,as well as the developmentof
state-of-the-artprocessingtechnologyin support of Hughes’ numerousMFPA
programs.High quality workmanshipand stringentprocesscontrol areempha
sized.The 12 furnacetubesareassignedto oxidationboth dry andpyrogenic,
diffusion drives,and low pressurechemicalvapor depositionof silox and poly
silicon. The implementationof Bruce microprocessorcontrol to the furnaces
hasgreatly extendedthe rangeof processesandthe degreeof processcontrol.
The use of Canon 2X and 4X projection alignersenableshigh quality pho
tolithographyfor dimensionsdown to 1.0 m. Two Varian sputteringsystems
are operational;one hasthreeS-gun targetstwo dc and one if for develop
mental work; the other, with two dc S-guns, is usedfor standardpure Al
depositions.Additionalcapabilitiesincludea two-chamberAMT 1200 epitaxial
reactorand an ion implanter.

FPA Assembly:Facilities include an evaporationsystemdedicatedto the de
position of indium for point interconnectbondingPIE. The indium PIE ap
proachis usedfor bothdevice-to-substrateor multilayerelectricalinterconnect
substratesbonding, and for bondingtogetherhybridsof detectorchipsdirectly
mountedon readoutchips. A flip-chip bonding tool was specifically designed
and built to accommodatePIE. Using infrared optics and precisionmechani
cal controls, deviceswith 100,000interconnectscanbe madewith uniformity,
excellentalignmentand planarity,and high yields. State-of-the-artphotolitho-.
graphicand evaporativeprocessesenablethe precisiondefinitions of a variety
of materialsfor conductionon any requiredsubstratesurface.An inverseoptics
FPA alignmenttool wasdevelopedandbuilt at HMC for theprecisionmounting
and alignmentof the FPA devicesto a substrate.

Hybrid Array Testing: More than 90 engineersand technicianssupport the
FPA test department,including engineering,production testing, and custom
testequipmentandsoftwarefabrication. Six generalpurposeFPA teststations
are capableof FPA cryogenic/opticalmeasurements.Eachsystemhasa real
time dataacquisitionand displaycapableof acquiringdataup to 10 MHz with
12-bit resolution and displayingcorrectedFPA imagesup to 1024x1024arrays
at a 30-Hz rate. All testsystemsare computercontrolledwith programmable
bias supplies,pulse generators,word generators,dataacquisitionand display,
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dewar temperaturecontrol,blackbodyand modulator,and X-Y table for focus
spot measurements.Onewaferparametrictestsystem,four portablesemicon
ductor parameteranalyzers,and two detectortest stationsare available for
measuringindividual components.All testsystemshavea low currentl0 pA
capability. Softwarepackagesareavailable to extractparametersand support
the developmentof new models.

Threeradiation sourcesare used to characterizeFPA devices. An ARACOR
x-ray sourceproducesvariable radiation doseratesfrom 2 to 200,000rad/min
in silicon overa 0.3 to 0.9 cm2area.X-ray energyis variablefrom 10 to 60 KeV.
The unit is equippedwith a wafer prober,packagepart holder,and custom68-
pin liquid nitrogendewar. A SO-milliCurie cobalt60 sourceis usedto measure
transienteffectsup to 108 photon/cm2-sec,and a 2400-Curiecobalt60sourceis
usedto measuretotal doseeffectsup to 2x105 radsSi/hour.Eachsourcehas
a custom68-pin liquid helium dewarwithin the radiationchamber.

Threeanalogteststationsareavailableto test radiation hardanalog-to-digital
converters,digital-to-analogconverters,and variable gain amplifiers that are
part of the FPA pre- and postprocessingelectronics.All theteststationshave
12-bit resolutionon all input biassupples,pulsedriven,andfunctiongenerators.
The dataacquisitionusesa logic analyzer16 channel,8K memoryora digitizer
10 bits at 30 MHz, 4K memory.

In addition,20 dedicatedteststationssupportmajorprograms,and six detector
teststationsmeasurespectralresponsefrom 2 to 18 mm, pulseresponsivity,and
spectralnoise.

Readoutwafer testing includesoperability,outputgain andoffset over theout
put amplifieroperatingrange,input sourcefollower input gain andlinearity,and
powerdissipation.Each test is automaticallygraded,and a waler summaryis
printed with yield statistics.

The SCA teststationoptically teststhe SCA a detectorarray indium bonded
to an amplifier/multiplexerarray. After the detectorbias is optimized, the
SCA is testedfor pulse response,noise, noiseequivalentpower, and linearity
over the systemsoperatingbackgroundand signal levels. A crosstalktest is
performedby focusinga spot onto a singledetectormeasuringtheresponsein
the surroundingdetectors.
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Hughes ResearchLaboratories HRL leadsin fundamentalresearchand
development.With over 500 personnel,this facility is one of the world’s most
advancedlaboratoriesdedicatedto basicresearchandearly technologydevel
opment. This facility has producedliterally thousandsof technology break
throughswhich haveresultedin thegiant stridesnecessaryto convertconcepts
into operationalsystems. HRL is a pioneerin the materials,evaluationtech
niques, detectordesign, and processdevelopmentfor focal plane technology.
They havebeenand currentlyare directly involved in the rapid advancement
of bulk silicon, blockedimpurity band silicon, mercurycadmiumtelluride,and
numerousother infrared detectors.In addition,radiationhardenedGaAs elec
tronic circuits arebeingdeveloped.

8.1.4 KEY PERSONNEL RESUMES

GORDON KRAMER, Manager,TechnicalStaff, EDSG. ESME, The Cooper
Union, 1959; MS EngineeringScience,California Institute of Technology,
1960. Mr. Kramer rejoined Hughesin 1985 and is coordinating technology
programsbetweenEDSG and HMC. He has an extensivebackgroundin the
researchand developmentof solid stateand thin film electronics,radiationde
tectors,andelectro-opticdevices.Mr. Kramerspent8 yearsat Aerojet Electro
SystemsCompanyin the developmentof integratedfocal plane arrays. Hewas
previouslyemployedat HRL. Mr. Kramer was the associateprogrammanager
in the PATHS/SEERProgramsOffice. He is currently the programmanager
on theSDIO sponsoredprogram,HYWAYS Hybrids With AdvancedYearsfor
Surveillance.

K.C. REYZER, Head, StrategicEngineeringDevelopment,HMC. ES En
gineering Science,PurdueUniversity; MS EngineeringScience, California
Instituteof Technology;PhD Electrical Engineering,UCLA. Dr. Reyzerhas
worked with electro-opticaldevicesfor the generation,detection,and postde
tection processingof both visible and IR radiation. His experienceincludes
engineeringand technicalmanagementfor research,development,engineering
prototype, and flight hardwareprograms. His organizationis responsiblefor
readouts,detectorarray hybrids, and FPM developmentfor strategicapplica
tions.

FRANK L. AUGUSTINE, Senior Staff Engineer,HMC. ES, MS, and PhD
Electrical Engineering, Purdue University. Dr. Augustinehas beenwith
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Hughessince 1984. During that time, he has beeninvolved in bulk and IEC
detectormodeling,advancedradiationhardreadoutdevelopment,andadvanced
low power FPA moduledevelopment.He wasco-designerof theCRC-310SFD
readoutusedon the SEERprogram,directedthe designand fabricationof the
CRC-333 SFD readoutusedon the PATHS program,designedthe CRC-3M
CTIA readoutusedon the PATHS program,and was the responsibleengineer
for the virtually biasedimpurity band integrating transducersubtaskon the
AdvancedLWIR Conceptsprogram. He is the IR&D project managerfor FPA
readoutdevelopmentin the FocalPlaneLaboratory. Prior to joining Hughes,
Dr. Augustinewas a VLSI processengineerfor Hewlett-PackardCompany.

CARL PFEIFFER,Laboratory Chief Scientist, EDSG. BME Mechanical
Engineering, Cornell University. Mr. Pfeiffer has beenwith Hughessince
1979. He wasdesignerandtechnicaldirector of electro-opticalsignalprocessor
developmentfor theForwardAcquisitionSystemandAirborneOpticalAdjunct.
He is now extendingthis work to the "third generation"design,to be usedfor
the Ground-Easedand Space-EasedSurveillanceSystemsGSTS and SSTS
and the MidcourseSurveillanceExperimentMSX. He holds patentson the
Extremely- High-Speed,Real-TimeBackgroundFilter for RadiationDetector
andon the Array CorrelationSystemfor RadiationDetector. He also invented
the Folded Dynamic RangeDetector Readoutand the Coherent Delay and
Integrationof detectorarrays,which arenow beingdevelopedfor useon GSTS
and SSTS. Prior to joining Hughes,he was a senior staff engineerat TRW
SystemsGroup and Supervisorof the SpaceGuidanceTheory Group at Jet
PropulsionLaboratory.

DAVID C. WIGGINS, ProjectEngineer,HMC. BSEET, ErighamYoung
University; MS EE, San Diego StateUniversity to be completedDecember
1990. Mr. Wiggins joined Hughesin September1985. He is currently act
ing asa projectengineerfor high density, low noiseCMOS readoutcircuits for
focal planearrays. PreviouslyMr. Wiggins designedanalogradiationhardsig
nal processingcomponentsand clock/biasgenerationcircuits. Prior to joining
Hughes,he workedat AMI wherehe designedandtestedstandardcell andgate
arrayproducts.While pursuinghis ES degreehe workedat Hughesin Fullerton
as astudentengineerperforminganalogdesignand first article testing.

WILLIAM H. FLAUGH, Chief SystemsEngineeron Airborne Optical Ad
junct Program,EDSG. BS Physics,California StateUniversity, Long Beach.
Mr. Flaugh is responsiblefor all AOA systemengineeringactivities, including
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requirementsallocation andflowdown,signal processoralgorithmdevelopment,
simulationsubsystemperformanceestimationandmonitoring,subsystemspeci
fications,subsystemtestplanninganddataevaluation,specificationcompliance
verification, andcustomerliaison. Previouslyhe was chief systemengineerfor
SBSS payloadactivities, including requirementsfiowdown and subsystemde
sign coordination,at Rockwell International.Prior to rejoining Hughesin 1984
he was managerof the SensorSystemsEngineeringGroup with responsibility
for all systemengineeringactivitiesassociatedwith strategicelectro-opticalsen
sors. Theseactivitiesincludedsensorperformancecharacterization,generation
of systemandsubsystemspecifications,configurationtradestudies,andsystem
interfacedefinition.

JOHN WINTERBERG, SystemsEngineer,EDSG, B.A. Physics,Univer
sity of Pennsylvania.Mr. Winterberghasbeenwith Hughessince 1985. He
is systemsengineerresponsiblefor the design, integration,andtest of a signal
processârthat processesdatafrom large IR focal planeconsistingof 38,000+
detectors,using parallel pipelined signal processoroperating on all detectors
in real time as well as distributeddataprocessorfor array-to-arraycorrelation
andstatevectorestimation. He is also responsiblefor thedesignanddevelop
mentof signal processingalgorithmsas well asthe detailedsimulationof theIR
system,and for ensuringand determiningsystemcomplianceto requirements.
Prior to joining Hughes,Mr. Winterbergdeveloped3-D non- contactcoordi
natemeasurementsystemat Ball Aerospaceand Electronic SystemsDivision.
Previouslyat the University of Pennsylvania,he participatedin Fermilabcol
laborationE395 and E609 andparticipatedin the a-a collaborationat ISR.
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8.2 A READOUT DESIGN FOR HIGH FLUX ENVI
RONMENTS

The following paperwasgiven at the Snowmassconferencein 1988.



SILICON TRACKING DEVICES FOR THE SSC

David It. Nygren
LawrenceBerkeleyLaboratory

Berkeley,CA 94720

Abstract

The desi,uWer#.tties of pirehsedsilicon chargedpsrtide do
teflon m the SSC osntcztan discussedand competedwith til
icon - detectors.A devicesrthitsclunmatchedto the SW
envir.nment,the SmartpestSstrep,* is presentedit somede
tail. Pattern recognitionexperienceend Monte Carlo studies
with QCD jet eventsen discussed.Theradiation hardnessad
nntageof pireliseddetectorsis developedqvantitalivelp. A new
k* tensperutunpromu developedat LBL, permitting .1mW-
teneousfshriation of high polity bunaistonsaddetect.non
high.nsistivitq,material is presented.ThecurrentsisSiesofpisel
and strip detectordevelopmentat Lilt is briefly reviewed.

1 INTRODUCTION
Thcking requirementsat thessccan be broadly characterized
W the challengesof resolvingmanydosely.spacedtrackswithin
high multiplicity jet-like events,of measuringhigh momentum
tracksaccurately,of achievingefficient coverageof a large solid
angle, of detectingsecondaryvertices,and of maintainingt
fective rejection of enormousinstantaneousbackgroundrates.
Together,theserequirementsdrive thephysicalsegmentationof
trackingsystemsunderconsiderationto an unprecedentedlevel.
In the caseof silicon strips, trackingsystemsapproachinga mil
lion addressableelementshavebeenunder nudy.It-t Systems
with pixelired detectorsinvolve at leastan orderof magnitude

Although the segmentationof a pixelised tracking systemIs
very large, the advantagesare compelling: track detectionn
sentiallyfree from overlap andcompleteabsenceof ambiguity in
event reconstruction.Despitethe expectedcomplexity of SSC
events,a non-projectivetrackingsystemwith high rusolutioacan
reducethe neomsarynumberof tracking layersto less than six.
Additional advantagesof pixellnsd detectoesareaverylarge In
trineic signal/noiseratio andaneectlveradiationhardnessthat
caneasily toleratedecadesof full luminositysscoperations.

Despite largesystemsegmentation,thequantity of primary
trackingdatathat must be readout for even a rathercomplex
eventwill be quite modest,on theorderof 10 kIlobytes. horn
the standpointof systemdesign,therefore,It Is essentialthat
the readoutschemebe able to skip very efficiently over empty

elements.In other words, the systemarchitecturemustbe
matchedto theultra-sparsenatureof the datafield.

With regardto madambackgrounds,It is alsoclear thatSSC
detectorsystemsmustprovidelocal time-slicebuffetingof infor
mation, at leastuntil level I triggeringdecisionscan be made.
Thr examplea detectorwithout buffering will havecontributions
bum about 100 events/microsecondat the designluminosity,
addingperhaps3600 extrabackgroundtracksfor *3 In pseudo
rapiditycoverageto anyeventof interest.Giventhecomplexity
anticipatedfor most SSCeventsof interest,anyunnecessaryad
dition of oct-ottimetracksto thereconstructiontaskwill be a
heavyandperhapsoverwbelmiagburden. Therefore,thearchi
tecturalconeeptmust Includetime-slicebufferingesso-
datedwith pattern Information.

Strip detectorreadoutsystemscan be equipped with time-
slicebuffering in a relativelystraightforwardway. The designof
VLSI electronicsfor this purposehasbeenundertakenalready
by severalgroups.t2’ For pixel devices,the situation is more
complicated,andan architecturethat capitalizeson the ultra-
sparsecharacterof thedataseemsappropriate.Toprovidesome
backgroundfor discussion,It Is usefulto review briefly thechar
acteristicof someWting- devices. Thesuitability for the
SSC of anotherinterestingdevice, thesilicon drift chamber,is
treatedelsewherein theseproceeding.t’

The most familiar pixel device,andthe only typeto be used
thusfar aschargedparticledetectorsfox high energyphysicsre
search,is the optical CCD.t’ Optical CCD’s aredesignedwith
the presumptionthat all pixelscarry wantedinformation, and
shedevicesareorganisedto reed out everypixel. Readouttimes
areIn the millisecond range. In short, thesedeviceshave an
architecturediametricallyopposedto the needsof the SSC. In
addition,thedepletiondepthsareon theorderof only 10-20pm,
resultingin relatively smallsignalsfox chargedparticles.Operar
sian at .,vraic temperaturesis requiredto eliminatesubstan
tial dark current levels associatedwith thekeg readouttime.
Finally, ratherhusky high-speedchargetransportdock drivers
must be locatednearby,requiting carefulsystemdesignto mitt
ImiseInducednoise. Nevertheless,impressivespatialresolutions
havebeenobtained:*5 pm ems In x andy, and-40pm double
trackresoletion.t5

‘TO amelioratethe seriouslimitationsof the CCD in this con
text, variousconceptshavebeenconsidered,such as fast gat
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big. fast clearing,aid airnultaaeoessensingof an entirerow for
presenceof hits. However, noneof theseprovidesa really fun
damentalsolution to thelimitationsof theCCD vsept for the
SSC. It would appearthat conventionalCCD’e will play no
significant role In tracking at the SW.

Therealso are less familiar pixel devicesorganizedarounda
row-columnintersect,random-accessprinciple,suchas thosede
veloped by HughesAircraft Company.’ These eleganthybrid
deviceshaveaddressibleamplifierson eachpixel, andhave also
been usedfor scientific applicationsrangingfrom 1K astronomy
to x-raydetection.The amplifiers areunp....d until readout,
andhencethesedevicelackaltogetherthecapability to provide
time-slice buffering with patterninformation,an essentialfea
turefor the SSC.Becausethe pixelsarenormally quiescentand
produceno prompt signals,thereis no straightforwardway to
add she time-elite bufferingcapability. In addition, therandom
ac featureby itself doenot provide the meansto search4-
Sciently for struckpixels; a completescanIs still necessaryA
randomaccessarchitectureby Itself Is not a solution.

What is neededfor theSSC Is an architecturethat provides
unambiguous,direct registrationand efficient readoutof pix
els which have beenstruck In the particular time slice of in
terest. The Smart Pixel array conceptdevelopedat LBL Is In
tendedto providea solutionmatchedto thechallengeof theSSC
envlroanteat.20

2 SMART PIXEL ARRAY

3.1 Concept

The basic conceptof the SmartPixel Array is that eachpixel
shall be equippedwith continuouslysensitivecircuitry, so that
prompt signalswill be generatedat theInstantchargedparticles
passthrougha given pixel- These prompt signals are propa
gateddirectly to x-y patternregistersat the periphery of the
chip- Thepatternregistersstoretheoccurrenceof thesesignals
as fast time-slicedpatterninformation. The buffers within the
patternregisteraremadedeepenoughto accommodatethetime
neccesaryto generatealevel I trigger. An event trigger will Ini
tiatepixel chargeinterrogation,directedefficiently by thestared
patterninformationfor thetime sliceof Interest. The direct in
terrogationof pixel chargecontenteliminatesnearly all ambigu
ities at this stage,an especsallyimportantfeature. Theprimary
dataarespacepointsessentiallyfree of pile-up and ambiguity.
The device thus operateIn two distinct modes,a patternac
quisition mode, anda random-accesspattern-controlledreadout
mode. This fenctiosality Is illustratedschematicallyin figure 1.

Thesmartpixel array hasbeendevelopedat LBL by D- Ny-
pen and H. Spider. In this concept, a smart pixel requires
considerablecircuitry to realisethe neededfunctionality. A low-
noiselow-power amplifier, shapingelement,and discriminator
areneededto detect sheoccurrenceof a hit. In addition, an
analogmemory element is requiredto provide hit verification
duringreadoutandinterpolationinformation duringreconstruc
tiou. Digital logic to propagatethe "hit" signal to the pattern
registers,to respondto interrogation,andto provideresetis also
needed.Analog to digital conversionis done ofitchip.

Nevertheless,for a standard2 pm featuresizeCMOS foundry
process.this circuitry fits into an areaof about 100 x 100 psi’.
The circuitry can just as easily be packed into an equivalent

,MI
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Figure1: A schematicdepictionof thesmart- arrayconcept
modesof operation. During dataacquisition,patternsadtime
informationarestoredIn thebufferson thechip edge,whileana
log informationis retainedIn pixels. }br readout,row Informa
tion for the time slice of Interestefficiently directsinterrogation
of column Information, including verification of bits by analog
readoutof struck-.

rectangularareaof about 40 x 250 pm3,amore naturalchoice
from the standpointof circuitlayout. Theelongatedrectangular
shapecan be usedto provide higherresolution in phi usingthe
narrow dimension,while the longer dimensionalongthe: direc
tion is a naturalmatchof typical detectorthicknesst2SOpm
to therangeof track anglesassociatedwith a long luminousre
-. This arearequirement,though substantIallylarger than
aon,smartpixels,Is still small enoughto provide encellentpat
tern recopitlon,as discussedlater. At a 10 rm radius the hit
rate per pixel Is Just 100 Hz at fell SSC ln’-t This allows
plentyof time to retrievethe analogInformationduring readout.

As Is well-known, chargesharingamongnSgbboringdetector
elementsprovidesanalogInformationthatcanbe usedto reduce
the spatialresolution to a small fractionof theelementsize. It
shouldbe sufficient heresimply to notethat the- elsein one
dimensionat least can be madeas small as thatof strip detec
tarsystemswith muchpOorer signal/noisethathaveprovided
resolutionssmallerthan S paUl

The implementationwill be asahybrid array,In which the de
tector waler and readoutintegratedcircuit IC an separately
fabricatedsadarejoined togetherusing thewell-establishedin
dium bump bonding" technique.This allows separateoptimiza
tion of thedetectorandreadoutIC, usingstandardtechnologies.
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For the SSC in particular,this permitsthe useof availablecorn-
menial md-hard IC foundry processesfor the readoutIC. For
the indium bump interconnectionof detectorand readoutIC,
a bonding- of about 40 x 40 pm’ will be needed;however,
It is possible that some of the circuitry an be placed under
the bonding- nluminizatlon to savesomespace. The trend
towardsmallerfeaturesize.now at 1.0pmS advancedcommer*
dal processes,offers theprospectboth of improvedperformance
and significantly smaller- arearequirements.

Eventually,amonolithic implementationwith the readoutcir
cultry integratedonto the detectorsurfacemay be possible.As
discussedbriefly below, significant advancetowardthis goal
havebeenmaderecentlyat LBL

2.2 PIxel Performance

The principal Issueshere are signal/noiseratio, speed of re
sponse,power dissipation,andradiation hardness.In addition
to this bat of concernsfor device design,thereis a formidable
set of problems associatedwith the implementationof a large
system. A detaileddiscussionof theevital issuesIs outsideof
thescope of this paper. A more completetechnicaldiscussion
can be foundin our 1987 LBL DOE proposal

The signal/noiseratio for smart- arrayscan be very high,
primazilj becausethe electronicnoiseIn this casecan be made
verysmall. The capacitancepresentedto theamplifier by apixel
of 100 x 100pm’ is 100 IF, dominatedby edgeeffects. Coupled
to a well matchedamplifier, this misisculecapacitanceleads to
extremelylow predictednoiselevels,e.g. 100electronsrms for
ourdesigns.It is worthmentioningthatsimilar noiselevels have
beenregularly observedfor various105 circuits with similarly
low input capacitance. ftrthermore, It is important to note
that an architecturethat would gang n pixel amplifieroutputs
to individual mw/column dlsalminatorswill increasethe noise

* by yW, compromisingthesignal/noiseratio by at leasta factor
of 10.

With regard to signal, a fully depleted detectorof 280 pm
thicknesswill on averageprovideasignalcorrespondingto 22,500
electrons- The calculated signal/noiseratio thus exceeds 200.
This favorablesituation provide severalcircuit andsystemde
sign advantage: -

1. Simplicity The designof bout-endcircuitry can be sig
nificantly simpler than that for strip systems. This leads
to smaller arearequirementsfor the pixels. Alternatively,
somesignal/noisecan be tradedfor a reduction in poser
dissipation.

2. Threshold The impactof unavoidablemanufacturingvari
ations on amplifier and discriminatorthresholdcharacter.
istics of alarge-scalesystemshould be negligible; in other
words, it should be easy to find an operatingpoint for a- array that rejectsall electroeicnoise, while provid
ing essentially100% efficiency for minimum ionizing parti
cle tracks. Recallingthe ultra-spansnatureof the data,it
is dearthat the ability to rejectall electronicnoiseIs an
important attributefor any systemwIth a very largenum
berof discretedetectionelementssuch as the strip or pixel
systemsenvisagedfor theSSC. This may not be aseasyto
achievefor large-scalestrip systems,which may be expected
to havea signsl/ noneratio of 10-20. For example,set
ting the thresholdat 3.5 o on an otherwiseideal system

with 10° strips, 10 nsecRC-CR shapingtime, andgaussian
noisewill introduce900extranoisehits. To accommodate
the Inevitable circuit variations and noiseconditionsof a
real system, the thresholdsmay haveto be set consider
ably higher thanthis, with possibleloss of efficiency for real
tracks.

3. RadIation DamageA signal/noiseratio of several hun
dred provide considerableheadroomfor the accommoda
tion of deteriorationdue to radiation damage. This dete
rioration can occur In both the detectorandthe readout
circuitry. In detectors,the Initial effect causedby radia
tion damageis an Increasein shot noisedueto Increased
dark current. A quantitativetreatmentof the noiseprob
lem due to radiationdamageto the detectorIs given in a
subsequentsection.Alter isradiation,MOS transistorsalso
display degradednoisecharacteristicsalthough the sensi
tivity to damagedependsupon the manufacturingproces.
There is someevidencethat WETs, which do not employ
an de layerfor thsir fnnctlooality,show very little dete’
rioration In noisechancteristlcsat the few Mad level.t5
Therelationshipsamongnoisecharacteristics,process,and
radiationdamagearenot well-documented;morestudy Is
clearly warranted.

4. TIme Resolution Another bendt of the very largeIn
trinsic signal/noiseratio is that the rlsetimeof the-
aznpliier/dleamnilnatorcan be long relative to the 11 uses
interbunchperiodof the SW andstill tagtheonrentime
slice. The time nsolutioeis determined by the amplifier
integrationtime f, andthesignal/noiseratio S/N

tslj/R

An Integrationtimeof 100 nsecIs possiblewithin the power
dissipationcoastraint;thecalculatedtime resolutionIs titus
a small fraction of the SSC bunchperiod- Alternatively,
longer peaking times can offer reducedpr dissipation
without toesof time resolution.

Speedof response,pour dissipation,andelectronicnoiseare
strongly interrelatedcircuit deignissues. A naturalconstraint
Is the maximumallowedpower dissipation. Hefty power distri
bution bussesand cooling merMnisms would add undesirable
massdoseto the vertex. A reasonablelimit would appearto be
100 mW/cm’,or 10 pW per pil.

2.3 DIscussion

Unlike other pixel concepts,theart pixel arrayconceptcon
tains aninherent economyof sf15.principle. During dataac
quisition, thesmart- arrayIs quist until traversedby Ion
Ising radiation.Thereareno strobeor clock signalscon
tinuouslyscanningthe* _ array. Systempowerdissi
pationandinducednoiseare‘-sd. In the designwe prefer,,
theSSC bunchcrossingsignalIs continuouslyscaledby asingle
counter. Prompt- signalsaaseboth thetImIng countersta
tus andthe patternInformationto he strobed Into augmented
pattern+timeregisters,therebylinking the two kinds of Infor
mation. The strobepointer is then Incrementedto await the
senthit. This signal-drivendeign avoidsunnecessaryactivity,
and very substantiallyreduces the depthrequirement for the
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pattern+thner*tet. For enaple,a 4 tm devicea size we
hope can eventuallybe manufacturedat 10 cm radiuswill ex
perience,on average,4 hits In onemicrosecond,a likely level I
triggerinterval. Vnlesssecondarybackgroundsaredominant,16
time slice should be more than sufficient to accoinodatenatu
ral rstefluctuations. This may be comparedwith the depthof
64 time-slicesneededto spanonemicrosecondin acontinuously
clockeddesign.

3 PATTERN RECOGNITION
PIxel deviceshavethe self-evidentvirtue of providing nonpro
jective spatialdata. However, the actual level of performance
will dependupon severalfactorssuchas- size,proximity to
thebeamline,theunderlyingphysicsof an eventeg, QCDjets
vis-a-visRiggs production,andability to rejectbackground.

Thus far theonly exampleof theuseof pixel devicesin an a
perlmentis with COD’s in CW NA32.’3 NA32 alsoemployed
a silicon strip system, which permits a limited cosoparisonof
strip andpixel informationquality. Monte CarlostudIesat LEL
havealsoprovidedusefulinformationaboutpatternrecognition.

3.1 NA32 Experience

NA32 is a fixed targetexperimentwhich had the goal, among
others,to identify charm particlesand measuretheir lifrtimes.
In essence,a abort target was followed by an array of 7 planes
of silicon stripepositionedfrom 5 to 12 cm after the target.The
experimentwas operatedat first without the CCD’s. Under
these conditions,two independentreconstructionefforts found
charm eventswith low efficiency, and with an overlapof only
is%. The dominantproblem was mergedtracks in the early
plane. Only about60%of all clustersweredistinct.

Two CEO P8600 COD device were subsequentlyadded,at
distancesof 1 and2 cm from the target. The pixel elseof these
385 x 580 arrayswas 22 x 22, pm’, leading to -5.0 pm rms
spatial resolutionand -40 pm two-track resolution. With the
Informationfrom the COD’s, efficiencies for identifying charm
eventsincreasedverysubstantially,and theoverlaproseimmedi
ately to more than 85%. The CCD’s in combinationwith dean
microstripbin andthe downstreamdrift chamberswere suffi
cient to resolvea large sampleof charmeventswithout back.
ground. Both the spatial resolutionand the two-track resolu
tion contributedto the effectivenessof the CCD’s. It should be
notedthat this experimentpioneeredtheutilization of both strip
and- devicefor physics;however,later experimentssuchas
FNAL £691, usingfiner resolutionnilcrostrip plane,havealso
found large,cleancharm eventsamples.t’

3.2 Monte Carlo Studies

MonteCarlostudiesof someaspectsof pixel performancehave
beenmade at LBL in collaborationwith Ed Wang. Th. ques
tions that theseMonte Carlo studiesaddressedinclude the fol
lowing:

For QCD jetso03 and 1.0 TeV/t, aimednormally at the
centerof a pixel arrayfrom adistanceof 10cm,what frac
tion F of eventsare registeredwith no more than I track
per pixel?

s How does the frattiozi F dependon pixel areaand shape?

* What is the relative performanceof other kinds of pixel
arraysthat lack somecapabilitiesof thesmartpixel array?

The benchmarkphysicsprocesschosenfor theestudies is the
QCDjet, generatedwish thecodePythia4.8. At the 550 high
P. QCD jets will be tightly collimated, denseand frequent.
Their study will contributemuch to a mote fundamentalun
derstandingof hadrcaicprocessesat high euerv. Thee jets
thereforewould appearto providearatherstringentyet straight
forward test for patternrecognitionefficiency. Thedetectionof
secondaryverticesfrom heavy quark decays is anothervitally
Important topic, but the softwareneededfor a carefulstudyof
theeprocesseswasnot yet available.

Thegeometrydevelopedfor this studytypically consistedoft
pixel nnayof areaI x 1 cm’, with options for variablepixel size
andshape.Theknown usaof theQCDjet ensaimednormally
at the centerof the array fran, a distanceof 10 cm. Figure
2 shows a Lego plot of particlefrequencyfor 1000 events; for
clarity, largepixel elsaweechosenfor this kurt The densely
populatedcentral- aiding on a broadbackgroundillustrate
the inherentreconstructiondifficulty. hr the 1 TeV/c jets,the
averagechargedparticlemultiplicity within this I & areais
12, wIth fluctuationsup to 30.

Figure 2 The density of tracksnormally incident on & i c&
pixel array10cmfran, thepoint of productionof 1 1W/c QCI
jets. A denselypopulatedcentral region riding on a broader
backgroundmakesthis aparticularlychallengingclassof events
to reconstruct.

The fraction F of fully resolved events, is., the fraction of
event,thatareregisteredwith to mostthanonetrackper pixel,
versuspixel dimensionfor squarepixelsIs givenin Figure3 for
1 TeV/c jets. It Is noteworthythat e for ratherlarge pixel
dimensionssuchas 100 x 100 pm7 the fractionF is still as high

0.9. Mostof theremainingeventshavejust ou.pixel with two
tracks. The lower nergr 0,3 1eV/c jets gavesomewhathigher
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F value doeto the lower multiplIcities.
Pixel Size Study

I

-I
I

____________________

0.Oo 100 200 300 400
Pine! S.. ticroas

Figure 3: For I TeV/c QCDjets normally incident on a 1 cm’
pixel array 10 cm from theproductionpoint, the fraction F of
eventswith .11 tracks fully resolvedIs shownversus- dimen
sion. Although this plot is for squarepixels, equivalentresults
werefound for rectangularpixels of equalarea.

Rectangularshapes,suchas 40 x 250pm’. werealso studied
with the conclusionthat the F valuesdependonly on the pixel
area. While muchwork remainsto be done,it seemsclearfrom
thesestudiesthat pixel device with pixel areason the order
of i0 pm2 can provideexcellentpasternrecognitioncapability
evenfor very challengingprocessessuch as QCD jets.

Thesmartpixel architectureretainsanaloginformationon the
pixel for subsequentreadoutandpatternverification. Another
architecturestudied employed a three-axispatternregistration
x-y-u, but with no analogsampleand hold. Patternidentifi
cationwould be accomplishedby an off-line 3-axis coincidence
match. Themotivation for this studywas to seeIf thepotential
advantageof circuit simplification would be offset by difficul
ties in patternidentification dueto chancecSnddences The
resultsindicated,however,that thenumberof chance3-fold co
incidenceswas rather high: a 50% increasein apparent ‘hits"
for a 50 x 50 pm, rising to 80% for 100 x 100 pm7, for the 1
TeV/c QCD jets. For this reasonandbecausethis architecture
hasan intrinsic resemblanceto astrip geometry,we chosenot
to study this particulararchitecturefurther.

4 RADIATION HARDNESS AND DE
TECTOR ELEMENT SIZE

4.1 TheoreticalBackground

In addition to basic material properties,the radiationhardness
of semiconductordetectorsdependson designparametersof the
detectorandthe readoutelectronicssystem- Substantialgains
in the ability of a silicon detectorto tolerateradiationdamage
csn be achievedthroughahigh level of segmentation,suchasIs
naturallyachievedin apixel array. This sectionsummarIzesthe
treatmentpresentedby D. Nygren and H- Spieler in the Report
of the SSC TaskForceon Radiation Effectsat theSSC.’5Two
basicmechanismsareresponsiblefor radiationdamagein silicon

detectors:

1. Displacementof atomsfrom their lattice site bulk dam
age.

2- Electron-holepairgenerationin isolation layers,with trap
ping

Di&eaent damageseemsto be dominant in high eneru
physics applicationsof semiconductordetectors. Theeeffects
areeasierto predictthantheionization mechanismsin dielectrics
becausethey ssemuchless sensitive to processingvariations.
Displacementdamagemanifets.itselfprimarily throughthree
phenomena

1- Increasedleakagecurrentshotnoise

2- ChangeIn the resistivityof thematerialdepletionvoltage
elects.

3. Increasedrecombinatiouor trappingof signalcharge.

Increasedleakagecurrent is themost prominentinitial effect.
More work is neededfor aquantitative -t of the other
two. Thediscussionhere dealsonly with the Impactof the leak
agecurrent.

Theleakagecurrentincreaseis dueto thegenerationof carriers
by radiation-inducedlattice defects,which createintermediate
enerulevelsin the bandgap-This leakagecurrentcontribute
shot noiseQ.

1

where, is expressedin electroes,q,is the electroncharge.IL
is the leakagecurrent,andSi is the effective Integrationtime of
the circuitry. The signal Q. obtainedfrom the detectoris

Q*=n*-W 2

wherea4 is the numberof electronsper unit length createdby
the particle traversing the detector, andW is the thicknessof
the sensitivelayer. It Is useful to castthe discussionIn termsof
the signal-to-noiseratio R Q./Q.,. Fmm equations 1 and 2,
the maximumcurrent that cnn be toleratedis then

1L-nW’.q./R’.ti 3

For a silicon detectoras - 80 electrons/pmfor minimum
ionizing particle; this yields the numericalequation

= lOOnA - sec- cm’W’/R’tj 4

A typical casemight be W = 300 pm and Li a 100 us, which
allowsamaximum currento00nA if werequireasignal to noise
ratloof K- IO0,oracurrentof9pAforR= 10.

The detectorleakagecurrentis directly dependenton the gen
erationlifetime 5, throughtherelation

Itt-fljA-Wf2-tg 5

wherenj is the Intrinsic freecarrierconcentrationtherebyintro
ducing an implicit temperaturedependenceand .4 is the area
of the detector.t5’ The effectof displacementdamageon ti5 is
given by"

l/s,-I/c+K-F 6

I I
a

0_s -

a
0.0 -

04- n

0.2 -

I I ..-_. 1 . . . .
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whereI,, Is the pre-irradiationgenerationlifetime, F is thepar
ticle fitienceandK is thedamagecoe%centassociatedwith the
specific type of radiation saddetectormaterial. In a system
designedto sustainsubstantialradiationdamage5,,, > I,, and
this expressionmay be simplified to

i/t, - K - F 7

Inserting7 in 5 yields the detectorleakagecurrent as a
functionof radiationtype anddose:

IL = - n -A- W - K -Ff2 8

Coinhining this expressionwith 3 defines the interdepen
dencebetweensignal-to-noiseratio K, radiationtype and dose
K,F and detector/readoutparametersa.,A,W,Li. The al
lou-ablehence,for examjile, is

F s 2- n - W/K nj - A - - 5,- 9

For a silicon diodedetectingminimum ionizing particle,a.
80 electrons/pmanda, = 1.5- 10’°ciC3 at 300° K. Inserting

theevalues providesa numerical relationshipfor the allowable
- hence

F = 85cm- W/K - A -2’ - 10

for a given detector/readoutdeign. This equationprovide a
very instructiverelationshipfor the evaluationof bulk effects In
silicon detectors-

4.2 Discussion

Equation9 showsthat radiationhardness,in the practicalsense
ofasystemperformancerequirementA, is determinedby several
factors:

* Detectormaterial throughn0,nj andthedamageconstant
K

* Detectorgeometrythroughthe thicknessW andareaA

a Integrationtime of the electronics5,

Radiation resistancecan be enhancedby decreasingthe area
or increasingthe thicknessof the detectorelements,or by reduc
ing theintegrationtime of theelectronics.While all of theseare
designchoice,detectoraresandintegrationtime havethegreat
est flexibility; smallerelementsof coursebringgreaterelectronic
complexity,whereasreducedIntegrationtime leadsto increased
power dissipation.

For the evaluationof tracking device at the SSC one can
useequation10 to calculatethe maximumallowableareaof a
detectingelementfor a glvea lifotime ‘andes typical operating
conditions: -

A85cm-W/K-F-R’-tj 11

At distancesgreaterthan about 10 cm for the beam axis
the backgroundis expectedto be dominatedby neutronsfrom
calorimeteralbedo. At full luminosity the neutron henceis
roughly io’ cm’yr’ or I0"cm’ for a 10 year period. It Is
worth noting thatthe uncertaintieson this value of the neutron
henceareprobably quite substantialin either dlrection For
thefollowing examplesthe valuesK - 1-4- I0"cm’C’ for the
damageconstant.t"H’ = 300 pm for thedetectorthickness,and
an integrationtime 1, of 100 nechavebeenadopted.

I. Silicon Strips I. this example,thesystemIs assumedide
alisticallytodisplayaainltialslgrial-to.noiseratiol>20,
wherethenoiseis determinedby thestrip capacitanceat the
preamplifierInput. How largecanthe strip suebe andstill
provide A = 20 alter10 yenof operation?For * strip pitch
of 50 pm, thecalculatedlength aslagequationii is about
1 cm. This would be the caseIf therewere no room tem
peratureannealing;h..., preliminary resultspresented
at this conferenceby Kandoet L indicatefor their devices
an annealtime constantof about 160 days.t3This interest
ing result may, L,, dependon processingchoices. If
this annealtime constantIs a generalresult, then the cor
respondinglength for 1-20 would be at least 10 cm As
notedabove,foster electronicintegrationtime can provide
additional margin to preserveoverafl sytem performance.
flom the abovediscussion,andassumingbath the gener
ality of theannealingresultsandthat no additional back
groundsexist, It appearspossiblethatsilicon stripdetectors
of tIC cmlengthIn acarefully deignedsystemshould sur
vive the shot mcli. electof radiationdamage.Long strips
nearthe beampipe may ot survive.

2. PIxelAmy. Clearly,apixeliseddetectorwill be less prone
to shot noiseelects than astrip detectorby the ratio of
elementarea,all otherfactorsassumedidentical. Thesmart
pixel element,with an arsaofe.p.40 x 250 pin3, is 500
time smallerthana10cmx 50 jam strip. Theshot noiseis
essentiallynegligibleafter tenyears,evenwithout annealing.

5 A NEW ROBUST PROCESS FOR
DETECTOR FABRICATION WITH
INTEGRATED CIRCUITRY

Li Snckground

Silicon p-i-a detectorsfor high energrchargedparticlesutilize
high-resistivity silicon to obtainlow leakagecurrentsandlarge
depletiondepthsSt moderateappliedvoltage.Ideally, amodern
detectorprocessshould oter minimum sensitivity to process
Inducedcontaminantsandwould also be compatiblewith con
temporaryIC fabricationtechniques.Suchaproc would allow
theintegrationof front endcircuitry with thedetector,providing
improved performance,reliability, andsystemdeignflexibility.

Until now, this hassot beenthe case.Conventionaldetector
processeshavebeenfond to beIncompatiblewith thesequence
of high temperaturestepscharacteristicof IC fabrication- Very
large leakagecurrentshave been consistentlyobservedif high
temperaturestepsareIncluded after the initial oxide growth.
The reasonis thatthedstsctorleakagecurrentIs extremelysen
sitive to impurities suchas bun,nickel, copper,gold. etc., that
Introducenergr levelssearthebandgapcenter. For example,
the presenceof gold at alevel of 1-it’ will increaseleakage
current density by threeorders of magnitude. At typical IC
fabricationtemperaturesof 1000° C, gold will migratemillime
ters/hourthroughsilicon, whereasat 600 C, the diffusion is
very small.

5.2 The New HIgh-’flmperature Process

At LBL. SteveHolland has recentlydevelopedanew high-tem
peratureprocessthat turns the diffusion of impurities at high
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temperaturesto aAamtage.t"In his proc, Impuritiesare4
fectively removedfrom theactive twos by captureon theback
side of the wafer, an electrically inert region. This techniqueii
an exampleof "gettering,"a conceptwhichhasa longhistory in
vacuum tube andsemiconductorelectronics.but until now baa
not beenapplied with sucb successto the problemof detector
fabricatIon. The LBL processappearsto be fully patible
with high-quality transistorsadIC fabricationsteps.

Briefly, the 1St processutilizes a layerof polysilicon on the
wafer backside,in-situ dopedwith phosphorus,andformed by
chemicalvapordepositionat 550° C. This 1 jim thick layerserves
both as the getteringlayer and backsidecontact. The getter
lag propertiesof this layer are dueto the presenceof both the
polysilicora andthe phosphorus.DetectorsandtransIstorswere
simultaneouslyfabricatedon thesamewafer alongwith control
devicesthat lacked thegetterlnglayer.

5.3 Results

Figure4 showsthe leakagecurrentversusbias voltagefor both
getteredandungettereddiodes; the currentis reducedby afac
tor of 400 at low voltagesandeve moreat highervoltages. The
leakagecunentat lxv, which correspondsto a fully depleted
detector, Is on the orderof 1-2 nA/cm2. This comparesvery
favorably with the resultsof Kemmer15’ However,the Kemmer
processlimits processingtemperaturesto 600° C after theinitial
oxidation,whereasdevicesmadeby thetHE processhaveexperi
encedapproximatelythreehoursat 900° C. Thelow-temperature
Xemmerprocessleads to incompleteactivationand high sheet
resistanceof theimplanted layers;in turn this preventsmono
lithic integrationof high perfbrmancecircuitry.

to-ti

Figure4: The detectsdiodereverse-leakagecurrent for adevice
with backsidegetterS;comparedto onewithout. Both devices
werefabricatedon thesamewafer.

Thep-channelMOSFETtransistorsmadeby theLBL process
werefoundto display goodoutput current-voltageandfrequency
responsecharacteristics.The applicationto the substrateof a
3eV bias sufficient for full depletionoasesonly smalldavis
sions from the unbiasedcurves, as shown S figure 5. DIodes
fabricatedon thesamewafer weretestedup to l000V bias,again
with leakagecurrentson theorderof 1-3nA/cm’.

An LBL*processdetectorwas exposedto an Americium 241
source,demonstratingexcellentenergyresolution. The FWHM
for the 59.4 keV gammaray is approximately1.8 keV, limited

‘Is’ -
‘I-

Figure 5: Current-voltagecharacteristicsof a p-channelbIOS
FET fabricatedon 1010-cmsilicon. Thechannelwidth to length
ratio is 25jint/Spm. Thetea of thesubstratehiss Is seento
be small; 30V Is sufficient to depletethis material.

in this Instanceby thenoiseof thesignal-processingelectronics.
A short detectorwith 128 strIpshasalso beenfabricated;pre
liminary resultsIndicatelow 10 nA/ac’ and extremely
uniform 3%smsstrip leakagecurrents.

5.4 ConclusIon

An extrinsic getteringtechniqueha. been developedthat pro
vides both a robust processfor the fabricationof high-quality
p-i-n diodesandthe prospectof monolithic integrationof these
detectorswith high performanceCMOSand/orWET drcuitry

6 SMART PIXEL ARRAY DEVELOP
MENT STATUS

6.1 Device Analysis

CMOStechnolopoffersa combinationof speed,low power di,
sipation,andindustrial maturity that makesit the clearchoice
for short tamreadoutIC goals. &n,wv,ce, nearlyall commercial
effort has been focussedon digital applications.The designof
CMOS devicesfor unconventionaland demandingapplications
suchasdetectorsfor high energyphysicsrequirecarefulevalua
tion of device characteristicsundera rangeof unusualoperating
conditions. Modelingof circuit responseIs quitelikely to be se
riously at variancewith reality If standardparsmetrizationsof
device performanceareemployed.

Accordingly, significant tort hasbeenspent in performing
these measurementson a variety of custom devices. Thesein-
dudeamosandpmostransistorsof various W/L ratiosandel
emettaryamplifiers,fabricatedby theMOMS orpalsation.In
additionto the DC characteristicsfor afamily of drain - source
curvesandthegain-bandwidthresponse,a rangeof channelge
ometrieshasbeenevaluatedto providereliablescalingrelation
ships.

6.2 SVX IC

In addition to its basic purposeas the readoutdevice for the
CDF silicon strip vertex detector,theSVX IC im projectserves
as an important stepping-stoneIn the realizationof the smart
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pixel array. The SVX, designedmainly by Stuart Kleisfelder,
oilerssimilar noiseperformanceto thepioneeringStanfordpplex
NMOS IC," but dissipatesa factor of 10 less power,and ha.
a built-in sparsedatareadoutfraturethatsubetantiallyreduces
readouttime by eliminating unhit channels-Thesparsereadout
modescanspastempty channelsat shout400 MHz. This same
circuitry will be employedin the patternreadoutof the smart
pixel array. The input amplifier envisagedfor the smart pixel
arraysharesconcepts with the SVX amplifiers.

6.3 CircuIt Design Studies

A amberof low-power low-noise amplifier designshave been
modeled,with the aim of reducingpowerdissipationto the min
imum compatiblewith responsetime andnoises. Compara
tor designs,againbuilding on the experiencewith the SVX IC
havealso beenstudied. The digital logic carriedon eachpixel
hasreacheda fairly completestate.A one-dimensionalarrayof
pixel amplifiers sadcomparatorshasbeensubmittedfor fabrica
tion through110515. A two-dimensionalversion is plannedfor
submissionaftera satisfactoryevaluationof theone-dimensional
chip hasbeencompletet

6.4 MicrosystemsLaboratory

Considerableeffort hasken expendedto bring Into existence
a new modern facility at LBL for the further developmentof
detectorprocessideas anddevice fabrication. This new full
ity, theMicrosystemsLaboratory,providesfour contiguousclean
rooms offering &O0 ft’ of Class10 workspace. In addition to
other- detectorsand devices,pIxelizeddetectorarrayswill
be fabricatedhere,possiblywith integratedWET’s to providea
low-noiseradiation-hardinputstagefor apixel readoutIC made
by a standardr&d-hard CMOS foundry process.

I SUMMARY

Pixelizeddetectorsoffer severalsignificantpotentialadvantages
relative to strip detectorsin patternrecognition,systemsengi
neering,andeffectiveradiationhardness.A smartpixel architec
ture conceptmatchedto the SSCenvironmenthasbeendevel
-. and pixel circuitry hasbeendesignedand implemented.
A robust processfor fabricating detectorswith integratedcir
cuitry hasalsobeendeveloped.With appropriatelevelsof effort
devoted to device and systemengineering,a powerful tracking
systememployingpixeliseddetectorscan be realized.
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8.3 SILICON PIN ARRAY PAPER
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ABSTRACT

Two-dimensionalarraysof solid statedetectorshavelong beenused in visible and
infrared systems. Hybrid arrayswith separatelyoptimized detectorand readoutsub.
grateshave beenextensivelydevelopedfor infrared sensors. The characteristicsand
use of theseinfrared readoutchipe with silicon PIN diodestraysproducedby MICRON
SEMICONDUCTOR for detectinghigh-energyparticlesarereported.Someof thesearrays
havebeenproducedin formats as largeas 512 x 512 pixels; othershavebeenradiation
hardenedto total dose levelsbeyond 1 Mmd. Data generationratesof 380 megasam
pIes/secondhavebeenachieved. Analog anddigital signal transmissionandprocessing
techniquehavealso beendevelopedo acceptand reducethesehigh datarat ‘.

INTRODUCTION

Nigh-resolutionvertex and tracking devicesat the SSC will be important for the
reconstructionof complexevents, including secondaryverticeselsie to theprimary in
teraction point. The main propertiesrequiredof thesedeviceare sat responsetime,
fine spatialresolution,multiple particleresolution,andradiationhardness.

A resolutionof betterthan 10 jam andtheability to distinguishthemanyparticles
of a jet can beachievedwith two-dimensionalpixel device. Dueto thethree-dimensional
natureof thecoordinateInformationprovided, theseprovideefficient track finding with
a minimum numberof layers in the high-multiplicity environmentof the SSC.

The SSC beamcraning period will be 15 ns, and interestingevents will occur
every100 to 10,000crossings.Hit times must berecordedto an accuracyof onecrossing
period,andthe readouttime of thedetectorsmust belessthanthemean intervalbetween
interestingeventsto avoid largedeadtime loose.

‘Work suppoetsdby theDspartznsstof Energy, coetrectDE-ACO3--T6SFOOStS.
"Permanentaddre: Electso-Opticsl& DataSystcn.Group, flugha Aircraft Company,

El Segundo,CA 90245.
Presentedat the 1989 Intensaticisal Industrial Symposiumon the SuperColtider,

New Orleans, LA, Febrvanj 8-10, 1989.

The expectedcombination of high hsmlnosityand large particleniusltiplicity will
producea high-radiationenvironmentin thevicinity of thecollision point Fora pinto.
proton totalawnsectionof approximately100 mbarn,the SSCwill yield approximately
10 interactionspersecondwhatoperatingat Its deignluminosity of ie/cni’/sec. At
a distanceof S an frosts the beam,the absorbedradiation dosewill be approximately
1 Mrad pa yeat

flew electronicdetectorsystenwusually requireat leastseveralyearsfor develop’
mast. ExamplesareCCDs,infrared detectorarraysandx-raybolometers.Theschedule
for ,the SSC constructionis commensuratewith the schedulefor new vertex detector
developmentif the latestexistingtechnologyii usedas abase-

DEVICE CANDIDATES

Candidatesfor vertex/trackingdevicesat the SSC include wire chambers,scin
tillating fiber detectors,silicon inicroetrip detectors,double-sidedinicroetrip detectors,
silicon drift chambers;andpixel devicein the form of CCD arrays, monolithic silicon
arrays and hybrid microdiodearrays. It is generallyrecognizedthat in terms of space,
momentum andtwo-track resolution, wire chambersat present areinferior to silicon de’
vices. It is also generallyrecognizedthat pixel device are preferable to strip deviceor
drift device, as far as two-track resolution is concerned,

Pixel devices-inparticular,silicon diode arrays-are a natural choice for vertex
detectors.Thesedevicesprovidethree-diznensionalcoordiztnteinformation with a spatial
resolution of a few micron,. However, as we move farther from the collision point to
the tracking detector,many of the other device mentionedabove becomeattractive
candidates for a variety of reasons.

A vertex detector basedon the useof a pixel devicewould provideefficient track-
finding with a minimum numberof layers in the high-multiplicity environmentof the
SSC due to the three-dimensionalnatureof the coordinateinformation provided. The
absenceof ambiguities in coordinatematching which are alwayspresentin nonpixel de
vicesallows thenumberof detectorlayersto be minimized, therebyreducingthe sizeand
costof the vertex detector.

Theonly pixel devicepresentlyin usein highenergyphysicsexperimentstodayare
CCDs’ Theedevicesareinappropriateto theSSCenvironmentfor avariety of reasons,
lncludinej I a small signal sizeof about 1000electrons,which necessitatetheir being
cooled,rendersthem extresnelysusceptibleto degradationcausedby radiation damage,
and require costly saddelicate readoutelectronics; ii a varying transferefficiency
acrosstheir faces; iii no off gate during readout,resulting in a time/spaceambiguity;
and iv a serial readoutresultingin a readouttime of about 10 msecfor a device with
to5 pixels.

A numberof researchersare presentlyworking on the problemof fully Integrated
pixel detectorsin monolithicanays The- is to fabricatethe readoutelectronics
on the samehigh-resistivitysilicon as the detectordiodes. Successin theseefforts will
result in detectorshaving theminimum thicknesspossible.H,nna, therewill be a loss
of flexibility. A changein either thedetectorspecification or the readoutspecification
will result in not only a circuit change,but also a re-analysis of theproductionprocs,
since they are now intimatelycoupled- There will be difficulty ha production,sinceboth
the detector and the readout electronicsmust be fabricatedin high-resistivity facilities
which canhandlethis newprocess- Therearefar fewerof thee facilities worldwidethan
thereare thosewhich can produce more conventionalcircuits.
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Fig. 1: Schematicrepresentationof a Silicon PIN Diode hybrid detector.

The architecturewhich we find to be well suitedfor chargedparticle detectionat
the SSCis that of a hybrid? The chargedparticledetectorand the readoutelectronics
axeconstructedastwo separatesilicon chips,eachoptimizedfor its specific function. The
two chips, indium bumpbondedtogether,then providethe basicbuilding block for the
constructionof a detectorarray.

SILICON HYBRID ARRAY EXPERIENCE

The chokeof the hybrid design viz, one is which each diode of the detector
array is bondedto an independentamplifier readoutcircuit on a mating VLSI chip
via an array of aligned indium metal bumps that cold weld tinder pressureto form
ohmic contact,allows for additional flexibility in the selectionof detectorand readout
electroniaFor instance,a changein the leakagecurrentspecification of the detector
array will not affect the readoutelectronics,nor will a changein the VLSI chip oxide
thicknessto accommodatea radiationhardnessspecification affect the detectorarray.
Figure 1 is a schematicrqn..wtaticnof a silicon PIN diode arrayhybrid. Figure 2is a
microphotographof an arrayof indium bumps prior to thebondingproca.. The bump.
shown areapproximately15 pm in diameter.A small 10 x 64 pixel hybrid mountedin
a 68-pin leadlesscarrier I shown in Fig. 3. The readoutchip in this device,the Hughes
CRC-198,wasoriginally designedto matewith a long-waveinfrareddetectorchip which
for optical reasmerequired 120 pm square pixels. The successof this chip lead to a
seriesof larger arrayswith smallerpixelsfor 3-4 pm infraredplatinum sUicideSchottky
harrier detectorsas shown in Table I. A photographof the 256 x 256 pixel CRC-365
hybrid, which hasbecomefairly mature,I shown in Fig. 4. Figure 5 is a histogramof
the infraredsensitivity of each- of a 256 x 256 hybrid array. Of note is thenearly
identical electronicresponseof the65,536pixelsof the arrayand the notationthat only
threepixels in the array aredead.Currentlybeing developedare 512 x 512 seeFig. 6
and larger arrays. The circuit used in the array unit cell of all of the chips listed in

Fig. 2: A microphotographof an array of indium bumpsprior to thebondingprows.

Tablet is called a sourcefollower per detectorpixel or SFDwith direct readoutDRO
multiplexing as opposedto CCD multiplexing.

Figure 7 is a schematicdisgrasnof theMOSFET circuitof the lOx 64 readoutarray.
Thediagramhasbeendivided into its severalfunctionalportions. Thesectionreplicated
for eachpixel containsfour MOSFETs.Signal chargeis generatedby thedetectordiode,
andis fed to thegateof thesignalMOSFET,whereit staysuntil a readoutis made. The
pixel selectioncircuit indicateshow a sequenceof addresslines canselectan individual
pixel by turning on the gatesof the VDD bit. MOSFET and the enable gateof the
resetMOSFET.The U,,,,, signal allows the gateof the signalMOSFET to be resetto
the V,,,.1 level for any pixel that is enabledby the reset MOSFET. All of the signal
MOSFETs in a column of the array are connectedto a readoutMOSFET in a source
follower configurationwhich providespower for driving an externalcircuit.

PIN DIODE HYBRID ARRAYS

Theexisting infrared readoutchip. canbe matedto PIN diode arraysto produce
hybrids with a numberof advantagesas high-energyparticledetectors.

Thepresentreadoutchips allow randomaccessto any pixel, which thenoperatesas
an independentdetector.By virtue of itsgeometryalone,eachpixel detectorPIN diode

FIg.3: ApbotographofalOx4readontchiphumpbondedtoaSiliconPlNdiode
array.
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Fig. 4: A photograph of a 256 x 256 silicon hybrid.

providesabout3,000 times less sensitivity to diodeleakagecurrent than a microstrip
detector, which will incressethe radiation hardnessto neutrons. To complementthis

increasein the radiation hardnessof the detector diode,one of the presentreadoutchips

the 10x84array has been fabricated in a technology which is radiation hard at cryogenic

temperaturesto I Mrad of Cobalt 60 gammarays.

The hybrid operatesat room temperature,eliminating the needfor a cryostatand

easing the problems of installation, alignment and accessibility for power and control

cabling.

The detectorthickness itself can now be optimized. The PIN diodearray can be
fabricatedto give the requisite signal 80 c/pm of silicon, while the VLSI chip can

be thinned to less than 100 pm if necessary. This feature is important for minimizing
multiple.scattering effect, and also for limiting the number of adjacentpixels turned on
by tracks incident at largeanglesto the surface.

It should be noted that the diode anodesare indium bump bondedto the silicon

readoutchip, leaving the cathodeavailable to be etchedinto a pattern of pads or strips.
Signalspicked up on thecathodepads would be available for fast triggeringor for reducing

FIg. 5: A histogramof the infrared sensitivityof each pixel of a 256 x 256 hybrid

array.

ieee
I BBS
1454
I284
1083
553

a en
451
251

50

s-s.

- HYBRID ID: IVA 137
- 15-JUL÷1957
- T.mpK 300
- Central Dead Pixels 0
- Total Dead PIxels 3

- Signal Response
- 100% of Pixels

111111 1’- I
0 2 4 B 5 10 12 14 ie 18

mv/C SSflA5

Fig. 6: A photographof a 512 x 512 silicon infrared hybrid.

the readouttime by usingthe randomaccessnature of the readoutelectronics. System
considerationswill determineif thecathodesignalsareuseful.

To addressthe problem of datawhich may accumulateduring thereadoutcycle,

gating circuitry can bedesignedto inhibit the flow of chargebetweenthe detectorand
the readoutchip after an event is tagged. Alternatively, an input buffer can be added
which leaves the detectoralive but which doesnot alter the data being readout. These
features do not exist on the present readoutchips-

To addressthe problemof data beingrecordedfrom variousbeamcrossings,adesign

must be adopted which allows the data and the time of arrival to be correlated.Present
chips do not have this feature. They do appear to have the ability to providea "fast
indication that a particle hasbeen recorded by the detector. However, we have not yet

explicitly studied this featurein the laboratory. This ability, important if confirmed,can

Table I.

Design Arra y Size Pixel Size
pm

Year

CRC-171 10 x 32 120 x 120 1980

CRC-198 10 x64 120x120 1981

*

CRC-228
CRC-234

58
128

x62
x128

75 xIS
50x50

1983
1984

CRC-304 256 x256 30x30 1985
CRC-350 256 x256 30x30 1986

CRC-352 244 x400 24x24 1986
cac-as 256 x256 30x30 1986
CRC-389A 244 x400 24x24 1987
CRC-389B 512 x512 20x20 1987
CRC-412 488 x640 20x20 1988

ivuunuusrft
S.,. an.,.
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Fig. 7: Schematicdrawingof thereadoutelectronicsof the 10 x $4 readoutarray-

be used in designsto strobe shift registerswhich recordtimeinformation while retaining
the small pixel size of our presentchips.

In the presentgenerationof readoutchips, it should be noted that the power used
during the write cycle is essentiallyzero. Power is usedonly when reading, and cooling
needsthus are Lessened.

DESCRIPTION OF PRESENT HARDWARE
Theeare two readoutchip geometriescurrently being built into detectorarrays.

Figure 8 is a photograph of the two mating PIN diode arrayson a production wafet
Shownareanumberof10x64 arrayswitb I2Opmsquarepixelsand anumberof2s6x2z6
arrayswith 30 pm squarepixels. The diode arrays are identically processedand differ
only in that they must mate with their respectivereadoutchips. The readout ‘ips are

Fig. 8: A photographof 256 x 256 and 10 x 64 PIN detector,on a water. The five
squarestructuresat the top of the wafer are test diodes. The wafershave
beenmanufacturedby aticaosSLMLCONDUCTOR, LTD., Sussex,England.

Fig. 9 A block diagramof the high energyphysicsdataacquisitionelectronics.

similar, but havescenedifferences. For instance,the 10 x 64 array hasbeenoptimized
to be radiationhard to I Mud at 10, K. It hasa random accessarchitecturein that a
unique settingof itsaddresslines will selectone andonly one row of pixels. The 256c 256

array, on the otherband,is randomaccessin that the pixelsareaddressedvia row and
column 5hift registers.This featuremakesaddressinga given pixel more complicatedbut
allows easyinipleinentationof a sparsescanalgorithm This particular readoutchip has
beenoptimized to collectelectronsbut is bipolarat the signallevels we expect.

Figure 9 is a block diagramof the high energyphysics data acquisition system.
A Sun MicrosystemsSun-3/1IOLC-4workstationcontrolsa systemhousinga Sun 3/E
CPU, a Motorola88020bus conserterboard,amplifiers, ADCsdigital signalprocessors

and a clock generator. The digital signal processoris the Motorola DSP5600I. This
device acquiresdata at a rateof 10 MIPS, processesit and passesit via the MC68020
to the Sun 3/E. The bus converterboard,a Parity systemsAW0 dual-portprocessor,

Interfacesthe local analogbusPECKSUSto theVME bus.

The noise performanceof the 10 x 64 readoutchip at ir K hasbeenmeasured
to be 45 electronsma referredbath to the input. This is within a factor of two of the
expectedJohnsonnoise of thegateof the input signalMOSFE?.At room temperature,
the expectednoise signalshould he about200 electronsnsa, taking into account the
Squareroot of the temperatureratio in the Johnsonnoise component. However, the

measurementhasnot yet beesimade. If the noiseperformanceis as expected,detectors
thinner than the traditional300-pm-thickdevicesazrtentlybeing fabricatedwould offer
more than adequatesignal-to-noiseperformance.

RESEARCH PROGRESS

Using DetectorDevelopmentfunds from the Departmentof Energy,a contractwas.

made with Micron Semiconductorto deignandfabricatetwo silicon PIN diode arrays.

IMyiduol Phil, Chorqe Slorooe
id Reset Circuits

55515S

I
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The array sp&tiona were chosen to allow the detector chipsto matewith two Hughes
Aircraft C0. i Jut chips. Thearraysfabricatedarea lox 64 array with 120 pm square -

pixebanda25bx25$snaywith3opmsqnarepixels.Thetlratsilicoc lOxG4bybrid -

arrayswere completedin December1968, and the silicon 256 x 256 hybrid arraysare
being built. The data diScussedin this paper were taken with the 10 x 64 array.

Additional Detector Developmentfundswere used to begin the fabricttion of the
dedicated high energy physics data acquisition system destribedabove. The ampli
£er/ADC/DSP5600I boatds and the clock generatorin the present system,however,
are circuits remainingfrom the infrared data acquisition system’ These need to be re
designedto high energyphysicscriteria. Figure 10 is a photograph of thedata acquisition -.

electronicsfor the 256 x 256 array. I
A dataacquisition anddisplay softwarepackage based on the infrared system has a*t.’

beenwritten. Theoperatingsystemis UNIX, the DSP hasbeenprogrammedin assembly Fig. Ii: A photograph of the SUN display screen. Included is a display of the timing
language,and various control functions are written in Magic/La, an interactive language sad control pattern, the pulse height scale, and two event windows each

showing a 10 x 64 representation of the hybrid.

derivedfrom Forth. The Parity AV2O dual port processorhasbeenprogrammedin C,
andthe DSP will be reprogrammed in C. Figure lii, a photograph of a SUN display
during data acquisition. The large window on the left displays the timing patternused
to readout the hybrid. The small window on the right shows the pulse height scale,
which is a color scalefrom blue at the top to white at the bottom. The two rectangular
windows just right of the centerrepresentthe pixel array and contain two events;the one
on the right hasdetectedan alpha particle, while the event on the left has two alpha
anda 59.5 Key x-ray.

Figure 12 is a photo of the hybrid placed under an Americium 241 alpha source.
Americium 241 is also a sourceof 59.5 KeV and 26.3 KeV x-rays. The mounting fixture
is a low temperatureDewar for tests to be performedlater, which will characterizethe
hybrid’s performance as a function of temperature.

Figure 13 is a scopetrace of an output channel. The faint traces are the sig
nals from the detectedalpha particles.Correlateddouble-sampling electronicsdescribed

a-as
Fig. 12: A photographof the hybrid mounted in the Dewar, under an Americium

Fig. 10: A photograph of ourpresentdata acquisitionsystemfor the 256 x 256array. source.
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Fit 13: Aphotographofasopetraceofanoutputchannelonerowofthelox64
detector.

elsewhere is needed to reducethe 1/f noiseand provide the excellent signal-to-noise
ratio performanceobserved.

At the presenttime, a systemexists which can read with either of two detector
geometries:lox 64 or 256x 256. Theprogramof testingandcharacterizingthesedevices
hasjust begun. The first hybrid arrayshavejust beenmanufactured.Preliminarydata
demonstratethedetectionof alpha particlesand 60 KeV x-ray. with a high signal-to-
noiseratio. However, the readoutsystemha.not beenoptimized. The timing pattern
and bias voltageshavenot beensweptthroughtheir respectiveranges,andenvironmental
noisehas not yetbeenremoved. The preliminarydata are encouraging. The detection
of a 60 KeV x-ray meansthat we have detecteda signalhaving approximately 16,700
electrons. This is lessthan the24,000electronsgeneratedby a minimum ionizing particle
traversing 300 pm of silicon.

Table ii is a summary of currentdevicecharacteristics.

LOW-MASS, HIGH-DATA-RATE PACKAGING
Packagingtechniques have alsobeen developedfor the isfraredapplicationof these

chips that should be vey useful for the SSC. A beryllium module pedestalis shown in
Fig. 14 that holds several 10 x 64 hybrid, usedon the Airborn Optical Adjunct AOA
Program?The berylliumstructurethat holds up to 48 of thesemodulesin a focal plane
Fig. 15 is over 16 incheslong. This focal planegenerateover 380 million analogdata

Thble ft Summaryof Device Parameters.

Fig. 14: A photographof a berylliummodulepedestalholding several lOx 64 hybrid
arrayt

s-fl

Fig. 15: A photographof the AOA focal plane.

samplesper second. The datais then convertedtrain analogto digital information and
processedat a rateof 15 billion operationsper secondby the dataprocessorshown in

Fig. 16.

CONCLUSION

Silicon PIN diode- detectorsappearto betheprimecandidatefor anSSCvertex
detector.Pixel detectorsshouldhavethebestperformancein terriaof resolution,signal-
to-noiseratio,radiationhardnessandunambiguoushigh-spedresponseAn architecture
to achievecorrelationbetweenthe pixel containingthedataand the time of the beam
crossingusinga combination of on-chip and off-chip signal processingappearsfeasible
to implement advancedradiation-hardenedsilicon CMOS technology. More study is

required to ensurethat the powerthat must be dissipatedto achievefull operating
speed is compatiblewith themaintenanceof PIN diode operatingtemperatures.The

produciblity of largehybrid diodearray/readoutchipsof up to 512 x 512 pixels has been
demonstrated.

Very preliminarydatafrom our 1,.est 10 x 64 silicon hybrid arrays demonstrate
the detectionof alphaparticlesand60 KeV x-rays.
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Array dimension
Pixel size

Detectormaterial

256 x 256
30 pm
Silicon

Numberof readoutchannels
Powerduring 5wmite" cycle

Powerduring read cycle
P dock-

Theoreticalclock-

10 x 64
120 pm

Germanium
Silicon

10
0 mW

10 mW

1MHz
10MHz

RandomAccess
20 MIPS/channel

lMrad
<300C rita

Readoutmode
Processingpower

Radiationhardness

2
0 mW
2 mW

2 MHz
10 MHz

RandomAccess
20 MIPS/channel

Noiseat room temperature
7

<300C rims
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DESIGNS FOR A HIGH ENERGY PHYSICS DETECTOR ARRAY

Introduction

A vertex detector for a high energyphysics experimentsupplies the information neededto deter
mine the trajectoriesof particles coming from the collision or interactionregion. Severallayers of thin
detectorsare often sufficient to reconstructthe tracks. The accuracyof locating the tracks is determined

by the sizesof the detectorelementsand by the accuracyof the interpolationprocedure,if one is used.
The design and the speed of the readoutelectronicsmust be high enough to accommodatethe event
rate. The readoutsystemin generalconsistsof electronicsassociatedwith each detector element,elec
tronics associatedwith groups of detectorelements, and a state machine or a digital signal processor
DSP.

Solid statedetectorshave fast responsetimes, can be divided into narrow strips or into small pix
els, and can be compactlymatedto readoutelectronics. Table I describesdetectorssuitable in various
settings.

Table 1 - Hit multiplicity and resolution of detectors

Detector Interpolation Maximum Resolution
elementsand numberof
quick-lock hits per
information beam

crossing

Wide strips No Few Low
Wide strips Yes Few High

Narrow strips No Few High
Pixels; Xs independentof Ys No Few Low
Pixels; Xs independentof Ys Yes * Few High

Pixels; X. Y pairs No Many Low
Pixels; X, Y.pairs Yes Many High

Design Approach

A detector army having pixels is needed for some high energyphysics experiments,and the
remainderof this paper is devoted to describing somepossible designs. The detectorarray is used to
determinea point on the trajectoryof an ionizing particle as shown,for example, by the two clustersof
hit pixels with their neighborsin Figure 1. The clusteron the right would be producedby an ionizing
particle perpendicularlyincident on the face of the detector array and passing roughly through the
center of a pixel. The cluster on the left would be producedby ionizing particlespassing obliquely
through the array. If the pixels are tall and narrow, the particle will pass through several pixels as
shown.

The readoutelectronicsconsists of some circuits in the pixels, other circuits connectedto the
columns and to the rows of the array, and circuits in a controller. One approachamong several
approachesto designinga vertex detector for the SSC is to incorporate complicatedanaloganddigital
electronics on the readoutchip and to therebyonly needa simple controller for the readoutprocess. A
readoutchip that will supply the addressesand stored chargesof hit pixels and their neighbors would



8.4 A SET OF POSSIBLE READOUT DESIGNS

A set of detector array designswas begunduring the generic It & D progamin
the last year, and the designs to date are described in a long writeup. A few
pagesof this writeup follow. This work is in progress, and the writeup hasnot
beenpublished.
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only require a simple state machineor a simple DSP for readoutcontrol. Also, if fast analogelectron
ics in the readoutchip can be substitutedfor digital processingelectronics,speedgainsarepossible.

High readoutspeedis important to keep the numberof hits on the array low during the readout.
If the numberof hits during the readoutis large, provision in the design must be made to exclude these
later, unwantedhits. A fast readout,in general,allows for a simpler readoutchip than a slow readout
does.

Compressionof data is useful if the interesting event rate is high becausethe link between the
pixeliated detectorsand the the region outsideall the detectorsystemsis constrainedby a small space
for cable routes. A DSP can be used to convert the coordinatesand storedcharge on the pixels in a
cluster of pixels to a setof parametersdescribingthe cluster. If the set of parameters is smaller than the
set of coordinates andcharges,the data transmissionratecan be reduced.

A design that usesa complex readoutchip and a simple controller instead of a simple readout
chip anda complex controller is presented in this paper. The readoutis fast. The readoutchip performs
six functions:
A Whenthearrayishitbyanionizingparticle

I Store the chargefrom an ionizing particle.

2 Store the clock time of the ionizing particle hit
B When a level 1 trigger, signaling that a possibly ineresting event occurred, accompaniedby a

time window is received

I Resetall pixels exceptthe hit pixels and their neighborsof the possibly interestingevent

C Whenalevelltriggerisnotfollowedbyalevel2triggerandalevellcancellauonisreceived
1 Resetall pixels andtheir neighborsof the level I triggeredevent

D When a level 2 trigger, signaling that an interestingevent occurred,accompaniedby a time win
dow is received

I Transmit the addressesof hit pixels

2 Transmit the addressesof the neighborsof hit pixels
3 Transmit a signal from eachhit pixel and its neighborsrepresentativeof the stored

charge . -

The DSPtakesthe data from the array and calculatesthreequantities
I Centroidof the cluster
2 Total storedcharge
3 Shapeof the cluster

The DSPScan be located in proximity to the readoutchips or can be locatedoutsidethe vertexdetector
volume which closely surroundsthe interaction region. The latter option requiresa higher data transmis
sion ratebetweenthe vertex detectorand the distantelectronics,

Family of Arrays

A family of arrayswith pixels will be described,beginningwith simple arraysandendingwith an
array having the functionslisted above. Becauseeach successiveamy is a modification of its prede
cessor,understandingthe componentsof the readoutcircuitry can be facilitatedby studyingeach array
in turn.

Each array is numbered,with the PS I array being the simplest.The PS I array producesone X
and one Y output from one pixel immediately after being hit Each pixel has two output lines, oneto
the X addressmernoiyand one to the Y addressmemory. The PSII array is the sameas the PS I array
except for having an analog to digital converterADC. It producesone immediate set of X, Y, and
ADC outputs.
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For many high energy physics experiments the array must record the time and the location of
severalhits, and the readoutcircuitry needsto be more complicated.A typical time sequenceof events
is shown in Figure 2. If the array can be read out before it is hit again, one time register is neededfor
the array. However, if the readout is too slow to read each event,only a subsetof the eventscan be
read out. The selectionof each memberof this subsetof events might occur long after the event, and
then time registers on the array would be neededto distinguish selectedevents from uninteresting
events. Each PS arrayhasa finite capability, and Table 2 lists the featuresof these arrays.

Table 2 Readout array features

Design Maximum ReadX,Y Read ADC Read hit
numberof out before out before pixels, H, or
pixels hit next hit. RH. next hit, RH. hit pixels and

or after or after neighbors,H&N
trigger. AT Digger, AT

PS 1 1 RH N0ADC H
PS II 1 BH BH H
PS UI l RH N0ADC H
PS IV I RH AT H
PS IVN l RH < AT H&N
PS V l AT NoADC H
PS VI I AT AT H&N

Sequence of Steps iii Priority Selection

For a rapid readoutof multiple hits, a priority selectiondesign is usedin the PS family of arrays.
PS stands for priority selection,which meansthat a set of selectableitems is addressedin sequence.
The selectable items are the columns or the rows that contain the hit pixels. The priority selection
logic quickly generatesthe addressesof these columns or rows. The hit columns or rows in the PS
designs open someswitches that are normally closed. The switchesare lined up serially, and the prior
ity selectorvoltagepassesthrough the closed switchesand reads the addressesof the open switchesone
at a time in sequence.Priority selectionby using analog electronics provides faster accessthan by using
a digital searchprocessor.

For example, the sequenceof steps followed in finding the addressesof two hit columns of an
array follows. The componentsof the priority selection logic on each column are a switch, a flip flop,
and two AND gates as shown in the PS UI array. The sequenceof steps followed for finding the
addressesof hit columnsis listed:

1 Resetthe flip flops so the outputs are positive with the RFFCOL line.

2Waitforthecolumnstobehit. TheANflgatesontheouiputsoftheflipflopsonthehit
columnswill turn on, and the normally closednc switches will open.

3 Begin the process to read the addressesof the hit columnsby applying a voltage PSCOL to the
endof the line of switches.
4 The secondAND gate on the nearesthit column will turn on and the addressof this column
will appear on the column addresslines. Read the address.The flip flop on this column will be
enabledfor turn off.
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5 Turn off the flip flop on the nearesthit column with TOFFCOL andthe switch will close.

6 As in step4 the secondAND gate on the next hit column will turn on. and the addressof
thiscolumn will appearon the addresslines. The flip flop will be enabledfor turn off,
7 As in step 5 turn off the flip flop with TOFFCOL,and the switch will close.

8 The PSCOL voltage will appear on the end of the line of switches, making the signal
ENOCOLS,signifying that all hit columns havebeenread.

The priority selection schemefor readingthe addressesof the hit rows is the sameas that for hit

columns.

ArraysUsing Priority Selection

The PS Ill-T array producessetsof X, Y outputs causedby multiple hits, and the PS IV-T array
produces sets of X, Y, AIX outputs. The suffix T denotesthat there is a transimpedance amplifier in
each pixel. The uansiznpedanceamplifier, boosts the signal to reduce the effects of noise in the down
streamelectronics.

The X, Y coordinatepairs of hit pixels in the PS Ill and PS IV arrays are readout and stored
immediately after being hit by adhering to the following procedure. The discriminatorson the hit
columns will turn on and the switches will open. For the PS IV array ALLROWS is turned on. Then
priority selection is used to read the addressesof the hit columns. When reading the addressof a hit
columntoobtaintheXadlressofahitpixel,theYoutputsofthepixelsinthecolumnwillbeenabled
becaStheANflgatesinthepixelswillbeon.Thehitpixelsinthecolumnwillturnonthediscrimi
natorson their rows. The switches on theserows will open. Priority selectionis now usedto find the Y
addressesassociatedwith the X addressalready found. The AIX valuescan be obtainedlater, suchas
after a trigger, by addressingthe pixels with the stored addresses.The PS IV-T array would be useful if
theX,Ypairscouldbereadoutbeforethearrayishitagain.TheADCcouldbeslow,withthearray
being hit a few times during the digitization. Note that the PS IV-T array has registers that can both
readandwrite. Figure 3 is a timing diagram of the signalsinto andout of the array when two columns
are read out. A program for a state machineor for a DSP to read the PS IV-T array is listed in Appen
dix A.

ReadingNeighborsor Hit Pixels

Information about the neighborsof pixels hit hard enough to trigger the discriminators is also
recorded in some array designs. The stored chargeson these pixels must be measuredin order to
obtain accurateinterpolationsor centroidsof the chargedistributions. The suffix N denotesthat infor
mation aboutthe neighborsof hit pixels is recorded. For example,the PS IV-TN array finds X, Y, and
ADC for all pixels hit and their rectilinearand diagonalneighborsas shown in Figure 4. The scheme
usedfor finding the neighborsof hit pixels uses

1 Fanoutsto 3 columnsor 3 rows from eachdiscriminator

2 Fanoutsto 3 columnsfrom eachcolumn enable line

The discriminatoron a column opensthe switcheson its and the neighboringcolumns.Likewise a
discriminatoron a row opensthe switcheson its and the neighboringrows. Later, when a column is
enabledto set the discriminatorson the rows, the neighboring columns are enabledsimultaneouslywhen
the FNDNBR signal is on. FNDNBR and ALLROWS should be turned on and off together in normal
operation.

This procedurewill causediscriminatorsto be fired on all hit and neighboringcolumns. When
each one of thesecolumns is enabled,the discriminatorson all rows with hit and neighboring pixels
fire. The neighborsincludeboth the rectilinearand the diagonalneighbors.



Note that if a control line on the cross links betweenrows correspondingto the FNDNBR line
were installed, it would be possible to only find the rectilinearneighbors.The ALLROWS ciivuit would
not be needed. If neither ENDNBRX nor FNDNBRY were turned on no neighborswould be found.
whereR4DNBRX controlsthe cross links betweenthe columns and FNDNBRY controlsthe crosslinks
betweenthe rows. If only FNDNBRX were turnedon, only the neighbors in a row would be found. If
only FNDNBRY were turned on, only neighbors in a column would be found. If one of thesecontrol
lines were turned on andoff before the other were turnedon andoff, the rectilinearneighborswould be
found. If both control lines were turned on at the same time, the rectilinear and diagonal neighbors
would be found.

Time Window Accompanying the Trigger

The Digger will occur alter the interesting event occurs.The detectorarray will probably have
beenhit during several uninteresting,or background,events in addition to the interestingevent while
waiting for the Digger. In order to distinguish the events,the time of each hit is recordedin registers
on the array. Later, the thgger will be accompaniedby a time word, rFRlG, giving the time of the
interesting event. However, the time resolution wiU be poor becausethe thgger will come from the
calorimeters, which surround the vertex detector with large scintillators and proportional counters.
Scintillators and proportional counters are slow and also have poor time resolution. The interesting
event could have occurred at any one of several beamcrossing,or clock, times around17R10. All hits
within a time window around1Th1G should be acceptedas being the interestingevent

The PS VI design for recording time usestime registers on the columnsinsteadof on the pixels.
This arrangementallows the pixels to be small, and it works if the event rate is low enough that a
column has a low probability of being hit by both a particle in the interestingevent and also a particle
in an uninteresting event The time registersserve two purposes,which are I recording the event time,
T, and 2 comparingthe recordedtime, T, with the time, TI’RIO, suppliedwith the trigger. If T equals
TFRIG, the registerproducesan output. This output is fed into a flip flop which in turn feeds the prior
ity selectioncircuit. The flip flop allows severalflIG times in a time window to be comparedwith
T in the time register.

The PS VII designallows a column to be hit several times becauseeach column and each row
has several time markers.There is one set of time registers for the whole array.

Event pileup

If the detectorarray is hit more than onceduring the waiting and readoutperiods, the system
must be able to select the correctevent. As the number of hits during the waiting and readoutperiods
increases,the systembecomesmore complicated. Hencea fastreadoutschemeis important for keeping
the readout chip simple. Figures 5 to 7 show the timing and chargestoragefeaturesthat are necessary
to accommodatevarious event rates. Figure 5 shows the featuresneededas a function of mean time
betweenhits relative to the Digger delay. Figure 6 shows the featuresas a function of mean time
betweenhits relative to the readouttime. Figure 7 is a superpositionof Figures 3 and4 and shows the
featuresas a function of mean time betweenhits relative to a typical SSC Digger time and the PS array
readouttime. The featuresnoted in these figures are describedbelow in a list that begins with a low
event rate and ends in a high event rate:

1 If a array hasa reasonableprobability of being hit at most oncebefore the trigger and not dur
ing the readout, one time registerfor the whole array is sufficient.
2 If a column has a reasonableprobability of being hit at most once before the trigger and not
during the readout,onetime register on each column is sufficient.
3 If a column has a reasonableprobability of being hit at most once before the Digger and at
most a few times after the Digger, one time registeron eachcolumn and oneon each row would
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Note that if a control line on the cross links betweenrows correspondingto the FNDNBR line
were installed, it.would be possibleto only find the rectilinearneighbors.The ALLROW.S circuit would
not be needed.If neither R4DNBRX nor FNDNBRY were turned on no neighbors would be found,
where FNDNBRX controls the cross links betweenthe columns and FNDNBRY controlsthe crosslinks
betweenthe rows. If only FNDNBRX were turned on, only the neighbors in a row would be found. If
only FNDNBRY were turned on, only neighbors in a column would be found, If one of thesecontrol
lines were turned on and off before the other were turnedon and off, the rectilinearneighborswould be
found. If both control lines were turned on at the same time, the rectilinear and diagonal neighbors
would be found.

Time Window Accompanying the Trigger

The trigger will occur after the interesting event occurs.The detector array will probably have
been hit during several uninteresting,or background,events in addition to the interesting event while
waiting for the thgger. In order to distinguish the events,the time of each hit is recorded in registers
on the array. Later, the trigger will be accompaniedby a time word. URIC, giving the time of the
interesting event. However, the time resolution will be poor because the Digger will come from the
calorimeters, which surround the vertex detector with large scintillators and proportional counters.
Scintillators and proportional countersare slow and also have poor time resolution. The interesting
event could haveoccurredat any one of several beamcrossing,or clock, times around ITRIG. All hits
within a time window aroundURIC should beacceptedas being the interestingevent.

The PS VI design for recording time usestime registerson the columns instead or on the pixels.
This arrangementallows the pixels to be small, and it works if the event rate is low enough that a
column has a low probability of being hit by both a particle in the interestingevent and also a particle
in an uninteresting event. The time registers servetwo purposes,which are I recording the event time,
T, and 2 comparing the recordedtime, T, with the time, URIG. supplied with the trigger. If I equals
URIG, the registerproducesan outputThis output is fed into a flip flop which in turn feeds the prior
ity selection circuit. The flip flop allows severalURIC times in a time window to be comparedwith
I in the time register.

The PS VII design allows a column to be hit several times becauseeach column and each row
hasseveral time markers. Thereis one set of time registers for the whole array.



Coordinates found In the sampLe DSP program are XO. VU, Vt YE, Y3, X, NCOLS, WROWS,
but coordinates of pixels labeled ‘A’ can also easily be found.

Other quantitIes calculated by DSP for deterning centrolc4 are XV, YV, V.
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