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ABSTRACT

We proposeto develop a high rate tracking subsystemappropriatefor SSC
experiments,basedon scintillating fiber technology. The useof scintillating fibers as a

detectionmedium affords the prospectfor tracking particleswith high resolution,low

occupancy,andvery short resolvingtime. It is theobjectiveof this proposalto developa
prototypedetectorwith up to i04 fibers for beamtrackingteststo determinethe utility of
thetechnique.The programwill establisha strongcollaborativeeffort betweenuniversity-

basedgroups,laboratorygroups,andresearchgroupsin privateindustry. We expectthat
it will take3 yearsof intensiveeffort to completethetasksof this proposal.
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I. INTRODUCTION

An importantchallengefor any SSC experiment is the provision of an effective
tracking detector. Becauseof the high luminosity environmentand the short bunch
separationat the SSC,any trackingdetectormust have fast response,low occupancy,
good spatialresolution,andgoodresistancetoradiationdamage.

A centraltrackingsystemshouldbe capableof reconstructinglow-massstatessuch

astheZ° with aprecisionof 1-2%,and shouldenablecross-checksof theelectromagnetic

and hadroniccalorimetercalibration over a wide momentumrange. Further, expected
topologiessuchas the Higgs boson, detectedvia the decay H -4 Z°Z°-4 qq 11 and the
decayH -+ Z0Zo_, 4 leptons, shouldbe identifiable,with at least a 3cr chargesign
determinationfor tracksofp 1 TeV/c.

At an SSCdetectoroperatingat machineluminosities L = 10 33 cm2 sec1,any
viable trackingdevicemustoperatereliably in a high radiationenvironmenttypically io
nd/yr at aradiusr =51 cmfrom theinteractionregiondue to beaminteractionsandneutron
albedo. The trackingsystem,which must havelow material thickness,shouldbe capable
of reconstructingall tracks, havegood rejection againstspurioustracks, and shouldbe
capableof separatingtracks resultingfrom multiple interactionsin a bunch crossing. A

numberof tracking options are being considered,but so far no technique has been
proven. At small radii typically r <50cmsilicon-stripdetectorsand/orpixel detectorsare
beingconsideredfor trackreconstruction.At largerradii, thepossibilityof a stand-alone
scintillating fiber tracker is potentially very attractive. It should be noted that the
advantagesof thesetwo detectortypesare complementary.

Since the first successfuluse of fiber tracking in a collider environment[1],
significant progresshas beenmade [2]. Fiber trackershave the following attractive
features:

[ii good trackingprecision: multilayerstructuresof 500pmdiameterfiberscan
result in a measurementresolutionof l5Ojsm perlayerandprovidegood two track
resolution.
[iii fine granularity: for fibersof 500xmdiameterplacedat radii r 50cm,the
occupancyfrom all sourcesis expectedto be c 1% per fiber, perbunchcrossing;
[iii] goodtime resolution:an intrinsically promptresponse;
[iv] insensitivity to magneticfieldsandto RF noise;



5

Lv] simple electronicsif a binary yes/noreadoutis used;
and [vi] no powerdissipationin thetrackingvolume.

However, several technologicaldevelopmentsare required before a realistic

scintillating fiber central trackerfor SSCdetectorscanbe claimed. Figures1 and2 show
hypotheticalcentraltracking systemswhich coverthekinematicrange1 3. For r 1.5

the geometryis cylindrical. For 1.5 i 3, variousconfigurationsof forward detectors

areplanned. The basicdetectionelementis an active scintillator fiber of 4m length,

coupledby a 4m-to-6m long, clear fiber waveguideto a high-ratephotodetector. The

performancegoalsare: the detectionof minimumionizing particlesresultingfrom a beam-

beam collision with an efficiency exceeding95% per layer; the determinationof the

longitudinal coordinateand impact parameterto 1mm for each track; unambiguous

asignmentof eachtrack to a beamcrossing 16 nsec spacing;momentumresolution

sufficient to reconstructthe massof the Z° to .c 2% in a leptonicdecay;momentum
resolutionsufficient to make a 3cr detenninationof thechargeof a 1 TeV/c particle; and

radiation resistanceadequatefor all componentsto survive for severalyears of beam
without significantdegradationof capabilities. As discussedin Appendix A below, the
majorinitial effort of thisproposalwill be thedevelopmentof:

[i] a fastscintillatorhavinga peakemissionwavelengthin the spectralrange530
X 6SOnm,having anacceptablylong attenuationlengthandinsensitivity to

radiationdamage;

[iii clear fiber waveguidesof goodcollection efficiency,adequateradiation
hardnessandlong attenuationlength,andgoodcouplingtechniquesbetween
scintillatorandwaveguide;

[iii] photo-detectorsthat havegood quantumefficiencyin thespectralreqionin [i]
abovefor example the solid-statephotomultiplier SSPM being developedby the
Rockwell InternationalScienceCenterand avalanchephotodiodesAPD from
companiessuchasRCA andHamamatsu;

and [iv] fast, low-noisepreamplifiersanddiscriminatorsfollowed by a pipelined
readoutand a p’j - sensitivetrackcapability in thetrigger.
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As shownin Figure 1, somesuperlayersof thedetectorcouldincludea large-area
pad deviceto make the taskof pattern recognitioneasier. This techniquehas beenused
successfullyby theUA2 Collaboration[1]. We proposeto investigate,throughsimulation,
themechanicalandelectronicreadoutimplicationsof including padlayersand to studythe
potentialadvantagesof suchstructuresfor fastpatternrecognition.

Lastly, during the courseof this subsystemdevelopment,we will investigate
different aspectsof mechanical support, alignment accuracy, and optimal fiber
configurationfor good patternrecognitionwhile striving to maintain minimal material
thickness. Such studies areessentialfor the designof a final detector. Successful
completion of developmentwork on scintillating fibers, waveguide fibers, and
photodetectorswill demonstratethefeasibility of a realistic fiber trackingdetectorfor the
SSC.

References

[1] J. Allitti, et al, IEEE Transactionson Nuclear Science,Vol. 36,No. 11989

[2] For acomprehensivereviewof thefield andrecentprogresssee:The Proceedingsof
theWorkshopon ScintillatingFiberDetectorsfor theSSC,Fermilab,November14-16,
1988, S. Reucroftand R. Ruchti,eds.
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Figure 1. HypotheticalTrackingDetectorsBasedon ScintillatingFibers
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H. SCOPE OF WORK

In order to develop a prototypetracking detectora large numberof tasksmust be
addressed,requiringa strongcollaborativeeffort betweenuniversity groups,nationaland
internationallaboratorygroups,andprivateindustry. Thesetasksareenumeratedbelow.
Supportinginformationfor eachtaskis providedin AppendixA.

A. Fibers

1. Scintillating fiber: thedevelopmentof fluors for operationat
wavelengthsin therange530A. 650nm;thedevelopmentand

optimizationof claddingsfor scintillating fibers; andcrosssectionprofile
studiesfor optimalperformance.

2. Clearoptical waveguide:thedevelopmentof claddings,cross.section
profiles and couplingtechniques,with theaim of achievinghigh coupling
efficiency and long attenuationlength.

B. Photodetectors

1. Solid statephotomultipliersSSPM: theoptimizationof this devicefor
high-rate,singlephotoncountingin thespectralrange of interest.

2. AvalanchephotodiodesAPD: thedevelopmentof pixel arrayswith
high quantumefficiencyandadequateratecapability.

3. Vacuumphotomultipliers: studyof prismaticphotocathodes,cathode
materials,andamplification structuresfor improvedquantumefficiencyand
spatialresolution for usein applicationswherelight levelsarenot too low
suchasin showerpreconversiondetectorsor wheremagneticfield effects
are sufficiently controlled that a vacuumelectronamplifier can be made
to operatesuccessfully.
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C. Electronics

1. Frontend electronics:the studyof amplifieranddiscriminator
technologycapableof low-noiseandhigh-frequencyoperationat 77 K.

2. Dataacquisitionand trigger: thedesignof architecturesfor datalatching,
pipelinestorage,andvectortriggerpatternrecognition.

3. Integratedcircuits: an investigationof thefeasibility of integrated
pixel structureswhich incorporatephotodetection,amplification,and
discrimination for singlephotoncountingathigh rates.

0. Radiation Hardness

1. Fibers: ameasurementof theradiationdamagecharacteristicsusing
chargedparticles,gammas,andneutronsfor candidatescintillating fibers
and waveguides.

2. Photodetectors:a determinationoftheradiationdamagecharacteristics
of photodetectorsandof theassociatedelectronics.

E. Simulation

1. TrackingStructures: optimizationof thefiber configurationfor pattern
recognition,good trackresolutionandtwo trackseparation,for acceptance,
andfor fast triggerdecisions.

2. Padlayers: study oftheuseof Sipadlayersto facilitate track
reconstructionalgorithmsandprovide sufficient granularityfor complete
patternrecognition.

3. Backgrounds:a study of neutron-albedohit rates,conversionsin
superlayers,low momentumspirals,andeffectsof Cerenkovlight in
waveguides.
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F. Cryogenics Systems

1. The constructionof small cryostatsfor initial studiesof devicesand
fibersat LHe andLN2 temperatures.

2. The designof optical penetrationsto minimize heattransfervia thermal
conductionthroughwaveguideandconductormaterials,andto minimize the
effectsof thermaltransferthroughphotonsinfraredcomponentgenerated
in thewaveguidesat theambienttemperatureof thefiber detector.

3. The designof electricalconnectionsbetweenphotodetectors,preamps,
andexternalcircuitry to minimize heattransferand heatloads.

3. The designandconstruOtionof largescaledistributedcryostatsfor the
prototypedetector.

13. Mechanical Engineering

1. FiberSupportStructure: thedesignand fabricationof low mass
cylindrical supportsfor superlayersof scintillating fiberswith couplingsto

clearfiber waveguides.

2. FiberLayers: a studyof techniquesfor thefabricationof axial and
stereosuperlayerswith adequatemechanicalprecisionandinterlayer
registry.

3. CryostatSupportStructure: thedesignof supportsfor photodetector
cryostatstakingaccountof theneedfor waveguidepenetrationsandstrain
relief.

A brief descriptionof thework to be performedin eachof thesetasksis presented
in AppendixA below.
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III. MILESTONES

YEAR!

1. Consmictionof severaloptical cryostatscapableof supportingtheoperationof
SSPMsand/orAPDsat a level of severalhundredchannels.

2. Identify and survey:
i radiationhardscintillatorshavinggood quantumefficiency andlong

attenuationlength;
ii couplingtechniquesbetweenscintillatingandwaveguidefibers;
iii otheroptionsfor optical imaging, including multianodePMTs and

othertechnologies.

3. Designof apreamplifier/discriminatorcapableof operatingat liquid nitrogen
temperature.

4. Developmentof a simulationpackageto optimizethegeometryof theprototype
detectorfor fastpatternrecognitionandrapid triggerdecisions.

5. Developmentof DAQ andvector/triggerprocessingalgorithmsandformulation
of an electronicsdesignstrategy.

YEAR II

1. Working SSPMsseveralhundredchannelscoupledto scintillating fibersand
preliminary testswith sourcesandcosmicrays.

2. Working APDs severalhundredchannelscoupled to scintillating fibersand
preliminarytestswith sourcesandcosmicrays.

3. Theproductionof radiationresistantscintillatingfibers, andtheinitiation of
procurementproceduresnecessaryfor prototypeconstruction.
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4. The completionof aconceptualdesignstudy for a prototypedetectorsuitablefor
beamtests.

5. PrototypeDAQ circuits fabricatedand testedinitially with simulatedinputsand
laterwith real signals from the photodetectorsandassociatedancillary
electronics.

6. The initiation of a conceptualdesignstudyfor a distributedcryostatsystem.

YEAR III

1. Constructionof theprototypescintillatingfiber trackingwith lO - IO
channelsandfull dataacquisitionsystem.

2. Cosmicray testsfollowed by beamtests.

3. Completionoftheconceptualdesignstudyof a distributedcryostatsystem.



IV. DISTRIBUTION OF RESPONSIBILITIES

This collaborationrepresentsa mergerof two stronggroups,one an associationof

universitiesandORNL, the otherfrom Fermilaband Japan,eachof which originally had

independentinterestsin developinga scintillating fiber tracker for theSupercolliderand

each of which has proponentswho made fundamentalcontributionsto the field of
scintillation fiber detectors. We list below thedistributionof responsibilitiesamongthe
participatinginstitutions.

A. Fibers
1. Scintillators NotreDame,Fermilab,Tsukuba
2. Waveguidesand splicing NotreDame,Fermilab,UCLA, Purdue,

Tsukuba

B. Photodetectors
1. SSPMØ UClA, Rockwell,NotreDame,UT Dallas
2. APDs Rice, Fermilab,UI Urbana,Osaka,Tsukuba

3. Vacuumphotomultipliers Fermilab,UCLA, NotreDame,Tsukuba

C. Electronics
1. Front EndPreamps UT Dallas,ORNL
2. DAQ and Front-endtriggering PennState,ORNL, Fermilab,UT Urbana

D. Radiation DamageStudies
1. FiberDetectors Purdue,UI Chicago,Tsukuba
2. PhotomultipliersandElectronics ORNL, Purdue,UI Chicago

E. Simulation: UCLA, PennState,Rice, Purdue,Fermilab,
Tsulcuba,NotreDame

F. Cryogenics:
1. Small Cryostats UCLA, NoireDame,UI Chicago,Fermilab
2. LargeDistributedCryostats UT Chicago,Fermilab,Industry

G. Mechanical Engineering
Designs: ORNL



* SeeSectionXI for regulationson SSPM development.
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V. MANPOWER

In this section we list the manpower contributed to the program from the
participatinginstitutions. Furtherdocumentationof this participationby institution is
includedin AppendixB.

INSTITUTION PERSONNEL FFE

A. UCLA M. Atac 0.25
PostDoc 1.0
Technician 0.5
Students 1.0

B. NotreDame RRuchti 0.3
V. P. Kenney 0.25
N. Biswas 0.25
FacultyFellow 0.25
PostDoc 0.5
Engineer 1.0
Technician 0.5
Students 2.5

C. UTDallas E.Fenyves 0.1
R. Chaney 0.25
H. Hammack 0.25
Students 0.25

D. Rice D. Adams 0.25
PosiDoc 1.0
Students 2.0

E. UI Chicago H. Goldberg 0.25
S. Margulies 0.25
J. Solomon 0.25
PostDoc 1.0
Students 2.0
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INSTITUTION PERSONNEL FIt

F. ORNL Engineering 1.5

0. PennState 0. Smith 0.25
R. Lewis 0.25

B.Oh 0.2
W. Toothacker 0.1
S.Heppelmann 0.1
J.Whitmore 0.1
PostDoc 1.0
ElectricalEngineer 0.5
Technician 1.0

H. Purdue D. Koltick 0.25

E. Shibata 0.25
PostDoc 0.5
Students 1.0

Fermilab M.Atac 0.25
P. Serge 0.2
M. Binldey 0.2
A. Bross 0.2
A. Clark FNAL visitor 0.3
J.Elias 0.3
0. Foster 0.2
J-M Gaillard FNAL visitor 0.3
It Kephart 0.2
S. Thaczyk 0.2
R.Wagner 0.2
Technicians 1.0

J. UI Urbana S. Errede 0.25
I. Thaler 0.25
ElectronicEngineer 0.5



Programmer 0.6

TOTAL FFEFOR SENIORAND PROFESSIONALSTAFF 19.8

TOTAL FTE FOR STUDENTS 8.8

TOTAL FFE ALL PERSONNEL 28.6

!8



VI. BUDGET REQUEST

Scintillating fibersconstitutea principal candidatetechnologyfor usein a central

trackerat the SSC. Sincea central trackeris an importantcomponentof mostproposed

SSC detectors,it is importantthat the developmentwork discussedin this proposalbe
adequatelyfunded so that thefeasibility of thetechnologyis determinedsufficiently early
to be usefulin SSCdetectordesign.

This programis expectedto requirethreeyearsfor completion. We requestfunds

in the amountof $1969K in thefirst yearandestimatethat theprojectwill require$2500K
in the secondyear and $3000Kin the third year. The first year budgetrequestis

presentedin SectionsVII, VIII, and IX below and individual itemized budgetsfor
participatinginstitutionsarepresentedin AppendixB.

Finally we note that, pendingsuccessfulfunding of this proposal,substantial
matching funds$294K will be contributedby severaluniversitiesin supportof their
participation,andimportantfacilities will madeavailableat ORNL andFermilabin support
of this SSC subsystemprogram.
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VII. SUMMARY FIRST YEAR BUDGET *

By Task, in US Dollars

Task Total

A. Fibers 330K

B. Photomultipliers 670K
C. Electmnics 401K

D. RadiationDamage 169K
E. Simulation 214K
F. Cryogenics 126K
0. MechanicalEngineering 59K

Total 1969K

* Fundingrequestfor thefirst yearof a three yearprogram.



VIII. SUMMARY FIRST YEAR BUDGET* #

By Institution, in U.S.Dollars

Institution Request Matching Net
Funds@ Request

UclA 270K 37K 233K
Notre Dame 310K 65K 245K

UT Dallas 96K 30K 66K
Rice 142K 36K 106K
UT Chicago 186K 31K 155K
UI Urbana 110K 110K
PennState 245K 45K 200K
ORNL 178K ** 178K
Purdue 185K 50K 135K
Fermilab 178K ** 178K
Tsukuba***

OsakaCity***

Group subcontracts 363K 363K

Totals 2263K 294K 1969K

* Fundingrequestfor thefirst yearof a three yearprogram.
# Individual budgetsfrom participatinginstitutionsareincludedin AppendixB below.

@ Matching funds in theamountof $294K will be availableto the variousUniversity
groupscontingentuponsuccessfulfundingof this proposal.
** Fermilaband ORNL arcmakingsignificantcontributionto this programby making a
numberof essentialfacilities availableto thisprogram. SeeAppendicesB andC.
‘"k TsukubaUniversity and OsakaCity University will requestfundsfor this project
separatelyfrom theU.S. - Japanaccord.
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IX. BUDGET TABLE

On the next two pagesare a table, breakingdown thecosts for the first yearof the
programby project and institution. All entriesare in thousandsof US Dollars. The

budgetslisted in SectionsVI and VII above representthe vertical and horizontal
projectionsof thistablerespectively.

An importantcolumnin thetable is ColumnL which showsexpenseswhicharenot
necessarilyspecific to a given collaborationgroup but are to be subcontractedby the
collaboration.Theseinclude:

L4 Orderfor scintillation fiber from which theprototypedetectorwill be made.

$ 10K. To be implementedin Year 2 of theprogram.
L5 Orderfor waveguidefiber from which the prototypedetectorwill be made.

$1OK. Tobeimplementedin Year2oftheprogram.
L8 SubcontractthroughUCLA to Rockwell for SSPMs.

$l83Ktobespentin Year 1, $258 tobespentin Year2. SeeAppendixB
L9 Subcontractsthroughthecollaborationfor APDs.

$80K. Vendorsto be determinedin Year1.
L10 Subcontractsthroughthecollaborationfor VacuumPMTs.

$50KVendorsto be determinedin Year 1.
L12 SubcontractthroughUT DallasandORNL for liquid nitrogen temperature

VLSI preamplifierchip with 128 channels.
$50K. Vendorsto be determinedin Year1.

L23 SubcontractthroughUI Chicagofor conceptualdesignstudyfor a
distributedcyogenicssystem.

$50K. Vendorto be determinedin Year2.



FIBER SC ‘STEM

1
A B C D E F G

TASK UCLA NOTRE DAME UT OAU.AS RICE UI CHICAGO PEM4STATE
2
3 A. FIBERS
4 SCINTILLATOR 90
5 WAVEGUIDES 75
6
7 BPHOTODETETCRS
8 SSPM 148 .
9 MD 37
10 VACPMr 30 45
11
*ii C. ELECTFCNIcS

PREAMPS 66
14 TRIGGEPIPEUNE 121
1 5 VLSI/ASIC
16
] D. RADIATION DAMAGE
18 FIBERS 84
1 9 aECTRCtlcS
20
21 E.SIMULATION 35 69 79
22
23 F.CR’VOGB’IKE 20 35 71
24
25 G. MECHANICAL ENGINEERING
26
27
28
29 CCLlJ!1NTOTAL 233 245 66 106 155 200
3 0 RTOTAL

Page 1



FIBER SU STEM

1
H I J K L M N 0

XRIDGE PURDUE FERMILAB UI URBANA GRO&JPWIDE TOTAL. DEFERTO TOTALBUDGE1
2 YR2 ‘Ri
3
4 25 60 10 185 10 175
5 25 55 10 165 10 155
6
7

.1... 441 589 258 331
9 31 35 80 183 183
10 31 50 156 156
11
12
13 59 0 50 175 175
14 30 0 75 226 226

0 0 0
16
17
18 55 139 139
19 30 30 30
20
21 30 1 214 214
22
23 0 50 176 50 126
24

1_#_ 59 59 59
26
27
28
29 178 135 178 110 691 2297 328 1969
30 2297 1969
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X. REQUEST FOR SSC LABORATORY SUPPORT

In thethird yearof this programwe will requireaccessto testbeamfacilities for
example at Fermilabin order to study high-ratetracking propertiesof the prototype
scintillating fiber tracker. At that time, we intend to requestassistancefrom the SSC
laboratory for installationof equipmentin an appropriatetest beam, for assistancein
obtainingthe necessarytest beam time and for the usual necessarysupportassociatedwith
beamoperationrequiredto carryoutour studies.

For initial demonstrationof the effectivenessof scintillating fiber tracking
techniques,any beam capableof several0eV/c of momentumwould be sufficient.
However tests of two track and multitrack resolution and momentum measurement
would be most usefullyperformedin a high energybeamand with magneticfields up to 2
Tesla. SinceFermilabis making a significantcontributionto this programin manpower
andresources,a logical choiceof site for beamtestswould be oneof thefixed-targetbeam
lines or test beamsat Fermilab. However this choicedepends critically on schedulingfor

the Tevatron and hencecarefulcoordinationis required. It is essential that SSC testing

requestssuchas ours be presentedto Fermilab through the SSC laboratory, so that a
coherentplan for schedulingand supportcan be developed.



XL REGULATIONS AND RESTRICTIONS

This collaboration agreesto respectthe ITAR restrictions governing the useof and
dissemination of information about SSPM devices to be developedby Rockwell in
collaboration with UCLA, Noire Dame and UT Dallas groups. These groups have
separatelysubmitted letters to Rockwell and DOE formally agreeingto ITAR policy.

The implications of this policy and its restrictions should be reviewed and/or
amendedonce new, high-speed, infrared-insensitive IRI devicesare fabricated under
fundingprovidedthrough this program.
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APPENDIX A

DISCUSSION OF THE TASKS IN THE SCOPE OF WORK

A. FIBERS

The utilization of fiber detectorsfor trackingapplicationsdependscritically on
severalfactors:

[1] thequantumefficiencyofthe scintillatorwithin givencritical dimensions;

[ii] theopticalself-absorptionpropertiesof the scintillation material,andin
particularthe Stokes’ shift betweenabsorptionand emissionspectra
[iii] thepropertiesof the scintillationwaveguide for light trappingtotal internal
reflection,light transmissionreflectioncoefficientandopticalabsorption,and
crosstallq
[iv] theradiationresistanceof thescintillatormaterialandopticalwaveguides;

and [v] thecouplingefficiencyto, andthequantumefficiencyof thephotodetectorfor
wavelengthsof interest.

We examineeachof thesein turn:

[i] The quantumefficiencyof the scintillator. For a variety of reasons,organic

plastics and liquids are the most desirablematerialsfor the constructionof a tracking

detector. Firstly, fluorescenceyieldsin theorderof 70%-80%of anthraceneareroutinely

obtained. Secondly,thematerialshavelow density, 1 g cm-3,a radiationlength of 42cm

and an absorptionlength of 79cm. Such propertiesare well matched for tracking

applications. The scintillationefficiencydoesdepend,however,on a critical dimension-

thedistancescaleover which thescintillation processoccurs. For binary scintillators,this
critical scaleis givenby therangeof ForsterTransferwhich is tensof Angstroms. For
ternaryandquaternaryscintillators,the scaleis setby themeanfreepath for wave shifting
betweendyesand is typically 25ORni or greater, dependingupon dye concentration. This

hasthe consequenceof a minimal radialdimensionfor scintillating fiberswhich is set by
this critical scale.

[ii] The self-absorptionprocess. In conventionalternary and quatemary

scintillators,selfabsorptionis reducedby usingavery low concentration0.01%-O.1% of
final dye. In binary scintillators,alargeStokesshift is an essentialpropertyrequiredof



the dye material, since 1% concentrations of the dye are necessaryfor ForsterTransfer

betweenthe solvent for examplepolystyrene and solute dye. Measurements of
polystyreneindicate that optical transmissionis bestfor wavelengths530 650 nm

seeFigureAl. Henceit is importantto selecta scintillatorwith fast fluorescencein this

region.

[iii] Waveguideproperties: For plastic fibers, typical refractiveindices n = 1.59

and n=l.49 are obtainablefor thecoreandcladdingrespectively.Therearealsocladdings

of lower refractive index down to n=l.40 which warrantstudy. Theseindicesprovide

for 6% light trapping in a fiber guide3% of the light trappedin eachdirection in the
guide. Reflectioncoefficientsof 0.999have beenachievedwith plasticmaterials,having
polystyrenecore and acrylic cladding. It would be of greatbenefit if this could be
improved.

The physical propertiesdescribedin [ii] and [iiil abovedictatethe attenuationlength
for light in fibers. For fiber diameters of 0.5mm - 1mm, this is typically in the lm-2m

range. This situationcanbeimprovedby carefulwork on dye materialsanddye purity, on

the purity and optimization of core and claddingmaterialsof a fiber a chemistryissueand

by improvementsin the interfacebetweencore and claddingmaterialsantchanicalissue.

[iv] Radiation Resistance: Measurementshavebeenreportedon polystyrene-based

plastic scintillator andnon-scintillatorsampleswhich indicatethatoptical transmission
properties,for wavelengthsX SOOnm,survive for gammadosesof lOMrad administered

over short time intervals [see Figure A2]. The effects of long-term damage to core

materials,claddingmaterials,andfiber structuresarenot yet well understood.Howeverit

is clear that scintillation fluorescenceat wavelengthsgreaterthan 500nm is desirable.

Conventionalbialkali photocathodesare inefficient at these wavelengths. Henceit is

essentialto developphotodetectorswith high quantumefficiency at long wavelengths.
AppendixA, SectionsB andI, outlines our plansfor photodetectionandradiationdamage
studies.

[v} Coupling to the detector readout. There will always be a coupling lossbetween
the fiber detectorand the imaging system,becauseof mismatchesin alignmentof fiber
scintillators to fiber light guides,and of fiber light guides to the pixel elementsof the
imaging system. Theseresult from cladding mismatches,intersticesbetweenfibers,
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refractive index mismatches,anddiffractive effects. After carefulalignmentand bonding,
one has to live with the result.

There are severaloptions for fiber splicing. An obvious choice is to couple a
scintillating fiber of a given diameterto a waveguidefiber of slightly largerdiameter,thus
avoiding a claddingmisalignment. There are severalpossibilities for optical coupling
including optical grease or oil, gluing, dissolving/melting, UV polymerization, and
ultrasonicbonding. The lattermethod is a particularlypromising option.

Amazingly, it has beenobservedthat polystyrene fibersmay be cycledto cryogenic
temperatures7 K numeroustimeswithout apparent damageto the fibers. We intend to
study this systematically for fibers ofvarious cladding thicknessesandcladdingmaterials,
in orderto selectan optimalconfiguration for light transmissionfrom ambient temperature
to the 7 K environmentfor SSPM operation and the 77 K environmentfor APD operation.

Goals: We will continue our programof dye developmentfor fibers which has
thus far been very productive [refJ and more recently has included the developmentof
synthesesfor the largeStokesdye bipyridine diol BPD at Aldrich andBicron and several
new largeStokesprimariesMOPOM and di-t-butyl-MOPOMsynthesizedby Philadelphia
Collegeof Phaimacy andMedicineJ. Kauffman. J3PDhaspropertiessimilar to the dye
31W with fluorescencein the green,but is potentially a more stable molecule. The
MOPOM structureshave thehigh molarextinction coefficient characteristicof the familiar
POPOP,but have substantially larger Stokes’ Shift and improved solubility. Theymay be
a goodbridge to longer wavelengthternary and quatemary scintillators.

Additionally wewill in collaborationwith industry:

[iJ work on polymerand claddingpurity aswell asdyepurity to improvelight
efficiencyandoptical transmissionin theproducedfibers

[ii] studyeffectsof the molecWarweightof polystyreneon boulepreparation,and
the natureof the corecladding interface;

[iii] investigatecladding materialsandcladdingthicknessfor acrylics,
polyvinylacetate,andfluoridatedhydrocarbonsfor compatabilitywith polystyrene
corematerial,andfor goodvisible wavelengthandinfraredpoortransmission;
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[iv] investigateextramuralabsorbersovercoatingsfor fiberssuch as
aluminization,Ti02 andopaquematerialsto minimize crosstalk;

[v] investigate the systematicsof fiber drawing in singlestrands,ribbons,and

mulfifibers;

[vi] investigateradiationresistantadhesivesto bond fibersinto ribbonsandonto

supportstructure,so that degradedadhesiveswill notdamagefibersor their

alignment. Polysioxanebasedadhesivesareoneof thepossibilities;

[vii] investigatecouplingtechniquesfor fiber splicing and coupling to
photodetectorsasdiscussedabove;

[viii] investigatethebehaviorofpolystyrenefibers in a cryogenicenvironmentand
undertemperaturecycling’,

and [ix] investigatecouplingstrategiesfor fibers to solidstatephotodetectorswhich will
work reliablyundertemperaturecycling.
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B. PHOTODETECTORS

Since a high detection efficiency per fiber is essentialfor goodpatternrecognition
and for minimizing the amountof material in the trackingvolume, the principal readout
requirementof the scintillating fiber trackingtechniqueis that of photodetectionwith single
photon counting at high rate. Additional importantrequirementsfor any photodetector
include fast time response,low dark current, high quantumefficiency in thewavelength
region of light output from the fibers, and low per channel cost. Our proposed
developmentof long wavelength fibers with emissionin the range530 A. 670nm as
neededfor radiationhardnessand attenuationlengthreasonsis alsoadvantageousfor solid
state photodetection.In such devices,quantum efficienciesexceeding0.5 havealready
beenachievedin this spectralrange.

Although no fully acceptable photodetector presentlyexists, thereare several
possibilities. Our intention is to exploreand develop as thoroughly aspossiblethemost
promisingoptions. Theseoptionsinclude:

[i] The solid statephotomultiplier SSPMunder developmentby the Rockwell
InternationalScienceCenter[seeAppendixCl;

[ii] AvalanchephotodiodesAPD being developedby RCA and Hamamatsu,and
others;

and [iii] Position sensitivevacuumphotocathodedevicesavailablefrom avariety of
manufacturersorunderdevelopment.

The solid statephotomultiplierdevelopmentis describedin detail in AppendixC.
Quantumefficienciesashigh as60%havebeendemonstratedwithin a broadspectralrange
400nm A. 28p.m, and deviceshavebeenfabricatedwith pixel structuresof 2501.Lm x
250Rm size and smaller. Singlephoton countingstudieshavebeencarriedout at rates
approachingl0 cm2 sar’. To achievetheselevelsof performance,the devicesmust be
operated at cryogenic7 K temperatures.

To make thesedevicesuseful for SSC applications with scintillating fibers, we
intend to work in collaboration with Rockwell to optimize the spectralresponsein the
visible region andblind the infrared sensitivity. Along with this optimizationwe expect



.33

that the speedof the devicewill be improvedstill further, sincehole collectiontimes will be

substantiallyreducedasthe infraredsensitiveregion of the detectoris mademuch thinner.

The natureof the SSPM structureis discussedin Appendix C. Important subsidiary
cryogenic developments are planned Appendix A, Section F for making optical

connectionsto thesedevicesfor performancestudies.

Existing avalanchephotodiodes manufacturedby RCA and Hamamatsuhave

quantumefficienciesexceeding40% at a wavelengthof 600nmand can be operatedin

eitheravalancheorbreakdownmodeby varying the appliedvoltage. Whencooledto liquid

nitrogentemperature,these deviceshave very low darkcurrent,enabling practical single

photon counting. For a practicalAPD fiber photodetector,improvementsaredesirablein

the quantum efficiency and essentialin thegaiiilrate capability. We haverecentlylearned

that the quantum efficiency of optical CCD devicescan be improved by a factor of 1.5

throughtheaddition of an anti-reflectioncoating. We intend to investigate this possibility

for APDs. When operated in the avalancheregion, gains ranging from 300 to a few
thousand are achievable. However, the recoverytime dependson the gain and may limit
the rate capability. Together with industry, weproposeto explore in detail the gainversus
rate limitations and search for a solution. In particular, it may be possible to reducethe
APD pixel sizeso that a number of cellsview eachfiber, andthus achieveboth adequate

gain and rate performance.

Vacuum photodetectors with transmission or absorption photocathodes are an
existing mature technologythat could also form the basisfor fiber readout. High rate
position sensitivestructures alreadyexist for a limited subsetof thesedevices. Hamamatsu
and Phillips eachmanufacture position sensitivephotomultiplier tubes with either anode
padsor crossed,multiwire anodes.Thesetubesprovidepositionresolutionin therange1
to 3 mm. Another possiblevacuum photodetector candidate makesuse of proximity-
focussedsolid statepixel anodestructures. Severalapproachesarecurrently understudy
using arraysof APDs, silicon pad detectors,CCDsor CJDs as the focalplane detector.
We propose to encourageand participatein ongoing developmentsin industry, and to

cooperatein testsusing scintillating fibers wheneverpracticable.

For all vacuumphotocathodes,a crucialrestrictionof their useresultsfrom the low
0.1-0.15 photocathode quantum efficiency at wavelengths 530 A. 670 nm. To
overcomethis limitation, we intend to investigate alternate photoemittermaterialssuchas
GaAs and to developnew photocathodemechanicalstructuresfor example prismatic



photocathodes which exploit the highly collimated nature of the light from fiber
waveguides.
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C. ELECTRONICS

[i] Front End Preamplifiers: We will pursue the development of front end

electronicsfor both SSPM and APD structures.This includes the characterizationof low

temperaturepreamplifiers,capableof operationat liquid nitrogen temperatures.The

primary thrust of this work will be the developmentof multichannel, low temperature

electronicswhich arecompatiblewith SSPMs and/orAPDs. The first phasewill be the

developmentof adata acquisitionandstoragesystemusing discrete electronicsoperatingat

roomtemperature.Parallel to this effort will be the developmentof devicesto operateat

liquid nitrogentemperatures.The low temperaturetechnologyalreadyexistsin connection

with infrared detectors.Oncethe requirementsof the devicesand the cryogenic technology

are understood, a major emphasison this projectwill be the developmentof a VLSI chip
which will collect data from multiple photomultipliers and which will operate at LN2

temperatures. State of the art VLSI design systemsare available at several of our
participatinginstitutions and can be usedin the designof this chip.

[iiJ DataAcquisition Electronics: The high granularity and speedofthe scintillating
fibers andsolid statephotomultipliersrequirescarefuldesignof a high-ratedataacquisition
system,yet alsoaffordsopportunitiesfor patternrecognitionand triggering.

The key element in the electronics is the storagedevice. Only low-powerdevices
havebeenconsideredthus far sinceheatdissipation will be a problemfor a largenumberof
readoutchannels. An attractivedevice for use in the prototypedetector is theLRS
MLL400, largely becauseof its trackrecordin a TDC pipeline system. The redundancy
affordedby its 250MHz capabilitywould be useful in data compaction. Dataon the input
linescanbe sampledonceevery4 nsec. Sincea4 meterlengthof fiber correspondsto a
time spreadof 20 nsec,hencea 4 nsectime slicecorrespondsto 115 of thelengthof a fiber.
This redundantinformationwill be usefulin matchingthex, u, and v segmentsof a track.
[The x coordinaterefersto an r$ measurement,while u and v refer to narrow-anglestereo.]

We alsoplan to test an inexpensivevariation of the shift register concept. In this
application a RAM memory is used as a FIFO, by indexing a shift register rather than by
shifting data from registerto register. This schemeplaces the burden of high speed
l6nsecon the addressregisteronly rather than on the individual data registers. Detailsof
thisprototypicalsystemarepresentedin AppendixC.



Lastly, it shouldbe emphasized,that the speedof the readoutand the excellenttwo-

track resolution of a scintillating fiber tracker provide opportunities for developing
hardwaretracking capability at the front end. This could include using fast electronics to
form vectorsegmentsin a given superlayer- effectivelymeasuringthe angleof thesegment
relative to the intersectionregion. Such a strategy could permit the rejection of large angle
tracks - correspondingto low momenta- at a first level trigger. By exploiting the vector-in
superlayer concept,we intend to develop the designof a fast irigger systemto identify high
P1’ tracks in the central region, i c 1.5. A CAD/CakEsystemwill be developedby the

collaborationto designandsimulatecandidatearchitectures.Suchwork will beinitiated in
the first yearof theprogramand is expectedto be intensifiedin the secondyear when we
have gainedsomeunderstandingof the photodetectorsandassociatedfront endelectronics.
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D. RADIATION DAMAGE STUDIES

The elementsof a central trackerat the SSCwill be subjectedto chargedparticle

fluencesrangingfrom io cur2 54 at 20cm from the beamaxis to io3 cnr2 r1 at 2 m.

A fairly uniform neutron albedoof 2 x 1012cm2 yr’ with an averageenergyof about 1
MeV is alsoexpected. Gammasfrom ic° decaysand charged-particlebremsstrahlungwill

also be present. Thus a comprehensiveexaminationof the radiation sensitivity of

scintillating fiber assembliesrequiresexposuresto all threetypesof particles.

Of particularinterestaretheradiation damageto thescintillation waveguidescore,

scintillationcomponents,cladding,andinterface,thenon-scintillatingfiber guidessimilar

issuesaswell asoptical couplingmaterials,adhesivesandbackingmaterialsusedto form

thefibers into ribbons and layers,and damageto the the photornultiplierstructuresand
associatedelectronics.Although theradiationlevel in the vicinity of thephotomultipliersis
expectedto be low in an actual experimenttheseare likely to be locatedin theregion
betweenthe outer walls of the calorimetryand the inner walls of a muondetector,
neverthelessradiationdamageissuesmustbecarefully investigated.

We intendto makemeasurementswith neutrons,electrons,and gammaswhich are
availableatArgonneNationalLaboratory,Oak RidgeNationalLaboratory,andvarious
university facilities, as well asundermorerealisticcollider conditions- for exampletests
in theCt region at theTevatronmightbe apossibility.
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E. SIMULATION

The design of an SSCtracking systemmust rely on the developmentof accurate

simulationsoftwareat manydifferent levels. With the exceptionof a few "gold-plated"

events,thesignaturefor most SSCphysics will require detailedcomparisonwith Monte

Carlo predictions. The extent to which trackingcan aid in uncoveringphysicsprocesses

must be studied within the context of a simulation program. Different geometriescan be

testedto optimize the detailed design of the tracking system.We plan to carry out such

studiesaspartof this subsystemproposal.

The benefits of a tracking systeminclude measurementsof direction,momentum,

multiplicity, and charge. These must be weighedagainstconversions,bremsstrahlung,

andmultiple scatteringin materialsaswell as overall costsfor constructionof thetracking

system. The parametersto vary include the size, number,and locationof thefibers, the

fiber crosssectionalprofile, the magnetic field, and the extentof the information to be read
out and saved. We will vary theseparametersin our simulations to achieve an optimal
design.

We will also develop softwareappropriate for reconstructingthe tracks in our

detector. This requiresthat we be able to do patternrecognitionto associatethe individual
hits with tracks and then use those hits to calculate direction,momentumand vertex or
impactparameterfor each reconstructedtrack. We will develop algorithms for quickly
using a subsetof the trackinginformationfor triggering. The designof the hardwaremust
be such that all the abovecan be performedin a rapid and accuratemanner. Oneavenueof
investigation in simulation will be the additionof oneor more layers of paddetectorsto
enhancethe speedandaccuracyof the patternrecognition.

As the basis of our simulation program,we intend to make use of the CERN
simulationpackageGEANT interfacedto the ISAJETor PYTHIA eventgenerators.There
is of course considerable effort required to incorporatea descriptionof our tracking
designsinto the GEANT framework and to turn the GEANT output into hits in the
simulateddetector. Initial work is alreadyunderwayat severalinstitutions using standard
VAX/VMS machines. In thenear term we wifi want to study large event samples,for
which the VMS machines are inadequate. Unix based RISC VAX workstations can
provide this enhancedcapability with an order of magnitude improvement in computing



power. Furtherincreasesin CPU capability might come from additional RISC processors,
mainframecomputersor an ACPfarm.
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F. CRYOGENIC SYSTEMS

[i] SSPM Cryogenics: To limit thermal electron noise to an acceptable level,

SSPMsmust be maintainednear7 K seeAppendixC. Thus developmentof a cryogenic

systemis an essentialtask.

For a central trackerhaving between 106 and io7 fibers, one possibleplan is to

distributethe SSPMs amonga hundredor so cryostatslocatedin the spacebetweenthe

detector’scalorimeterand flux-return yoke. Becausethe SSPMsare quite small, the 7 K
volume would not be very large. For example, an 128-channelarray is approximately
3cm long with a 0.5mm x 0.25mmcross section. Hence at io channel systemcould be
imagedin adetectorvolumeof approximately3cm x 10cmx 0.25mm.

Scintillation light would entereachcryostatvia an assemblyof transitionoptical
fibers connected to the tracker’s non-scintillating optical fibers at ambient room

temperature.Within thecryostats,the transition fibers would first be groundedat liquid
nitrogen temperatureand then would be optically coupled to an SSPMarraymaintainedat
7 K. The SSPMsignal outputswould, in turn, be connectedto thefront-endelectronics
containedwithin the samecryostat, but at liquid nitrogen temperature. Amplified outputs
would then emerge from the cryostatinto aroom-temperatureenvironment.Among the
importantparametersto be investigatedare:

[a] heatload due to thermalconductivityof theoptical fibers.

[b] heat load due to transmissionof infraredlight into the cryostat via the optical
fibers. Polystyrenetransmitspoorly in the infrared and the cladding thicknessesare
unfavorable for infrared transmission. Neverthelessthis issuemust be understood.

[ci thermalloading due to the SSPMsthemselves.

[d] heattransferdue to wire bondingto preampsat liquid nitrogen temperature.

During the first two years of this proposal, initial testing of SSPMs will be
performed first in unitsof 1-10elementsand then with a 192 channeldevice. During this
period and in collaboration with industry, a design of a prototype cryostat will be
undertaken, capable of supportingthe operationof io - io SSPM channels and
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associatedfront-endelectronics.This prototypeunit will serveto test the cryogenicdesign
concepts and is intended to be used with the prototype fiber tracker in beam tests. In
addition,the cryogenicssystemrequiredfor afull-scaletrackerof 106 - io elementswill
beinvestigatedduringthethird year.

The designand construction of the prototypecryostatand the study of a full-scale
cryogenicssystemwill be performedwith engineeringassistancefrom nationallaboratories
and industry. At this time, both Alabama Cryogenics Huntsville and Grumman
AerospaceBethpageNY have expressedinterest in this projea,andothercompanieswill
be contacted.

[ii] APD Cryogenics: Development of appropriate cryogenic systemsfor APD
devicesparallelsthatof the SSPMcryogenicsdiscussedabove,except that APD devices
requireliquid nitrogentemperaturefor noise-improvedoperation. This poseslessdifficulty
and complexity in cryostat design. Neverthelessdesignof a prototype cryostat to support
the operation of suchdeviceswill also be explored. Several small cryostatswill be put into
operationwithin thegroupcapableof accomodatingeither APDsor SSPM devices.
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G. MECHANICAL ENGINEERING

We will develop a detailed conceptual design for support of a central tracking

system with a cylindrical centralregion,r < 1.5, and for forward tracking, 1.5 <1 <3.

Additionally a conceptual design for a support of distributed cryostats for the

photodetectorswill alsobe implemented. To this end a careful evaluation of the state-of-

the-art,light-weight,compositematerialswill be made,drawingon the expertiseat the Oak

Ridge facilities where vastamountsof DOE dollars havebeenspenton suchstructures.

Very largestructuresthatare extremelyrigid, yet light weight and of low massandwhich

have exceptionaldimensional tolerance and creep factors can be designed. In addition,

alignmenttechniqueswill be developedthat will permitaccuratepositioningof the detector

elementsin layers, accurateregistryof differentsuperlayers,and subsequentmonitoring of

that alignment.

Consider the centralportion of a fiber tracker. Here superlayersof scintillating
fibers will be supportedby a cylindrical structure that could, for example, be made of
carbon filament - Rohacell or Kevlar-Rohacell compositematerial. The composite is
formed by adhering very thin layers of cross-fiber carbon material to Rohafoam 31
cylindrical tube on the inner and outer surfaces. A thicknessof Rohafoamof 0.6cmand
75pm thick filament can be formed into a tube having only 0.12% radiation lengthsof

material,yet having more than adequaterigidity to support a uniformly distributed load of
scintillating fibersof 65.3 kg mass. Such a massis based on a cylindrical superlayerof
500pm thick fibersarrangedin 12 individual layersof fiber of 4 meter length and at a mean

radius of 50cm. For outer layers one would increasethe thickness of the Rohacell
appropriately.

The fibers will most likely be made in the form of ribbons. Each ribbon may be
madeof severalhundredfibers which are glued together precisely. Theseribbonscan be
positioned and glued to the cylindrical support tube while using a laserbeam for alignment.
The scintillating fiber ribbons will be optically coupled to non-scintillating optical fibers at
the endof the structuralcylinder. Theseopticalfibers will be of slightly largerdiameterto
improve optical coupling by avoiding cladding mismatches. The optical fibers then
transportthe photons to the photodetectors. Coupling fixtures to support joints between
scintillating fibersand non-scintillatingfibers must bedesignedaswell asfor interfacing
the non-scintillatingfibers to the opticalcryostats.



The mechanical engineeringchallenge lies in producing a rigid, stable and light
weight structurethat can be easily aligned and that servesboth as the mandrelfor optical
fiber assemblyas well as the support structureof the complete tracking systemwithin the
confinesof spaceallotted to the trackerand the optical coupling assemblies.
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ITEMIZED BUDGETS FROM PARTICIPATING INSTITUTIONS
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ITEMIZED PROPOSAL BUDGET FOR UCLA

YEAR]. YEARZ

1. Salaries & Wages

Scientific Personnel

M. Atac, task Manager
Adjunct Professor proposed
50% time for 12 months -0- -0-

Assistant Research Physicist I
100% time for 12 months
Base salary 6/01/89: $ 3,142/month $ 37,704
Anticipated 7/01/90: $ 3,299/month $ 39,588

Graduate Student Researcher II
50% time academic year. 100% time summer
Base salary 6/01/89: $ 2,256/month $ 16,920
Anticipated 7/01/90: $ 2,369/month - $ 17,768

Support Personnel

F. Chase, Senior Engineering technician
25% time for 12 months
Base salary 6/01/89: $ 3,880/month . $ 11,640
Anticipated 7/01/90: $ 4,074/month $ 12,222

3. Kolonko, Academic Specialist
5% time for 12 months
Base salary 6/01/89: $ 5,838/month $ 3,503
Anticipated 7/01/89: $ 6,130/month $ 3,678

total Salaries: $ 69,767 $ 73,256

2. Employee Benefits

Academic @ 24% - 1989, 25% - 1990. $ 9,890 $ 10,817

Graduate Student Researcher @ 1.75%
academic year and 347% summer $ 413 $ 434

Staff @ 30% - 1989, 31% - 1990 $ 3,492 $ 3,789

Total Benefits: $ 13,795 $ 15,040
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ITEMIZED PROPOSAL BUDGET FOR UCLA

YEAR]. .yKS2

3. Supplies and Services

Laboratory tools: test Supplies $ 1,500 $ 1,000
-* - Liquid Helium/ Liquid Nitrogen $ 2,000 $ 2,000

Magnetic tapes: Diskettes $ 500 $ 550
Computer Maintenance $ 500 $ 550
Freight & Postage $ 300 $ 300
Telephone Expense $ 900 $ 1,000

total Supplies/ Services: $ 5,700 $ 5,400

4. Travel:

Domestic Travel:

Airfare - 15 RTIYR between UCLA, ENAL and
and Notre Dame @ $500 each $ 7,500 - $ 7,500
Per Diem:
120 days/year @ $100/day $ 12,000 $ 12,000
Car Rentals:
17 weeks @ $150/week $ 2,550 $ 2,550

total Travel: $ 22,050 $ 22,050

5. Equipment

Electronic Instrumentation $ 44,000 $ 10,000
Less: UCLA Contribution $ 36,500 $

Total Equipment: $ 7,500 $ 10,000

6. Fabrication

High Rate Scintillating Fiber
Test System to include amplifiers,
cabling, connectors, coupling fixtures $ 20,000 $ 20,000

Total Fabrication: $ 20,000 $ 20,000

19
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ITEMIZED PROPOSAL BUDGET FOR UCLA

YEARI YEA.R2

7. Subcontracts

Rockwell Science Center $ 182,645* $ 258,174*
Univ. of Texas at Dallas $ 56,000+ $ 59,000+

Total Subcontracts $ 238,645 $ 317,174

Total Direct Costs $ 375,457 $ 462,920

8. Indirect Costs:

Overhead @ 27.8 % on MTDC 0ff-Campus $ 44,845 $ 32,177

total. Budget $ 420,302 $ 495,097

* See Page 7 of Appendix A

+ .e Appendix B
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ITEMIZED PROPOSAL BUDGET
for the

UNIVERSITY OF NOTRE DAME

First Year of a Three Year Program

A. 1. SEMOR PERSONNEL

R. Ruchti 30% of time
V. Kenney 25%of time
N. Biswas 25% of time
N. Cason 10% of time
W. Shephard 10% of time

2. OTHERPERSONNEL

ReseaivhEngineer 100%of time $ 33,915
Faculty Fellow 25% of time $ 10,000
PostDoctoralFellow 50%of time $ 15,000
Technician 50%of time $ 6,100
GraduateStudents 2 @ full year $ 21,847
Undergraduates $ 2,500

B. FRINGE BENEFITS S 15,019

C. PERMANENT EQUIPMENTSeeItemizedList $130,896

D. MATERIALS AND SUPPLIES $ 15,000

E. TRAVEL $ 20,000

TOTAL DIRECTCOSTS $270,277

INDIRECT COSTS $ 39,723
28.9% of totaldirect costslesspermanentequipmentunder D
TOTAL PROJECTCOST $310,000

NOTREDAME MATCHING FUNDSFORPERMANENT $ 65,000
EQUIPMENT

TOTAL REQUESTFROM SSQDOE $245,000
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ITEMIZED LIST OF PERMANENT EQUIPMENT
for the

UNIVERSITY OF NOTRE DAME

First Year of a Three Year Program

1. FIBERS

a. Dye Synthesisand purification $ 30,000
b. Fiber claddingtooling andfabrication $ 15,000
c. Fiber ManufactureRibbons,Strips, Multis $ 10,000
d. BoulePreparationStudies $ 10,000
e. Splicing Hardware $ 5,000

2. VACUUM PMTS

a. High stripcurrentMCP structures $ 25,000
b. Cathodefaceplatefabrication $ 15,000

3. CRYOSTAT CONSTRUCTIONFOR SSPMAND
APD TESTS WITH FIBERS

a. Small testcryostat $ 10,000
b. Ancillary hardware $ 5,000

4. LABORATORY TESTEQUIPMENT $ 5,896

TOTAL $130,896
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ITEMIZED FIRST YEAR BUDGET

UNIVERSITY OF TEXAS AT DALLAS

I. DIRECTCOSTS

A. SALARIES AND WAGES

Dr. E.J.Fenyves10% $ 8,477
Dr. R.C. Chaney10% $ 5,278
HiltonHammack25% $ 11,441
ResearchAssistant25% $ 3,132

Total WagesandSalaries $ 28,328

B. FRINGE BENEFiTS 25% $ 7,082

C. TRAVEL $ 1,995

D. MANDO $ 1,484

E. PERMANENTEQUIPMENT $ 40,000

II. INDIRECTCOSTS44% $ 17,111

TOTAL COST $ 96,000

MATCHING FUNDS FROM UT DALLAS $ 30,000
ON PERMANENT EQUIPMENT

TOTAL REQUESTFIRSTYEAR $ 66,000
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tics 1990 Budget fur SSC tracking Subsystem Proposal

Coot Total

SALARIES
I Postdoc $30,000
2 Students Z1,600 $51,600

FRtNIE REP1EE’TTS
1 Puetdoc 6 moe Q 19% and 6 4 202 5,850
2 Students 6 awe 24% and 6 4 26% 5,400 11,250

EQUIPMENT
1 VAX/VHS 3100 Vaxatation 17,388
1. HP pLotter ".700
Fibers, readout device, and electronics 20,000 42.088

TRAVEL.
LU round tripa group meetings $500 es 5,000 5,000

INDIRECT
Salary 6 iltue 47.52 end 6 4 492 30.325
TraveL 6 moo 27.5% and 6 4 292 1,413 31,738

141,676

Univervity contribution 25% -35,419

TOTAL 106,257
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UNIVERSITY OF ILLINOIS AT CHICAGO

Budnt Summary

28 Sept. 1989

Principal investigators; a. Goldberg
S. Margulies
S. Solomon

A. SENIOR PERSONNEL 000

B. OTHER PERSONNEL
1. postdoctoral associate S 34,000.
100% for 12 months

/ 2 undergraduate students
15 hrs/wk for academic yr. plus
40 hrs/wk for summer $ 111500.

S 45,500.

C. flINGE BENEFITS
GASX for postdoc, 0.2% for undergrads 2,216.

TOTAL SALARIES, WAGES, & FRINGE ZENEFITS S 47,716.

D. EQUIPMENT

Spectrophotometer 15,000.
Lecroy p.h.a. system, accessories, &

interfaces 9,715.
MaclIx data acquisition system &

interfaces 11,540.
Picoammeter 1,980.

38,235.
E. TRAVEL

Domestic 18,000.

F. OTHER DIRECT COSTS

1. Materials and supplies
materials and supplies 10,000.
radioactiv, sources 500.
Macli software, including LabVIEW 3,000.

13,500.
2. Contracts

sample irradiation fees 5,000.
cryogenic study 10,000.

15,000.

30d cJc6 S3ISAHd Difl 6t:1 Gd, d
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C. TOTAL DIRECT COSTS 5132,4n.

H. INDIRECT COSTS
57% of A,3,C,E, and Fl;
57% of first $25,000 of F2 53,703.

I. TOTAL DIRECT & INDIRECT COSTS
0 plus 0 186,154.

S. UNIVERSITY COST SHARING

To assist the proposd work, the University of Illinois
at Chicago has agreed to reduce its indirect cost
charge, normally 57% as- indicated in H. to 24.

1. INDIRECT COSTS @ 24% 22,612.

2. NET UNIVERSITY COST SHARING 31,091
H less SI

K. TOTAL ANOUNT OF REQUEST

________

I less 32 $155,063.

sDlsAHd Din OS:t 68. 3 d3S
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ORNL Involvement in Tracking Detector - Subsystem
for the SSC Using ScintIflatln Fibers

CAPITAL ‘EQUIPMENT - Most of the needed equipment such as
CAD/CAE workstations are already in place, so no money is
needed for major purchases.

PERSONNEL - Assignment of engineers to these tasks are
expected to be
3 Electrical Engineers at 50% time
I Mechanical Engineé 50% time.

BUDGET Year #1.
Man months and $K
Front End Electronics 6 mm $56K* DAQ & Patern Analysis 3 mm $28K

n.,...-......., ‘3 -- e2av
I taaIaUId,I Isa:luac U 111111 w "‘

Mech. Engineering 6 mm $56K
Travel

____

S1OK
18mm $178K

BUDGET Year #2
Man months and $K
DAQ 6mm $58K
Pattern analysis 6 mm $58K
Mechanical Engineering 6 mm
Harris Semiconductor runs $50K
Machine shop time $75K
Matrial CarbQn fiber re-enforced $25K
Travel

____

SlOK
18 mm $276K

BUDGET Year #3 To be determined

I



PENN SI&TE Usvt3tfl Eli

DATA ACQUZSXflOU & SIMUtafloif *cnvzxzu * no
Official University approved budgetirill b. provided upon request

a labor

1 Electrical. engineer fros Penn Stats
RE Department end/cr industry DAQ $50,000

2 Technician D&Q 15,000
3 Research Associate SIN - 30,000

b Travel * 2.2,000

c Yringa and Indirect Costs on s-b 74,000

d quitimant -

1 Diagnostics DAQ

1 LaCroy Model. 9450 dual channel digital scope $17,000

2 Hewlett-Packard Mode]. 1651A Nulti-chann.1 -

logic analyzer scope 1,000

2 E Syst DAQ

1 Motorola MVME147 Monoboard.MS.crocoiaputer $ 3,000

2 Motorola MV14E712K Transition Module 1,000

3 Motorola MVHE9451A1. crate 1,800

4 SCSI disc system t,ooo
5 OS-9/146 Development Pitt DEV-4700.3O1L-58117 2,000

6 VMZ-bu.ss diagnostic hardware 1.600

3 Prototvoe 5oard DAQ

1 XVME-085 prototypemodule 2 $ 800

2 XVME-081 INTEL prototype module 800

3 fl$.09O extender board - 500

4 Electronic Coinronents DAq

1 7471.94 shift register, 74P289 RAN, $ 2,500
MCN10470*15 RAM, pre-amps.discriminators,
shapers, etc.

5 Comtutatioca SD!

1 RISC VAX Workstation S25.000

Total $245,000
Las. Dept. of Physics Laboratory for

ElementaryParticle Science Contribution .45OO0

Total Requested $200,000



a

Purdue University
SW

Project Biziget

X. Scientific Personnel

a. Senior Personnel: - 0
David S. Koltick
Edward I. Shibata

1. ResearchAssociate $15,000
50% for 12 months

c. GraduateResearcher 12,120
6 man months

d. Undergraduate Physics Majors 5,000
6 man months

Total salaries and wages 32,120

Grad Lee remission * 810

total compensation 32,930

III. Fringe Benefits

Total fringe benefits 2,806

Total compensationand fringe benefits 35,546

IV. Travel: DaDestic

a. BetweenPurdue, Fermilab and
Notre Dai
60 Q $100 per trip 6,000

b. CompanyVisits
10 trips e $1000 per trip 4,000

V. Equiptnt

a. GPIE Nusus Card for Mac II 695

b. GPIE CNAC Create controller 2,100

c. EtC pulsar * 1,295

* d. Multichannel Analyzer 3,500

e. Laser 5,000
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f. Tek DS& 602 35,000

Vt. Supplies

a. Software, including Lab View
-for Mac II - 2,500

b. Radiation Sources - 1,000

c. Materials 10,000

13,500

VII. Total direct costs 106,861

VIII. Indirect cost 0.490 of MTD cost 28,139

wilt. Total cost 135,000

* X. Purdue contribution Physics

a. Equipment 50,000

Total Purdue 50,000



FERMILAB PARTICIPATION IN FiBER TRACKING SUBSYSTEM PROPOSAL

Names: M. Atac Visitors:
P. Berge
M. Binkley A. Clark * -
A. Bross J.M. Gaillard

* J. Elias
0. Foster
R. Kephart
S. Tkaczyk
R. Wagner

Resources: ° Physics Department plastics shop

o Laboratoryand test areas
High rite chemistry lab
14th floor west lab area
Lab 6 scintillator fabrication facility
CDF fiber test equipment - move to lab 6

° Computer time

° PREP electronics

o Existing equipment
Cordax measuring machine

* Lab 6 winding and placement machines
Spectrophotometer
0 C mass spectrograph
Dye laser

o Technician time request funding in proposal
3 man-months ET for assembly
3 man-months MT for cryo and mechanical
6 man-months MT for plastic operations

o Shop time reque5t funding in proposal
6 to 7 machinist months
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FIRST YEAR BUDGET

Item SaIar Operating Equipment

Fibers tech. 20 KS mat’S 25 K$
shop 5 KS drawing 5 KS

Waveguides tech. 20 KS mat9s 15 KS
shop 5 K$ drawing 5 KS

splicing 5 K$

Avalanch tech. 10 KS cryogens 1 KS devices 5 Ks
Photodiodes electronics 10 KS

Vacuum tech. 10 K$ cryogens 1 KS devices 15 K$
Photodetectors

Simulation tapes 1 KS

Travel 20 K$

Totals: - 7015 78K$ 30K$

Note: acquisition of new photodetector devices per specifications
- developed during this work, estimated at 150 KS to 200 KS, isa

collaboration-wide cost item.
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SSC Scintillating Fiber Tracker Subsystem Proposal - UI Participation

UI Personnel 6:

Robert Downi 9, Steven Erred., Michael Haney, Inga Karliner,
Vaidas ahia ti.1 Jon Thaler

N.B. Additionil UI faculty and other personnel may Join as time
progresses.

The UI REP group proposes to carry out th. following research activities
for the SSC Scintillating Fiber Tracker SubSystem Proposal:

lit Year UI Research Activities for SSC SciFi Tracker Subsystem:

1. Development of CAD/CAE system to be used by collaboration to
design/simulate candidate architectures for fast track vector
processing trigger pattern recognition schemes and candidate data
acquisition sy8tems latching, pipeline storage for the SciFi
tracker.

2. Development of high quantum efficiency avalanche photodiode pixel
arrays with adequate rate capabilities and radiation hardness.

3. Simulation studies of various aspects of SSC SciFi Tracker, e.g.
pattern recognition algorithms for track triggering and offline
tracking, momentum resolution, track linking with e.g. external

* muon subsystem, EM calorimeter and electrons, etc.
- . -* . .. aa. . .. I fl

. .e__$- S -S * * * - - - . - .

Electronic Engineers 1/2 Fit 350K
Prograrnner 9 mos 1/2 FTE * FTE sununer 325K
Materials end Supplies 335K

TOTAL. Inc ludes 49% Overhead 3110K
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Science Center
Rockwell International corpotetlon

1049 Camuo °s RockwellP.O. Box 1085
Thousand Oaks. california 91360 Internatlofla

In reply refer to SC61047

January 30, 1989

Fermi National Laboratory
Pine Street at Kirk Road
Batavia, Illinois 60510

Attention: Dr. M. Atac
312 840-4775

Subject: Science Center Proposal No. SC61047
High Rate Scintillating Fiber Tracking Experiment

Reference: Technical discussions between N. Atac, Fermi National
Laboratory, and R. Florence/M. Petroff, Rockwell
Science Center, on November 30, 1988

As the result of referenced discussions, Rockwell International
Corporation, through its Science Center, is pleased to submit
herewith its proposal for the subject program for your
consideration.

Questions of a technical nature should be directed to Dr. Paul J.
Besser at 714 762-8751. Inquiries of a pricing or contractual
nature should be directed to the undersigned or R. A. Johnson at
805 373-4202 and 373-4415 respectively.

Rockwell International Corporation
Science Center

J. N. Ferrenberg, N ager
Contracts and Proposals

JNF/md5

Enclosures: 4 copies
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Rockwell International
Science Center
Proposal SC61047

COST PROPOSAL 5C61047
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Rockwell International
Science Center
Proposal SC61047

Statement of Work

Rockwell International Corporation, Science Center, proposes to
furnish the necessary personnel, facilities, materials and
services to conduct The High Rate Scintillating Fiber Tracking

*

* Experiment Program in accordance with the Statement of Work
contained in Technical Proposal SC61047T.

tvne of Contract

Contractor proposes a C??? contract.

Estimated Cost $408,997
Fixed Fee 31,822
Total Estimated Price $440,819

Terms

As mutually agreed.

Schedule

01 May 1989 through 30 September1990.

Proposal Validity

This proposal is valid through 01 May 1989.

Government-OwnedFacilities

The contractor does not intend to use Government-ownedfacilities,
industrial equipment or special tooling in performance of a
.contract resulting from this proposal. Our DUNS number is
00-825-5523.

Administrative Offices

Government contracts are administered by DCASMA-Van Nuys, 6230 Van
Nuys Boulevard, Van Nuys, California 91401-2713, telephone 818
904-6311.

The cognizant DCAA is located at 6633 Canoga Avenue, Canoga Park,
California, 91304. Contact Mr. Kenneth Solso, DCAA. He may be
reached at 818 710-2405.

INFORMATION CONTAINED HEREIN IS PRIVILEGED OR

t :I;M:flI.USC52M"IASSUCH

IS EXEMPT FRON * I .SL’4 ‘Pfl"tSIIN I HFREOF
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0 Rockwell Internattotial
Science Center

Proposal SC61047

Authorized Negotiators

Contract negotiations may be conductedby either 3. N. Ferrenberg
or R. A. Johnson, both of whom may be reached at the Science
Center, 1049 Camino Dos Rios, ThousandOaks, California 91360,
telephone 805 373-4202 and 373-4415 respectively.

ROCKWELL INTERNATIONAL CORPORATION
Science Center

1iinson, Director
èmiracts and Pricing

INFORMATION CONT4JNEO HEREIN IS PRIVILEGED ORONFIOENTi.. NORM4rIfl S WCKWEU INTERNATIONALC0RPoT,o, wirkI. ‘HE MEAgINQ CF 5 USC 552 ANI 4$ SUCHIS £EJ.APT FROM NE PUBLIC IJISCLCSURE PROVISICN5 rHFREOF

I,
‘a
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SC61047

It. SOLItItATIONCONTaaCT.MOOIPICATI WORM A*ROVtQ
0*5 NO.CONTRACTPRICINGPROPO$ALc0VERSHEET NO. Unsolicited i soeo.one

NOTE Fbi. fr. It ud IA ........ ed..’. If .uSiu.s of con.’ .‘anq osu .s ‘tCutfld VS.. FAA S.8O44bJ

C. PRICE REVISION/
REDETERMINATION

t List ro &en me .d.ntuficst,om. Q.ant’Iy tad total Dec. o,oo fo,..o, connect at item. A lint hilt. Cost Wends.’ aacon..,q ml. Ced1O MIS.
Ouie ual otYwcw.a ec.lleo by It.. Co.mtnct.nq Otfi. CoMM..... nettve. t IMen t1 *S.n Pr. If U.. R.Iaaj

A LINE ITEM NO. 1 9. IDENFIFICATI0N * C. QUANTITY 0. TotAl. PRICE E. REF

9 PROVIDE NAME. ADDRESS. AND TELEPHONE NUMBER FOR THE FOLLOWING V#.*.taflSg
A. CONTRACT ADMINISTRATION OFFICE S. AUpIT OFFICt

DCASMA-Van Nuys DCAA-Rocketdyne
6230 Van Nuys Boulevard 6633 Canoga Avenue
Van Nuys, California 91401-2713 Canoga Park, California 91304

10. WILt. YOU REQUIRE THE USE OP AnY QOVERNSENT PROPERTY ISA. oo you REOUIRC çpvRN. ISiS. TVP% pP FINANCING
IN THE PERFORMANCE OP THIS WORN! If fl’... S..t,ffl MINT CONTRACT FINANCING I

TO PERFORM THIS PROPOSED I ADYANCCQNTrn;CT, if Ye E PAYMENtS 0
YES YES NO GUARANTEED

NAVE YOU SEEN AWAAflcQ ANY CONTRACTS QR SUSCONTRACTS I . IS THIS PROOSAL CONSISTENT 1 H YOUR E3TAIJ.ISHED
‘05 THE SAME OR SIMILAR ITEMS WITHIN THE PAST 3 YEARS? MATING ANO ACCOUNTING PRACTICES AltO PROCEDURES
II Ta SnftV l.,s. esnts..nhI ad .nne.t RsnIS.fl.I PAR PART 3! COST PRINCIPLES? gf Wo." tsps.aa

DYES NO E!YES END

Ta COST ACCOUNTING STANOAROS BOARD CASE DATA .‘flU £.. *2.311 - ..._s.a as FAR PAR? lop
A. WILL THIS CONTRACT ACTION SE SU.JECT TOtASS REGIJLA.

TIatit? if ...nPM.. o5 p.wpe..tl
-

S. HAVE YOU SUSMITTED A CASt OISCI.OSIJRE STATEMENT
CASA fl.i t, SI! VII Yfl..p.at, H .-.__l e. talc. -
asaflts - .law- IRS. *.nsI

YES NO YES END OCASMA-Van Nuys, CA
CHAVE YOU tEN NOTIFIED THAT YOU ApE OR MAY SE lIt VIQN. 0. IS ANy ASPECT OP THIS PROPOSAL INCONSISTENT WITH

CO*tPt.IANCE WITH VOIdS OISCLOSURE STATEMENT OR COST DISCLOSED PRACTICES OS APRLICA.I.E COST ACCOUNTING
ACCOUNTING STANOAROSI It Ye.. .nl.e. - STAIROAROStVSI ..pø- MPnPt.tIl

C YES NO YES NO

flIleOt000el s IlSiléflid III I11 IoII’tRFP COAWSCT. moallatlo,.. SIC Ifl IT,," I tao relICt OUT 0511 RIIII,ISIS$tIIdiOt CTUII CDIII 0
TI. NAME

tT.S’x’kon, Director
Contracts and Pricin

MYUCVW’tL INTERNATIONAL CORPORATION
Science Center

57. SIGNATURE IS. DATE 0’ SUBMISSION

-- - - r pfl
Il r I rI WI .1

‘OMFiOEN I.L :NFQPMArI CCX"aL INTERNArIONAL
CORPORATION 41TH1N HE :E1:’!C CF’ 1iC 1I ¾5 SUCH

IS ‘PAPT k :1 RuG CISLLLSUE POvI rHREOF

I. NAME AND AOOStSS OF OPPEWOR IRCIbSR alp Code!

ROCKWELL INTERNATIONAL CORPORATICN
Science Center
1049 Camino Dos Rios; P.O. Box 1085* Thousand Oaks, CA 91360

JA. "a’.E AND TITLE UP UP’WRUR POINT 15. TELEPHONE

J. Ferrenberg, Managr
Contracts & proposalS 805

NO.

373-42
a TYPI OF CONTRACT ACTION CARI

Na, NEW CONTRACt 0. LETTER CONTRACT

I. CHANGE ORDER * E. UNPRICID ORDER

2

S. TYPE OF CONTRACT CAtER I

fl FPP CPFF CPIE CPAF

FPI OThEMS.ns,,

9 PROPO$5D COST IAflSCI
A. COST S. PROFIT/FEE C. TOTAL

$ 408,997 31,822 S 440,819
7. SI AND E IDOlS OF PERFORMANCE

Science Center, Thousand Oaks, CA 05/01/89 through 09/30/90

High Rate Scintillating Fiber
Tracking Experiment Lot

See
$440,*8 19

At achec
Cost B
downs

eak

STANOARO FORM 1411 110531
P,.,cno.t by GSA
‘AS Al CI’ RI I32154IC1

2
.2
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ScienceCenter

Proposal SC61047

ATTACHMENT TO STANDARD FORM 1411

Supporting Data

art 1 - Materials

Description quantity Cost Source Amount

FY1989

1. Photomask - 5 layers 1 Lot P.O. $ 7,850
2. Liquid Helium SOL 2.95 P.O. 148

FY1990

3. Liquid Helium BOOL 2.95 P.O. 2,360
4. Misc. Material Lot Lot E.E. 3.000

Total Materials $13,358
P.O. = Purchase Order
E.E. = Engineering Estimate

Supporting data relative to the material and/or subcontract
prices resides in the contractor’s Purchasing Department and will
be made available to the DCAA during proposal audit or to the
Governmentprice/cost analysts upon request from the contracting
officer.

Part 2 - Direct Labor - Engineering

The engineering direct labor rate is a weighted composite using
the actual salaries of specific persons together with current
projections during the planned period of performance. Data
supporting actual labor rates of technical personnel comprising
the weighted composite resides in the Accounting Department
Payroll Office. Data supporting projections of the weighted
composite rate over the planned period of performanceresides in
the Contracts and Pricing Department. Upon request, this
information will be made available to the Defense Contract Audit
Agency.

The contractor has used 5% per annum for direct labor
escalation. This escalation factor is based on our forecast of
competitor salary increases and what we as an organization will
be required to do to recruit as well as retain senior research
managersand scientists. The information and data relative to
our forecast resides in the Human Resources Department and will
be made available to the DCAA upon request.

INFORMATION CONTAINED HEREIN IS PRIVILEGED OR
CONFIDENTkL INFORMATION IF ROCKWELL INTERNATIONAL
CORMTI0N WI H!’ [HE MEAiING OF 5 USC 52 If AS SUCH
IS EXEMPT FROM HE PUBLIC DISCLOSURE CROVISICNS [HEREOF

-1
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Rockwell International
ScienceCenter
Proposal SC61O47

Part 3 - Labor Overhead - General and Administrative ExDense

PY1989 P11990

Indirect Cost 184.0% 184.0%
D/L Fringe 38.0% 40.0%
General & Adminis. 13.0% 12.8%

A copy of the contractor’s forward pricing rate letter reflecting
the projected overheads is attached as supporting pricing data.
The projected overhead rates, which have been used in this
proposal, have been reviewed and accepted for use in proposal
forward pricing and for provisional billing purposes by the
resident DCAA located at the contractor’s Rocketdyne Diyision.
The local ACO has made a copy of the audit report available to
the contractor and, if requested, will make it available to the
PCO.

Part 4 - Travel and Subsistence

Trip A: Two persons, four trips to Chicago, IL for program
review, one day at destination each trip.

2 R/T Air Fare @ $480/trip $ 960
*Subsistence - 1 day @ $117/day X 2 234
Auto rental - 1 day @ $35/day 35
Personal auto - LAX, $23/trip X 2 46
Parking - LAX, 1 day @ $5/day X 2 10

$1,285 X 4 trips = $5,140

Trip B: Two persons, two trips to Washington D.C. for technical
conference, three days at destination each trip.

2 R/T Air Fare @ $529/trip $1,058
*Subsistence - 3 days $121/day X 2 726
Auto rental - 3 days @ $35/day 105
Personal auto - LAX, $23/trip X 2 46
Parking - LAX, 3 days @ $5/day X 2 30

$1,965 X 2 trips = $3,930
*Per Federal Travel Regulations

Travel Summary

Trip A $5,140
Trip B 3.930

Total $9,070
INFORMATION r.ON’AINFr ,AFIN 5 PRIVI- I.GED ORLONFIDENTIAL INFflHMMIION CC<WELL INTERNATIONALCORP0TION WITHIN THE MEANING cr USC 552 AND AS SUCHIS EXEMPT FROM THE PUOLJC OI4LO5uAE PROVISIONS tHEREOF.
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Rockwell International
ScienceCenter

Proposal SC61047

Contractor has provided the following forms under the current
DOD Profit Policy which reflects contractor’s calculations of
the contract facilities capital cost of money and the weighted
guidelines program profit.

CASB-CHF and its attachments
DD Form 1861-1
DD Form 1861-2
Contract Profit Calculation Format

prepared by Accounting
prepared by Accounting
prepared by Pricing
prepared by Pricing

The calculations provided show an entitlement to cost of money of
$19,722 and a weighted guideline profit entitlement of $72,172
18%. However, contractor does not feel that it is in the best
interest of the Government under the circumstances of the ongoing
budget constraints to propose the total cost of money or the fee
as reflected above and instead proposes cost of money at
approximately 50% of the entitlement and a fixed fee at 8%,
offering the residual cost of money and fixed fee as a
contribution to the proposed effort.

Contractor has provided the data and information required under the
new FAR Profit Policy in support of the proposed cost of money and
fee. It is recognized that the treasury rate used in the calculation
of the above data had recently changed from .09250 to .09750. We are
however unable to integrate the new rate in our pricing system in time
for use in this proposal. It is planned that the new rate will be
reflected in any required update prior to negotiation.

INFORMATION CONTAINED HEREIN IS PRIVILEGED ORrONFIOENTIAI INFORMATION iF ROCKWELL INTERNATIONAL
CORPORATION WITHIN THE MEANING CF S USC 552 AND AS SUCH
IS EXEMPT FROM THE PUBLIC DISCLOSURE PROVISIONS THEREOF,

Part 5 - Cost of CaDital

C.
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science Center
Prooosal SC6IO4?

_cst breakdownts,

r’ i989
Hrs.i3 Rate Amount

Enw.nerino 1324 32.03 442.408
Direct Labor Fr moe 442.408 38.00?. 16.115
Subtotal 58,523

:nclsrect Cost X42.4ci8 184.007. 78.031
Sut3ccntracts C
Matertal 7.998

1 .235
Consustant C
Subtotal 145.337
General Mununxstrative 13.007. 18.959
ubtota1 164.796

CAS 414 4.665
Interdivision Cast U
Estimated Total Cost 169.461
Fixed Fee 13.194
Total Price S182.645

Fl 1990
Hrs.,$ Rate Amount

Enusneerintj 1800 .33.13
Direct Laoor rrinoe $59.688 40.007. 875
Subtotal 83.563

Indirect Cast r2i9.683 184.007. 109.G26
Subcontracts 0
Material 5.360
Traves 7,785
Consultant 0
Subtotal 206.534
General & Administrative 12.307. 26.436
:Suototas 232. 970

UkS 414
ntrcnvtson ‘5t C

Esiniiated fotas Cost. 235.538
tc.c ree id .638
Htai Price £258.174
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Proposal 5C61047

Cost Sreakdcwn ‘:

Total P rooraii.
Hrs. ii Rate Amount

Enoinerinc 3124 32.o1 4102.096
Direct Labor ririoe 4102.098 39. 177. 39,990
Subtotal 142.086

Indirect Cost 134.007. 1S7.857
Subcontracts U
Material 13.355
Travel 9,070
Consultant 0
Subtotal . 352.371
General & Administrative 12.387. 45.395
Subtotal 397.766

CAB 414 11.231
Interdivision Cost 0
Estimated Total Cost 408,997
Fixed Fee 31,322
Total Price $440,8j9

LI’iFRMATtN LQNTAU9EI, HERIN I. FR Lt.ILEGED iF, C0 W tT._: U LA...
NFoF.r1 rioj OF FStJCK.JELL ii*ITESNr I .JRF’i:: rjj jj ‘ ii

‘HE 1EA1INc3 uF 5 UC 3’L ,1.ft: .:CH:Ei’ F

LJhLIU DI5CLIJ’URE !‘L!jLJj.I. FRELE.
C.
-J
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FA.11ITIES CAPITAL
COST OF MONEY FACTORS COMPUTATION

GENERAL & ADMINISTRATIVE EXPENSE

FISCAL YEAR 1989

2 3 4 5 6 7
ACCUMULATION ALLOCATION TOTAL COST OF MONEY ALLOCATIOH FACILIIIES

OF DIRECT OF NET BOOK FOR TIlE COST BASE FOR CAPITAL COS
‘G & A EXPLIISE POOL DIST. 01 NOV UNDISTRIBUTED VALUE ACCTG. PERIOD TIlE PERIOD OF 14011EV FA’

I 11flA’i

4. BASE IWIP *
s-s TOTAL
0 $ 1,025,96i : 1,025,9611 $ 96,1811 $ 20,281 $ 0,0011711
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.aQUaLEJ.LJ.TFPWATIDNAI rflRPORATION
,

ScIENCE CENTER DIVISION

3"f ‘.z ::.o.?
-. io.t3r. .1. itt

FACILITIES CAPITAL COST OF MONEY
DISTRIBUTION OF ASSET TYPES

1. Os.TLC3& ADOILSI

- IOii9 Camino Dos Rios
Thousand Oaks, CA 91360

r

A-

.. c:s;’CC’ ...4 .L5a3:

FY 1989
S. £‘njC_fl_1 7tLaS..J*Y taiL

9.375
t O5Jt.,fl3h 01 tACJTILS C4r!s IT ASSZ TYrtS

saanw.s .., Soot V.n,, land tu,id.ii Lcrn.t

1 9,579,004..ccoa;
L 33.1135.1163 1 I 3,020.233

5.LLASL2 I I I I______________
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:QNTRACT FtCtLITIES CAPITAL COST OF MONEV

RockweLl international Corooration 1049 Caznino Dos Pies
Science Center-Anaheim Ihousanc Dak. Cali+. 91360

Proocsai CáiC’47 FY 1989

Foci Alloc Base Factor Amount Land Buildino Eauip.

Flant s42.408 0.17147 S7.272 S60â $2.ilO $4.556

Common $42,408 0.00292 $120 $0 $0 $120

6 & A $i45.S37 0.00474 -$691 fl $1.38 $544

r
Ictals - $8.083 $2,248 35.220

Ire Rate 9.37% $86,219 6.560 $23,979 $55,680

DD Form 18o1-2

12



Anaheim Fl 1989

WEIGHTED GUIDELINES PROFIT FACTORS

1. Perf ormance Risk

$14,337 X ave 4.507. $6.563

2.Facilities Capttal Employed

a. Buildings

$23,979 X 15.007. $3,597

b. Equioment

$55,690 35.007. = $19,488

Total Weighted Guidelines Profit $29,648
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FACILITIES CAPITAL
COST OF MONEY FACIORS COMPUTATiON

GENERAL & ADMINISTRATIVE EXPENSE

FISCAL YEAR 3990

C & A EXPENSE POOL

2
ACCUMULATION

3
ALLOCATION

4
TOTAL

5 6
COST OF MONEY ALLOCATION

7
FACILITIE

OF DIRECT OF NET BOOK FOR THE COST BASE FOR CAPITAL CO!
DIST. OF WRy UNDISTRIBUTED VALVE ACCTG. PERIOD THE PERIOD

I
OF MONEY F!

. *

CORPORATE ALLOCATION 5 660,000 660,000 $ 63,875

B&P TRANSFERRED FROM ENG. 0/H 377,953 377,953 35*33 .

p....
Lt TOTAL $3,037,953 $1,037,953 5 97,308

BASE IWIP
$20,896 $ o.o066

a
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CONTRACT FACILITIES CAPITAL COST OF MONEY

ockwej1.International Corooration 1049 Camino Dos Rias
Science Center-Mnaheim Thousand Oaks! Calif. 91360

Proposal SC61047 FY 1990

"ccl Alloc Base Factor Amount Land Building Equip.

Flant 559.688 0.17613 510.513 5861 $3;085 $6,567

Cornmcn 559.688 0.00275 $164 $0 $0 $164

6 & A 5206.534 0.00466 $962 -$13 $177 $772

Totals $11,639 $874 $3,262 $7,503

Tres Rate 9.375% $124,149 59.323 $4,795 -$80,032

DD Form 1961-2
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Anaheim FY 1990

WEIGHTED GUIDELINES PROFIT FACTORS

1. Performance Risk

5206.534 X ave 4.507. $9,294

2.Facilities Capital Employed

a. Buildings

$4,79 X 15.007. $5,219

b. Equipment

$80,032 35.007. = 528.011

Total Weighted Guidelines Prclit $42,524
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- ScisnceCVItSI
RoCkwelL Irnetnatl000l ComoratlOfl

1049 Cas Rockwell
mo oaks. caw 91360 International

November 1, 1988 -

Ms. Rita Bush
Administrative Contracting Officer -
Defense Logistics Agency
Oxnard Multi-Functional Field Office
500 Esplanade Drive
Suite 990
Oxnard, California 93030 2119

Dear Ms. Bush:

The purpose of this letter is to request approval of the

following Rockwell Science Center forward pricing rates.

The following rates have been developed by the Science Center for
quoting effort with the Corporation and to outside customers:

1989 1990 1991 1992

Common Overhead 44% 44% 44% 44%

Engineering Overhead 161% 158% 157% 157%

Plant overhead 140% 140% 140% 140%

Palo Alto ResearchLab 134% 130% 130% 130%

Fringe Benefits 38% 40% 42% 45%

General & Adninistrative 13.0% 12.8% 13.2% 13.1%

These rates are effective immediately and supersede all
previously quoted rates. Attached are summary data supporting
the above rates. Upon completion of government review, please
contact me to discuss any questions.

ROCKWELL INTERNATIONAL
Science Center

/7,2ft4 g
L__kn_ it ‘i’c-- C.-’
J. I. McDonald
Controller

Attachments

cc: K. Solso, DCAA

UJMPM Unwsni.
19 mBEoPecm’

ADDRESSEE ONlY
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floE-RaTE BCI2flILLATIEG natE TRACXZ3G *ZPERIXZ21T

UNSOLICITZD PROPOSAL

Submitted to

Fermi National Laboratory
P.O. Box 500

Batavia, Illinois 60510

Prepared by

Rockwell International Science Center
P.O. Box 3105

Anaheim, Calitornia 92803-3105

Technical data contained in this proposal shall not be used or
disclosed, except for evaluation purposes, provided that if a

contract or grant is awarded to this submitter, th. Government
shall have the right to use or disclose this tachnical data to
the extent provided in the contract or grant. This restriction
does not limit the Government’s right to use or disclose tech
nical data obtained from another source without restriction.

January 1989

Approved by:

R. Eharat, Director
Silicon Devices
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STATEMENT OF WORK FOR

HIGH-RATE SCINTILLATING FIBER TRACKING EXPZPThnT

j,anODUCTXON

Fermi National Laboratory FNL proposes to utilize Rockwell’s
Solid State Photomultiplier SSPM with scintillating fibers in
particle tracking systems. Although tests have shown that, on
the average, one photon is detectable from a normal incident
minimum-ionizing particle at the end of a 180 pm thick, meter-
long fiber, further demonstrations are required to establish the
SSPM can provide time resolution of a few <10 nanoseconds.

There are two indicated design changes for optimization of SSPX5
for use in scintillating fiber tracking systems: 1 reduce
contact resistance and 2 eliminate as much of the optically-
active layer thickness as possible without affecting the quantum
efficiency for visible light. The equivalent circuit of an SSPM
consists of a contact resistance between 2 and S ka for present
designs in series with a capacitance of about 0.2 p1’ with a
current source in parallel. The current source is a short pulse
of about 2.5x1r5 A for a period of about 5x1011 s -10 elec
trons followed by a l0 to 106 s current tail containing
about 4xl04 electron charges. Such a circuit is not matched to
a wideband 100 MHz amplifier with a 50 0 input impedance. The
shortest rise time with typically 10 to 20 pF at the input of a
transimpedance amplifier is between 20 and 80 ns, consistent
with the 2 to 4 Ja2 contact resistance.

Reduction of the contact resistance to a value below 100 2 is
therefore indicated if nanosecond risetimes are to be obtained.
Even if this is successfuly accomplished, however, the pulses
10k electrons will barely exceed frequently-occuring noise
excursion amplitudes of about five times the rms ICC noise
charge of about 1000 electrons for an ideal 100 MHz amplifier at
300 K connected to an SSPX with a 50 0 transmission line. In
order to provide a larger signal-to-noise margin, the fast por
tion of the current pulse can be increased to contain about
3x104 electrons by thinning the SSPM’s optically-active region
to about 6 pm, which is the theoretical minimum thickness al
lowing unimpaired visible light SSPM response.

1 -
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This statement of work describes a program in which Rockwells’
- science Center, Anaheim, California, fabricates and evaluates

SSPM5 designed to provide the required response times. Rockwell
will also conduct an experiment, using scintillating fibers
excited by a beta source, to demonstrate this capability. A
schedule for this proposed work is shown on Page 3.

DESIGN -

Rockwell shall design a photomask set which will provide linear
SSPM arrays suitable for mating with scintillating fiber tape
provided by FNL. The arrays shall have the following character
istics: -

No. of elements 50
Element area 9x9 sq mils
Element pitch 10 mils
Dies per wafer 80 approx

The photomasks will then be procured for use in array proces
sing.

CATION

Arrays will be fabricated with several variations in optically-
active layer thickness and top contact process parameters in
order to optimize the SSPM for particle tracking. Processde
velopment experiments will be performed as required to reduce
the number of variations used in device processing. Epitaxy
growth parameters i.e.; thickness, donor and acceptor profiles
will be specified and the optically-active and blocking layers
deposited on silicon wafers prepared for front-illumination.
The grown material will be evaluated by visual, spreading resis
tance, and cryogenic capacitance vs voltage techniques prior to
device processing.

An existing SSPM process lot follower will be modified to incor
porate the desired top contact fabrication steps and a lot com
prising at least three wafers of each variation epitaxy and top
contact will be initiated. The processedwafers will be visu
ally screened to generate a map of defect-free dies and arrays
will be selected 2 from each variation for dicing, mounting,
and wire bonding.

2
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Following evaluation of Lot 1, epitaxy will be grown and wafers
selected for a second lot which will be processed to further
optimize SSPN performance.

flAt VAT ION

Evauation of the devices will include quantum efficiency for
visible light detection, dark count rate density, saturation
count rate density, avalanche gain, and gain dispersion as func
tions of bias at several temperatures. Selected devices will be
measured using wideband amplifiers with 50 0 input impedance
supplied by Fermilab for evaluation of pulse rise time and
width. Devices meeting time resolution requirements for Super
conducting supercollider SSC vertex particle tracking will be
packaged for beta and accelerator particle scintillation experi
ments at Fermilab or other facilities.

DELIVERABLES

Rockwell will select for delivery to FNL four 50-element SSPX
arrays which will be located adjacent or in close proximity to
tested dies on the wafer. The selection will be made to provide
arrays which are optimal for particle tracking experiments
planned by FNL.

SCINTILLATION EXPERIMENTS

Several arrays will be selected for beta particle scintillation
experiments using a strontium-9O source. Several detectors of a
linear array will be coupled to scintillating fibers as in the
initial feasibility test reported and demonstrated at the 1988
IEEE Nuclear Science Symposium held in Orlando, PA. Coincident
photons from adjacent fibers traversed by beta particles will be
detected. The experiments will eaphasize time resolution and
rate capability of the improved SSPMs for detection of such
events.

TECHNICAL SUPPORT

Rockwell shall provide technical support to PNL in the form of
analysis of 55W performance, assistance in the design of FNL
experiments, and preparation of technical papers.

4
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Development of High. RateTrackingDetectorsfor the SSC
Using Scintillating Fibersand Solid StatePhotomuitipliers

M. Atac1’2, C. Anway2, C. Buchanan2,
D. Chrisman2, D. Clime2, 3. Kolonko2

1 Fermilab, Batavia, Illinois
2 UCLA, Los Angeles, California

B. Baumbaugh,V.P. Kenney and R. Ruchti

University I’Iotre Dame,Notre Dame, Indiana

R. Florence and M. Petroff
Rockwell ScienceCenter,Rockwell International

Anaheim,California

R.C. Chaney, E.J. Fenyvesand H.D. Hammack
University of Texas at Dallas

Dallas,Texas

ABSTRACT

The Solid StatePhotomultiplierSSPM’ recently developedby Rockwell
InternationalScienceCenter,coupledwith fast scintillating fibers, can have
a ratecapabilityof higher than1Q8 tracksper cm2 per second.The SSPM’s,
with gains approaching5 x iO are capableof single-photoncounting with
quantumefficiencies of i 80 % for visible wavelengths. Using polystyrene
with 3HF or Butyl PBD di-methylPOPOPscintillating fibers,a time resolu- F
tion of better than5 us hasbeenobtainedwith a SSPM.Scintillatorshaving
peak emissionwavelengthof 530 urn are known to be highly radiation
resistant,and the spectralresponseof the SSPMis a good match for such
wavelengths.The high ratecapability,very good time resolution,and high
quantumefficiency, suggestthat scintillatingfiber/SSPMdetectorscould be
powerful componentsof a SSC tracking system. It is the objectiveof this
proposal to develop a prototypedetectorwith 192 SSPM/fiberchannelsfor
beamtracking tests to determinethe utility of the technique.The program
will establisha strong collaborativeeffort betweenUniversity basedphysics
groupsand researchgroupsin private industry in the developmentof these
devices.

I.



1. Introduction

Using scintillating fibers for tracking is desirableespeciallyto obtain
fast timing with fine resolution. This is very much neededto cover the
collision regionsfor high luminosity colliders like the SSC, which is being
designedto operateat a luminosity of iO cm2C1 with a bunchspacing
of 16 ns. Fibers with good time resolution can relate tracks to the bunch
crossing.This was attemptedearlierusing avalanchephotodiodesAPD’s2
with disappointingresultsbecausethe APD’s went into breakdownbefore
producing stableoperating gains. Although scintillating fibers have been
successfullyusedasactive targetscoupledto an imageintensifierwith CCD
readout3,the phosphormemorytime andslow readoutspeedof CCD’s fast
camerasare capableof 500 framesper secondmakesuchan arrangement
impracticalat high rates.

Scintillating fibers have also beenusedfor tracking in the UA2 experi
ment4. About 30 photonsper mm were producedfor a minimum ionizing
particlewith a stepindexfiber with scintillationfluorescenceat A = 420 nm.
An attenuationlengthof 1.7 m was achievedthrough1 mm diameterfibers.
Photonswere image-intensifiedand readout using CCD’s, providing a track
resolution of a = 0.35 mm.

A solid-statedevice which is capableof counting single photons has
recentlybeendevelopedby researchersat theRockwell InternationalScience
Center’. The deviceproducesgainsof 5 x io via impurity impactionization
in a solid-statephotomultiplierthat is sensitiveto photonsin the rangefrom
400 nm to 28 pm. Square50 x 50 pm2 diodeelementsin both linear and

areaarrayshavebeenfabricatedandtestedwith success.A ratecapabilityof
more than io countsper cm2 per secondwasmeasuredusinga 50 x 50 pm2
devicewith a quantumefficiencyexceeding50 %. Thedevice is appropriately
called a Solid State Photomultiplier SSPM. Figure 1 shows how well the
single-, double-,and triple-photonpulsesareresolved.Becausethe device is
sensitive from visible wavelengthsto infrared wavelengthsof 28 pm hi’ =
0.05 eV, thermal electronscould result in a very large backgroundunless
the SSPM is operatedat a sufficiently low temperature 100 K. Figure2
shows the SSPM’s backgroundrate and count rate capability as a function
of temperature.

Scintillating fibers madefrom 3HF 3-hydroxyfiavonein polystyrene,
Bipyridyl-diol BPD and other new dyes, would provide a good spectral

2
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matchfor theSSPM’sbecausethefluorescenceemissionmaximain the range
500 A 600 nm correspondto an SSPMquantumefficiencyof greaterthan
60% Figure 3. For example,the 3HF fiber hasa good light yield with a

/ risetime of c 1 xis and a decaytime of 3 xis. A fiber diameterof 250 pm may
be sufficient to producefour detectedphotonsin the SSPMfor wavelengths
of -. 530 nm. Theattenuationlengthfor sucha wavelengthis expectedto be
long with a thin acrylic cladding. The refractive indicesof polystyreneand
acrylic aren = 1.59 and 1.49, respectively.Polystrenebasedscintillatorscan
be highly radiationresistant5whenappropriatedyesareused. An example
is illustrated in Figure 4.

Why is the SSPM importantfor fiber tracking detectors?

1 The high quantumefficiency of the SSPM allows the useof fluorescent
dyes with largeStokes’ Shifts. Thesedyes, particularly thosesuch as
3-HF and BPD which utilize intramolecularproton transfer,havelower
fluorescenceefficiency, - . to . that of NE11O. The high QE of the
SSPMhelps to compensatefor the lower scintillation efficiency.

2 The ability to use large Stokes dyes with emission in the 500 - 600
nm range, where the SSPM quantumefficiency is high, allows several
additionaladvantages:

a radiation resistanceof the overall systemis greatly improved for
A > 500 mu;

b optical self-absorption problemsare reducedsubstantiallywith the
largeStokesmaterials;

c small diameterfibers d << 250 pm maybe usedasefficient scin
tillation detectorsbecausesecondarydyesarenot needed.

3 The useof the SSPM obviatesthe needfor high resolutionimagetubes
utilizing phosphorscreens. This point deservesemphasis: there are
no fast and efficient phosphors with time constants below 50
ns the speedof P.47. Phosphorpersistancehas been a recognized
difficulty associatedwith high-resolution,fast imaging.

Caviat: The SSPMmust beoperatedcryogenicallyat 7°K for successful
performance. Hence thesedevicesmust be containedin a cryostat. Ulti
mately we will haveto addressthe problemof the designof a thin cryostat

3



C4

carefully placedto interfereminimally with otherdetectors- this is a prob
Ian for overall designfor an experiment. However,in this proposalwe are
taking the initial step: the developmentof a working SSPM/Scintillating
fiber tracking detectorto demonstratethe utility of the techniquefor SSC
tracking applications.

2. Recent Tests with ScintjllptingFibers and Results

A preliminary test of the SSPM’s effectivenessas a light detectorfor
scintillatingfibers wasperformedusingsquare0.225x 0.225mm2 step-index-
of-refractionfiberswith a 0.18x 0.18mm2 core. Two fibers6 havingdifferent
wavelengths,A = 440 and A = 530 nm, were investigated.The experimentt,
illustrated schematicallyin Figure 5, involved the exposureof two adjacent
fibers to a partially-collimatedbeamof electronsfrom a strontium-90beta
source2.25 MeV maximum energy. Coincidentphoton detectionpulses
werepulse-height-analyzedto obtaindatawhich is plottedin Figure6 for one
of the fibers. The distributionsarefor two different lengthsof fiber between
the point irradiatedand the SSPM. Becausethe amplitudeof eachSSPM
pulseis proportionalto the numberof simultaneously-detectedphotons,with
very little amplitude dispersion,such distributions allow determinationof
the averagenumberof photonsdetectedper electronhit i.e., penetration
through the fiber. The first xi peakscorrespondto 1, 2, .., n detected
photonsper hit, and their areasAn areexpectedto approximatelyfollow
the Poissondistribution,

pn,p
= p"exp-p

Theaveragenumberof electronsdetectedperhit, p, is thereforeequalto the
ratio

- n+1An+1

An

It is noted that the distribution for photonnumbersgreaterthan threemay
deviate from Poissonstatisticsdue to a substantialcontributionfrom elec
trons scatteredthroughlarge angles,resulting in long paths in the fiber.

The first five columns of Table 1 give the parametersfor two fibers
of different wavelengthcoupled to an SSPM with no special provisions to
reducereflection losses. The parametern1 is the core index of refraction,

4
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n2 that of the cladding, and F is the percentageof isotropically-emitted
photonsthat arewithin the anglefor total internalreflectionin onedirection.
The other columnsgive the averagenumberof detectedphotons and the
photonattenuationlength from the pulseheight dataand expectednumber
of detectablephotonsassumingthat, on the average,about400 eV of particle
energy is consumedin a typical plasticscintillatorwhile creatingonephoton.
Someof the scatteredelectronsandthe low energyc 0.5 meV part of the
betaelectrondistribution may producesomewhatlarger scintillations than
thoseof minimum ioizing particlesMIP’s createdin a collider.

TABLE 1

A=440nxn A=530nm

SSPM Q.E.at A 0.4 0.6

n1 1.60 1.56

n2 1.48 1.48

F % 3.5 2.6

Average Photons/efrom Data 0.9 0.95

MeasuredAttenuationLengthm 1.8 1.06

CalculatedDetectionPhotons!MIP 1.08 0.90

These results may therefore exceedthe averagenumber of photons that
would be detectedif MIP’s were used in the sameexperiment. Nevertheless,
the photon yields in Table 1 areprobablyquite doseto the yield per collider
MIP in a system where the fibers would be aluminized,terminatedwith a
reflectingsurface,andoptically matchedto anSSPM.It shouldbenotedthat
noneof theseprovisionswere employedin the experimentreportedhere.

The datafor two scintillating fibers of different wavelengthsindicates
that meter-long fibers of this type, optimally coupled to SSPM’s, can be
effective in detectingminimum ionizing particles. The presentSSPM’s are

5



not optimizedfor very high ratesandfor the wavelengthof thescintillating
plastics we would like to usefor tracking. It is necessarythat this work
be performedjointly with the Rockwell InternationalScienceCenterfor op
timizing SSPM’s and scintillating fibers in order to provide moreefficient
trackingsystemsfor future high-energyparticlephysicsresearch.

3. PrpDosed Research and Development

A joint research and development effort is being proposed between
UCLA, Notre Dame, University of Texas at Dallas, and the Rockwell In
ternationalScienceCenterto accomplishthe following:

a Optimizeohmic contactresistanceof SSPM’sto improvepulserise
time, and to reducedevicethicknessto minimize infrared response
and improve devicespeed.

b Searchfor waysto obtaingoodopticalcouplingbetweenscintillating
fibers and SSPM’s.

c Developand incorporatehigh quantumefficiency long attenuation
length scintillating fibers with the SSPM’s

Testsusing fl-sources and high-energy particles are needed to find an
swers to such questions as: 1 How many photo-electronsareproducedin
the developedSSPM and the scintillating fibers? 2 What arethe radiation
resistancepropertiesof thesefibers and the attenuationlengthof the fibers?

4- The ProDosedBeam Test Device

A device will be constructedwith 192 SSPM channelscoupled to
the samenumberof polystyrenescintillating fibers with step index acrylic
cladding. Figure 7 shows a test apparatusfor measuringscintillating
fibers/SSPM properties. A small liquid helium cryostatmaintainsthe SSPM
at a temperatureof 7° K. Rockwell will provide the SSPM devicesto carry
out the tests. Photons can be brought to the photosensitivesurfaceor can
be produced inside the dewar using a fl-source. The scintillating fibers can
be placed in a high-energy particle beam to study tracking.

6
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SSPM CHARACTERiSTICS
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OPTICAL ATTENUATION LENGTH FOR A KYOWA SCINTILLATING
FIBER SCSN 81 + Yl FROM FUMIHIKO TAXASAKI, KU, 1988
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CHANNEL NWER

Figure 6 SSPN Pulse Height Distributions for Fiber
Scintillations at two Positions of Beta Beam
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High EnergyParticle Tracking Using
Scintillating Fibersand Solid StatePhotomultipliers

M. D. Petroff
Rockwell InternationalScienceCenter

Anaheim,California 92803 -

M. Mac
Fermi National Accelerator Laboratory’

BatavIa, IL 60510
and

University of California at Los Angeles,California 90024

Abstract

The Solid StatePhotomultiplierSSPM’ recently developedat the RockwellInter

nationalScienceCenter,coupledwith fast scintifiating fibers canhavearate capacity

of j5 tracksper secondper cm2 of fiber aoss sectionin systemsfor trackingofhigh en

erg ionizingparticles.B.elativeto other approachesthe SSPMcan providesubstantial

improvementsin spatialand, temporaltracking accuracy. Resultsof prelintharya

periinentswith 0.225x 0.225mm2cosssectionstep-index-of-refractionfibers exposed

to electronsfrom a beta source are presented.Theexperimentsinvolved pulse height

analysisof SSPM photon detectionpulsesinduced by coincidentscintillations in two

adjacentfibers traversedby the sameelectron.The data for two different scintillating

fibers testedindicatethat meter long fibers of this type, optimally coupled to SSPMs,

will be effectivein detecting mh,hmm inniting particles.

Scintillating fibers provide fast timing with impressivespatial resolution for the track

ing of particlesproduced in collision regionsof high-inminosity colliders. A key component

of such tracking systemsis the meansfor detectionof the small numberof photonsguided

to the endof eachfiber penetratedby a. particle. The Solid State Phototnultiplier’ SSPM

developedat RockwellInternationalis well suited for this purpose.For example,a tracking

‘This work was supported by the Department of’ Energy Contract No. DE-AMO3-T6SF0001O,Project
Agreement No. DE-ATO3-88ER40384
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systemusing scintillation fibers and SSPMs implementedaround the Fermi National Ac

celeratorOF collision region could providespatial accuraciesbetter than 0.08 mm. The

systemwould also be suitablefor SuperconductingSupercollidervertextracking due to the

SSPM’scapabilityof high detectionratesand very good time resolution. Suchperformance

is based on the nanosecondpulse risetirne of SSPMsand achievable90% SSPM quantum

acienc,-at scintillation light wavelengthsnear500 nm, allowing useof fibershavinga cross

sectionless than0.25 x 0.25 mm2. Fig. 1 showsa possiblevertex trackingschemeusing one

groupof straight andtwo groupsof stereolayers of scintillatingfibers at ± 300. The amount

of materialsin the way of the tracksnormalto a total of 12 layersof fibers would be about

0.8%of the radiationlengthof the particle. Fourlayersof fibers in eachgroupwould provide

a high probabilityof detectingseveralphotons per particletrack.

Other devices,suchas avalanchephotodiodes APDs2, consideredas scintillating

fiber photon detectors have given disappointingresultsin experimentaltests. The useof

scintillationfibers asan active targetcoupledto an imageintensifierwith CCD readouthas

beensuccessful3.However,the slow readoutspeedof the CCD precludesthe useof such

an arrangementat high rates. Furthermore,the relatively low quantumacienq of image

intn,i.ifiers len than 25% limits this approachto fibers about 1. mm in diameterwith a

correspondingspatial accuracyof only 0.35 mm. -

A preli.niay testof theSSPM’seffectivenessasa light detectorfor scintillatingfibers

waspertrmedusing step-index.of-rthactionsquare0.225 x 0.225 mm2 fiberswith a 0.18 x

0.18 mm2 core4. Two fibers havingdifferentemissionwavelengths,A = 440 and530 urn, were

investigated.The experiment,illustratedschematically in Fig. 2, involved exposureof two

adjacentfibers to a partiallycollimatedbeamof electrons,with a2.25 MeY maximumenergy,

from a strontium-90 beta source. Coincident photon detectionpulses were pulse height

analyzedto obtain distributionssuchas thoseplotted in Fig. 3 for one of the fibers. The

2
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distributions arefor two fiber lengthsbetweenthepoint irradiatedand the SSPM.Because

the amplitudeof SSPM pulses is proportional to the number of simultaneously-detected

photons with very little amplitude dispersion,such distributions allow determination of the

avragenumberof photons detected per electronthat passesthrough the fiber. The first

n peaks correspond to 1.2. . . n detectedphotonsper electron through the fiber, and their

areas An are expected to approdmately follow the Poissondistribution, pn,c n =

<a > exp- < n >/n!. The averagenumber of electronsdetected per electron passing

throughthefiber, <n >, is thereforeequalto the ratio n+1An+1/An. It is notedthat

the distribution for photon numbersgreater than threemay contain enough events from

electronsscatteredthrough largeangles, resulting in long paths in the fiber and therefore

may deviate from Poissonstatistics.

The first five colitnn, of Table 1 give the parametersfor two fibers of different wave

length coupled to an SSPM with no specialprovisions to reducereflection losses. A is the

peak wavelengthof the fiber emissionband. The A = 440 un fiber cores arepolystyrene

containingButyl PBD and POPOP andthe A = 530 am fibersuse311F 3-hydroxy fiavone

in polystyrene. The parametern1 is the core index of refraction, n3 that of the cladding,

and I is the percentageof isotropically-emitted photons that arc within the angle for total

internalreflectionin one directionalonga fiber. Theactualvaluesof f may be smallerif the

fibers have small radius bendsof deviate otherwise from the perfect geometryassumedin

the estimates.
I

The last threecolumnsof Table 1 give the averagenumberof detectedphotonsand

photon attenuation lengthfrom the pulseheight data and the expectednumber of detectable

photons assuming that for minimumionizing particlesMIPs, in plasticscintillators,on the

average,about 400 eV of particle energyis consumedin creatingone photon. Someof the

scatteredelectronsand the low energy < 0.5 MeV part of the betaelectrondistribution

3
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may producesomewhat largerscintillations than thoseof MIPs createdin a collider. The

calculated photon yield may therefore exceedthe averagenumberof photons that would be

detected if heavyMIPs were usedin the saneexperiment.Nevertheless,thephotonyields

inTable 1 areprobably quite dose to the yield per coffider MIP in a system where the

fibers would be alnnini7ed, terminatedwith a reflectingsurface,and optically matchedto

an SSPM. It should be notedthatnoneof theseprovisionswereemployedin theexperiments

reported here, and several 1.5 cm radius 60° bendsin thefibers couldnot be avoidedinside

the dewa.r. Further experimentsusing MIPs in a set-upwith improvedSSPM-fibercoupling

and with no fiber bendsof radius less than2.5 cm areindicated.
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Table 1

A

urn

SSPM
Q.E.
at A n2 n3

I
%

Average
Photons/c
from data

Measured
Attenuation
Lungth m

Calculated
Detectable

Photons/MIP
440 0.4 1.60 1.48 3.5 0.9 1.8 1.08

530 0.6 1.56 1.48 2.6 0.95 1.06 0.90
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Fig. 2 Experimental Arrangement for Detection
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- Fig. 3 SSPN Pulse Height Distributions for Fiber
Scintillatioris at two Positions of Beta Beam
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ORNL Involvement In Tracking Detector Subsystem
* for the SSC Using Scintillating Fibers

ELECTRONICS
Front End Preamp - Collaborate with UT Dallas on designing a
prearnp for the SSPM that operates at cryogenic temperatures.
This collaboration will consist of design optimization wtth
emphasis on low noise high speed systems drawing on ORNL’s
experience in nuclear instrumentation and in particularly recent
work in VLSI CMOS analog high speed preamptifiers. Subsequent
work is expected to include chip fabrication of prototype
quantities utilizing MOSIS or other appropriate silicon
foundries.

DAG and Pattern Analysis - Data system design input
structure will be predicated on the co&od preampflfier
characteristics. This part of the system, however, is not
planned to be in a cryostat but will operate at ambient
temperatures. The architecture will be predicated on the
ability to serve a "quick look" pattern system and a data
storage system that can be extended until the thIrd level
trigger completion is accomplished for the entire detector
system. While there is no plans for this prototype to
experience a wait time equivalent to the third leveT trigger, the
archecture should be able to eventually accept such a time wait
with data integrity. A slaved sub-clock system will be
synchronized with the system clock to provide the ability to
separate distances along the fibers to approximately one meter
or less to provide additional information to the "quick look"
system. System clock for bunch crossing identification will be
integrated in to this portion of the data system and wilt be
provided into data storage in addition to each fibers unique
identification. Issues such as data sparsification and trigger
generation will be addressed during this first phase of the
project. The highest degree of Integration practicable will be
pursued for the data system for the purposes of speed,
reliability and cost. Radiation hardening of the electronics
maybe an issue in the final tracking system but will not be
implemented in this test version. Howevar, ths issue of
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radiation hardening will be part of the overall philosophy such
that future iterations in rad. hard processes will not cause major
rethinking of the design philosophy.

Development of algorithms and circuit architectures for 9n the
n&ghborhood" or in th9 vicinity of" track recognition to
compact multiple fiber scintillatioris into localized track
vectors whhin each superlayer will be accomplished for the
"quick look" system. Strategies will be aimed at least course
pattern recognition within the beam crossing times of 16 ns.
Once established, these track vectors can be combined to
provide a first-level trigger based on coincident local vectors
created along a high momentum trajectory. The "neighborhood"
chip architecture will be such that it operates on any location
along the detector circumference combining a fixed matrix of
processed fiber signals. These algorithms will be developed
and impiemerned using MOSIS CMOS techno’ogy. The final design
topology may be Urrpiemented using a faster technology such as
1 micron or less in CMOS.

RADIATION DAMAGE STUD:S
Photomultipilers and Electronics - ORNL has several
facilities that could be used for neutron damage studies.
Probably the most suitable for achieving very high flux and MeV
energies would be the HFZR facility. There are also a number of
neutron sources in the Laboratory with a suitable energy
spectrum, although they would have a lower dose rate.



MECHANICAL DESIGN
QRNL participation in the mechanical aspects of this tracking
system may embrace two or more logical parts. As you saw, the
dimensional metrology via machine vision is a Iogtcal aspect. A
second logical part is the composite materials development
that has had lOOs of Millions at DOE doflars poured n to a!ready
and is available. This material technology was developed for
the ultra-centrifuge program for uranium separation. Very
large structures that are extremely rigid and light weight low
Mass certainly looks like an idea’ candidate for the structural
portion of this tracking system. We have looked at the
dimensional tolerance and creep factors and it appears that a
suitable support could be manufactured for this system. If this
appeals Lu you, we would have to up the budget or put some of
the other thing off perhaps for a year. The third aspect of this
section would be the actual construction of one or more
superlayers here at Oak Ridge.

Dimensional Metrology via Machine Vision Inspection

Our machine vision expertise is focused on Image acquisition,
processing, and system calibration techniques in demanding
applications. A relevant application area has been systems for
automated inspection during security document production. In
these systems, maga features must be spatIally located to
better than 20 microns. This requirement has been met through
a careful application of optical and electro-optical components
as wSii as innovative image processing algorithms. The reai
time production nature of the inspection also requires the use
ofstate-of-the-artpipelinediniageproces&nghardware.We

Lv.alIIU;uyy tu uwwiiii;,je tue usitiuiis
within detector assemblies of small diameter 250 urn fibers.
This will require an extension of the measurement from 2D to
flfl An i indoretnrIinn ,-f tho mona ifar+s ,4n. r’rnnnc’e ;. Imr.

-. ** %S SI ** I,,a,I.9.i.4%,I.SI II S IJU Sl.t%&. I

necessary to determine an appropriate design: in-process
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inspection, !n-process acqu!sit!cn of !mages with off-line
processing, or off-fine irtspection.

CAPITAL ‘EQUIPMENT- Most of the needed equimont such as
CAD/CAE workstations are already in place, so no inoriey is
needed for major purchases.

PERSONNEL - Assignment of engineers to these tasks are
expected to be
3 Electrical Engineers at 50% time
1 Mechanical Engineer 50% time.

ORNL staff member would be:
Hugh Brashear, EE
Hans Cohn, Physics
Mike Emery, EE
Mark Renr,ich, ME
Dick Todd, EE
Bill Zebrisie, Metrology

C27
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APPENDIX C

Data Aamsisltjon Electronics for SelF! Trsckjg

T.A. Armstrong, A. Eann. S. Rspp.lmsnn. LA. Lewis,
3.?. Oh, J. Pasnnnu Q.A. Smith, V. Toothackerarzd J. T4hjors

Laboratory for £ltmantsxyParticle Sci.nce
Dspaxtnsutof Thysics
303 OsmoudLaboracoty

PennsyLvaniaSttt. Univsnity
Utiver.ity Park, PA 16802

Contact Person: GA. Smith 814 863-3076

This proposal outlines an R&D program for canvarting signals from SciPi
tracking detectors into digitsi intonation tn a fozzat nsedsd in a multi

1.vel trigger scheme.

I. Outline of SW Detector

Pigure 1 ii the FAST SSC detector, showing ths c.ntral. tracker Sctfl,
cstorinetsr, md tuon chaSers. Farming a first leveL trigger from tht abo’n

elements viii. require abotxt 1000 nest 1. Each of the sicants involves >

100 * 000 channelsof inforaeion. Issuesconcsming the traclar which requira

further R&D ittelude;

a power dissipation and apacenquirea.ata of front and aptifi.rs and
digitizing device.;

b storageo tnformaciønfor 1000 nate, while reaaintnga,natttve to nay

information avery 16 naec; and
c coat.

II. Csntnl tracker

Possible detectors for the central tr*ck.g inctuds stray tubes 2], sili

con strips 3J and scintillating fib.rs 4]. This proposal focuses on a acm
tilisting fiber system, including up to 10 million fibaza, tach viswtd by a
SSPfl [57 and yi.lding 10 millIon yes/no bits of intonation. Ti. propose to

develop the dii crizinacor system which 4.terain.g the pr.a.nce and time of

signals from the d.toctor.

-1-
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III. Signal D.ln and Stcrsn

Severalpoaiibl. schema. for d.laying the data fro2 th. tracker Mv. bitt

discusnd:

a. lump.d delAy tin.’ øn a chip;

b a 67 t*lz shift rsgistsr 3
c ga/vacuumfaage dulay tsbe using told mission tunnel diodes to in

ject electrons into the ga/vacuumtub. .5J; and

d P1.a.y SAW rirfacs acousticwave daisy.

Options which v* constdsr visbi. for further R&D include:

a design of 96.pin chip layouts of delay tints, shift registers. etc.

with subsequentprocuxa.nt Lu Industry;

b same as item 1, except collaboratingwith industry on initial layout

work; and

c constrtAction of an us1, deity tubs.

Pot purposes of tha proposed R&D progra, a variation of the shift reg

ister concept is usad. In this application, a RAM memory is used as a P170,

by thdsxiag an addr.n registar, rather than shifting data from register to

regiatsr. This scheme places the burden of high spud 1$ zinc on the ad

dress registor only, rather than the individual datar.giatera. This RAN/Flit

is & candidate for th. item lab.11ed "Laval 1 Storag.’ in Figure 2.

Tha ptapond. settip for tntin data delay sloctronics ts shown in flgun

3. Signals from saveralphotoub.a tra used to generate pulses with rnlistic

time fluctuations. The data are torsd in eha Wi! card lsb.11ed "RAK" in the

tiers. The MVMZ147 mIcrocomputer casts ths accuracyof th. storage system,

by comparing with th. tia. aquenca of hits in the phototubes. Ths VICE iquip

mont prototype boards and cowponentarequired far jnstrinenting the Wi! crate

are requtatod in this attachad budget.

Figure 4. show. tha concept of the RM atorae. An sdten regtstsr,

clockid ovary 1.6 ns.c by a b.eacrossing tigtst, indicates tha RAM a4dxesa Lot

th. next sot of data. A trigg.r is formed by delaying the signals £roa on. of

the phototubu for 16*60 - 960 nac. Ths addx.n for the *vent containing the

trigger should be found by aubtracting 60 from th. address register.
figure 5 shows part of £ VME card layout for 12 of the 96 data channels.

The ECL signals are convertedto Ti!., and buffered to a data buss. Four RAN’s

share a common data buss so that each RAI4 .aaple. data at only 1/4 of the $0

-2-
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MHz nt. A digital scope and multichunn.1 logic analyzer scop. at. r.quired

to aotv. problems sxp.ct.d du. to propagation delay, in both the data buss and

sddrsaatiMe. Thus d.vicn are listsd in S. attachad budg.t rsquaat.

flgurs 6 shows an slternstiv. 11W system, based on the taCroy CLL400.

Data on the input lint. are flmpl.d at £ r&ts of ones *vsry 4 nac. The 4

m.ar length of * fiber covrssponds to a tim. sprnd of 24 naec, so a 4 nzsc

tims sample corrnpond.s to 1/6 of the tsngth of a fibsr. This redundant in

formation is us.fui. in aitchins th. x, u and v a.gmantsof t track.

IV. flats Stoma Hardware

The lay element Lu tha *tsctrcnics is tha storage davies. Only low.pow.r

Tn. devices have butt canstdsrsd stisca hstt dissipation wilt ba a problni with
10 million chaxtrtait; of data.

The moat attractive device is the tecroy MLL400, largely becauseof its

track record in this TDC pipsitne system. The redundancyafforded by iti 250

Miz capability would be useful in tha data compaction. The.. chips are dif

Lictalt to wsnufacthre, as tS. SOS silicon Qfl aapphir. t.chno1o’ i. labor

intensive. The flirchild 747213 RMC, depicted in Figure 5, no longer appears

in catalogs. Por testing purposes, the 74P219 with 4 inputs till be und as a

substitut. to scpts th. Schotticy fast TTh electronics.
For initial teats vs plan to uas existing technologywith standardconnec

tors, VHS crates and relay racki. A complete system for 10 aitlion fibers
would require 1000 relay racks to house thi tOO,000 VMS cards r.quir.d.

V. Data Comvaction

At th. time a lovel 2. trigger is formed, cli. data from the SciPi dacaccor

are in the form of N*1O million bits, wh.rs N La ths number 2 or 6 of tarn-

pin per .v.nt uaad in the FIFO z.mori.a. Since tha data are spars. C< ii
occupancy, a system ba.ed ott ths multiplicity of zsross is used for data

compaccicu 6]. Tlgtzre 7 ahowi a schematic of th. wiring p&tvsrn. which is

mo.t efficient far the data compaction schea.. The 257,2.80 aLa.. fibers in

the fourth sup.rlsyer ii. bstveen the tvo circles. The larg. annular aegm.uts

each conesin the - 9600 fibers which cart b. seorsd in on. rstsy rack contain

ing 5 VME crates, Tha arrow indjcat.d the stzs of a .ag.ut which corraspcnds

to one VME crate. For art avarage event with 50 tracks craning the down.tream

.3.



half of aupsrlayn 4 th. oceupstionüustty ii 50/134 - 0.4 tracks per VME

crate. Moat VME cards will. contain zero hits.

Pigurs 8 shows the hit pattarn for the axi1 wit, hits of t track aqm.nt.

The 96 circloi rspronnt the 96 fibsrs on on. VMK card. The $ cronaz repre
sent hits from the track aaent. Ths hit. do not appear perfectly aligned,

since the fibers are laid out in a stsgj.r.4 pattern. In this .xap1e, the
track has been deflected throuah 30 d.gr..s, so that its bite ars sharedcon;

4 columns of fibers.
Th. information which rat be passed on to the VME cysts contrat1er/Lcro-

processor are indicated in Figure 8. Th. data can be compr.se.das follows:
a a byte containing the fls.g information, 011110, which indict. tbs

pattern of zero multiplicity words and data words;
b two half byte., containing the numbars ‘2" and "6", indicating the

iuulttplicitin of zero bytes; and

a four bytes of data.
For the system employing the UL4OO, art addLtiQnal 2 bits are naadad to izidi

cate on which phase of the cycts th. hits occurred.

The microprocessor needs to ecaxt all 20 VI’S cards in its crate. The in

tornwion which the icroprocenor ha to send to a central procsflor is com
presseda. follow.:

a th. four data bytes;
b four bytes, containing the subaddress5 bit. tacit and time phase 2

bit. for *ach of th. data bytes.

For £ system of 5000 VMS crates, with an average of 0.4 track seg

ments/crate, the ninb.r of bytes which muit be transmitted to a central pro.

tenor is as follows:
* VME cratsu in SciFi aystc 5000

# track ngm.nta/VME crate 0.4
* bytss/track nsnt B

product: 16000 bytes,

or 128,000bits.
Par comparison, ths PITa memories contained 6*10,000,000 bits of inforn

tion frog each event. Tha compaction scheme rsducn the rnb.r of bits by a

factor of 60,000,000/128,000 - 469, so that only 16 kilobytes have to be

transmitted from the local VMZ cratss to a central processor.
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