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SSC SUBSYSTEM R&D PROPOSAL TO DEVELOP
A SILICON TRACKING SYSTEM

I. INTRODUCTION

We areproposingaprogramof R&D aimedat developinga large-scalecharged
particle tracking systemmatchedto SSC physics,and to the challengingSSCen
vironment. The tracking systemis basedon silicon detectorsand associatedVLSI
electronics.The systemhasfine spatialprecision,granularityandtwo-trackresolu
tion allowingsuperbpatternrecognitionandmomentummeasurement.Substantial
multiplexing is providedin the detector. Our proposalbuilds on substantialsili
con detectorexperiencefrom experimentsat SLAC, FNAL and CERN, aswell as
more thantwo yearsof work on detector/eventsimulations,developmentof silicon
electronicsand radiationstudiesfor theSSC.

The silicon tracker for the SSC is a non-trivial extensionof existing silicon
systems. Significant progressmust be achievedin the areaof radiationhardness,
low powerelectronics,cooling/heatdissipation,mechanicalsupports/alignmentfor
large systems,and integrationof thesilicon into the experimenttrigger. Research
on most of theseissues is alreadywell underway. More progressis needed; and
theseissuesare centralto the major milestones/goalsof our proposal.

To identify the critical physics/trackingissues,and to address/solvethe tech
nical issues,we proposethe following programof R&D:

1 Monte Carlo study of the physics potentialof a good trackingsystem,espe
cially for Higgs detection.

2 Design of a tracking systemmatchedto the physics potential of the SSC
and consistentwith the limitations of the technologyand the engineering
complexityof a large system.This includesthe developmentof a detector-
tracking simulation, leading to a pattern recognition program and track-
fitting programwhich allowscareful assessmentof the detectorefficiency, the
impact on tracking of the detectorconfiguration and the effect of material
on systemperformance.

3 We plan to undertakea realisticengineeringdesignof the mechanicalstruc
ture neededto hold and cool all of the detectorelementsand associated
electronicsand cabling.

4 We plan to continueongoingwork on electronicsreadoutschemesandon the
developmentof sufficiently fast, radiation resistant,electronics. This is an
areain which industry is moving forward rapidly and where we havedone
genericR&D to familiarizeourselveswith the technical questions.We plan
to assesscritically what canbe expectedin the future andhow to bestmake
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decisionsto utilize the latest technology while maintaining a conservative
detectorcompletionschedule.

5 The detectionsystem we envisionconsistsof pixel detectorsat small radii
r Z 10 cm andstrip detectorscoveringlargerradii r $ 50 cm. R&D on
the developmentof suitablepixel detectorsis part of a separategenericR&D
proposal. We plan, within the scopeof this proposal,to look at the physics
potential and integrationof pixel detectorsinto a tracking system. We in
cludewithin the proposalthe developmentof double-sidedstrip detectorsin
conjunctionwith silicon-detectormanufacturers,a studyof single-sidedstrip
detectorswith shortstrips, with hits recordeddigitally, andajoint effort with
Westinghouseto producedetectorsandintegratedreadout. Thestrip detec
tors would makeup the bulk of a large-scaletracking system. Along with
the mechanicalengineeringwork, the developmentof optimizedproduction
quality detectorsis our major technicalobjective.

6 We plan to begin work on second-leveltrigger possibilities using strip de
tectors. Since the momentum precisionis inherent in the geometricalhit
pattern,it shouldbepossibleto haveavailabletrackinformationfor trigger
ing by usinghit patterns.

7 A resultof our work will beaplan on how to build the tracking system,acost
estimate,andmilestonesfor a realistic program. It will include averification
of the mechanicaldesignand cooling using prototypes.

We discussbelow in moredetail, eachof theareasoutlined above.We include
a list of the individuals committedto work on eachareaof the R&D. Theproposal
includesindustrial participationin the areaof fast bipolar electronicsSilicon Dy
namics,nd-bard CMOS UTMC, detectordevelopmentHamamatsuin Japan,
SI in Oslo and MBB in Germany,and mechanicalengineeringWestinghouse.
We also plan to usesomeuniquefacilities for prototypedetectorproduction at
LBL and the StanfordCenterfor IntegratedSystemsand someuniqueengineer
ing skills availableat LANL. We expectthe whole groupto meetperiodically and
review progressin all areasand that the groupsworkingon the different areaswill
submitwritten progressreports to thegroup asa whole.

II. PHYSICS CAPABILITIES AND GOALS

We envision the silicon-trackingsystemas apart of a largesolenoidaldetector
whosedimensionsare mainly determinedby calorimetry requirements.The role
of the silicon tracker is to providechargedparticle track finding and momentum
measurementover a rapidity range lvi Z 2.5. Someexplicit goalsare listed below.
Thesephysics goals are basedon severalstudies, in particular the work at last
summer’sSnowmassWorkshop.
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1 Measurementof dE/dx in a few inner layers to search for oddly ionizing
particlesandto reject overlappingelectron-positronpairs from photon con
versions.

2 Precisionvertex reconstructionto look for long-lived particles andto study
B decaysin the central region. The intermediatemassHiggs decay to 66
maybe measurableabovebackgroundsfor massesnear 100 GeV. We expect
to investigatethis morecarefully as part of our simulationeffort.

3 In the past, leptonshaveoften beenindicative of new physicsandwe design
our trackingdevicein anticipationof a similar role at the SSC. The tracking
detectorallows excellentmomentummeasurementfor electronsand muons
and powerful backgroundrejectionby matchingthe track parametersof the
leptonswith information of the otherdetectorsystems: for the electrons,
the energyE from the calorimeteris matchedto the momentump measured
with comparableaccuracyin thetrackerin the few hundredGeV momentum
range;for muons,the track seenin the outer muon identifier is matchedto
the track found in the precisiontracker.

4 A mass resolution for Z -, or 1f comparableor better than the
spreadingfrom the Z width, allowing maximumbackgroundrejection for
Z’s originating from decayof a Higgs of mass up to about 1 TeV. This
requiresup/PJ. .- 10% P1 TeV for lvi 2.5.

5 The simplest StandardModel Higgs to four cha.rged-leptondecaytypically
resultsin only about100 usefuleventsper SSCyear. To avoid losingvaluable
datait is essentialto have a very good tracking efficiency for theseevents,
especiallysince all four tracks have to be correctly measured.The silicon
trackershould have as a goal a tracking efficiency 95% per lepton for this
channelin the rapidity range lvi 2.5.

6 For the caseof severalHiggs bosons,the numberof eventsexpectedfor each
Higgs decayingto four leptonsis reducedcomparedto the simplestStandard
Model. For this case,eachHiggs particleis correspondinglynarrower. Thus,
a systemwith sufficiently good mass resolutionwill providea fixed signal
to-noiseratio in the Higgs invariant mass-wherethe reduction in events
is compensatedby the narrowerwidth. Thus, good massresolution allows
sensitivity to a wider rangeof models. We will look at this issuein more
detail and expectto set as a goal for the detectora Higgs massresolutiona
few times smallerthan the simplest StandardModel width for Higgs in the
few hundredGeV range.

7 The useof tracking and eventmultiplicity measurementshould be a useful
tool in separatingthe decayof a very heavy lliggs to W + W -, 2 Jets
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and Z + Z -, 2 Jetsfrom mixed Electroweak..QCDbackgrounds.These
L.,+-

signal processeshave much higher rates than the decaysinvolving leptons
only. We expect to completea detailedsimulation of the signal and back
groundprocessesin orderto betterunderstandthepotentialof this technique
for Riggs discovery.

8 Silicon provides the ability to reconstructmost of the tracks in very high
multiplicity high P1 events,up to 1 TeV in P1. This could be importantin
understandingjets andsearchingfor newphysics. It will allow reconstruction
of leptonsin jet environments.In addition, it provides the ability to select
leptonsfrom primaryor secondaryvertices.

9 In order to use the multiplicity or other eventcharacteristicsit is necessary
to reject tracks from secondeventsin caseswhere a time bucketcontains
two or moreevents. This can be done efficiently using the tracking vertex
information.

10 If the calorimetry integratesover more than one time bucket, the silicon
tracking,which providesexcellentbucketseparation,canbe usedas a cross
checkthat potentially interestingphysicssignalsarenot due to unusualmul
tiple eventoverlaps.

III. GEOMETRICAL DETECTOR ARRANGEMENT

A. Simulations

We havebeenlooking at the organizationof a silicon trackerfor the past two
years. This hasresultedin a set of scalingrules to guidethe geometricaldesignof
sucha tracker,as presentedat last summersSnowmassconferenceandenclosedas
Appendix 1. We havebeguna Monte Carlo studyof sucha design andplan to use
our simulationto evaluatetheproposeddesignmore thoroughly,including a study
of theeffectsof materialonelectrontrackingandotherfeaturesof thedetector.We
haveincludeda pixel vertexdetectorand a strawouterchamberin our simulation,
andplanto studytheeffectsof misalignmentandindividual componentresolutions.
We also plan to look at alternativearrangementsincluding tower geometries,to
seehow muchsimplification can be accomplishedwhile maintainingperformance.
In general,ourphilosophyis to look for the simplestconfigurationconsistentwith
our physicsgoals.

The trackerfrom our initial study is shownin Fig. 1. It consistsof eight pairs
superlayersof doublesided-detectors,providing 32 measurementsper track. The
longitudinalcoordinateis resolvedusing small anglestereo.Such a detectoroffers
position resolution - 5j.m, two-track separation 100pm, and would have an
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occupancyof about l0 at the SSC design luminosity. In a 2.5 Teslamagnetic
field it providesa massresolutionfor leptonsfrom Z decayshownin Fig. 2 and a
massresolution for Riggs to four leptonsshown in Fig. 3. It will providea mass
resolutionfor the Z° matchedto the Z° intrinsic width and a Higgsmassresolution
typically a few times betterthanthe Higgs width in the simplestStandardModel
to allow the searchfor a morecomplicatedHiggs sector.

We show in Fig. 4 the tracks with P1 >500 MeV for the decayof a 1 TeV
Higgs to W + W -* 2 Jets and a typical mixed electroweak-QCDevent. These

aregeneratedusing the PYTHIA simulationprogram.The signaland background
eventslook quite different and, in general,do not look too difficult to trackprovided
the detectorcan handlethe SSCoccupancy.We will carefully study the tracking
efficiencyin sucheventsand in the evenmoredifficult caseof 1 TeV QCD jets to
quantify the capabilitiesof the detector.

Finally, we plan to look at mixed systemsconsistingof silicon inside of 50 cm
and anothertrackerat a larger radius 150 cm. We want to understandthe
possiblebenefitsof sucha mixed system,sinceit is likely that sucha systemwill
providea betteroptimizationfor overall tracking in a realisticexperiment.Taking
a 2 Teslamagneticfield, we can parametrizethe momentumresolution in the
central region of rapidity as a function which dependson the position resolution
in both systemsand thegeometricalarrangement

= usiiicon couter
PjTeV,

P1 CO Csilicon

where = positionresolutionachieved,co=designgoal for positionresolution,
x =

= resolution of the outer trackerrelative to the silicon. Since, for the
OsiIicoa

outertracker,it is theouterradiusmeasurementswhich mattermost, for simplicity
we treat theouter trackermeasurementaseffectively one averagemeasurementat
a radiusof 1.5 m. For the detectorin Fig. 1, we show in Fig. 5, 1x as a function
of x= ;tn. We havetakenfor thefigure a valueof ao = 6pm. For 25 pm strips,
the geometrygives a resolution of, at worst, 7 pm, while signal spreadingshould
allow an improvementwhich could be as good as 3.5 pm. From thefigure, we can
get the following momentumresolutionsfor a mixed system:

x
=

- at 1 TeV

6 pm x> 10 10.9%

6pm 5 5.3%

30 pm 1 7.8%

5



0 10 20 30 40 50 60 70 80 90 100

Z cm

Fig. 1. Silicon ‘flacking System.

50

40

Z1°
1w

20

10

0

6



0.1 II

a Zee

5

4

1 j Tracker & CalonIne er

01 .1
100 200 300 500 700 1000

Z Energy Mum [GeV]

I
b z-.,Cr

* ...

Iron Toroid

20 -

C,

N

10

0 I
100 200 300 500 700 1000

Z Energy si MH/2 [GeVJ

Fig. 2. FWIIM resolution of the Z° mass as a function of Z° energy for a detector with
calorimetry andiron toroidsonly, and for a detectorincluding precisionSi tracking. a
Z° -.c’r. b Z°

7



io2

200 400 600 800 1000

Hlggs Mass [GeV]

.
3. Z° Z° invariantmassresolutionfor different detectorconfigurations,comparedwith the

expectedHiggs width rH dashedline, a Z° -. e’c. b Z° -

L-J

so0
200 400 600 800 1000

Riggs Mass [GeV]

io2

I

0
C,

_

10

100

8



!ig. 4. Event Display which showscharged tracks with pg 0.5 GeV and calorimeter cells
with E > 0.5 0eV in IYI c 2.5 togetherwith the isolatedleptonfrom the W decay. a
Uiggs - WW eventwith Mww = 1230 0eV, N4 = 33 = 73 0eV. b Mixed
EW-QCD eventwith invariant massMw.1 = 1280 0eV, /4k = 73 and mitt = 82 GeV.

a

b

9



fx

12

gb

0

It
-I

Ow 6
-I-,
tt$

-I
0.4 4

-I
0*

b
2

0
0

x =

Fig. 5. Resolutionfor = 6pm, as a function of resolutionof outer measuringdevice.

10 20 30

10



We canalreadyconcludefrom this that amixed systemcanimprovetheresolu
tion relativeto theSi trackeraloneby a factor2, providedthe outermeasurement
is good, 3Opm, which could be achievedby 25 drift tube measurements,each
150 pm in accuracy. Note that such a mixed systemprovides a more robust ar
rangementin that a degradationof resolutionfor the silicon for example,dueto
alignmentlimitationsor fewer layersproducesmuchsmallerchangesin theoverall
resolution asshown in the third row in the table above,than for a silicon system
alone. This could allow simplificationof thesilicon part of a trackingsystemwhere
the ultimateconfigurationis determinedby patternrecognitionrequirements.

Figure 6 showsthearrangementdiscussedabove,including a detectorarrange
ment for the forward direction. The useof silicon in the forward direction allows
a reasonablycompactdetectorwith excellent resolution. In general,if a radius
r0 is sufficient to provideadequatemomentumresolution at 90°, the detectorar
rangementwith equivalentresolution at a track productionangle0, has to havea
length zg = ref tan9. Thus if we want to measuretracksat 10° we needzo = 6r0.
Thus for silicon, where ro = 0.5 m gives good resolution,we needz0 3 m, which
is still a reasonablenumber. For a detectorwhich requiresro = 1.5 m, zo would
have to be 9 m, which makesfor a prohibitively long device. To get the good
resolutionin theforward directionrequiresthat high-resolutiondevicesextendout
to 3 m in z. This is shown in Fig. 6, which representsan improvementon our
earlierdesignshownin Fig. 1. Note that chargedparticledetectionis critical over
this full rapidity rangeif wewant to maintaina reasonablenumberof eventsfrom
Higgs decayinto four chargedleptons!

Figure 7 shows theresolution up/Pj at 1 TeV in % asa function of pseudo-
rapidity for the configuration in Fig. 6. Again, for simplicity, the drift chambers
are treatedas measurementsof one point, with = 3Opm, at r = 1.5 m as
before,or z = 2.9 m for theendregion. Curvesareshownfor a5jj = 6pm, 10pm
and 3Opm to indicatea rangeof possibleresults. The resultsare quite good over
the full rangeof rapidities. Very good resolution,a4Jk c lSpm, is only needed
in the forward direction.

From theseconsiderationswe expect that an optimized system will allow us
to relax thesilicon requirementsin thebarrelregion andwould emphasizehighest
resolutionin theendregions. Assumingall detectorsaredouble-sided,we estimate
that such a systemwould have 28 m2 of silicon and about 11 million electronics
channelsin total. Basedon the MARK II silicon detectorcost, the detectorsfor
this system would cost $28 million. We expecta mimimum cost reduction by a
factor of two, to $14 million, basedon discussionswith vendors.

Issuesthat needmore study are the optimum angle at which to make the
transition from barrel to end geometry and how many layers suffice to get the
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powerful patternrecognitioncapabilitiesof the silicon tracking. We also plan to
study the optimummagneticfield strengthfor the tracker. A high-magneticfield
will reducethe size of the tracker and, therefore, the total size and cost of the
detector.

B. EngineeringStudy of the MechanicalStructure

The projectedexcellentmomentumresolution of the silicon tracking device is
basedon the very good position resolutionoffered by strip detectorswith 25 pm
pitch. The accuracyof 5pm permeasurementis about a factorof 20 to 30 times
better than the one in modern drift chambers-thetracking devicesdevelopedfor
physics at the 100 0eV mass scaleat the SLC, LEP, Tevatron Collider. As a
consequence,the requirementsfor alignmenttolerancesand rigidity of the silicon
tracker are muchmorestringent than thosefor drift chambers.Noting that the
drift chamberswereorganizedin supercells of a wires, the location of thesesuper
cells had to be controlled to about 200 pm/v4i or better than 50 pm, which is
about a factor of 5 to 10 times larger than the requiredaccuracyin the silicon
tracker. Although the radiusof the silicon trackeris a factor threesmallerthanin
the drift chambers,the questionof controlling thealignment to sucha high degree
of accuracyis a task new to high energyphysics. Very successfulexistenceproofs
of high precisioncan be found. Silicon-strip systemsfixed-target experiments,
MARK II, CDF achievedspatialresolutioncloseto the theoreticallimit but on a
muchsmallerscale. We will startan engineeringstudyfor a full-scale model of the
support structureincluding cooling and powerdistribution. At the sametime, for
the mechanicalsystem,we needto keepthe amountof material to a minimum. As
mentionedbefore, suchprecisionmicrons on large-scalemetersand in a high-
radiation environmentrequiresexpertiseone finds typically in specializedR&D
groupsin industryandsomenationallaboratories.Therefore,we will contractthis
work out andhavecontactedR&D groupsat WestinghouseScienceandTechnology
Centerin Pittsburgh,PA and at Los Alamos National Laboratory to undertake
this project. In both placeswe haveresidentcollaboratorswho will act asliaison
and provide continuousand frequent contact. We include the proposalsof the
WestinghouseScienceand TechnologyCenterand LANL as Appendices2 and 3.
Note the goal is to havea final systemwith - 5%of a radiationlength materialat
normalincidence.Heatloadsof up to 20 kW haveto behandled,with final numbers
dependenton the conclusionof thesimulationstudiesand detectordevelopment.
Thesupportstructureenvisionedwouldbe madeof low Z, low densitymaterial. Its
behaviorstrengthand volume versusradiationdosewould be investigated.Part
of the study requiresa systemto ascertainthe rigidity of the support structure.
One way to measurethis is to usethe systemof the MARK II silicon detectors
where collimatedx-ray beamsare recordedin silicon-strip detectorsattachedto
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the structureto survey the position of the elements. The cooling systemhasto
be integratedinto the design. One possiblecandidatefor this is the commercially
availablemicro-refrigeratorsystemwhich we are presentlyevaluatingas part of
our genericSSC R&D.

The goal of the engineeringstudy is a full conceptualdesign of the silicon
tracking support system. This will include details of the fabricationprocedure,
costschedules,and time lines for building the detector.Whereverpossible,critical
engineeringfeatureswill be identified and prototypecomponentsassembledand
testedto establishthe correctnessof the approach.For example,wewould expect
to fabricatea full scaleprototypeof the mechanicalstructurefor one superlayer.

It is our intention to form a coherenteffort utilizing the resourcesat both
LANL and Westinghouse.In view of theextremelychallengingproblemsinvolving
thermalmanagement,accurateand stablealignmentto a few microns, coupled
with the requirementsof a low-mass/low-Zdetector,weareanxiousto geta broad
basedinput on the mechanicalengineeringquestions. For instance,it is already
clear that the organic foam support structurefor use in the CDF vertexdetector
will not beableto maintainthe requiredpositionalstability of the silicon detectors
in aradiationenvironmentasharshasthat expectedat theSSC. The MaterialSci
enceand TechnologyMST Division at LANL hasextensiveknowledgeof low-Z,
radiation-tolerantmaterialssuchasboron carbide,silicon carbide,and beryllium.
This includesexperiencein the productionof very thin precisionstructuresfrom
thesematerialsand low densityfoamsbasedon carbon.

Westinghouseengineersarevery experiencedin the design,management,and
fabrication of electro-mechanicalsystemson both a large and small scale. The
intention is to overlap the efforts of the two groups rather than to duplicatethe
efforts. Although we plan to exploremore than one detectorgeometry,the cylin
drical geometrywill be usedin our initial discussionswith both groupsin orderto
generatea broad spectrumof ideasto meetthe engineeringchallenges.Basedon
thesediscussions,an initial division of responsibilitieswill be made. Tentatively
the engineeringresponsibilitieswill be divided betweenLANL and Westinghouse
asfollows: LANL will concentrateon the materialssurveyand thermalmanage
ment problemsassociatedwith individual detectormodules.Prototypework on a
modulewill be started.Westinghousewill concentrateon the largescalesupport
structuresand theinterfacewith therestof the detectorand the accelerator.Both
groupswill participatein the overall mechanicaldesignand its analysis.Frequent
periodic meetingsinvolving both engineersand physicists will be held to assure
that promising answersare not overlookedand that poor ideasarenot wastefully
pursued.
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IV. ELECTRONICS R&D

We discussbelow the electronicsneededfor a tracking systembasedon strip
detectorswith strip length 10-20 cm long strips. Thesedetectorsare usedas
the model for our later discussionon trigger schemes.In the subsequentsection
on detectorsalternativeschemesbasedon short strips are described.

A. Bipolar Front-endfor Strips

Becauseof the desireto readout the strip informationeverytime bucket,and,
in order to minimize the effect of the leakagecurrent from the strip detectors,
we are planning to use fast amplificationand discriminationon the strip signals.
Information will then be storeddigitally. For sucha scheme,noise and speedcon
siderationsindicatebipolar asthe preferredfront-end technology.We areworking
presentlyon two different amplifier designsandtheir completionwill be of highest
priority. Both amplifiersarepresentlymatchedto 100pm pitch detectorsand use
a few milliwatts per channel.Thesenumbersarecloseto the designgoal we would
like to set at 25 pm pitch and 1 milliwatt per channel.

The first amplifier has been designedby H. Ikeda and is producedusing a
0.Spmbipolar processby NTT in Japan.The circuit diagramis shown in Fig. 8.
This amplifier hasbeensuccessfullymadeand radiationtestedin a neutronbeam

and with ionizing radiation. This is a very importantmilestonesincebipolar tech
nology is mainly vulnerableto neutrondamage.The useof small, fast-transistors,
however,minimizes theseproblems. The transistor life, as a function of irradia

tion, is shown in Fig. 9. The performanceis good enoughfor the SSC. The second
amplifier has beendesignedby D. Dorfan and will be producedusing Dielectric
IsolatedBipolar. We havepurchasedwafersfor productionfrom ATT and will be
producingthesechips this year. The circuit diagramfor this amplifier is shown in
Fig. 10. The individual transistorsare locatedin their own isolated tubs on the
silicon, minimizing failure modesdue to radiation. We expect to radiation test
thesecircuits this year,after fabrication.

Basedon the experiencewith thesetwo amplifiers,and projectionsabout the
performanceavailablein the future, wehopeto mapout a strategyon how to pro
ceedon an SSCconstructiontime scale.Themostknowledgeablememberswithin
the group will be responsiblefor assessingthe bestdirectionfor the future based
on conservativeperformanceprojections. In this regardSilicon Dynamics,Inc. will
be acting as an industrial consultantin the areaof bipolar electrics. Important
issuesare the appropriateamplifier configurationgiven speedand transistorca
pacitanceexpectations,the detectorcapacitancethat can be accommodatedper
channelgiven signal-to-noisespecifications,and the expectationsfor powerdissi

15



Fig. 8. Circuit diagramof the amplifier designedby H. Ikeda.
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Fig. JO. The amplifier-comparatorcircuit designedby D. Dorfan.
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pation per channel. Conclusionson theseissueswill provide important input to
the groupworking on detectorlayout and engineeringof support systems.

B. Digital StorageChip

The informationdiscriminatedby the analogfront-endwill be storeddigitally.
We are in the processof producinga radiationhardenedstoragechip using 1.2pm
CMOS at UTMC. This chip has64 channelsof storagefor a first-level trigger,
32 channelsfor a second-leveltrigger, and a shift registerfor readout. It is the
simplest schemesuitable to an SSC storageand readoutscheme. The layout is
shownin Fig. 11. It can matchthe 25 pm pitch of the silicon-strip detectors.

This pastyearwe havespenta considerableeffort radiationtestingthe UTMC
processat Los Alamos. Testshave beenconductedin neutronand proton beams
and the processappearsto be radiation-hardto a level of 10 MRad. Data are
shown in Fig. 12 which shows a comparisonof the damagedue to neutronsfor a
non-radhardchip by ORBIT with a rad-hardchip madeby UTMC. At 2 x 1014

neutrons/cm2,the UTMC transistorshows less than20 mV thresholdshift.

In our recent proton runs we found that the voltage shifts in the rad-hard
UTMC chips are about 200 mV for p transistorsand about 100 mV for vi tran
sistors alter irradiation with iO’ protons/cm2800 MeV protons. Again, this
correspondsto about 10 yearsof running at the SSC at a 10 cm radius.

This coming yearwe will radiationtestour digital time slicechip to assessthe
functionality of thefull chip. We alsowill measurespeed,powerconsumption,and
error ratevs. radiationdosage.After completionof thesetests,we expectto work
on the designof the chip we want to useat the SSC. This includesa decisionon
the exact architectureand the relation to a dataacquisitionscheme. As in the
caseof the bipolar technology,we want to havea subgrouplook carefullyat where
we canexpectthe technologyto go andwhat performancewe canexpectgiven an
S5C constructiontimetable.

C. Interconnections

A silicon tracking system at the SSC will likely have io or more individual
detectorelements.For eachelementtherewill be one or moreelectricalintercon
nectionsmadeto join the elementto a readoutamplifier. This large numberof
channelsmakesinterconnectionsa major quality controlissuefor theentiresystem.
Furthermore,the time neededto perform and test interconnectionscould become
prohibitively long. For thesereasonsit is likely that the useof traditional serial
single-wiremicrobondswill not be the best approachfor a largesilicon tracking
system.
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Therearea numberof newinterconnectiontechniquesunder study anddevel
opmentin industry which we may hopeto applyto thelargesilicon trackingsystem.
Theseinclude high-densityvariationson tape-automatedbonding techniquesand
high-densitypolyimide interconnects.Bonds in theseapproachesmay be formed
under ultrasonic, thermosonic,or laser irradiation, and may be formed singly or
gangedin parallel at manysites with special tooling developedfor our applica
tion. We proposeto investigatethe applicability of thesenew techniquesto our
system. Onepossibility understudy is the developmentof high-densitypolyimide
interconnectionfilms with an industrial partner.Therearea numberof questions
which needto beaddressedhererangingfrom metallurgyto productionprocedures.
Through our relationshipwith the CDF Silicon Vertex DetectorGroup at FNAL,
LBL, JohnsHopkinsand Pisa/INFN, we plan to apply this techniqueto a set of
sparedetectormodulesbeingproducedfor CDF. As part of the CDF production
line, thesemoduleswill havebeenwell measuredand understoodmechanicallyand
electronically. This will simplify theevaluationof new interconnectionprocedures.

We also recognizethe need to understandand establishtechniques,proce
dures,and mechanicalprecedentsfor bonding to complicatedstructuressuch as
double-sideddetectors,short strips, and detectorson low massmounts. It is very
important to develop a mechanicalspecificationon support structureswhich re
spectthe requirementsof bondability. Naturally theseresultswill be fed directly
back into the mechanicaldesign.

V. DETECTOR R&D

A. Double-sidedStrip Detectors

Theprincipleof double-sidedmicrostripdetectorshasrecentlybeenprovent11and
suchdetectorsareplannedfor the ALEPH microvertexdetector?’Unlikeconven
tional microstrip detectors,double-sideddevicesmeasuretwo coordinatesand,
therefore, provide 3-dimensionalpoint of impact information with a single de
tector, thereby,reducingthe amount of scatteringmaterial. Oneproblemis that
isolationbetweenadjacentn+ strips for an n-typesilicon bulk is destroyedby an
accumulationlayer of electronsinducedby the fixed positive chargein the oxide,
as shown in Fig. 13a. This can be solvedby interposinga p+ implant between
then strips as shownin Fig. 13b.

It is possibleto implementcapacitivecoupling to the readoutamplifiersby in
tegrationof capacitorson thereadoutstrips. This protectsthe readoutelectronics
from saturationby strips with largeleakagecurrents. Biasingof the detectorcan

1,3] . . . . 4]
be achievedeither by the punch-througheffect or with polysiliconresistors.
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The developmentof the double-sidedmicrostripswill rely heavilyon closecol
laborationwith thesilicon-detectormanufacturers.To this end we haveestablished
a close working relation, via our Japanesecollaborators,with HamamatsuCorp.
and through our Europeancollaboratorswith SI in Oslo and MBB in Germany.

Recentadvancementsin the areaof processingat LBL have shown that the
useof extrinsic getteringtechniquesleadsto detectorswith very low leakagecur
rents!’Usingthe fabricationfacilities at LBL wewill be ableto produceteststruc
tureswith a rapidturn aroundtime to investigatethe various isolation andbiasing
mechanismsrequiredfor the double-sidedmicrostrip detectors. This will provide
informationin support of the work on double-sideddetectors.

The proposedR&D programis divided into threephasesasfollows

Phase1: 1989-Mid-1990

Prototypedetectorsand test structureswill be fabricatedat Hamamatsuto
developand test the capacitivecoupling andbiasingmethods,and to evaluatethe
radiationtoleranceof thesedetectors.We will also carryout a paralleltestingand
evaluationprogramwith prototypedetectorsfrom SI in Oslo andMBB in Germany.
The two Europeanmanufacturershave agreedto work togetheron this project.
They havealreadydevelopedexcellentdouble-sideddetectorsand detectorswith
capacitivecouplingfor previousexperimentsr’In addition, SI hasshown that 150

pm thick waferscan be processedwithout significant reductionof yield!1We plan
to makedetailedmeasurementsof theDC characteristicsand long-termstabilityof
the testdevicesthat will be made. [All threemanufacturershavemadeextremely
high quality detectorsfor ongoingexperimentsMARK II, ALEPH andDELPHI].

Phase2: 1990

The goalsfor this phaseare:

1 Prototypeproductiondetectorswith stereo-stripswill be designedand fab
ricated.

2 Investigationof bonding techniquesfor bondingreadoutchips to the detec
tors.

3 Radiationhardnesstestsof the prototypedetectors.

4 Readout tests of the prototype detectors. Measurementsof the position
resolution and efficiency.

5 Optimizationof the detectordesigns: Chargecollection times, interstrip ca
pacitance,stereoangle,detectorthickness,etc.
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Phase3: 1991

Developmentof a final production-typedouble-sidedsilicon-microstripdetec
tor. Using thesewe plan to:

1 Based on the design of optimal detector layouts for central and forward
trackergeometriesproducetestmodulesconsistingof severalreadoutplanes.

2 Radiationtest thesemodules,measureresolution. The radiationdamageto
silicon detectorshasbeenmeasuredby manygroupsin manydifferent radi
ation environments,which allows one to predict the survivability of silicon
strips in SSC detectors!t1Ifone restrictsthe placementof detectorsto radii
largerthan about 10 cm, thenthe detectorsin 10 yearsof nominal SSCop
eration will acquire leakagecurrentswhich will still contributea negligible
amount of electronicsnoise. We expectto carefully radiationtest the detec
tors developed.Someaspectsof radiation damageneeda moredetailedand
specific investigation,for exampleself-annealing,trapping,and type inver
sion. Surfaceeffectsare processdependentand must be carefully checked.

B. Detectorswith Short Strips

The useof established,proven, strip-detectorsallows one to plan a detector
designwithout relying too greatlyon technologicalinnovation. On the otherhand,
the flexibility of silicon technologyallows the explorationof somenew ideaswhich
we want to pursue.

1. TechnicalIssues

Conventionalschemesfor silicon detectormodulesuse ratherlong strips up to
20 cm in length with readoutchips mountedat the end of the barrel. This cbn
figuration requiresratherfast electronicsto achieveadequateradiationresistance
closeto the beamand alsoobtain adequatetime resolutionwithin the constraints
of electronicnoise. The speedrequirementdrives up thepowerdissipation,which,
in turn, drivesthe designtowardsend-mountedreadoutchips.

A generalanalysisof thetotal dissipationof a strip-detectorsystemasa func
tion of strip length Appendix 4 indicatesan optimum strip length of 5-10 mm.
This results in a total power dissipationof 2 kW or less for the detectorconfig
uration shown in Fig. 1. This substantialreduction in powerfor the short strip
systemhastwo origins:

a. Thespeedof the electronicscanbe decreasedfor a given radiationresistance
due to the smallerareaof the individual detectorelements.

6. The low occupancyper channelsimplifies the circuitry neededfor buffering
andtime tagging.
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Furthermore,short strips will provideunambiguousspacepoints with the re
quired resolutionsin z and0. This will eliminatethe needfor double-sidedstrips,
and circumvent the inherent technicaldifficulties associatedwith the fabrication
and wire-bonding of double-sideddetectors. Physicssimulationsmay indicate a
strip length that is somewhatshorter than optimum for minimum power; these
trade-offswill be consideredin detail.

Thephilosophyof thefull eventreadoutfollows thebasiccriteriaof the"smart"
pixel readoutdevelopedat LBL; in addition an "OR"-ed fast signal from these
detectorswill beprovidedfor triggering. The readoutstrategyis:

a. Keep all hit datalocal as long as possible;readout only after a valid trigger.

6. Exploit thelow occupancyof small detectorelements,e.g. only 2 x io per

beamcrossingat an 8 cm radius x2 with loopers.

To implementthe read-outlogic, therewill be a one- or two-word buffer for
eachshort strip. When a strip is hit with a pulse height that exceedsthreshold,
the numberof the beamcrossingwill be loaded into the buffer for the strip. To
read out the detector,the strip buffers will be scannedfor strips with the beam
crossingnumbercorrespondingto the trigger event.

One possible mechanicalarrangement,using conventionalwire-bonding, is
shown in Fig. 14. A drawbackof this approachis the large number of bonds
required,about io for the full detector.Hencethe arrangementshownin Fig. 14,
with simple wire bonds, is useful primarily for prototypetesting and a proof-of-
principledemonstration.Moreefficient bondingtechniqueswill be requiredfor the
final design. Tape-automated-bondingmay be the most practical possibility and
will be investigatedwith An industrial partner.

A secondarrangement,which usesbump bonding andallows shorterstrips, is
shownin Fig. 15. As a conceptualexample,we might havea detectorwith anactive
length of 9 cm in the z direction, and 2.5 cm in the rq direction similar in size
to the long-strip detectors. Eachstrip would havezz = 3 mm and Ar =25
pm. The strips would be placed in a two-dimensionalarray and provide space
points with o = 1 mm for coarsevertexreconstructionin z and c,.0 = 7 pm for
the momentum measurement. A mosaicof readout chips would be indium bump
bondedto 15 pm diameter bumps at the center of each strip.

The two above schemessharea basic disadvantage,which is the increased
thicknessof eachlayer. This may be mitigatedby thinning of the detectorsand
the readoutchips.

As an attractivealternative,detectorswith monolithic integrationof theelec
tronicswould solve both the thicknessproblemand the bondingproblem. LBL’s
high temperaturedetectorprocesshasmadethis a realistic possibility, and work
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to test the viability of this approachwill be pursuedat LBL, the Stanford Center

for IntegratedSystems,and the WestinghouseS&T Center.

We note that short strip detectorsshouldbe simpler to implementthanpixel
detectors. The power dissipationper unit areawill be lower, there is morearea
availableper channelfor the read-outcircuitry, and the read-outlogic is simpler.

DETECT
READOUT

1iiC_<__
I READOUT!

DETECTOR CONTROL
READOUT ous

Fig. 14. Schematicarrangementof a short-stripdetector ladderusingwire bonds.

2. DevelopmentPlan

FY90

Detectors-Prototypesfabricatedat LBL will be irradiatedwith neutronsand
high-energyprotons to establishtheir radiationresistance.Sincea radiation-hard
design requiresAC-coupledstrips, the integrationof coupling capacitorsand bi
asingresistorswill be investigatedusing facilities at the LBL MicrosystemsLabo
ratory and the UC BerkeleyMicroelectronicsLaboratory. Sincethe LBL process
is quite robustand eliminatesmanyconstraintsof traditional detectorfabrication,
we anticipatehigh fabricationyields suitable for ultimate massproductionwhen
transferredto an industrial partner.

Electronics-A detailedcircuit design for a suitablepreamplifier-shaper-dis
criminator chain has been completed at LBL for a pixel device. The samecir
cuit can be used with minor modifications in a short-strip system. Layout and
fabricationof a prototypedevicecan becompletedin early 1990. After thorough
testing the circuit will be implementedin a radiation-hardprocesse.g., UTMC,
building on datatakenby UCSC and Los Alamos. Additional key parameterswill
be measuredat LBL; the appropriatenon-disclosureagreementswith UTMC have
alreadybeensigned. As small bipolar devicesbecomeavailable they becomean
attractivealternativeto CMOS for very low-power amplifiers. This coursewill be
investigated,closelycoordinatedwith bipolardesigneffortsdirectedtoward longer
strips.
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Bonding-Asemphasizedabove, efficient bonding techniquesare of crucial
importancein this design. Tape-automated-bondingwill be investigatedwith an
industrial partner. In addition,bumpbondingwill be investigatedin collaboration
with the Centerfor IntegratedSystemsat StanfordUniversity.

PrototypeDetectorAssembly-Atthe end of FY90 a prototypedetectoras

semblywill be fabricatedto verify theperformanceof this scheme.This will include
short-strip detectorsbondedto read-outIC’s on one of the candidatesubstrates
identified in the mechanicaldesigneffort. In order to allow a feasibility testearly
on, this initial structurewill utilize non-hardenedelectronicsand conventional
wire-bonding.

FY91

Detectors-Weanticipatefurther refinementsin the detectordesign. In this
phase, work on monolithic integration will be intensified. We plan a proof-of-
principledeviceto providea crediblebasisfor a possibleimplementationwith an
industrial partner. It should be possible to run the LBL processon a rad-hard

CMOS line; this approachwill be investigated.

Electronics-Workon a radiation-hardimplementationof the read-outIC will
be continuedwith the goal of fabricatingand testinga functionaldevice.

Bonding-Advancedbonding techniqueswill be implemented on test devices.

Prototypedetectorassembly-Weplan a prototypedetectortestassemblythat
includesadvancedbondingtechniquesand radiation-hardelectronics.

C. Detectorswith IntegratedElectronics

Within the groupwe would like to alsopursuethe developmentof a simplified
detector-readoutschemewhich couldcomeaboutfrom the integrationof thefront-
end readoutelectronicson the detectorwafer. Two such directionsaredescribed
below.

1. Detector Developmentwith Westinghouse

It is appropriate during the first year of the R&D programto explorepromising
avenues in the areasof detector and electronics development. The group at the
University of Pittsburgh, together with the WestinghouseS&T Center, will attempt
to fabricatea strip detectorwith an integratedamplifier on the samesubstrate.
The advantageof a fully integrateddetectoris obvious when one considersthe
difficulties associatedwith the i07 wire bondsrequiredfor a silicon trackerat the
SSC. Treatingdetectorsastiles ratherthandeviceswith .-.s i3 channelswould be
a significant simplification.
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The existenceof threetechnicalfacilities at the WestinghouseS&T Centerin
Pittsburgh,PA combinesynergisticallywith recent resultsfrom LBL see,for ex
ample, S. Holland, LBL-26307 and the flexibility of silicon technologyto suggest
the explorationof somenew approacheswhich we would like to pursue.The three
technical facilities at Westinghouseare the following: The first is SIMOX Sep
aration by the IMplantation of OXygen, a materialstechnologywhich hasbeen
developedto servethe needsof theradiation-hardsignalprocessingintegratedcir
cuit community. The secondis ultra-high resistivity silicon. Westinghousehasa
uniquefloat-zoneFZ silicon-growthfacility that supportspowerdevicematerials
development. TheWestinghouseS&T Center hasthe only known fully operational
FZ facility in the United States. The third is an operationalmicrolithography
capability representedby the CambridgeMicrofabricatoron line at the S&T Cen
ter. Westinghouseis in the processof combiningthesefacilities to developa new
product called SIMOX MicrowaveMonolithic IC’s asa businessopportunityem
ulating othersuccessfulASIC vendors. The processcalled MICR.OX, which can
be regardedas a subsetof silicon CMOS or CMOS/SOI Silicon-On-Insulator
technology, is potentially radiation hard and very fast. As such, it is of consid
erable interest for possible SSC electronicapplications.Our interest is that since
MICROX will be implementedon high resistivity silicon, it is a natural candidate
for integrationwith silicon-strip deviceswhich also requirea high-resistivitysub
strate. This possibility appearsrealisticin view of the work of S. Holland, who has
demonstratedthe processingcompatibility of low-leakagecurrentpin diodeswith
the high temperaturesrequiredfor MOS devicesby the useof appropriate extrinsic
getteringtechniques.We proposethe developmentof a single-sidedstrip detector
with the integrationof the necessaryanalogueand digital electronicsutilizing the
MICROX process.

Plan:

1 Thefirst stepis for Westinghouseto makea strip detector. They plan to do
this as a cost-sharingcontributionusing the gettering processdevelopedby
Steve Holland at LBL. They will try to accomplishthis by January,1990.
We would not proceedwith the project until this is accomplished.

2 The compatibility of the MICROX technology with strip devices would be
demonstrated. Somework on this hasalreadystarted.

3 Test devicesfabricated in 2 would be evaluated for electrical properties and
subjectedto testsfor radiationhardness.

4 A fast shapingamplifier would be implemented in the MICROX technology
coupled to a strip device. The detector/amplifiercould be evaluatedfor
performance and radiation hardness.

2. DetectorDevelopmentat Stanford Center for Integrated Systems
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Work is underway,in a collaborationbetweenthe Centerfor IntegratedSys
temsof Stanford University and the University of Hawaii, on the developmentof
a pixel detectorwith integratedelectronics!°1Thebasic Pixel structurecan also be
specializedfor additional uses, in particular the detectorwith short strips men
tioned earlierin this proposalcould be fabricatedin this fashionwith substantially
fewer interconnectsneeded.The collaborationhad its origin in the CIS-UH-CERN
developmentof the Microplex chip, the first VLSI readoutfor silicon microstrip
detectors,which startedin the summerof 1982 and wascompletedsuccessfullyin
1984!11At that time UCSCjoinedthegroupandwork startedon thefirst microstrip
vertex detectorfor colliding beamuse,now complete and waiting for installation
in the MARK II at SLC in October 1989hh1

Plansfor a wafer integrateddevicewerestartedin 1985, and an initial specific
designwasprepared in 1987 andfundedin 1988 underthe SSCgenericresearchand

f12J
developmentprogram. Unlike the Microplex chip, which useda standardNMOS
process,this device,with detectorsand transistorson the samesilicon substrate,
requires the developmentof a new set of fabrication steps. JamesPlummer, a
Professorof ElectricalEngineeringat StanfordUniversity and one of his students,
W. Snoeys,havenowjoined theproject. Detailedsimulationshavebeencompleted,
a processtest chip one with specializedstructuresto test the fabricationsteps
has been designed,maskshave beenmade,and the first processtest wafersare
now beingfabricated.

We would like to increasethe rateof progressby addinga secondstudent. In
addition to thefabricationsteps,which must be determinedbeforedetailedcircuit
designsarecompleted, muchwork will be required in taking the known techniques

for radiationhardnessand combiningthem with the stepsfor high-purity silicon.
Detailedcircuit designand layout for theon-chip readout,including time-tagging
and informationstorageduring the trigger delay,must alsobe completed.

D. RadiationDamageStudies -

Oneof the major tasksof this proposalis to ascertainthe radiationhardness
of all the materials,especiallythe electronicsand detectors. This is part of the
ongoingR&D in our groupand we haveestablisheda good collaborationwith Los
Alamos experts notably, W. Sommeron which wecan expand.The Los Alamos
group hasjust addeda full-time personfrom existingfunds to do the dosimetry,
which turnedout to be very successfulin the pastprotonrun, and we expectthat
Los Alamospersonnelwill continueto handlethedosimetry. On the otherhand,in
our pastexperiencetheconstantattentionandmonitoringof therunsby physicists
is invaluable and we will continue to operate in a mode where the groups working
on electronics and detectors will be responsiblefor the damagetesting. In our
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past tests,we were able to identify a radiation-hardprocessin CMOS technology
on which will we expandour efforts. We have testedradiation hardnessof PIN
diodesand detectors.With the developmentof new electronicsand new detector
structures,the individual working groupswill testmorecomplexpropertiesof the
devicesthanbeforenoise, voltageoff-sets, functionality.

In addition to the testmentionedabove,anothergroup at Los Alamos is par
ticipating heavily in Fermilabexperiment789. This is a very high-ratefixed-target
experimentwhich is studying B meson decaysand usesa seriesof silicon strip
detectors. Thesesilicon strip vertex detectors,for which Los Alamos is primar
ily responsible,will be exposedto a radiation doseand beammicrostructure19
nanosecondsvery similar to what is expectedat the SSC. This experiment will
thus serveas an excellent test casefor silicon strip detectors. J. Kapustinsky is
studyingtheradiation damageeffectsfor that experimentand will act asa liaison
betweenthat experimentand radiationdamagestudiesfor this proposal.

Finally, theUCSC groupis responsiblefor the VLSI readoutelectronicsfor the
forward proton spectrometerfor the ZEUS experiment at HERA. This detector is
madeof silicon strips and bondedelectronicswhich will be submittedto megarad
radiationdoses.Work on this experimentshouldalsoprovideimportantexperience
for running at the SSC.

VI. WORK ON A SILICON-BASED SECOND-LEVEL TRIGGER

Theuseof silicondetectorsin atrackingtrigger is very appealingprovidedthat
only hits areread out and the very large number of zeros are suppressed.This
must be a goal of the architecturaldesignof the digital storagechip. In this case,
the silicon detectorshould generateless datato dealwith than most alternative
tracking devicessinceits time responseis well matchedto the bucketstructureat
the SSCand thenumberof layersis modest.In addition, the resolutionis inherent
in the geometricalhit patternand doesnot requireany useof timing information.
Designinga trigger systemwhich exploits theseremarkable qualities of the tracking
device is, however, a formidable task.

The speedrequirementsarising from the SSC luminosity and bunch crossing
interval, even assuminga strongly filtering first-level trigger basedon calorime
try, imposesolutionswhich rule out the useof standardsequentialalgorithmsfor
patternrecognitionand track fitting, evenif executedon very fast processors.

Also, the largequantityof readoutchannels,imposedby the detectorsizeand
coverage,and by the fine granularity of the silicon tracking system, requiresa
solution which integratesto the greatestextent the track finding machinerywith
the detector’s front-end electronics, in order to minimize cabling and to draw out
of the detector itself the most compact information.
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We planto build on thecurrentstudiesof thePisa/FNALgroup. Thesestudies,
aimedat a fast, integratedtrack-finding systemare basedon the developmentof
a highly parallelassociativememorychip, which should allow performanceof the
track finding task in a negligible amount of time, once the memoryhas acquired
the digital strip informationfrom the front-endelectronicscoupledto the detector
layers. An associativememoryis a devicewhich storesall the possiblepatternsof
strips hit on different layersby all the possible tracks. A track is "found" by the

memoryif the datacomingfrom thefront-end matchesone of the patternsstored
which arepre-computedandpre-loaded. It is essentiallyan upgradeof a CAM
Content AddressableMemory, but the customdesignallows optimizationof the
structure,the speedand the readoutmechanism.The chip canfind both straight
and curved tracks, the only problembeingthe numberof possiblepatternsto be
stored,which grows quadraticallywith thenumberof strips in theSilicon detector
layers.

Such a chip is now under advanceddesignat Pisa INFN, and a first batch
will be producedby the end of the year to undergolaboratorytests. It is a full
custom,CMOS 1.5 microntechnology,0.7 x 0.7 cm squaredchip,which presently
houses128 patterns,eachpatternmadeof 5 hits on 5 Silicon planes,eachhit
codedon 12 bits 1024 strips/plane. This choice wasdictatedby the particular
arrangementof a set of spare CDF silicon vertex detectormoduleswhich will
be configured as a telescopeand installed by the Pisa group in a CERN beam
line, to be usedasa prototypetestof a completeassociativememorybasedtrigger
systemfor futureSupercolliderapplications.Thetrackfinding part will be installed
by spring next year. The associativememoryruns at an overall frequencyof 20
MHz, andincorporatesa hierarchicalreadoutlogic which enormouslysimplifies the
constructionof large systemsbasedon many chips the numberof patternscan
easilybe raisedto tensof thousands,dependingon the detectorgeometry. The
arrangementfor our beamtest is shown in Fig. 16.

The associativememorysystemonly performs the track-findingtask; the use
of this information for the more ambitious task of vertex reconstructionis the
object of additional recent studiesnote that the track fitting can be done in a
table-drivenway, oncethehit-to-trackassociationhasbeensortedout by the asso
ciative memory. At FNAL we are currently working on somealgorithms,which,
beingdesignedfrom the very beginningin a parallel way, arepossibly well suited
to be run on a "parallelprocessing"device: thesealgorithmsusethe trackparam
etersto determinethe numberof secondaryvertices in a fiducial region between
the interaction point and the detector layers,in which heavyflavour decaysare
expectedto takeplace. Monte Carlo studieshavebeenperformedstarting from a
fixed target environment,and gradually extendedto collider configurations. Cuts
basedon the numberand type of secondaryverticesseemto be able to discrim
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mate B decaysfrom minimum bias background,with 50% retentionof B’s while
rejectingthe backgroundat the level of 1: 50000 in fixed target, and 1: 50 in a
Collider, both satisfactorywhen comparedwith the relativesignal to background
ratios. We aresimulating a neuralnetwork which "executes"the algorithm, and
preliminaryconsiderationsmakeusthink of this as the possibleway to implement
the "processing"devicementionedabove. Neural nets exhibit an intrinsic paral
lelism and feed-backcapabilitiesat least in someconfigurationswhich cannotbe
achievedwith conventionalsequentialapproaches.Once implementedas a hard
waredevice,a neuralnet couldsort out the triggerdecisionin a time of a few tens
of nanoseconds.

A testof the silicon tracking-basedsecondaryvertextrigger is underdiscussion
for 1994 CDF upgraderun. More specific studiesof such trigger schemesfor the
SSC will be undertakenas part of this proposal. We want to understandthe
relation of the trigger to ourphysicsgoalsand to the first level calorimetertrigger.

VII. SUMMARY OF MILESTONES FOR PROPOSAL

We summarizebelow in a concisefashion the goalsfor our proposal for the first
and secondyear. A moredetaileddiscussionhasbeengivenin the text.

Major Milestones: Year One

A. Physics: 1 Study of H° -* b 2 H° -* Z°Z° -. 4 chargedleptons-
discoverypotential versus resolution and coupling; 3 analysisof H°

Z° Z° - Jets-signaland backgroundratesvs. Higgs mass.
L. +-

B. Simulation: Define small numberof detectorconfigurationsto look at. Full-
tracking simulation for these. Evaluation of tracking efficiency, momentum
and mass resolution. Comparisonof performanceof different styles of de
tector double-sidedstereodetectorsvs. short strip detectors.Will look at
performancefor:

1 H° -* Z°Z° -÷ 4 chargedleptons.

2 Multiplicity measurementin Higgs decayto jets for a heavy Higgs.

3 Tracking efficiency in the coreof 1 TeV jets.

Want to set limits on allowedmaterialin the detector.

Work on best integrationof silicon with outer detectors. Specificationof
whatwould beneededin an outersystemto complementthesilicon tracking
for both small and largerapidities.
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C. EngineeringStudy: Study of materialsto definedirection for support struc
ture. Initial structuraldesign. Investigatecooling techniquesfor microchips.
Prototypeof detectorelementstructure.

Di. Double-sidedStrip Detectors: Fabricationof a prototypedouble-sidedmi
crostripdetectorin collaborationwith the HamamatsuCorporationandEu
ropeanvendors. Radiationtest and characterizeperformancewhen bonded
to readout.

D.2. Short Strip Detectors: Fabricateand test short strip detectorswith inte
gratedcoupling capacitorsand biasingresistors.Evaluateradiation effects.

Researchbondingtechniquesfor D.l. and D.2.

D.3. Developmentof detectorswith wafer integratedelectronics.

E.1. Bipolar Electronics: Continuework with NTT andDI amplifiers. Character
ize performanceon a detectorand after radiation. Investigatedesign trade
offs involving capacitance,power, and shapingtime.

E.2. Analog CMOSElectronics: Fabricateand testprototypeCMOS readoutfor
short strips preamplifier,shaper,discriminator to verify noise,speed,and
power. Initial design and measurementsusing rad-hardUTMC process.
Priority: verify noisecharacteristics.

E.3 InterfaceStorageElectronics: Investigatebuffering schemesfor both "long"
and "short" strip systems.Continuework with UTMC on a rad-harddigital
storagechip. Characterizeperformancebefore and after radiation. Investi
gatewaysof promptsignalextractionfor triggering.

F. DAQ/Triggering Beamtest of PISA Trigger Chip. Begin to specify what
we want for an SSCtrigger.

At the end of the first year we expectto put togetherthe information from
the aboveefforts to arriveat a tentativegeometricallayout for thesilicon tracking
detector. This will include a physicsjustification and technicalevaluation. The
secondyearwewill work with this designand aim at a moredetailedengineering
design.

Major Milestones: Year Two

A. PhysicsandB. Simulation: Completeanalyseswith detectorgeometrycho
senin Year 1. Provideguidanceon engineeringquestionssuchas theeffect
of material on performanceand the importanceof position accuracy. More
thoroughstudyof vertexdetection.

C. EngineeringStudy. Make a completedesign of the support structure,in
cluding cooling and cable supports. Prototypeof critical elementsof the
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structurewill bemadeand tested.Designwill includefabricationprocedure,
costestimate,andtime schedule.

D. Detectors: Developproduction-typedetectors.Testbeamevaluation.Read
out electronicswill be of the type testedin the first yearand will probably
not be the final design.

E.1. Bipolar Electronics: Further evaluatewhat we can expect in electronicsin
the future and makeamplifier designconsistentwith expectations.

E.2. Analog CMOS Electronics: Fabricateand test rad-hardfront end circuitry
for short strips.

E.3 InterfaceStorageElectronics: Work out architecturefor storagein the final
detectorand beginproductionof rad-hardprototypes.

F. DAQ/Trig.gering. Work on relationshipbetweendataacquisitionsystemand
track momentumtrigger. Conceptualdesignof a trigger system.

At the end of the secondyear we expect to havea detailedengineeringand
electronicsdesignfor the detectorlayout that had beenspecifiedin the first year,
as well asa scheduleand cost estimatefor productionof a full-tracking detector.

In addition,a parallelR&D effort on pixels is beingpursuedundera separate
genericR&D proposal. Our physics studieswill include a study of the impact of
pixelsand we expectto shareinformationon technicaland engineeringissueswith
the pixel technicalproponents.

VIII. BUDGET AND RELATION TO MILESTONES

To accomplishthe goals outlined abovewe plan to divide the work among
subgroupsdedicatedto well-defined tasks. Each subgroupwill have co-chairmen
responsiblefor organizingthe work. The collaboration,as a whole, will meetap
proximatelyevery threemonthsto pool information and reviewprogress.Groups
in related arease.g. physics and simulations will coordinatetheir efforts and
typically sharesomepersonnel. Working groups have expertsfrom severalinsti
tutionsto allow a comparisonof experiencesand maximumexchangeof ideasand
information. We feel this is particularly useful during the R&D phaseof sucha
project.

For the secondyearof our project,we havemadeup the budgetassumingall
detectordevelopmentefforts aresuccessful.We plan to assessthe progressin each
areaat the end of the first year and only requestfunds for thoseareasthat show
substantialpromiseand progress.
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The working groupsand their co-chairmenare listed below. Theseare to be
supplementedby personnelrequestedin our budgetlisted below.

Physics-R.Cashmore,A. Seiden-
M. Asai, B. Barnett, J. Gunion, H. Haber, N. Harnew,J. Hassard,A. Palounek,
D. Pellett,D. Pitzl, S. Tkaczyk, II. Sadrozinski,A. Weinstein.

Simulations on Tracking-J.Matthews,A. Weinstein-
D. Amidei, W. Kinnison, W. Ko, W. Lockman,S. Mani, A. Palounek,T. Schalk,
A. Seiden,P. Sheparcl,H. Ziock.

Vertex Detection-D.Pellett-
A. Litke, D. Nygren, S. Parker,A. Weinstein.

Integration of Systemwith Outer Detectors-J.Dainton, D. Saxon-
G. Kalmus,W. Kinnison, W. Ko, J. Matthews,A. Palounek,A. Seiden,H. Ziock.

Mechanical Engineering-P.Shepard,H. Ziock-
D. Amidei, P. Booth, D. Duchane,E. Engels, C. Haber, A. Litke, A. Menzione,
W. Nilsson, H. Sadrozinski,A. Seiden.

Interconnectsand Cooling-R. Ely, D. Hutchinson
A. Czermak,C. Haber, A. Litke, T. Ohsugi,K. Pakonski,W. Rowe, M. Turala.

Double-SidedDetectors-T.Ohsugi,J. Ellison-
P. Allport, B. Barnett, F. Bedeschi,L. Bosisio, A. Carter, 3. Carter, P. Fisher
P. Giubellino, C. Hall, C. Kalmus,J. Kapustinsky, A. Mazari-Chiesa,H. Miyaka,
A. Sakaguchi,P. Sharp,M. Turala, S. Wimpinney.

Detectorswith Short Strips Including Electronics-A.Litke, H. Spieler-
C. Hall, S. Holland, D. Nygren, M. Wright.

Developmentof Detectorswith Wafer IntegratedElectronics-S.Parker,
P. Shepard-
E. Engels,T. Humanic,C. Kenney, S. Mani.

Bipolar Electronics-H. Ilkeda, EL Spencer-
W. Dabrowski, B. Dorfan, B. Hutchinson,H. Sadrozinski,A. Seiden,H. Spieler,
L. Van der Have.

Digital Data Storage-H.Sadrozinski,P. Sharp-
3. DeWitt, U. Ely, A. Litke, P. Giubellino, S. Kleinfelder, H. Spieler,W. Rowe,
M. Wilder.

Triggering/DAQ-S.R. Amendolia,W. Kinnison-
F. Bedeschi,B. Denby,3. DeWitt, B. Foster,G. Heath,3. Matthews,R. Nickerson,
T. Schallc, P. Sharp,S. Tkaczyk, T. Weidberg.
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Our proposalbuilds on a substantialinvestmentin time andin resourcesboth
from generic SSC R&D funds and the CooperativeU.S.-Japaneseagreementin
high energyphysics. The physicistsand engineersnamedon the proposalwill be
donatingtheir timeexceptwhereexplicitly namedin the budgetbelow. In addition,
we are requestingthe addition of a small numberof physicistsand engineersfor
specific areas,as describedbelow. Note, a largeamountof equipmentsomeof it
highly specialized,suchaswire-bondersand probestationsis availablefor usefor
this project at severalinstitutions. In addition, the Rutherford Laboratory will
be able to makemasksfor detectorsand electronicsyielding a considerablecost
saving.

We outline below our budgetrequest. It is organizedin a parallel fashion to
the milestone/goalsdiscussedaboveto allow a clear correlationof goals and costs.
The justification of the primary costsis asfollows:

A. Physicsand B. Simulation:

This is the main area in which we are requestingadditionalsupport for new
physicistsbecausewe are anxiousto completethis work in a rapid and thorough
fashion, in order that clear specificationscan be arrived at for the engineering
phaseof the project.

C. EngineeringStudy

This is the most expensivepart of theproposaland crucial to the construction
of a real detectorsystem.For the price,we will be receivingthe efforts of experi
encedadvancedengineeringgroups,including state-of-the-artanalysistechniques
and fabricationfacilities. This is absolutelyessentialfor a realistic evaluationof
the silicon tracking system. In the text we haveoutlined the division of respon
sibilities and goals betweenLos Alainos National Laboratory and Westinghouse.
We emphasizethat wewill get real prototypesto testand work with, and that this
will not bejust a paperstudy. The Universityof Pittsburghis requestingsomead
ditional physicistmanpowerto work full-time with the Westinghouseengineering
staffi

D. Detectors

The costshereare mainly for engineeringandtechnicalpersonnelandthe cost
of a significant numberof prototypedetectorsand electronicsfor a systemtest.
The work on double-sideddetectorswill be sharedbetweenthe Japanesemembers
of the collaboration, U.C. Riverside,JohnsHopkins and the U.K. groups. The
Japanesegroupswill work with Hamamatsu.The U.S. and U.K. groupswill take
responsibility for working with LBL on test structures,will carry out a parallel
developmentprogramwith Europeanvendors,andwill radiationtestand compare
theperformanceof thevariousdetectors.In addition, they will work on developing
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a techniquefor testing the bulk propertiesand more subtle behaviorof the large
numberof detectorsthat will makeup a tracking system.

The work on Short Strip Detectorswill besharedby LBL and one of the U.C.
Santa Cruz tasks. This will include work on all relatedelectronics. The work
with Westinghousewill be doneby the University of Pittsburgh. Work with the
StanfordCenterfor IntegratedSystemswill be doneby the Universityof Hawaii.

E. Electronics

The work on bipolar electronicswill be done mainly in Japan and at U.C.
SantaCruz. We arerequestingengineeringsupport to help with testsand detailed
measurementson cooling at the single detectorlevel. This information will be
provided in support of the mechanicalengineeringeffort. Engineeringwork on
integration will be in the areaof hybrids for readoutand interfacing with the
readoutsystem.

Costs for the study of digital storageelectronicsand trigger electronicsis al
ready mostly funded by other sourcesSSC genericR&D and INFN. We are,
however, requestingfunds for a rad-hardrun for the secondyear of a prototype
digital storagedevice.

Finally, we requestfunds for the travel associatedwith this work subgroup
meetingsand overall group meetingsas well as a small administrativecost for
copying,postage,and word-processingtime. The groupas a whole is expectingto
meeteverythreemonthsto exchangeinformation,assessprogress,andreviewhow
well we aremeetingour goals.
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BUDGET REQUEST Year 1 Year 2

A. Physics and B. Simulation

Domestic Travel 10,000 10.000
International Travel to and from

collaborating institutions: U.K. 7,000 7,000

UCSC
I FTE. Physicist 50.000 50.000

Johns Hopkins
.6 FTE. Physicist 30.000 30.000

UC Davis
1 FTE. Physicist, 2nd year. 50,000
First, to be hired, contribution by
U.C. Davis

C. EngineeringStudy

Domestic Travel 10,000 10,000
International Travel to and from

collaborating institutions: Poland. Italy 5.000 5,000

Westinghouse 205.000 482.000
LANL 400,000 400,000

University of Pittsburgh
.33 FTE, Physicist, first year 17.000
1 FTE. Physicist, secondyear 52,000

D.1. Double-sidedStrip Detectors

Domestic Travel 8,000 8,000
International Travel to and from

collaborating institutions:
Japan. Poland. Italy, U.K. 10.000 10,000

Detectors--to be sharedamong collaborators 55,000 50.000

UC Riverside:
1 Fit, Electronics 60,000 60,000
Probe Station Upgrade 15,000
Test Equipmennt 15,000 40,000
Mounting Si Bonding 15,000 30,000
Electronics & Read-out 40,000 20,000

Johns Hopkins:
Electronics Engineer 95,000 95,000
.4 FTE, Physicist, 20,000 20,000
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Micro Electronics Lab. Equipment:
Probe Station, Wire Bonder, DAQ System 63,000 23,000
Detector Control/Readout Electronics 20,000 14,000

2 FTE, Engineering Support. U.K. Groups. 50,000 50.000
Equal Matching Funds will Be Provided by
U.K.

LBL and FNAL:
Bonding and Cabling R&D 30.000 30,000

D.2. Short Strip Detectors

Lawrence Berkeley Laboratory:
.5 FTE Spider 75.000 75,000
.5 FTE Holland 75,000 75,000
.5 Fit Wright 75.000 75,000

Materials 25.000 75,000

UCSC:
Bump Bonding 25,000
Read-outChips 25,000
Detectors 25,000

D.3. Detector Developmentwith Westinghouse

University of Pittsburgh:
Test Equipment 15,000 25,000
Fabrication 75,000 112,500

D.4. Detector Developmentof University
of Hawaii with Stanford CIS

Mostly funded from generic R&D for first year,
second year assumesno generic SSC funds 40,000 170.000

E.1. Bipolar Electronics

Domestic Travel 5.000 5,000
International Travel to and from

collaborating institutions: Poland, Japan 5,000 5,000

UCSC:
Probe Station with Laser 55,000
Test Electronics Si Equipment 15,000 15,000
.5 FTE Cooling Hutchinson 40.000 40,000
.5 FTE Integration Spencer 25,000 25.000
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E.2. Frontend and Interface CMOS Electronics

Domestic Travel 10,000 10,000
International Travel to and from

collaborating institutions: Italy, Japan 5,000 5,000

UCSC:
CommercialWorkstation Software 10,000 10,000
Fabrication at UTMC 80.000

F. DAQ/Trigger

International Travel to and from
collaborating institutions: Italy, U.K. 5,000 5.000

Equipment Funding is provided by INFN

Administrative Costs 5,000 5,000
Travel to collaboration meetings 80.000 80,000

TOTAL DIRECT COSTS $ 1,904,000 $ 2,407,500

INDIRECT COSTS
Off-campus researchrate, 26.5% of
modified total direct costs *85,000 22,525 22,525

TOTAL PROJECT COSTS * 1.926,525 $ 2,520,025
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ABSTRACT
We quantifythe designparametersfor a central track

ing system capable of good momentum measurements and
high reconstructionefficiency for charged particles within
1 TeV jets. We express our results as a set of scaling rules.
Based on these rules we outline a silicon strip tracking
system which is well matched to the SSC high luminos
ity environment. Special challenges for the construction
of this tracker are in the area of electronics readout. We
present initial work we have done in this area.

GENERAL CONSIDERATIONS
In designing a tracking system it is useful to character

ize the systems capabilities in terms of a few performance
parameters which are determinedby th geometry of the
device and its detection method. Similarly, one can try-
to characterize the physics of particle production in terms
of a few characteristic parameters, providing a heuristic,
simplified picture of the events which have to be recon
structed. The physics and tracker parameters can be com
bined to yield scaling relations which can guide the choice
of tracker technology and geometric layout. Given a de
sign based on these heuristic ideas, a full Monte Carlo can
then be performed to quantitatively evaluate the tracker
performance and check that it is adequate

In the study presented below1 we have chosen tracking
within 1 TeV jets in the central rapidity range, Ft 2.5,
as the goal for physics at the 521 We assume that the

detector is inside a solenoiclal magnetic detector. Using
the scaling rules which link the physics and the tracker
parameters as a guide, we present a conceptual design
of a tracking system made of thin silicon strip detectors.
This detector provides the following features:
1 High efficiency tracking within jets having transverse

momentum I TeV in the central rapidity range,
2 Allows a fast algorithm for usage of measurements

and for track finding, which is important given the
very large amount of information present,

3 Allows precision momentum measurement,
4 has sufficient angular resolution to allow assignment

of tracks to the correct vertex for multiple events in
a time bucket and to match muons between the inner
tracking detector and an outer muon identifier,

5 Provides trajectory information for secondary vertex
identification,

6 Allows the measurement of charged energy flow per
machine crossing to cross-check the calorimetry mea
surornent which will probably sum over several cross
ings.
Tracking provides a much more fine grained picture

of an event than does calorimetry and could be crucial in
identifying new physics signatures. For example, calorime
try, because of tower sizes and shower spreading, will see
the event energy in buckets which span a few degrees
in angle. The tracking can provide a measurement of
the event structure with roughly two orders of magnitude
finer angular resolution and within each beam crossing.

Specific physics goals for the tracker are as follows:
1 Leptons have often been indicative of new physics.

The tracker, when combined with the rest of the de
tector, provides comparable s and e detection effi
ciency and momentum resolution. Redundancy is pro
vided for e detection by comparing the measured mo
mentum from the tracker with the energy measured in
the calorimeter, while for muons the tracker momen
turn can be compared to the momentum measured in
an external muon identifier such as a toroid.

2 Tracking provides the ability to search for long-lived
particles or jets with unusual topologies.

3 For the Standard Model Higgs, tracking is important
for searches in all mass regions by providing
a Secondary vertex detection needed in the search

for fjo -, U or it, for a Higgs mass less than about
150 GeV,

b Good mass resolution for reconstruction of both
the Z° and jj° in the decays O ., Z°Z° -. 4



charged leptons. This provides enough rate for
Jj0 detection for h-liggs masses up to about 600
GeV.

c Measurement of multiplicity and event siapes to

be used to separate fl0 W+W or Z°Z°, where
one gauge boson decays into hadrons, from the
production of a single gauge boson accompanied
by quarks and gluons. This is relevant for the
Higgs search at masses larger than about 600 GeV.

SCALhNC RULES FOR TRACKER DEShGN

We take for our heuristic model of a jet a cone of
half-angle O11,with particles within the cone spaced by a
mean angle II, which is the angular spacing in the bend
projection which for a solenoidal detector is the azimuthal
angle. In addition, we assume the particles in the jet
have momenta larger than a minimum, mjfl, which is
determined by the typical transverse momentum relative
to the jet axis and the jet angular size. We chose for 01/2
the angle at which the energy flow drops by a factor of two
for 1 TeV jets, according to the PYTIJIA Monte Carlo.’
This number is about 4 mrad for quark jets and 20 mrad
for gluon jets. We therefore choose 10 anrad as a typical
jet half-angle.

Since the jet core can be expected to contain 10 to
20 particles at these energies, we expect 0 to be about
an order of magnitude smaller than t/2* To arrive at a
number particularly well suited to tracking, we can use
the extensive work done on B reconstruction at the V.2
For this case the tracker must have a two track resolution
in the azimuthal angle of about .5 mrad for efficient B re
construction. Scaling these jets up in energy to 1 TeV, we
can estimate that 0 = .5 znd for the angular spacing
of neighboring particles.

As the third and last parameter characterizing the jet
core, we choose as the typical transverse momentum rela
tive to the jet axis 500 MeV, giving min = 500 MeV/0,p =

50 CeV for a 1 TeV jet. Thus in this simple picture the
jet core contains all particles with fractional momentum

5% of the jet momentum.

Because of the very fine segmentation needed to re
solve tracks, a tracker will probably have to use infrequent
sampling to avoid ending up with an enormous number
of channels. It will, in addition, have to go out to a mod
erately large radius, since it is critical not only to resolve
tracks, but also to measure their momentum. Figure 1,
below, shows our model of a section of the tracking detec
tor, organized to provide local track samples which can be
linked into tracks. The detectors are grouped to provide
track segments called vector elements, allowing or effi
cient pattern recognition. In Fig. 1, the vector elements
are two closely-spaced detectors; more generally, these can
be several closely-spaced detectors. The parameters de
scribing the detector are:

a

= position resolution for each measurement,
= two-track spatial resolving power,

8 = spacing of detector plane pairs forming vector
el t, ,,ien ts

= error on track tangent,

a = spacing of vector elements,

= outer radius,
N = number of layers,
.8 = magnetic field.

Vector ELement

Fig. I. Anangeincnt of detector made up of spacedlocal track
IneasIhrii,g vectoreliemeiiti.

We will assume below that measurements are of the as
imuthal angle. ht is necessary to also measure the a coor
dinate. We will assume this is done using stereo measure
ments and return to this question later. For the pattern
recognition we require that:

- different tracks give distinct hits in each individual
tracking detector of a vector element,

- hits in the Vector elements can be locally associated
into correct track segments,

- the local track segments have to be correctly linkable
into tracks.

Using the three parameters characterizing thejet struc
ture and the tracker characteristics, we quantify the three
tracking requirements as follows:

1 At a radius r, a track will typically have a near
est neighbor spacedby a distance r 0. The hits will be
correctly resolved if the measuring device has a two track
resolution Cm < r 0. This gives our first scaling rule for
efficient tracking

r0
<

where r = mean radius of the tracker.
2 Figure 2 shows a track passing through a vector

element. From the measurement in the inner layer, we
can predict a hit on the second layer assuming infinite
momentum, as shown by the dashed line in Fig. 2. The
spatial mismatch between the prediction and the real tra
jectory is rS/2p, where r radius of the layer and p =

radhis of curvature of the track. The largest mismatch for
tracks in the jet will occur for tracks with the lowest me
inentum, min We will have confusion if a second track
leaves a hit between the predicted location and the real
hit location. Since a neighboring hit can be expected at
a spacing r 0, this means that we require rS/2p < r 0,
yielding the second scaling rule, £/2p 0 c 1. Here p

2
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Fig. 2. A Tack passing through two adja
cent layer pairs. on one irack.

is calculated from mjn and the B field chosen for the
detector.

3 The basis for linking vector segments is illustrated
* in Fig. 3. Each angle 01 or 02 is measured with a preci

sion given by am/5. Linking can be done if this ac
curacy is adequate to exclude wrong combinations. We
show in Fig. 4 the trajectories of two very high mornen
turn tracks separated by a production angle 0. An in
correct link yields the dashed track whose angles don’t
match by an amount 0. Thus, a goal for the linking
to work is ‘.JOm/6 0, giving the third scaling rule
.,/!io,,,JS0 c 1.

Note that scaling rules 2 and 3 have an opposite
dependence on 6. It has to be carefully chosen, since good
matching for segments requires a small 5, whereas a well
measured tangent vector in a. segment requires a large 5.

The last scaling rule refers to the measurement of z
coordinates using stereo tracking elements. We show an
arrangement of vector elements in Fig. 5, which will allow
full local association of axial and stereo measurements.
The stereo layers can be characterized by a stereo angle
a = a, = -a and the stereo displacement a = La, where
S = detector length.

Fig. 5. Orientation of detector element, to allow a local reconstruc
tion of the x coordinate using stereo ineanre,nents.

For the two vector elements we measure azimuthal an-
glee #t, Ø and stereo measurements , = +az/ri , #i =

#2 - az,/r2. High momentum tracks have a trajectory
z = r tan A + to, where to is the vertex location in a0 anti
tan A = Pg/PT. For the case to = 0, the correct stereo

Axial strip.
on top

U. small angle stereo
strips on bottom

vernal! angle stares
strips on top

Axial strip.
on bottom

01 0, for a
valid track

9, = 9, + <9>

Fig. 4. Two track, and spurious dashed

hits are given by the pair satisfying the matching equation
#1 + #2 = #s + #v.

At the SSC, we expect the length of the interaction
region o 5 cm. Assuming complete ignorance of the
vertex position in a given event taking to = 0, such a
spread in vertex position will produce a mismatch in the
angles in the above matching equation of o,a5/r2. This
is smaller than the measurement error in the matching
equation=2am/r, except at small radii, even for a small
o. We include the finite beam size in the Monte Carlo
studies discussed in the next section.

The confusion from many tracks can be quantified in
terms of the detector and physics parameters. If a pair of
axial strips have been successfully associated within the
jet, all tracks within the stereo displacement region a de
fined above will leave stereo hits which can confuse the
z matching. The number of tracks entering this region
is N. = s/r 0, since the mean displacement between
tracks at a radiusr is i-0. All of these tracks will leave
stereo hits in the is plane which could accidentally asso
ciate with another hit in the v plane falling within a region
of full width 2am, which is the resolution characterizing
the correct choice. The probability of there being such a
hit in the v plane is P = N. . 2cm/a, and the number of
potential incorrect a pairings is Nine.... = N,P Thus we
arrive at the scaling rule for stereo association to work
well

N _N2211_ 2Om
‘Ac:

r02
Note that if we increase a by increasing the stereo an

gle a or the detector length 1 will not necessarily
continue to increase. Eventually a will exceed the size of
the jet 2r0112 and any further increase in a will leave
N1,...1 unchanged. In this limit, which is characteristic
of long drift chamber detectors, the scaling rule is

N-
- 40mE01/2 - 2°,,. 201/2 - 401/2cm

11flCZ
rOf ‘-0 ,Q2 <

This completes the set of seating ruin, which we will
use in the next section to evaluate our silicon strip tracker
design.

I
"0,

6

Fig. 3. Relation for vector segments lying
segme,ali,.kage.
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Fig. 6. Silicon tracking system.

SILICON STRIP TRACKINC DETECTOR

To meet the very stringent tracking requirements for
the SSC, we would like to use a technology offering an
order of magnitude improvement in performance over the
traditional drift chambers used in present experiments.
We feel that silicon strip detectors with 25 pm pitch are
a good choice for this problem since they offer:
1 Intrinsic position resolution of 5 pm and two track

resolution of 100 pm, well matched to the scaling rules
derived above, thereby allowing efficient tracking,

2 The time structure of the signal well matched to the
SSC machine repetition rate,

3 Reasonably radiation hard detectors,
4 VLSI electronics and substantial multiplexing easily

incorporated,
5 A large community working with these types of detec

tors, yielding substantial technological improvements
with time.
Figure 6 shows a proposed design made of 8 pairs

of double sided-detectors, providing 32 measurements per
track. The pairs yield 8 axial and 8 stereo vector seg
ments for the track reconstruction. This compares, for
example, to 6 axial and 6 stereo vector segments for the
new MARK II drift chamber. The stereo arrangement is
that shown previously in Fig. 5. Figure 7 shows a cross
section of the central part of the detector. The individual
silicon detectors are tilted to compensate for the Lorentz
angle due to the magnetic field. The inner radius of the
detector has been taken as 8 cm to limit the maximum
radiation damage to less than 0.5 Mrad in an SSC year.
The outer radius has been chosen as 50 cm to provide
adequate momentum resolution in a 2.5 Tesla field, as
discussed below. The maximum occupancy, in the inner
most layer, is 2 x io-3 in a two-hit resolution element,

= 100 pm, assuming the detector is read out each
beam crossing.

The stereo angle chosen for the detector is a = 5
mrad. For a 10 cm long detector this gives a stereo dis
placement, a, of 500 pm. Tracks separated by a distance
greater than a in the axial projection don’t interfere with
each other at all. The very small stereo angle stilt yields

Fig. 7. Central silicon tracker.

a o, = 1.44 mm per measurement and a resolution in a
at the vertex of 835 pm.

Secondary vertex identification is available in the bend
plane where the interaction region is very small. Note,
for high momentum tracks, the impact parameter error is
still 5pm, even starting 8cm from the origin, since the
long lever arm of the tracking devices provides a very well
measured angle and curvature.

Table 1 presents a summary of the scaling rules for
this detector. We have chosen S = 1 cm to provide a rea
sonably well measured tangent vector. The small stereo
angle chosen is motivated by the desire to limit the con
fusion in tILe local stereo association, as quantified by the
stereo scaling rule. The table indicates that the matching
of vector segments into tracks has potentially the great
est confusion. For comparison, we also list the scaling
parameters for the new MARK II drift chamber at the
SLC, which has been carefully optimized by Monte Carlo
studies for jets of 50 CeV.1

MONTE CARLO STUDIES
In this section we look in more detail, based on a

Monte Carlo simulation, at the ability to do tracking in 1
TeV jets with a silicon tracker. The program ISA ET5
was used to generate events with two quark or gluon jets,
each with P, I TeV. The mean multiplicity within

< 2 in these events is 330, of which 118 have Pp 1
0eV. Figures shows a high Pr event in a 3 Tesla magnetic
field. A region near the core of the tight 1.5 TeV jet in
the lower left quadrant of the event, at a radius of 26 cm,
has been blown up as Fig. 9. The scale is matched to
the size of a single strip detector containing 1024 25-pm
elements. At this scale, which is the one relevant for the
track finding, the still tracks are not confusing.

Vector Segment Finding

To quantify this, we have performed the first two steps
of the pattern recognition for these Monte Carlo 1 TeV
jets. As a first step, we keep only hits with no other
hit within 100 pm in space. The detectors are assumed

::
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TABLE 1: DETECTOR PARAMETERS AND SCALING RULES

Physics Parameters for: 1 TeV Jets 50 0eV Jets

Track angular separation 0

Jet angular width 01/3

Track Pp in jet core

0.5 inrad
10 mrad

50 0eV

10 mrad
40 rnrad

10 0eV

Detector Parameters Si Tracker Mark II/SLC

Magnetic field .8
Radius of curvature p = 3.3Pr/B

Radial detector spacing 6
Superlayer thickness 5n
Maximum radius r,,,
Mean radiusr

Detector length 1

Double track separation c,,,
Stereo angle a
Position resolution a,,,

a position resolution a, = v’om/a

2.5 Tesla

66 m
1 cm
I cm

50 cm
29cm
10 cm
100 pm
5 mrad

5 pm

1.4 mm

0.5 Tesla
66 m

0.8 cm

4 cm
150 cm
88 cm

230 cm
4 mm

74 mrad
100 pm

1.9 mm

Scaling Rule Requirements Si Tracker Mark lI/SLC

Resolve hits: < 1

Find vector segments: y < 1

Link vector segments: < 1

Matchahits: <1, or:
40._S.for la > 2r6113: C I

0.7

0.15

1.4

0.24

-

0.45

0.006
0.4

-

0.2

Fig. 8. Typical 1 TeV event front ISAJET. Fig. 9. Blowup of dense jet at mean detector radius.
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to be 10 cm in length, with the outer member of a pair
staggered by one half of a detector length with respect
to the inner layer. Using the simple algorithm presented
above to link hits into vector segments, and considering
only hits pairs which can come from tracks with Pr> .5
0eV, we evaluate the efficiency vs. Pp for finding tracks
if we require at least NVEC 4,6, or 8 correctly found
vector segments to call the track found. The results for
S chosen equal to 1 cm for a 2.5 Tesla B field are shown
in Fig. 10, where the last bin includes overflows. The
efficiency is close to ioo% for high momentum tracks, if
we require NVEC 6, which corresponds to 12 axial
and 12 stereo measurements, assuming the stereo finding
is fully efficient.

To test the scaling rule for the stereo a matching, we
apply the stereo algorithm discussed above to the vector
segments that were found correctly in the axial projec
tion. The efficiency for making the correct local a match,
as a function of Pp of the track is shown in Figs. ha and
b for the cases a = 5 mrad and 20 mrad, respectively.
The efficiency in the former case is > 95% for all tracks,
falling at high .f’ where tracks are in the center of jets. It
is clear that the efficiency begins to degrade significantly
when the stereo angle is increased to 20 mrad, as expected

I I I I I

0

U

I I I I I I I

30 40 50 60 70 80

1’ GeV/e

Fig. 11. Stereo association efficie,.cy. a a = S mrad, b a = 20
mrail.

from the scaling rule. We have verified that the effect
continues at larger stereo angles.

Dependence of Efficiency on the Magnetic Field

The presence of an axial magnetic field is required for
the measurement of the track momentum. However, the
magnetic field also has an impact on the pattern recogni
tion efficiency. The field may improve the reconstruction
efficiency by separating closely spaced tracks in the outer
layers, or degrade the efficiency by causing tracks to cross
in the outer layers, leading to confusion.

in order to determine which is the dominant effect
for the tracking system discussed here, we evaluated the
vector segment finding efficiency for various B fields. We
find that this efficiency is degraded with larger magnetic
fields, over the entire range of momenta. As an example,
the efficiency for finding all 8 vector segments for tracks
with Pr > 15 0eV falls from 80% to about 6% for
.11 = 2.5 and 5.0 Tesla, respectively. For the case we
have chosen, B = 2.5 Tesla, the inefficiency for vector
segment finding in the inner layers due to the close spacing
of tracks is approximately the same as that in the outer
layers due to track crossings.

The magnetic field can also degrade the double track
resolution by spreading the charge electrons and holes
over several strips due to the Lorentz drift of the charges
in the magnetic field. The Lorentz angle 8L is defined
by tan °L = pA, where p is the Hall mobility of the
charge carriers. However, the use of double-sided de
tectors means that we are collecting both electrons and
holes, which have different Hall mobilities.6 To minimize
the problem, we can orient the detectors at an angle
which is the average of the Lorentz angles for each charge,
and choose a magnetic field which is low enough so that
the residual Lorentz drift spreads the charge over a strip
width or less. A detector of 150 pm thickness in a 2.5
Tesla field tilted by tan Or. = pe + pjjB/2 will have a
charge spread of 22 pm on either side of the detector, just
less than one strip width.

I I I
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Vector Segment Linking
Once vector segments are found, they must be unam

biguously linked together to form tracks. For tracks from

the origin in the x, y plane, the track trajectory is given
by

r = 2psin# - #o

z=2p#-#otanA+zo

where the constants characterizing the track are p, tan A,

o and zo. A more convenient variable than the radius of
curvature p is the curvature ic = 1/2p. For high momen
tum tracks, the above are approximately = icr, a =

zo + rtanA.
One way to link vector segments, which provides a vi

sual picture of the information quality for a given event, is
to use a technique employed successfully with the MARK
U jet-cell central drift chamber at the SLCYI We describe
the method for the barrel section of the silicon tracker.
The idea is to calculate, for each vector measurement, the
curvature and azimuth at the origin #0 of a track pass
ing through the origin and tangent to the vector segment.
A vector segment provides a measure, at average radius
1, of the track azimuth and the rate of change of az
imuth d#/dr. From these we calculate the track constants

= -d#/dr_
u = 3 + atcs1ntcf

This will produce a mapping in which all vector seg
ments found for a given track lie near a point in the ic -

plane. The vector segments found for the event shown in
Fig. 8 have been plotted in Fig. 12a. U to 8 vector seg
ments are plotted for each track. One, can immediately
see the two jets in the event. The effect of resolution in
curvature is also seen from the spread in points for each
track. For this plot we have used S = 5 mm. Each hit
position is chosen as the center of the strip hit, so that
the position resolution is 25 pm[Ji 7pm.

Figure 12b is a blowup of the region around the jet
at #0 3.9 radians. The effect of resolution is now more
obvious, and it is also clear that the error in ic is strongly
correlated with the error in do. This can be parametrized
by a 2 x 2 error matrix, which can be used to cluster the
vector segments into tracks. Even by eye, it can be seen
from Fig. 12b that vector segments from nearby tracks
in the jet are becoming confused. This can be remedied
by making the paired layer separation S larger. Choosing
S = 1 cm, the value used in Table 1 earlier, results in the
measurements displayed in Fig. 12c. Here the individual
tracks in the jet are generally separated. Note the spread
in these plots of the measured do values for a given track
is "finmiS. the parameter [atroduceif earlier to cuantify
the ability to link vector segments. A study of many such
events indicates that .5 = 1cm is a reasonably good choice.

The method outlined above can also be used to clus
ter vector segments and link them into tracks for tracks

,/ ;

a

3.54 3.88 3.88 3.0 3.02
0. e 10 mm spacing

passing into the forward detectors. Assuming that the
strips arc organized to measure at fixed a, the measure
ment dco/da and - a d#/da are constant along a track,
beins tqal to c/tan X antdo- ,czo/ tan A, resptcV.ve%y.
Thus the two dimensional clustering space is in these two
parameters for these detectors.

MOMENTUM RESOLUTION
We look at the expected momentum resolution for

the silicon tracker discusseiabove. We will assume a ver
tex constrained fit, as would be appropriate for the high
momentum leptons from the heavy Higgs decay, which
coneswada to an orbit equation at Kgh momentum

= #0 +
2p

Measuring the track angle # at in radii r1, r, . . . r,fl, the
value of #o and p are extracted by minimizing

=

where d1 is the measured circumferential distance for the
axial layer. The expected error on d1 is o.
Relating p to Pp, and calculating the errors from the

X2, gives a result:

., ... .

,‘ : I
, ;i’

:

4. ta S mm spac%ng

3.14 3.58 3.% S.2
0. b 5 mm spacIng

0.4

0.2

r 0.0

0.06

0.00

-0.06

-0.10

0.05

0.00

-0.06

-0.10

I

-

- 1’ r

Fig. 12. Clustering for track’ in I TeV event.
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where 11 is in Tesla, 39i’ in 0eV and all distances are in
meters.

Assuming that the four measurements in a vector ele
ment give an effective measurement with an error a, that
theE pairs are approximately equally spaced out to a max
imum radius rm, gives after performing the sums above

= 5.5o/0.311 r,2,.

Taking a = 3 pm, r, = O.5m, .8 = 2.5 Tesla, gives:

= 8.8%Fr TeY.

Figure 13 shows op/F2, where P is the full momentum,
vs. rapidity for the silicon tracking detector, where the
error at Y = 0 has been taken to be op/Pt = 0.08 TeV*

MASS RESOLUTION FOR RIGGS DETECTION

The goals for momentum resolution are usually de
termined by the physics goals of an experiment. For the
present case we choose the reconstruction of the Riggs via
jJO -. 2°Z0 -. 4 leptons, for a mass of the jj0 up to 1
TeV as a suitable goal for the 550. Since the 2° has a
finite width, arbitrarily good resolution does not improve
background rejection. The width of the 20 therefore sets
a goal for the resolution. The typical momentum for lep
tons from the I TeV H0 is 250 0eV. The momentum
resolution for these is or/P 2%, using Fig. 13 above.

Using a Monte Carlo for II decay, we have calculated
the expected mass resolution for the reconstructed Z, for
decays into electrons and muons. The results arc shown
in Fig. 14. Also shown are the electron results for a calori
metric mass reconstruction and the muon results for an
iron toroid. We see that the detector resolution is well
matched to the limitations of the 2° width for 20 ener
gies up to nearly 500 0eV. Fig. 15 shows similar quanti
ties for the subsequently reconstructed JIo. The tracking

system provides better resolution at all masses than the

limitations imposed by the 11° width. For the simplest

Jliggs scenario, the detector has about a factor 3 bet
ter resolution at about 500 0eV than is necessary. This
should provide some safety margin in case the correct

theory involves several Higgs particles. In this case each

lliggs is narrower and has a smaller production cross sec
tion tItan the ltiggs in the simpLest model. With suffi

ciently good resolution, the signal to background will be
equally good in this case since the narrower width makes

up for the smaller rate in the mass plot.

ELECTRONICS ISSUES
Readout for the tracker must be via high-density on

the detector fast amplification and discrimination, fol
lowed by digital event buffering to store information lo
cally until a valid trigger is asserted.

Figure 16 shows a block diagram of the readout scheme
we arc working on. It uses two chips with VLSI circuits

matched in pitch to the detector strips and wire bonded
together. The first chip, to be implemented in bipolar
technology, contains a fast amplifier and discriminator.
The second chip, to be implemented in CMOS technology,
contains level 1 and level 2 buffers and a shift register to
readout the hit information. The level 1 buffer is a mem
ory which is clocked at the machine frequency, providing
a digital time slice of the detector output. The depth of
the buffer, taken to be 64 clock cycles, is matched to the
time necessary to make a first level trigger, if a trigger
occurs, the information is stored in the second level buffer
which can store up to 16 level one triggers. A successful
second level trigger causes a readout of the appropriate
time slice.

The use of a fast front-end amplifier is well matched to
the signal collection time in the silicon as well as the beam
crossing rate. It is also necessary since the strip detectors
develop leakage current due to radiation damage. The
signal expected is 12,000 C for 150 pm thick detectors.
The equivalent noise charge for the amplifier is expected
to be between 700 to 1,000 C. For a 10 nsec shaping
time, the noise from the detector leakage current is 250
e ,/Ipamp. We therefore want to keep the leakage
current <4pamp.

The leakage current for the detectors decreases sub
stantially over a period of several months if not irradiated,
therefore an appropriate period for calculating dosage is

1 year of running. For strips with dimensions 25 pm
x 10 cm x 150 pm, at the dosage expected, the leakage
current will be:

From Charged Particles: 2 paxnp/rIcm
From Neutrons: 2.5 x10’4pamp x Neutron Fluence.

Thus the nearest detector, located at r = 8 cm, for a
neutron fluence 10I3, will develop a leakage current
C 4 pamp, making the noise from the detector current a
small contributor to the overall amplifier noise.

elM
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Fig. 18. Momentum resolution vs. rapidity.

8



b Z *

Torcid

20 - -

100 200 300 600 700 1000

Z Energy M,1 [Civ]
100 200 300 600 700 1000

Z Energy cu [Civ]

Fig. 14. FWLIM resolution of the 20 mass as a function of 20 energy for a detector with
calorimetry only, and for a detector including precision Si tracking. a Z
etr. b 20 ...

io2

‘-I
‘-I

I,
2.

101 3 o1

100

Fig. 15. Z0Z° invariant-mass resolution for different detector configurations, compared
with the expected Higgs width F dashed line, a 2° -. etC. b 20 -.

ptp -

CMOS Chip

Fig. 16. Readout - VLSI chips.

I

6

4

3

2

0

‘I
C

t4

a Z * 1’

- Si Tracker & Caloflini Let

1,

400 100

Riggs Mass [Civ]
200 400 500 *00 1000

Riggs Mass [Ccv]

Amplifier Comparator

++

+ 60
volts

STRIP

Read Pointer

Bipolar
Chip

Memory
04 Deep

a,

a
*1

‘0
Is

Memory
10 Deep

,1

.6

9



The memory chip we are presently working on uses 2
pm CMOS feature size, which will not run fast enough
to match the SSC requirements. The sub-micron CMOS
presently used by some of the large computer companies
should be well matched to 550 requirements and is ex
pected to be commonly available well before 580 turn
on. These circuits must be radiation hardened to work
after a few megarads of radiation, which is within present
capabilities.

The analog circuitry must be carefully radiation tested
and is more delicate than the memory which is digital.
We are designing this chip using Dielectric Isolated Ilipo
lar, which is expected to be very insensitive to damage
from charged particles and neutrons. The latter sensitiv
ity should improve as the speed of the available bipolar
circuitry is increasedlfl as a result of decreased transis
tor geometry. It will be very important to minimize the
power dis ipation within the speed and noise constraints,
since cooling of a large system will be a difficult problem.

CONCLUSIONS
A full scale silicon microstrip tracker, capable of re

solving tracks in 1 TeV jets with high efficiency and good
momentum resolution will provide invaluable information
in the search for Riggs production and new physics signa
tures at the SSC. We present a design which we believe
can be built and made to work in the 550 environment
given a substantial amount of R&D effort.
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Westinghouse

MECHANICAL DESIGN AND ANALYSIS OF A
SILICON STRIP CENTRAL TRACKING SUBSYSTEM

- STATEMENT OF WORK -

The Westinghouse Electric Corporation proposes to undertake a

24-month program in cooperation with the University of California at the

Los Alamos National Laboratory LANL to perform the preliminary

mechanical design and analysis of a silicon strip detector array for the

superconducting supercollider SSC large solenoid detector. The work

will be carried out at the Westinghouse Science and Technology Center

STC. Upon completion of the proposed program, the following items

will be delivered to the University of California at Santa Cruz: concept

drawings and estimated costs and schedule for the procurement,
fabrication, assembly,and testing of the proposed silicon strip

detector.

The program is divided into four specific areas of performance:
* Mechanical Design

* Material Science

* Thermal Management

* Manufacturabl 11 ty

These four areas will be divided into nine tasks. Each task is
described in the following pages, and a task schedule Is presented in

Figure 1.
Westinghouse will concentrate primarily on the design of the

large scale mechanical support structure, the integration with other
subsystemsin the detector and the collider, interaction with magnetic

field, and large scale integration of the support systems, such as power

and cooling. LANL will concentrateprimarily on the evaluation of

89M844-1 1



materials, the design of the individual strip detectormodule
particularly its thermal management,and the building and testing of
appropriateprototypes. Both LANL and Westinghousewill participate

equally in developing the overall conceptualdesign of the subsystem.

Westinghouse

Figure 1 - Schedulefor proposedprogram
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Westinghouse

TASK 1. SILICON STRIP DETECTOR DEFINITION
AND SPECIFICATION

In Task 1, WestinghouseSIC will work with the Silicon Strip
Detector Group to completely specify the functional design requirements
for the detector. Physical constraints, such as size, weight, length,
and detectorgeometry, will be identified as well as electrical leads
and cooling requirements. Figure 1 shows this effort lasting most of
the first year of the program. This time will be necessaryin order to
make specification modifications as the concept progressesover the
first year.

TASK 2. MATERIAL STUDIES AND EVALUATION
Material property requirementsfor the support structure and

auxiliary system will be specified in this task. Candidatematerials
will be reviewed for use basedon work performed by LANL concerning
radiation length and susceptibility to radiation damage. The major

effort on materials will be performed by LAWL with Westinghouse

evaluating the material suitability for a large scale system.

TASK 3. MECHANICAL DESIGN AND ANALYSIS
In this task, the preliminary design of the silicon strip

detector assemblywill be performed. The detector ladder structure
worked out by LANL will form the input to an overall system design.
Various conceptsproposedby the working group will be reviewed and

evaluated. The most promising concepts from the point of view of
overall detectoroperation will be determined. The final selected
conceptwill be analyzed for structural support to ensure sufficient
stability and rigidity so that critical alignment requirementscan be
maintainedover the design life of the device. All routing and
connectionsof power, cooling, and instrumentationcabling/hoseswill be
conceptualized.

In addition to the design and analysis work, general
requirementsfor assemblyand alignment will be specified during this
task. Whenever possible, appropriateprototype structuresthat test
critical engineeringconceptswill be suggestedand evaluated.

89M844-1 3
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TASK 4. FABRICATION DRAWINGS AND INTERFACES
This task will consist of preparing layout drawings of concepts

proposedand studied in Task 3. Conceptdrawing of the selectedsilicon

strip detectorconfiguration will be prepared in sufficient detail to
obtain costing and scheduling information. Assembly drawings will be
developedas necessaryto assist in the fabrication and assembly

procedureas well as for interfaces with adjacentstructures.
Three-dimensionalsolid modeling will be utilized as needed in

the design processto verify spatial relationshipsbetween components
and to ensureproper assemblyand system integration.

TASK 5. FABRICATION AND ASSEMBLY PROCEDURES
The purposeof this task is to specify in sufficient detail the

fabrication processesand assemblyproceduresrequired for the concept

selected. These procedureswill include such items as the following:

* Silicon strip mounting procedure

* Structural support fabrication method

* Special tooling

* QAIQC testing
* Modular assemblysequence

* Electrical cable routing procedure

* Cooling hoses routing procedures

These procedureswill be preparedin a form to match the concept
detail and costing estimate requirementsfor construction of a device.

Prior to any device construction, a detailed procedurewrite-up will be

prepared. A full-size mechanical prototypewill be constructedat LANL.

TASK 6. THERMAL MANAGEMENT
* Thermal managementwill addresscooling methodologiesfor

removing the heat generatedwithin the silicon detectormodules. All
known sourcesof heat, both internal and external to the silicon strip
detector, will be determinedand evaluatedas to the effect of the
detector concept. A schemewill be proposed for maintaining the

89M844-1 4
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detector modules at a reasonableoperating temperaturewith minimum

compromise on the overall performanceof the silicon strip detector.
LANL will concentrateon the thermal managementof the individual
detectormodules, while Westinghousewill concentrateon the integration
of this function with the remainderof the support system. Upon
completion of this task, a listing of the cooling system equipmentwill
be identified.

TASK 7. SYSTEM INTEGRATION
In this task, the integration of the silicon strip detector with

the surroundingequipment in the overall SSC detector system will be

investigated. Included in this effort will be the assemblyand

disassemblyof the silicon strip detectorwithin the system as well as
the mounting requirementsand constraintsof the device. In addition, a
surveywill be preparedof the known external forces and loading
conditions affecting the silicon strip detector. Particular attention
will be paid to issues involving the operation of the silicon tracker in
a 2 tesla magnetic field.

TASK 8. SUBSYSTEM COST ESTIMATE
The cost and schedulewill be estimatedfor the overall

fabrication and delivery of a completed device to the SSC detector
location. Included in this task will be the cost and schedule for the
following items:

* Materials procurement
* Component fabrication
* Module assembly
* Module QA/QC testing
* Module shipping to SSC site
* System assemblyat site
* System testing
* System installation

89M844-1 5
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The effort will require input from all areaswithin the group in

order to establish reasonable and accuratecost estimates.

TASK 9. PROGRAM MANAGEMENT
Program managementincludes the preparation of reports, design

reviews, general meetings, and cost reporting to the program manager.
Estimates of the Westinghouseeffort are basedon the following

activities:

* Monthly progressand cost letter reports for 24 months

* Group meeting at Santa Cruz every six weeks

* Two DOE design reviews, one of each at the end of each year

* Yearly reports to DOE describing technical progress

89M844.1 6
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Westinghouse

D. T. Hackworth, Manager, Electromechanics
WestinghouseR&D Center

8.5., graduate study, mechanical engineering, University of Pittsburgh.

Mr. Hackworth is working in the area of high current systems. This
covers all aspectsof high current systems: the development,design,
analysis, specifications, and testing as well as the developmentof
specialized mechanical equipment. He has lead responsibility for the
Westinghouseeffort in SuperconductingMagnetic Energy Storage SMES.
On this project, he has overall responsibility for all systems of the
superconductorand coil cold pack design, analysis, component
fabrication and testing as well as the system coil manufacturingplan.

From 1976 to 1981 Mr. Hackworth had responsibility for the design of
superconductingapparatus in the design and structural engineeringrole
for the Westinghouseeffort on the Large Coil Program with Oak Ridge
National Laboratory. On this project, he was responsiblefor all
aspectsof the mechanicaTsystems, including design, analysis, drafting,
and materials.

Mr. Hackworth had responsibility for the structural design in a DOE-
sponsoredconceptual study of toroidal field magnetsfor the
Experimental Power Reactor study. In addition, he was Lead Mechanical
Engineeronthe 400 kJ coil program for LASL. He also completeda
conceptual structural design of the toroldal-field coils for the High
Field Compact Tokamak Reactor for MIT. This assignmentrequired the
integration of a conductordesign and a viable structural design based
on material and manufacturingcapabilities.

From 1973 to 1976, Mr. Hackworth served as a Mechanical Engineer in the
Development Group of the GenerationSystemsDepartment,where he
contributed mechanical developmentexpertise to programs for system
design. He has performed stressand dynamic analysis to alleviate
vibration and structural problems and has developed testing procedures
for structural analysis. Central to his contribution was the
developmentof a Westinghousecomputer program to facilitate steady
state thermal analysis for internal nonrotatingwindings of turbine
generators.

Mr. Hackworth has nine disclosuresin the area of high current systems
and robotic systems,and holds two patentsdealing with large motor
control and robotic vision systems.

Publications:

"Design of Pulsed Power Cryogenic Transformers,"Tenth
International Conferenceon Magnet Technology, September1987.
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0. T. Hackworth Continued

"Design of Pulsed Power Cryogenic transformers for Electromagnetic
Launchers," 1987 Strategic Defense Initiative Technical
AchievementsSymposium, March 1987.

"Advantagesof the Distributed Structure Concept of the
WestinghouseLCP Coil Design," Applied S/C Conference, October
1986.

"A 10 MJ Cryogenic Inductor," 3rd Symposium on Electromagnetic
Launch Technology, April 1986.

"Advanced Techniques in the Design of ElectromagneticStirrers for
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J. A. Hendrickson, Senior Engineer
WestinghouseR&D Center

8.5., mechanical engineering, PennsylvaniaState University; M.S.,
mechanical engineering, University of Pittsburgh; Ph.D., program course
credits, University of Pittsburgh.

RegisteredProfessional Engineer Pennsylvania; Member, American
Society of Mechanical Engineers; Society of Automotive Engineers;
Society of Manufacturing Engineers; Certified Manufacturing Engineer
Tool EngineeringSpecialty.

Mr. Hendrickson has over sevenyears of experiencein the field of
mechanical tooling systemsdesign and Implementation. He joined the
WestinghouseElectric Corporation in 1982 as a field service engineer in
the Power GenerationService Division. His work history has included
maintenanceand troubleshooting efforts on steamturbines, elEctric
generators, heat transfer equipment, turbine-generatorcontrol systems,
and all phasesof nondestructivetesting and examination of related
components. Typical test experienceincludes rotor bore examinations,
fluorescent penetrant inspections of steamturbine components,UT
inspection of foundation bolting, and generatorthermovision
examinations.

In 1983, Mr. Hendrickson transferred into the Nuclear ServiceDivision
where he developedan expertise in the areaof design and developmentof
remote operatedtooling systems to addressthe needsof the nuclear
power industry. The majority of the tooling had special requirements
for underwateroperation in high radiation fields. Mr._Hendrickson has
designed,and fabricated several precision positioning systems to
support underwatermachining and repair programs as well as various end
effectors for remote manipulatorapplications.

Since joining the R&D Center in 1986, Mr. Hendrickson has been involved
with the design of light gas pre-accelerationsystems and
electromagneticlaunchers, "rail-guns," to support various 501 programs.
He was responsiblefor the complete design, erection, and commissioning
of the SUVAC II pre-accelerator,the first to be built and operatedin
the corporation. The SUVAC II pre-acceleratoris capableof
acceleratinga 10 gram projectile to an injection velocity of 1 km/sec.

Most recently, Mr. Hendrickson has been involved in the design of a
supercritical hydrogen cooled hyper-conductingalternator stator for the
Aero Propulsion Lab at Wright-PattersonAir Force Base. The high
voltage stator design incorporates state-of-the-art structural
compositestechnology in order to increasestator power density an order
of magnitudeover conventional designs. He has also been involved in
the design of the plasma acceleratorfor the spacepower experiment,
SPEAR II.

Mr. Hendrickson has been active in the patent areawith over 28
disclosures.



Westinghouse

R. J. Hillenbrand, Senior Engineer
WestinghouseR&D Center

B.S., mechanical engineer, University of Pittsburgh.

Registered Professional Engineer Pennsylvania.

Mr. Hillenbrand has more than 14 years of experiencewith Westinghouse:
nine years at the Large Rotating Apparatus LRA Division, and five
years with the WestinghouseR&D Center. Assignment at LRA included
positions in Design AssuranceEngineering, Reliability and Systems
Engineering, and Mechanical DevelopmentEngineering. Mr. Hillenbrand
was lead engineeron several large programs involving mechanical design
and analysis of major machine componentson large turbine generators.
In 1981 he joined the Product Engineering Departmentof the Engineering
Division at the R&D Center, where he has worked on a variety of product
developmentprojects involving equipment for both commercial civilian
use and military use.

Areas where Mr. Hillenbrand has had lead design or program
responsibility include the design and shock hardeningofswitchgear
related equipment and submarinedrive power conditioning equipment, the
design of shipboardelevator hoist machinery, developmentof a brake
system for wind turbine machinery, and a water temperaturecontrol
system for water-cooled electric generators. He recently served as lead
mechanical engineer for the design of three major electromagnetic
launcherbarrels. Additional areasof experienceinclude rotating
equipmentdesign, structural analysis, composite insulating material
development, and hardware and auxill-ary systems for high temperature
fuel cell generators.
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COST SUMMARY BY YEAR

WESTINGHUJSE ELECTRIC CORPORATION STC No: 89t4844-1
SCIENCE AND TECHNOLOGY CENTER RFP N0
1310 BEULAH ROAD AGENCY: UNIV. OF CALIFORNIAO
ersuRGM. PA 15235 FISCAL YEAR 1990 COSTS DOE-LAm.

TITLE: SILICON STRIP DETECTOR

FY1990 -

A. MATERIAL/EQUIPMENT

B. LABOR
1. ENGINEERING MRS 2,104

5 66,710
2. SUPPORT MRS 240

Cs 5,158
3. TOTAL LABOR MRS 2,344

CS 71,868

C. OVERHEAD *
- 86,528

0. OTHER
4. CONSULTANTS .

5. CCIIPUTER 3,000
6. SUBCONTRACTORS

7. OTHER 7,390

E. IWR

F. TOTAL DIRECT COST 168,786

C. CU 16.870% 28,475

H. 0. T. COSTS

I. C 9.797% OF 93 7,039 -

J. COC-CORP C 0.241% OF F 405

K. TOTAL COSTS 204,705

1. FEE

H. TOTAL cOSTS & FEE 204,705

VARIC*JS OVERHEAD RATES USED

THIS IS TO CERTIFY THAT THIS COST DATA IS BASED UPON OR COMPILED FROM THE BOOKS AND RECORDS OF THE
cOMPANY. TO THE BEST OF QJR KNaJLEDGE AND BELIEF, THE COST DATA PRESENTED IS IN cONFORMANcE WITH
PROVISIONAL COSTING RATES.

WESTINGHGJSE PROPRIETARY

13



ti SIC Reference89M0844-1

Mechanical Design and Analysis

of a Silicon Strip Central

Tracking Subsystem

COSTS BY FISCAL YEAR

Fiscal Year 1990 $204,705
Fiscal Year 1991 481,842
Fiscal Year 1992 51,733

TOTAL . . . $738,280
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W STC Reference89M0844-1

Mechanical Design and Analysis

of a Silicon Strip Central

Tracking Subsystem

TASK BREAKDOWN

FY 1990 FY 1991 FY 1992 TOTAL

Task 1 18,049 2,069 $ 20,118
Task 2 11,030 11,030
Task 3 63,644 67,020 130,664
Task 4 14,807 30,500 45,307
Task 5 7,321 163,753 32,587 203,661
Task 6 42,95,1 59,904 102,855
Task 7 9,022 71,042 --- 80,064
Task 8 36,719 5,352 42,071

Task 9 37,881 50,835 13,794 102,510

TOTAL - . . 204,705 481,842 51,733 $738,280
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APPENDIX III -

[I t FlRR DA1t: September24, 1989
1 e IJSJU U U ‘-‘ IN REPLY REFER TO: P2

Lcs Alamos National Laboratay MAIL STOP MS D456
Los 4AJamos,New Mexico 87545 TELEPHONe 7-4505

DEVELOPMENT OF A CENTRAL TRACKER FOR THE SSC
UTILIZING SILICON STRIP DETECTORS

STATEMENT OF WORK

The Los Alamos National Laboratory LANL will undertakea 24 month
programin cooperationwith the WestinghouseScienceand TechnologyCenterto
perform the preliminarymechanicaldesignand analysisof a silicon strip detector
subsystemfor the SSC.The effort at LANL will involve a groupcomposedof both
physicistsandengineers.Thephysicistsarecurrently heavily involved in simulation
of an inner trackingsystemfor anSSC detectorin orderto understandthe impact
of the designon its physicscapabilities.The Monte Carlo work will beemphasized
while the committeeis consideringthe proposal.Upon approvalof this subsystem
proposalthe engineeringstaff will begin full time work on the project.

The engineeringwork to be carried out at LANL will concentrateprimarily
on the evaluationof materials,the designof the individual strip detectormod
ule with emphasisplacedon topicsof thermal managementand the fabricability
with thechosenmaterials, and the building and testingof appropriateprototypes.
Westinghousewill concentrateprimarily on the designof the largescalemechanical
support structure,the integrationwith other subsystemsin the detectorand the
collider, interactionwith themagneticfield, and the large scaleintegrationof sup
port systemssuchaspower and cooling. Both Los Alamos and Westinghousewill
participateequally in developingthe overall conceptualdesignof the subsystem.

The mechanicalengineeringeffort will involve:

i Material studies;

2 Thermalmanagement;

3 Cooperationin theoveralldesignof thesubsystem,including3 dimensional
analysisthereof;

4 Productionof prototypesto verify the design.

The engineerswill work to producea design which minimizes the material
in the system. The design will thereforeintegrateas manyof the other functions
cooling, power supply, cabling, mounting, etc. with the function of mechanical
stability. This will requirevery closeandnearlycontinuouscommunicationsamong
all thoseinvolved.
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By the end of the first year of the project a conceptualdesign of the de
tector will have beendeveloped. In order to verify critical elementsin materials
fabrication,integrationof the design,and thecooling capabilitiesLANL will begin
productionof a prototypeof silicon detectormodule. Testing of the modulewill
follow. Such a moduleis presentlythoughtto becomposedof severalstrip detectors
in a ladderarrangement.

During the secondyearLos Alamoswill work togetherwith Westinghouseon
the detaileddesignof the completesilicon detectorsubsystem. This will include
finite elementanalysisof the entire structurewhich will verify the designtheoret
ically and identify the critical parts of the system. LANL will build and test the
identified componentsto assurethat the designmeetsthe mechanicalspecifications
and that the structurewill achievethe requiredshort and long term mechanical
stability undertheeffects of mechanicalloading,thermalgradients,vibrations,and
radiationdamage.

We requestsupportfor 2 FTE engineersin eachyear of theproject at a cost
of $200,000peryearper engineer.The work will be distributedamonga number of
seniorengineerswhoseskills in analysis,designwork, andmaterialssciencematch
the stateof the art requirementsof this project. The $200,000per year cost for
a senior engineerat LANL includes all the salary, burden, fringe benefits, and
administrationcosts in addition to travel expenses,computertime, suppliesand
materials,andother laboratoryresources.
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Year 1:

i Investigationof materials: propertiesof low Z, low massmaterials:radiation
tolerance: strength,volumechange;thermalproperties;manufacturability.

Requiredengineeringstaff: 1/2 FTE

2 Thermalmanagement:

Requiredengineeringstaff: 1/4 FTE

3 Conceptualdesign: integratethe functions of cooling, support, power, elec
tronics,cabling,and rigidity for the detectorladderstructure

Requiredengineeringstaff: 1 FTE

4 Constructionandtesting: build and test a prototypeof one detectormodule:
supportstructurefor severalsilicon wafersincludingcablingandcooling,with
dummy heatsourcesand detectorsin orderto monitor heattransfer,thermal
expansion,etc.

Requiredengineeringstaff: 1/4 FTE

Year 2:

1 Detailed designof one full sizedmechanicalprototypeincluding a finite ele
ment analysisthereofandthedeterminationof thecritical componentsneeded
to verify the mechanicaldesign.

Requiredengineeringstaff: 3/4 FTE

2 Constructionand testing: build andtest the model of thecomponentsspeci
fied above,which will be fully instrumented,primarily with dummydetectors
andheatsources.Severalreal detectorswill be includedto allow an evalua
tion of stability and precisionof measurementfor a silicon detectorsystem.
The testswill determinethe mechanicalrigidity and both the short and long
term stability under the effectsof mechanicalloading, thermalgradients,vi
brations,and radiationdamage. -

Requiredengineeringstaff: 5/4 FTE



Appendix4

TheLBL Mini-Strip Detector

TheLBL Mini-Strip Detectortakesan intermediategroundbetweentraditional
strip detectorsstrip lengthsbetween5 and50 cm and pixel deviceselementsof 30 um2
to 100 urn2. It is drivenby theneedto reducepowerdissipationandthedesireto cir
cumventthetechnicaldifficulties inherentto doublesidedstrip detectors.Theschemeto
bedescribedis anoutgrowthofwork fundedat LBL by theSSCGenericDetectorR&D
program.Thefirst key aspectof this work wastheoptimizationof overallsemiconductor
detectorsystemsfor minimumpowerdissipation.Thesecondcrucialpartdevelopeddesign
proceduresfor optimizing thespeed,noiseandpowerdissipationoffront electronicsin
both CMOS and bipolardevices.

Thepowerdissipationof a semiconductordetectorsystemis givenby two terms:

a. thefirst dueto thepreamplifier,where,foropthnwnscaling,thepowerperchannel
increaseswith thesquareof thedetectorcapacitance[1], and

b. theseconddueto thepulseshaping,discriminator,analogstorageif needed,and
readoutcircuitry. Thiscontributionis fixed for a given responsetime.

Hence,for a systemwith n strips

n + n Psxcd
or

P= P0Ct,2/n + nPjjs

whereP0is a powercoefficientcharacteristicof thepreamplifierdesignfor agiven setof
pulseshapingparametersandnoiselevel in therangeof 1 ... 3.1019W/F2 and C,t is the
total input capacitanceassociatedwith all channelsin the detector.This expressionis con
strainedby theminimumobtainablenoisein bipolarcircuits determinedprimarily by the
detectorcapacitanceandthe limit of capacitivematchingin CMOS designs.For a given
detectorareatheresultingpoweris drivenby Pf1, whichdependson therequired
responsetime. Sincetheresponsetime is determinedby therequiredradiationresistance
[2] and,togetherwith the obtainablesignal-to-noiseratio,by therequiredtime resolution,
P alsodependson strip length.Hence,a practicaloptimizationprocedurestartswith
valuesofP,s suitablefor a limited rangeof strip lengthsandthendeterminesthecorre
spondingnumberofstrips for minimumpower.

Fig. A4.1 showstheresultsof this analysisfor a fast bipolardesignt= 10 nswith
P= 500 uW. Theminimumpowerdissipationis about16 kW at a strip lengthof 6.2 cm.
Thisassumesdoublesidedstrip detectorswith a25 micronpitch anda total surfaceareaof
25 m2. Fig. A4.2 showsresultsfor theMini-Strip designusing a CMOSreadoutdeveloped
for LBL’s pixel design.Herethepeakingtime is 100 ns, thefixed powerfor theshaper/dis
criminatoris 10 uW, and 10 uW/channel havebeenallocatedto thesparsereadoutlogic
similar to theschemeusedin theSVX chip.In this designtheminimumpowerdissipa
tion is 2 kW for thewholedetectorat astrip lengthof 1 cm. TableA4.I showsa compari
sonof both CMOS andbipolar designs.It alsoincludesresultsfor P = 10 uW, probably
a lower limit for currenttechnology.In all casestheachievablenoiselevelsof 200 ... 700
electronsareadequateto precludean excessivenumberofnoisehits.



The‘long" and"short" strip designsprovidecomparableresults,both in position
resolutionand radiationresistancelifetime >10yearsfor detectorshotnoise.Beyond
thecrucial issueof powerdissipation,however,theMini-Strip designoffersseveral
advantages:

a. Thestripsareshort the length couldbe reducedto 5 or 6 mm andmayprovide
adequatepositionresolutionin Z. Thiswould removetheneedfor double-sided
strip detectorswith all of their attendantproblemsfabrication,radiation
resistance.

b. The low occupancysimplifiestime slicing. At r= 10 cm thehit rateperchannelis
2.5 10 s4.For a latencytimeof 100 us probablyanupperlimit for a secondlevel
triggerthiscorrespondsto 0.25 hits. Time slicing couldbe accomplishedby
recordingonly thetime of a hit, with atmosta two-stagebuffer.

c. The low hit rateperelementallows asystemwith minimumclock activity. As in
theLBL pixel designthereis no switchinguntil thestrip is struck.

d. This schemecan be implementedwith conventionalwire bonding,althoughmore
efficient techniquestg. tape-automated-bondingarenecessaryfor largesystems.

e. Theuniform distributionof low power16 mW/cm2simplifies cooling.

The Mini-Strip Detectordoeshaveonesignificantdisadvantage;it increasesthethickness
ofsilicon required,sinceeverydetectorchip is backedup by a readoutIC. To someextent
this canbemitigatedby thinning thedetectorandreadoutchips. Detailedstudiesare
requiredin bothfabricationandphysicssimulationto find anacceptablecompromise.

Prototypestrip detectorswith 6 mmlongstripshavebeenfabricatedatLBL with
excellentresultsFig. A4.3. Theseutilize thehigh temperaturefabricationprocessdevel
opedby SteveHolland [3]. Sincethis processis fully compatiblewith mainstreamIC
fabrication,it canalsobeimplementedin conventionalIC fabricationfacilities, unlike tra
ditionaldetectorprocesses.This opensup therangeof potentialindustrialpartnersfor the
ultimatemassproductionof thedetectors.

References:
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3. S. Holland,AnIC-CompatibleDetectorProcess,IEEETransactionson Nuclear
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Technology P1 t, Opt. Strip Length TotalArea Total Power

BiT 500uW iOns 62cm 25 m2 16 kW

BiT 2OuW 7Ons 1.2cm 123m2 1.6kW

CMOS 20 uW 70 ns 1.0cm 125 m2 2.0 kW

CMOS 10 uW 100 ns 0.7 cm 12.5 m2 1.4 kW

TableA4.I. Optimumstrip lengthandpowerdissipationfor variousconfigurations.
The strip pitch is 25 urn in all cases.
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