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ABSTRACT

We proposeto build a high precision electromagneticcalorimeterprototype,com
posedof anarrayof 144 Barium Fluoride crystals,for the SuperconductingSuperCollider
SSC. Barium FluorideBaF2 is a uniquelysuitablematerialfor the SSC,wherehigh
speedand radiation resistanceup to the 10 MegaRadrangeareprimary requirements.
The proposalaims at the productionof an arrayof very largeBaF2 crystalswith high
radiation resistance,and at the developmentof a fast, effectivelight sensitivereadoutto
collect andmeasurethe fast scintillation components.

We also intend to developa low-cost compact calorimetercalibrationfacility which
will makeuseof our recentlydevelopedtechniquesof simulatinghigh energypartides
with burstsof low energyphotons,producedby bombardinga targetwith a pulsedbeam
from an RadioFrequencyQuadrupoleRFQ accelerator.The BaF2 crystal arraywould
be calibratedat this facility, over a periodof months,following an initial precalibration
at a high energy particletest beam. The facility could also be madeavailable to cal
ibrate calorimeterprototypes,and later full size calorimetermodules, for severalSSC
experiments.



This researchprogram, covering a period of two and one half years, is a natural
follow-on of our ongoing genericdetectorresearchproject supportedby the DoE [1].

1. INTRODUCTION

1.1 PHYSICS SCENARIOS: The Need for a High Precision Electromagnetic
Calorimeter

Recenthistory of ExperimentalHigh EnergyPhysicshasshownthat precision mea
surementsof leptonshavebeena key factor in someof the most important discoveriesin
the field. Examplesare the discoveryof the J/*, T, W, and Z°. Precisemeasurements
of electronsand positrons, as well as muon pairs, at the SuperconductingSuperCol
lider SSC areof particular importance:to ensurehigh efficiency for multileptonic final
states,with andwithout jets, andto reject backgroundsfrom "StandardModel" physics
such as the indusive productionof W’s and Z’s combinedwith jets.

It must be emphasizedthat the most important experimentalgoals of the SSC could
centeraround the detectionof entirely new phenomena,outside of the StandardModel
or its simplestextensions.This would result in new final-stateconfiguratio,nsof leptons
and jets.

Should the StandardModel survive into the SSCera, then the maximum detection
sensitivity andthe highestmass resolution for heavy Riggs particles will be required.

In either physicsscenario, it is clear that one or more of the major SSC detectors
should include an electromagneticcalorimeterwith the highestpossible resolution. In
the caseof detectinga Riggs with a mass between80 and 200 GeV, for example, the
proposedBaF2 precisioncould be used to detectits ‘y-y and/orfour lepton decaymodes,
which arethe mostpromisingsignals [2]. In amore exotic scenario,wherenew quantum
numbersappearat the 1 TeV scale,then "associatedproduction" of relatively light <<
1 TeV new particles could occur. One of the most sensitiveways of detecting such
particles would be through their semi-leptonicdecays,but backgroundsfrom inclusive
W andZ particles would haveto be carefully subtracted.Precisemeasurementsof the
inclusive lepton - and lepton pair - spectradown to the 10 - 30 GeV rangewould be
the key to separatingthe signal from the background.

1.2 SSC Detector Requirements

To producethe Riggsatadetectablerate, andto providesufficient sensitivity for new
phenomenawhich are still rarely producedup to 1 TeV mass scale,the SSC has been
designedwith very high luminosity and high beamenergy.It thus haspresenteda great
challenge to high energy physics experimentalistsfaced with the problem of detector
design [3].
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An electromagneticcalorimeter designedfor an SSC experimenthas to meet the
following criteria:

* Goodradiation resistanceto survivein a high radiation environment.Ideally, long
term shifts should be 10% or less per year,at a particle flux of 10’5/year/r at an
averageluminosity of 1033/cm2/sec,wherer1 is the distancefrom the beamin cm.
This correspondsto dosesof up to io Rads per yearat small angleswith respect
to the beam[4].

* Fast responsetime of 20 nsecor less, to cope with the high interaction rate.

* Linear responseover a large dynamic range, to allow precision measurementof
inclusive electronsandphotonse.g. from W and Z down to the 10 0eV range,
as well as leptonsin "special" eventse.g. decayof a second,heavy Z up to the
1 TeV range. Linearity over a large rangewill allow for calibrations at the GeV
scale,which will be crucial for maintainingthe highest possibleresolution of the
calorimeter.

* High granularity, to ensurethat electromagneticparticles can be isolated, and
preciselyconstructed,evenwhen they are very near to hadronicjets.

* Relatively short radiation length, to limit the lateral spread of showers. This
factor must be combinedwith good granularity to ensurethat particlesin jets can
be resolved,andthat electromagneticshowerscan be reconstructedprecisely.

Barium fluoride BaF2 is a unique high density inorganic scintillator with three
emissionspectrapeakihgat 195 nm, 220 nm and310 nm, with decay time constantsof
0.87, 0.88 and 600 nsec respectively [5]. Becauseof the speedof the "short" or "fast"
componentsandthe evidencethat it has high radiation resistance[6], BaF2 has gained
vast interestin recentyears [7].

Armed with 5 yearsof experience,accumulatedin the designanddevelopmentof two
Bismuth GermanateBi4Ge3Oi2 or BOO crystal arraysat Caltech [8,9] and in crystal
researchat Caltech, BNL and the ShanghaiInstitute of Ceramics[10,11], we propose
to developand build aprototype high precision electromagneticcalorimeterwith BaF2
crystals. We also proposeto establisha precision calorimetercalibration facility, based
on aRadioFrequencyQuadrupoleRFQ acceleratorsystem. This proposalis a natural
follow-on of our ongoing generic detectorR&D project supportedby the DoE.

The proposedBaF2 electromagneticcalorimeter will excel in satisfying all of the
design criteria listed above. It will also be an excellent choice as a major detector
subsystemfor experimentsat otherfuture accelerators,such as Beauty/Charmfactories,
LEP II, LHC, HERA, or a TeV-rangeee linear coffider.
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The researchanddevelopmentprogramwill extend over two andone half years. It
will focus on:

* The production of very large 3x3 taperedto 5x5, 50cm long, 850cm3,4.2kg,
radiationhard up to 1050y BaF2 crystalswith suppressedslow componentLan
thanumdoping for a 144 crystal array;

* The developmentof a fast readoutsystem,basedupon UV-sensitive,solar-blind
phototube and a fast shaper10 nsecpeaking, to read out the fast scintillation
componentsof BaF2 0.9 nsecdecay time only;

* An accuratecalibrationfacility, basedupon radiativecapturefrom a fluoride target
bombardedby apulsedlow energyproton beamfrom an RFQ accelerator[8].

The next section of this proposalsummarizesthe propertiesof BaF2 crystals. Our
researchprogram is outlined in the third section. Sections 4 to 7 give details of the
threeaspectsof the project. Test beamrequirement,manpower,and funding requests
are outlined in the last threesections.

2. BARIUM FLUORIDE CRYSTALS

2.1 Fast Scintillation Light
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Figure 1: BaF2 scintillation spectrum
from P. Schotanuset a!. [5].
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Table 1: Propertiesof Scintillation Crystals.

NaITl Pure CsI CsITl BaF2 CeF3 EGO

Density g/cm3 3.67 4.51 4.51 4.88 6.16 7.13

Radiation Length cm 2.59 1.85 1.85 2.10 1.7 1.12

InteractionLength cm 41.4 37.0 37.0 29.9 26.2 21.8

Xrad/Xint 0.063 0.051 0.051 0.068 0.065 0.051

Moliere radius cm 4.8 3.5 3.5 4.4 2.6 2.7

RefractiveIndex 1.85 1.80 1.80 1.49 1.62 2.15

Rygroscopic Yes No No No No No

Luminescencenm 410 300 565 320 340 480

210 310

Decay Time nsec 230 10 900 630 27 300

0.9 2

Light Output 100 <10 45 20 3 15

4 ?

Table 1 lists the basicpropertiesof bariumfluoride, as comparedto other commonly
usedscintillation crystals: NaITl, pure CsI, CsITl, CeF3 and BOO. Figure 1 shows
the scintillation spectrumof BaF2 [5] and the quantumefficiencies of two photomulti
pliers PMT: a specialUV-sensitive,solar-blind PMT with a CesiumTelluride Cs-Te
photocathodeand a syntheticsilica quartz window HamamatsuR3197, 2", 2.6 nsec
rise time, 48 nsec transit time and a PMT with a bialkali photocathodeand a quartz
window HamamatsuR2059,2", 1.3 nsecrise time, 28 nsec transit time. The fast com
ponents195 and220 nm of BaF2 havedecaytimes of less than 1 nsecwhich are the
fastestscintillation componentsknown. The fast componentsare around 200 nm, and
they are spectroscopicallyseparablefrom the slow component310 nm.

Figure 2 is two pictures of the scintillation light pulse observedby a R3197 PMT
anda R2059PMT respectivelyfrom a BaF2crystal irradiated with a 137Cs 7-ray source.
The slow componentsuppressionis clearlyseenfrom the picture takenwith asolar-blind
R3197 PMT. The rise time of the scintillation light pulsewascompletelydominatedby
the rise time of the PMT.
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2.2 High Radiation Resistance

Early work doneby S. Majewski andD. Anderson [4] showedthat no color center
formation is observedin BaF2 up to adoseof 1.3 x io Radsin an 800 0eV proton beam.
The crystalstestedwerefrom Harshaw.M. Marashitaci at [4] testedthe samplesmade
by NKK and OKEN Ohyo - Koken in Japan with 80Co 7-rays and a 2 MeV electron
beam. The measurementswere done 24 hours after the end of the irradiation. The
crystals from OKEN showedhigherradiation resistancethancrystalsfrom NKK. While
8.8 x io Radsof 7-rayscausedaless than 5% effect on the transmittancein the OKEN
crystals, 8.8 x io Rads of electron dose causeda 20% effect. The crystal from NKK
had intrinsic strong absorptionat about 205 nm which waspresumed[4] to be due to
impurities Pb in the crystal.

Work by S. Majewski and M. Bentley [4], confirmed the early report that BaF2
has exceptionallygood radiation resistance,up to 7-ray dosesof a few times io Rads.
Figure 3 shows the transmittancecurvesmeasuredbeforeand after 2 x io Rads dose
by Majewski and Bentley [4].

2.3 Good Energy Resolution

M. Murashita ci at [4] made a systematictest beammeasurement,with electron
energiesbetween0.25 to 5 0eV, andobtaineda resolutionof 4.2%/E114.Another report
from J. Ciehl ci a!. [14] shows that the electromagneticenergyresolution obtainedfrom
BaF2 by using photodiodereadoutwith a simple wavelengthshifter, for electrons,pions
andphotonsbetween60 MeV to 40 0eV, is 1.8±0.i%/E°35°°3.

Figure2: Scintillation light pulseobservedby asolar-blind HamamatsuR3197PMT a
and a R2059 PMT b from a BaF2 crystal irradiated by a 137Cs 7-ray source.
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Figure 4 shows the pulseheight spectraobtainedwith a 13TCs sourcefrom two BaF2
counterswhich are the sameBaF2 crystal coupledto R2059 and R3197 PMT’s respec
tively. The FWHM resolutionfrom obtainedby measuringthe total light output R2059
is 10%. This is only 20-30% inferior to that measuredfrom NaITl, and it is slightly
better thanthe resolutionobtainablewith averyhigh quality BOO crystal. The FWHM
resolution from the fast componentsonly R3197 is -30%. In summary,BaF2 crystals
havebeendemonstratedto have a very good energyresolution,comparablewith EGO
andNal over a large energyrange.

2.4 Other Properties of BaF2

The propertiesof BaF3 crystals, including the number of photoelectrons/MeV,the
linearity and the temperature dependenceof the scintillation light and the effect of
dopants,havebeenstudiedby many authors. The results are summarizedas follows:

* The photoelectronyield of agoodBaF2hasbeenmeasuredwith an R2059PMT as
140 p.e./MeV for the fast components,and700 p.e./MeVfor the slow component
seethe section4.2 below for the details.

* The scintillation light linearity of BaF2 is known to be as good as BOO. A mea
surement, donein a CERN test beam by E. Lorenz ci a!. [14], showed that the
linearity of the light output of BaF2 is exceUentup to 50 0eV. The linearity is
expectedto remaingood far beyond 100 GeV.

* The fast componentshaveno temperaturedependence,while the intensity of the
slow componentincreaseswith decreasingtemperature,at a rate of -2.4%/°C [15].
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40 1 2.4 Hours After Irradiation

20
3. 11 Days After Irradiation
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200 400 800 800
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Figure 3: Transmittancecurvesof a BaF2 sample,before and after 2 x io Rads dose,
from Majewski andBentley [6].
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* Pb2t contaminationin BaF2 , measuredwith Proton Induced X-ray Emission
PIXE, resultsin an absorptionband at 205 nm, togetherwith an extrascintilla
tion emissionat 257 nm with a decaytime of 630±40nsec [16].

* With Lanthanumdoping the Fast/Slowratio improvesand the crystal is radiation
hard up to a level beyondio Rads [17,11].

* The knowledge about the mechanismof BaF2 scintillation has beengreatly im
provedin terms of the band structureof aystals. Many propertiesof BaF2 scm
tillation light can beexplainedby the energybandmechanismsuggestedby Alek
sandrov [20]. More work is neededhowever, to relate the band structureto the
radiationdamagemechanism,andto determinethe relationshipbetweenthe degree
of sensitivity to damageand the type of impnrity.

Among all theseproperties,the effect of Lanthanumdoping is most valuablefor this
project, andwill be discussedin more detail in section 4.1.

3. RESEARCHPROGRAM

The proposeddetector consistsof 144 BaF2 crystals of largesize. The ‘crystals will
havea squarecross-section,3 x 3 cm2 in the front, tapering to 5 x 5 cm2 in the back.
Eachlarge crystal will be 50 cm long 24 radiation lengths for a total volume of 850
cm3, and a total weight of 4.2 Kg. This design correspondsto an SSC detectorwith
an inner radius for a compact track detectorof 75 cm, and a solid angle coverageof
approximately1.6 millisteradianper crystal in the calorimeter.

Figure 4: BaF2 pulseheight spectrumwith ‘3TCs 7-rays with a R2059 and b R3197
phototubes.
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Our fast readout system is designed to selectively read out the fast components

only. An important aspectof the readout,therefore,is to suppressthe slow component.

Although afastshaperwill pick up the fastcomponentsonly electronically,the unwanted

pileup of slow signalswould causesaturationandagingof the photosensitivedevice. We

will thereforecombinethreetechniquesto selectthe fast componentsin this project: 1

intrinsic - to produceBaF2crystalswith the slow componentsuppressed;2 optical -

to useanoptical readoutwhich is lesssensitiveto the slow component;and3 electronic

- to use a pulse shaperto eliminate whateverresidual slow componenthas not been

removedby abovetwo means.

The developmentprogramwill extendover two and onehalf years. Constructionof

the BaF2 array, readoutand calibration systemswould take place in FY 1991 andFY

1992. Critical items with long lead times, such as the high purity raw materials for the

crystals, will be ordered starting in the latter part of FY 1990, as soon as funding is

available.The programof work will focus on the following areas:

* Developmentof a reliable method of growing large size, highly transparentand

radiation resistantcrystals,with the slow componentsuppressed;

* Developmentof a fast readoutsystemfor the fast componentsof BaF2,scintillation
light. This developmentincludes two aspects:

- Developmentof a high dynamicrange, radiation resistant light-sensitivede

vice to readoutthe fast scintillation light componentsof BaF2

- Developmentof a fast shaperwith r..ilO nsecpeaking time to eliminate the
residualslow componentfrom the light-sensitivedevice.

* Developmentand constructionof an RFQ-basedprecision calibration facility for
the BaF2 array, and for SSC calorimeters,which makesuseof our recentlyproven
new calibration techniques[8].

The crystal developmentand production is planned to take place at the Shanghai
Institute of CeramicsSIC, in collaborationwith the Beijing Glass ResearchInstitute

EGRI. Crystal testsof light output andradiation hardnesswill be performedat Cal-
tech and BNL. The crystal array will be constructedat Caltech. The light sensitive
readoutdeviceswill be developedby Hamamatsuin collaborationwith KEK, and their
performanceandradiation hardnesswill be testedat KEK prior to shipmentto Caltech.
The fast shaperdesign will be optimized by the BNL team,basedon their existing de
signs. Implementationof the fast electronics,the higher levels of the readout, and the
integrationof the completeBaF2 prototypesystem,will be the responsibilityof Caltech.

Two critical componentsof the RFQ-basedon-line calibrationsyatem,namelythe 11
ion sourceandastoragering basedbeamcompressor,are beingdevelopedby AccSysand
LBL under a grant of DoE’s Small BusinessInnovative ResearchSBIR program [12].
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The off-line calibration system,including an RFQ linac, high energybeamtransportat

and 11+ source will be constructedby AccSys. Caltech will develop the subsystems
downstreamof the RFQ, including the target heads,vacuumtubeand beammonitoring

systems. System integrationof the calibration facility will be carried by Caltech and
AccSys personnel,working at AccSys.

The following threesectionsare devotedto discussin detail the threemajor aspects

of our researchproject.

4. CRYSTAL DEVELOPMENT, PRODUCTIONAND TESTS

Following joint work by ShanghaiInstitute of CeramicsSIC and Caltechon BOO
radiation damage,and on the role of impurities [10], SIC has decidedto developlarge
size BaF2 crystals in collaboration with Caltech. SIC has an excellent track record

in providing the L3 Collaboration with 11,000 large BOO crystals of sufficient light

transparencyand light output to meet L3’s stringent specifications, at a reasonable
price [22]. Recently, SIC has successfullydevelopeda new type of BGO crystal with
high radiation resistance[23], which is especiallysuited for the L3 BOO endcaps.

SIC has alreadyinvestedthe equivalentof U.S. $ 270,000in equipmentand labor,
for the developmentof BaF2 . Starting this year, SIC has purchaseda large vacuum
furnace,for the growth of very largecrystals. At the sametime, aspecialeffort hasbeen
madeby SIC to obtain very pure raw materialsin order to ensurethat the requiredlevel
of radiation hardnessis maintainedduring the plannedsmall scalemass production.
The raw material usedwill be at least 99.8% pure, with the concentrationof Fe and Pb
less than io. SIC has beenable to producehigh quality small and medium size BaF2
crystals, e.g. 25 mm diameterand 100 mm length, in their relatively small L3 size
ovensup to now. The transmittanceof the resultingcrystals is higher than 80% at 220
nm wave length. Large 30 cm long crystals will be producedin the next development
stepthis year, with their new furnace.

Following theseinitial steps,SIC will collaboratewith the Beijing Glass Research
Institute BORI in order to assurethat largeenoughcrystals of sufficiently high light
output, transparency,and radiation hardnesscan be mass-producedfor the SSC. As
discussedin detail in the following section, BGRI has beenproducing very largeBaF2
crystalsof superiorquality. BGRI alreadyhas5 largevacuumfurnaces,which havebeen
usedto produceBaF2crystals up to 20 cm diameter x 30 cm long 940 cm3 until now.
Final crystalproductionis plannedat SIC, following completionof thejoint developments
by SIC and BORI. The dopantspeciesandconcentrationwill be determinedbasedon
the crystal researchto be completedat BNL.

4.1 Impurity Control and Intrinsic Suppressionof the Slow Component
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Recently,P. Schotanuset at of Delft University in the Netherlands[16] haveshown

that the 205 nm absorptionband in BaF2 crystalsis associatedwith the presenceof Pb
impurities. F. Takasaki [21] further demonstrateda correlation betweenthe presence

of absorptionbandsandsusceptibilityto radiation damage.From this, we expect that
radiation damageis one-to-onecorrelatedwith the presenceof impurities. It is well
known that Pbfluoride is usedto removeoxygenduring the crystal productionprocess,
by some manufacturers.Hence alternativemeansof oxygenremoval may be the key to

productionof radiation hard, UV transparentcrystals.

Within the past year the Delft group discovereda very promising approachto the
productionof BaF2 crystalswith the slow componentsuppressed.SchotanusS al. [17]
found that a small amount of Lanthanumaddedto the crystal during growth greatly
suppressedthe slow componentwithout significantly affecting the fast components.Fig
ure 1 showsalso the emissionspectrumfor BaF2 doped with 1 % of Lanthanum. The
peak intensity of the slow componentis reducedby about a factor of five, with little
changein the fast components.

A subsequentstudy [11] by Woody S at showedthat there are severaldopants
which producestrongslow componentsuppressionandretain high fast componentlight
output. However, only Lanthanumalso preservesthe radiation hardness,of the pure
material up to a level beyond 106 Rads. Other dopantsgive rise to strong absorption
bandsafter exposureto radiation. This result is similar to the effect of trace amounts
of Pb contaminationin pure BaF2 , which severelyreducesits radiation hardness[16].
This initial study emphasizedthe fact that radiation hardnessis a crucial parameterto
measurewheneverthe intrinsic propertiesof the crystal are altered.

A secondapproachtointrinsic suppressionof the slow component,by heating, was
investigated.This techniquewas alsostudiedin ref. [11] in conjunctionwith othermeth
ods of suppression.While effective in reducing the slow component,it was found that
Lanthanumdoping was just as effective as heating andthat the combination of the two
did not result in substantiallyimproved suppression.Therefore,given the undesirable
side effects of having to heat a practical detector,we will not emphasizethis technique
in our future investigations.

4.2 Transmittance and Light Yield Test

The crystalsproducedwill be testedat Caltech. We haveestablisheda standardset
of proceduresandalaboratory facility at Caltechto measurethe UV transmittance,the
photoelectronyield for both the fast andthe slow components,andthe energyresolution.
SampleBaF2 crystalsobtainedfrom HarshawUSA, OKEN Ohyo - Koken in Japan,
Merck E. Merck Darmstadtin W. Germany,BOld Beijing Glass ResearchInstitute
and SIC havebeentestedwith this facility.

A Hewlett Packard8452A Diode Array Spectrophotometerwas usedto measurethe
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transmittanceof the BaF2 crystals. This spectrophotometerhas wavelength coverage
down to 190 nm. Figure5 showsthe measuredtransmittancecurvesof six BaF2 crystals.
Most crystalshave very good transmittancedown to 190 mu. The absorptionpeak at
205 nm in someof the crystalsindicatesPb contamination.The Pb absorptionpeakin
the Harshawcrystal alsoexplains the lower fast photoelectronyield.

For the light output test, all BaF2 crystalswerepolishedandwrappedwith two layers
of teflon tape. The scintillation light yield wasmeasuredin terms of photoelectronsper
MeV of energydeposited,with two PMT’s: HamamatsuR2059and HamamatsuR3197.
SeeFig. 1. While the R2059 has a quantumefficiency around 20% at 200 nm, and
is capableof readingout both fast and slow components,the R3197 has a quantum
efficiency of about 12% at 200 nm, and readsmostly the fast component. The PMT’s
werecoupledto the BaF2 crystalswith Dow Corning 200 Fluid, with aviscosityof 12,500
centipoise,which hasvery good UV transmittance.Figure 6 showsthe transmittanceof
a0.5 mm thick layer of Dow Corning 200 fluid. The transmittanceat 200 nm is around
90%.

cxl
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Figure 5: Transmittancemeasuredwithout correctionsfor six BaF2 crystals.
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Table 2: PulseHeight Result Measuredwith 13TCs anda HamamatsuR2059 PMT

Crystal

Dimensioncm

OKEN

5x5 x6.7

Harshaw

1" xi."

MerckLa

$" xl"

Merck

1" xl"

BGRI

1" xl"

SIC

1.7x1.7x1.9

P.e/MeVSSns

P.e/MeV2ps

S.G./L.G.%

120±4

607+12

20

118+4

737+15

16

154+5

413+8

37

175±5

764±15

23

198±6

846±17

23

178±5

794±16

22

AE/E%55ns

FWHM21ts

30±1

12+1

32±1

12±1

29±1

28+1

26±1

15±1

23+1

11±1

25+1

14±1

Fast p.e./MeV

Slow p.e./MeV

Fast/Total%

78+3

555+11

12

60+3

691+11

8

128+3

283±6

31

119±4

651+11

15

137±4

714+12

16

125±4

678+12

16

r,zns 691±32 599±23 497+31 570±25 569+25 612+28

The scintillation light pulsescollected by the PMT’s were integratedby a LeCroy
3001 QVT multichannel analyzerin the Q charge mode. A variable integration gate

was provided by a LeCroy 2323A programmabledual gate generator. The data taking
processwas controlled by a JLVAX II station through a CAMAC interface. The peak

-Ill’’’’

100 J

60 Dow Corning 200 Fluid

o 60
C

40

20-

.11111 ‘‘III, 1,111.111111

200 250 300 350 400 450
Wavelengthnm

Figure 6: Transmittanceof a 0.5 mm thick layer of Dow Corning 200 fluid.
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pulseheightwas convertedto photoelectronnumbersaccordingto calibration curvesfor
eachgatewidth. The calibration curveswereobtainedfrom an UV lasertest run and a
subsequentGaussianfit.

Figure 7 showsthe measuredphotoelectronyield per MeV as a function of the in
tegration time obtainedfrom a R2059 PMT for six BaF2 crystals. The data points in

the figure were fitted to a sum of contributionsfrom the fast componentsF andfrom
the slow component5 with an exponentialdecaytime constant r: y = F + S [1 -

exp-t/rJ. The numericalresults of the fit are also shownin the figure.

Table 2 lists the fit results, photoelectronyield, the ratios of the fast componentsto
the total light yield andthe FWHM energyresolutionsmeasuredby usinga ‘3TCs 7-ray
source for 6 different crystals. In summary, around 130 fast photoelectrons/MeVand
700 slow photoelectrons/MeVwereobserved.The fast componentis around 16% of the
total light observedby the R2059 PMT.

Figure 7: Photoelectronyields measuredwith a HamamatsuR2059 PMT are shown as
a function of the integrationgate width for six BaF2 crystals.
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Table 3: PulseHeight Result Measuredwith a ‘37Cs andaHamamatsu113197 PMT

Crystal

Dimensioncm

OKEN

5x5x6.7

Harshaw

1" xl"

MerckLa

#1" xl"

Merck

1" xl"

BGIU

1" xl"

SIC

1.7xl.7x 1.9

P.e/MeV55ns

P.e/MeV21is

S.G./L.C.%

63+2

108±2

58

47+1

98±2

48

76+2

94±2

80

74+2

116+2

64

82+2

142+3

58

72+2

115+2

63

AE/E%55ns

FWHM2jzs

57±3

35±1

86±5

37±1

57+3

47±1

54+3

34±1

48±3

31±1

53±3

35±1

FastP.e./MeV

Slow P.e./MeV

Fast/Total%

60±1

48+2

56

43+1

56±1

43

76±2

18+2

81

71±1

46±2

61

80+1

62±2

56

69+1

46+2

60

r,j ns 740+74 632+42 734±120 587+60 629+59 586+59

Table 3 lists the correspondingresultsobtained with an R3197 PMT. Around 80
fast photoelectrons/MeVwere observed,which means that approximately60% of the
total light observedby the 113197 PMT belongsto the fast components.The lower fast
photoelectronnumberis dueto the lower quantumefficiencyof the Cs-Tephotocathode
relative to the extended-rangebialkali photocathode. The fast to slow ratio, which is
less than 1, shows that the outlook for the developmentof a readoutsystemsensitive
only to the fast componentsof the scintillation light is very promising.

4.3 Doped Crystal Tests

Investigationsof the scintillation mechanism,andthe role of impurities in radiation
damageeffects, are in progressat both Caltechand BNL. The first measurementson
the effects of dopantsin BaF2 were carried out with small samples 1" x 1"
in order to study a wide variety of potential dopants. Having had successwith some
materials,especiallyLanthanum,we are now currently engagedin aprogram with both
SIC anda U.S.-basedcompany- Optovac,Inc. [18] to grow larger dopedBaF2 crystals
with higher dopantconcentrations.This will build on the experiencegainedin growing
smallersamplesto developgrowth techniquesfor largerdopedcrystals. We will studythe
light output and slow componentsuppressionin theselarger crystals,investigatehigher
dopantlevels, and measurethe uniformity of the dopantconcentration.It is important
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to havegood dopantuniformity throughout the crystal in order to have uniform slow
componentsuppressionas well as good energyresolution. In addition, we will continue

to searchfor new dopantswhich would improve the slow componentsuppressionand
radiation hardnessof the resultingmaterial.

We alsointendto carryout asystematicstudy of radiation damagein dopedcrystals.
Only a limited number of small sampleshave been measuredso far and it is dearly
importantto study the effects of radiation damageon a larger numberof samplesunder
different conditions. Thesemeasurementswill be carried out at both Caltechand the
RadiationEffects Facility at Brookhaven[191. With the BNL facility, radiation damage
measurementscanbemadebefore, during andafter radiationusing a combinedradiation
sourceand UV spectrophotometer. It will also be possible to measurethe emission
spectrumof samplesduring irradiation. Thesedata will provide essentialinformation
on short term radiation damageas well as on any rapidly occurring recovery.

4.4 Crystal Surface Treatment

A systematicstudyof the effect of crystalsurfacequality on thelight yield was carried
out at Caltechthis year. The major condusionsof the study are:

* The light output of BaF2 dependsnot only on the transmittanceof the bulk ma
terial, but also on the surfacequality of the crystal. The transmittanceof BaF2
deterioratedif the surfaceof BaF2 is left in contactwith water or humid air be
causeof the slightly hygroscopicnatureof BaF2 . The transmittanceof BaF2 was

recoveredcompletelyby repolishing the crystal with 0.3 pm aluminapowder and
alcohol.

* Annealing of a radiation-damagedcrystal was found to causethe transmittance
to deteriorate.The transmittancewas completelyrecoveredafter repolishing the
surface. We therefore condudedthat surfaceoxidation during annealingis the
origin of this deterioration.

* The best wrapping or coatingmaterial for BaF2 was foundto be the teflon.

All of the crystalswe testedso far have a cylindrical or rectangularshape. We will
further test the light uniformity of crystalswith taperedshapes,combinedwith different
coatings. This work will benefit from the experiencegained in the preparationof the
crystals for L3, where high reflectivity white paint, applied in a controlled very thin
layer, restoresthe light collection uniformity. In contrastto the L3 case,however, the
final coatingchosenwill haveto be radiation hard.

5. A FAST READOUT SYSTEM FOR BaF2
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Without an effective readoutof the fast components,the advantagesof BaF2 cannot
be fully utilized. For BaF2 , thereare threereadoutmethods: gas-filled chambers[24],
vacuumphototubes[28] andsolid-statephotodiodes[26].

The short wavelengthcomponent,with its fast decayconstanthasbeensuccessfully
coupledto wire chambersfilled with the photosensitivegas tetrakis dimethylamino -

ethylaneTMAE [24]. We, however,will not pursuethe wire chamberreadoutmethod
becauseof the fact that chambersoperatingwith TMAE at the SSCwould besusceptible
to radiation damage[25].

5.1 Vacuum Phototube Readout

As discussedin the section4, the simplestoptical suppressionof the slow componentis
achievedby using a solar-blindCs-Te photocathode.Without anyintrinsic suppression
the fast to slow ratio from BaF is increasedto larger than one.

In our generic detectorR&D project, a2" diameter,high speed2.5 Asecrising time,
0.9 nsec trasit time, low gain 10, high dynamic range > l0, solar-blind Cs-Te
phoiocaihode vacuum phototriode,with maximumsensitivityin the 200 am range has
been developedby Hamaxnatsu. The performanceof this new phototriode, including
its speed,radiation resistanceand magneticfield immunity, will be testedwith electron
beamsup to a few GeV at KEK. The new tubeswill also be usedwith BaF2 crystalsat
an RFQ facility at AccSys. It is expectedthat this readoutwill be capableof providing
better than 1% resolution for electronsandphotonswith energylarger than 1 0eV.

We note that the radiation resistanceof the window material, syntheticsilica, and
the Cs-Te photocathodeis excellent [30]. Figure 8 shows that synthetic silica remains
transparentafter neutronirradiation with a flux of up to 1014 n/cm2 [30]. We will usea
very thin layer of optical grease,e.g. Dow Corning 200 Fluid. Initial tests indicatethat
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Figure 8: Transmittanceof syntheticsilica after neutron irradiation [30].
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radiationdamageof the couplingmaterial will not beaproblem. However, the radiation
resistanceof the greaseandits aging effect will be testedthoroughly at Caltechprior to
the BaF2 array construction.

5.2 Solid-StatePhotodiode Readout

The advantagesof usingsilicon photodiodesareobvious: they are compactandthey
exhibit no drift over periods of years, since they have no gain. Today’s production-
quality Silicon photodiodeshavea high quantumefficiency, of approximately60% Fig.
9, down to the 190 am range, and they can be used in magnetic fields of 1 Tesla or
more. However, the large fraction of the slow scintillation light componentmust be
removedto avoid unnecessarysaturation. There are two approachesto suppressthe
slow componentwith photodiode readout: 1 using a UV-photodiodecoupleddirectly
to a wide band interferencefilter WBIF which passesonly the fast components;and
2 using awavelengthshifter WLS to absorbthe short wavelengthfast components
and reemit at a much longer wavelengthwhich can be easily filtered out from the slow
componentwith a standardlow passfilter LPF.

An optical suppressioncan be obtainedby the useof awide bandinterferencefilter.
This type of filter uses a multilayer coating to transmit a certain wavel,engthwhile
providing strong suppressionat all other wavelengths.They typically havea bandwidth
of 40 nm FWHM, but, unfortunately, a maximumtransmissionof only "-‘ 30% at
the selectedwavelength.Thesefilters are also ratherexpensiveand may be sensitiveto
radiation damage.

Figure 9 showsthe transmittanceof a WBIF from Twardy TechnologyIncorporated
TTI, togetherwith the quantumefficiency of a HamamatsuUV-sensitivephotodiode

80

Egeo

Wavelengthurn

Figure 9: Spectral responseof a TTI wide band interferencefilter and a Hamamatsu
S 1723-05 UV-sensitive photodiode.
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51723-05. The figure shows that the spectral responseof a TTI filter matchesthe fast
componentsof BaF2 very well. We recently testeda BaF2 crystal coupledto a R2059

PMT through a TTI WBIF at the Kellogg Lab at Caltech. 6.13 MeV radiativecapture

7-rays producedfrom a CaF2 target bombardedwith aproton beam,from the reaction

19Fp,aj6Q*, were used as a calibration source. The photoelectronyield wasobserved
to be independentof the gatewidth usedin the readout. We thus determinedthat the

remainingslow componentis less than 10%.

The fast components,however,would be reducedto 25% becauseof the low trans
mittanceof theTTI filter. The total efficiencyof the fast componentswith this approach
is thus 10%, which is compatiblewith what may be obtainedwith a typical Cs-Tepho
tocathode. Consideringthat the typical noise level of a4 cm2 photodiodecoupledto a
charge-sensitivepreamplifier with 12 nsecshapingtime is around5000 electrons[32], this

approachcan be usedto readoutBaF2 fast componentsdown to 250 MeV, i.e. 20,000
photoelectronsequivalent,with a signal to noise ratio larger than 4.

While this approachis promising,onceagainit is clear that someadditional develop

ment is needed.Becauseof the electronicnoise level in currently availablepreamplifiers,
the resolutionfor a 1 0eV electronor photonwould be limited to 7%. We will therefore
investigatewhether avery low noise preamplifier can be developedwithin the next year.
If by the endof 1990 a preampwith a noise level correspondingto 1% resolution at 1
0eV is not available,we will focus our efforts on the use of other light-sensitiveread
out devices. The prime candidateamongtheseis Hamamatsu’sUV sensitivevacuum
phototriode,as mentionedabove.

The WLS approachrequires a fast shifter which absorbs-. 200 nm and has a very
long Stokes shift

-..
200 nm. The low cost of conventionalPMTs and photodiodes

would certainly be beneficial if a suitable WLS is successfullyimplemented. There is
currently an effort underwayto developsuch a shifter [27], but considerablymore work
needsto be done. This effort will be carried out at BNL.

If asolid-statephotodiodeturnsout to bethe readoutelementof choice,we will bene
fit from our experiencein the developmentanduseof low noisepreamplifiersandreadout
systemsfor the RFQ-basedcalibration project [8]. However, the radiation resistanceof
the WBIF and/orWLS, the effect of chargedparticlestraversingthe photodiode,WBIF
and/or WLS, and the effect of the WBIF and/or WLS on the light uniformity of BaF2
alsohaveto be tested.

5.3 Fast Shaper

It is always possible, in principle, to reducethe pulse width of a given signal by
appropriateelectronicpulseshaping.This is acommontechniqueusedwith proportional
wire chambersat high rateswhere, in order to achievea narrow pulse, it is necessary
to cancelthe signal from the inducedchargeof slow moving positive ions. This can be
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accomplishedby the use of multiple order pole-zerocancellationnetworks to cancel the
1/t-like tail from the wire chambersignal [31].

It is possibleto obtain approximatelyGaussianshapedsignals of peakingtime down
to 3 nsec, or FWHM width of rs5 nsec, with this type of circuit [32]. Figure 10
is a schematicof 3 nsec peaking time 10553-01 shaping amplifier developed by the
BrookhavenLab. There is currently an effort under way to developa hybrid amplifier
basedon this designfor use with high rate wire chambersat the SSC [33].

These same signal shaping techniquescan be used to cancel the slow component
tail in the readoutof BaF2 . This requiresmodification of the shapingamplifier design
to accomodatethe specificshapeof the BaF2 pulse as detectedby the phototube.The
amplifier would beusedbasically for shapingthe pulse,andwould requiremuch lessgain
than the version used for wire chambersbecausethe input signal from the phototube
is much larger. Depending on the level of baselinerestoration desired, severalstages
of pole-zerocancellationwould be required. Although we havenot starteddeveloping
sucha circuit, the differencesshould not be very large, relative to our existingshaping
amplifier designs.Thereis alsoconsiderableexpertiseat Brookhavenin this area,which
could help in the developmentof sucha device.

It should be noted that signal shaping,althougharelatively straightforwardmeans
of delivering narrow signals,is best used after all other two meansof slow component
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suppressionhave beenapplied. In this way, the unwantedsignal detectedby the light-

sensitivedevice is reduced,thus minimizing the total current in the tubeand reducing
the effectsof rate andaging. With a combinationof the techniquesdescribedabove,the
slow componentcan be reducedto a level of ‘-10% of the fast. Pulseshaping can be
applied to entirely eliminate the remainingslow component.

5.4 High Level Readout System

Multistagemicrocomputer-basedreadoutsystemscapableof the necessaryspeedwill
be developedfor the BaF2 readout. The digital, higher levels of the prototype readout
will beadaptedfrom the VME andMotorola 68020-based,stand-alonesystemsdeveloped
andnow usedat Caltechfor the RFQ calibration project [9].

6. A PRECISION CALIBRATION SYSTEM FOR SSC CALORIMETERS

A fast effective calibration is vital in maintainingthe high resolutionof calorimeters
at the SSC. Over the last 5 years, the Caltechgroup has developedandtesteda novel
calibration technique[8] basedupon the radiativecaptureof apulsedproton beamfrom
an RFQ acceleratorin a target. Dependingon the type of the target this calibration
schemecan be run in two different modes:

* Lithium target: this reaction- tLip,78Be - producesa flux of 17.6 MeY pho
tons which can be used to calibratethe thousandsof electromagneticcalorimeter
cells at once, with an absoluteaccuracy of better than 1% in 1-2 hours. The
feasibility of this calibration modehas beenproven in an experimentaltest of a
4 x 5 L3 BOO crystal array at the RFQ facility at AccSys Technology,Inc. in
November,1987 [8]. An absolutecalibration precision of 0.8% was achievedin the
test. This low energyphoton calibration, however,is not directly relevant to an
SSC electromagneticcalorimeter.

* Fluoride target: this reaction - ‘9Fp,a’6O [34] andthe subsequentdecayof the
excitedoxygennucleus160. - produceshundredsto thousandsof 6 MeV photons
per millisteradian per beampulse. Thesephotons,functioning as a synchronized
"equivalenthigh energyphoton" of up to 30 0eV per calorimetercell, would serve
as a calibration sourcefor SSC electromagneticcalorimeters.With a propernor
malization, this techniqueprovidesa relativecalibration with precision of 0.5% in
a few minutes. The feasibility of this calibration modehasbeenprovenin another
experimental test with 4 BaF2 countersand a 7 x 7 L3 BOO crystal array at
the same RFQ facility at AccSys in September,1988 [8] 1 As detailedbelow, a
calibration precisionof 0.5% was achievedin the test in two minutes.

‘This test was supported by a phase I grant from the DoE Small BusinessInnovative Research
SBIR program.
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We havealsobegunto considera third promisingmodeof operation,which produces
an intensepulseof neutronsfrom a beryllium target,from the reaction 9Bep,n9B. Our
initial flux calculations show that i0 neutronsper millisteradian per beam pulse, or
more, could be producedwith a 3.85 MeV RFQ. The averageneutron energywould be
a few MeY. We are now in the processof studying how theseneutronscould best be
used as asynchronouscalibration source: eitherof individual small calorimeter cells, or
of larger submoduleswhere the "equivalent hadron energy" should be in the range of
several0eV.

In this project, we proposeto build an RFQ-basedofihine calibration facility for the
SSC. This facility includes an ll ion source, and a 3.85 MeV RFQ linac. An online
calibration facility which needsa new type of 11 ion sourceand a storage-ring-based
beamcompressor,will be built in a later stageof this project. The constructionof the
online facility will be a follow-on of a PhaseII SBIR project funded by DoE, which is
currently underwayat AccSys.

6.1 RFQ Calibration Test Results

A principal beamtest of RFQ-based550 calibration was carried out in September,
1988, at AccSys, where 4 BaF2 counterswere set up together with a 7 7 L3 EGO
crystal array as a referencecounter[8]. The AccSys RFQ we usedis a 1.92 MeV proton
accelerator,with an adjustablebeampulse length of 1 - 30 psecand apeak current of

BAF2
counters

Figure 11: AccSystest experimentalset-up.
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up to 30 mA. We typically ran the RFQ at 30 Hz, with 24 mA on target and a pulse
length of a few psecduring the tests. A typical run lasted for two minuteswith 3600
triggers.

Figure 11 showsa schematicview of the detectorsetupof the 1988 test, togetherwith
the RFQ acceleratorandthe target at AccSys. The BOO matrix andthe BaF2 counters
were placed at 52cm away from the target, as shown in the figure. The BOO array
was readoutby a stand-alonesystemsbasedon multistageMotorola microcomputers
developedat Caltech [9]. The BaF2 crystals were readoutwith HamamatsuP.2598

and R3197 PMT’s. While an P.2059 was chosento read out the both slow and fast
components,the P.3197readsthe fast componentsonly, as descibedabove. Figure 1.

Figure 12 is a picture takenfrom an oscilloscopeshowing typical scintillation light
pulses from two BaF2 counters. Figure 12a shows the BaF2 light, as measuredwith
an P.2059PMT. Figure 12b shows the fast componentalong with a remainderof the
slow component,as measuredwith an P.3197PMT. As shown in the figure, a pulse-
generator-likescintillation light pulse is obtained,becauseso many photonsstrike the

crystal within the pulse.

A precisenormalizationis neededto convert the integratedpulse read out for each
crystal into a calibration constant. Two normalization schemescan be chdsenfor this
purpose:1 the total electric chargeproportional to the numberof incident protons
collected from the target for each beampulse,or 2 the responseof a stable, external
"standard" i.e. a separatecounteror a set of counterswith high precision ADC’s. A
cross-checkshowedthat thesetwo normalization schemesare consistant. We used the
total energyin the BOO array as our externalnormalization standard.

Figure 12: Scintillation light pulse: slow a and fast b components.
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Figure 13 showsthe normalizedADC distributionsof acounter,for runswith different

beamintensities. It is clear that the r.m.s. width increasesasthe total energydeposited
in the crystal decreases.

Assuming that the shapeof the energyspectrumfor the individual photonsemitted

by the target does not changeas a function of beamintensity, then the width of the
observedenergydistribution should be a measureof the inverseof the squareroot of
the averagenumberof photons. In order to test this, we defined the "relative r.m.s.",

as the ratio of the r.m.s. width divided by the energy correspondingto the peak
i.e. the averageobtainedwith a Oaussianfit of the distribution. Figure 14 is aplot of

i/o-a2 versusthe observedaveragephoton energyfor aBOO crystal, for a seriesof 9
runs wherethe beamintensityvaried by a factor of 6. The excellent linearity shownin
the figure confirms that the widths of the distributionsaredueto statisticalfluctuations.
This excellentlinearity over alargedynamicrangewill itself providean important piece
of calibration information.

Another striking feature of the test results was the fact that the distributions were
perfect Oaussians,with no sign of tails down to a level of less than 0.1%. At lower
intensities, the differencebetweena Poissondistribution correspondingto 100 photons
per pulse,and the correspondingOaussian,could be clearly seen in the analysis. The
calibration is thereforeextremelyclean.
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Figure 13: NormalizedADC distribution of crystal 32 at different energies.
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In order to checkthe stability of the calibration,Fig. 15 showsthat relativedeviation
of the normalizedpeaksobtainedfrom individual BOO distributions of all runs. The

0.34% standarddeviation of this distribution indicatesthat better than 0.5% precision
hasbeen achievedwith this calibration technique.

This test thus demonstratedthat this techniquefunctionsasaclean "pulsegenerator"
of scintillationlight with energyup to few 0eV, originating severalcm insidethe crystals.
The clean,narrow Gaussian-distributedlight pulsesproducedwith this techniquewere

shownto provide relativecalibrationswith aprecisionof 0.5% or betterin a few minutes.

6.2 Equivalent Photon Energy

The equivalentphoton energyEPE, defined as the sum of the energiesof photons
from one beampulse hitting one crystal detector,was measuredat AccSyswith a LiF
target Up to 2.38 GeV/0.ljiCoulomb/1.6msradwasobservedfor 1.92 MeV beam. There
are much stronger fluorine resonancesbetween2.0 and 4.0 MeV [34] beyond the 1.92
MeV beam energyat AccSys. By using a 3.85 MeV RFQ and a CaF2 target, which
would haveno neutronproduction as a by-product below 4.05 MeV [34], an EVE of 30
OeV/0.lpCoulomb/1.6msrador more is expected.

Table 4 lists the EPE measuredwith a thick CaF2target with aVan de Orraff proton
beamat Kellogg at Caltech.The measureddataare consistantwith the EPE’s estimated
accordingto an early measurementof ref. [34], which are also listed in the table.

In addition, the equivalentneutronenergiesENE from a beryllium target were also
estimatedaccordingto reference[35], and are also listed in table 4. It is clear that 20
GeV/0.ljzColoumb/1.6msradENE or more can be achieved. However, a further study
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Table 4: Measuredand EstimatedPhoton/NeutronYield from a LiF Target.

Proton Energy MeV 2.0 2.5 3.0 3.5 3.85 4.0

GeV/0.lpC/1.6msrad

EPEenGeV/0.lpC/1.6msrad

1.5

2.6

13

14

22

24

30

33

37

38

42

42

ENE2 GeV/0.lpC/1.6msrad 0.0 0.3 3.5 12 24 30

of the signal producedby this flux of low energyneutronsin a hadronic calorimeter is
clearly needed,to determineif this couldbe the basisof another,"hadronic", calibration
technique.

6.3 An R.FQ-BasedCalorimeter Calibration Facility

We proposeto build a low-cost, compact calibration facility for SSC calorimeters,
whichis basedon aprovenRadiofrequencyQuadrupoleRFQ accelierator.This facility,
whichusesa3.85 MeV RFQ linac operatedwith an H+ ion injector would first be usedto
calibrateour prototype BaF2 crystal array, following apre.calibrationat ahigh energy
particle test beam. The RFQ systemcould also be applied more widely, to calibrate
other prototypedetectorand later to test full scalecalorimetermodulesfor the SSC. In
addition, it could alsebe upgradedat a later date for on-line use by changingthe H
injector.

Sinceboth the H injector andther RFQ linac for ther proposedcalibration facility
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are technically mature,therewill be no extensiveR&D reguiredto establishthis facility.
The high current and low emittanceavailable from existing H+ ion sourcetechnology
would allow operationof the off-line RFQ calibration systemover a large rangeof beam
intensities,correspondingto calorimetercalibrationsover a large energyrange during
the tests.

The RFQ linac is a revolutionary rf acceleratingstructurethat can simultaneously
accelerate,focus andefficiently bunchahigh current, low energyion beam. It is essen
tially avane-loadedcylinder excited in amodified TB310 cavity modethat producesan
electric quadrupolefield in the region betweenthe vanesnear the axis. The transverse
componentof the field uniform in spaceand alternating in time gives rise to strong,
alternating-gradient,electricfocusingeffects that canfocuschargeparticlebeammoving
slowly along the axis of the structure.By scalloping the vane-tip geometry,a longitudi
nal componentis inroducedinto the rf elctric fields near the axis in order to bunchand
acceleratethe beam.

The RFQ consept was originally proposedby Soviet physicists Kapchincky and
Teplyakov [36], but the technologywas later developedin the U. S. at Los Alamos. The
first prototype of an RFQ was operatedsuccessfullyin 1980 [37]. Since then systems
havebeendevelopedat more thantwenty laboratoriesworldwide, mostly as injectorsfor
largehigh energyaccelerators[38]. An RFQ is being designedas the initial stageof the
injector linac for the SSC [39].

In recentyears,theexpertisenecessaryto produceRFQ systems,aswell as to develop
new REQ-basedapplications in cooperationwith high energyphysicistsand scientists
in other fields has becomeavailableoutside of the large national laboratoriese.g. at
AccSys. AccSys has also developedcompact,low cost rf powersystemsto operatethe
RFQ, such as a 350 kW rf amplifier basedon twelve planartriodes operatingin parallel.
This type of rf systemhas proven to be reliable in use at Fermilab, and in detector
calibration testsconductedby Caltechgroupat Accdyson the original prototype RFQ
system.

INJECTOR LEBT REQ HEBT

Figure 16: Schematicof SSC Calibration RFQ.
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The requirmentsof the proposedoff-line calibration RFQ are satisfiedby the Model
PL-4 RFQ systemoriginally designedby AccSys for the U.S. Navy. Figure 16 is a
schematicof the SSC calibration RFQ. The major componentsof proposedSSC Cali
bration RFQ are:

* 30 keV H ion injector;

* Low energybeamtransport LEBT;

* RFQ linac;

* 700 ksv rf power system;

* High energybeamtransport HEBT.

The H+ ion injector consists of a small duoplasmatronion source mounted in a
graoundedvacuumchamberwith a triode extraction systemthat will allow an adjust
mentof the extractedbeamcurrent without achangein the 30 keV output energyof the
injector. The ion sourceandacceleratinggaps are mountedinside the groundedvacuum
chamberfor safety andto allow the hydrogengasload from the ion sourceto be easily
pomped away. The power from the ion sourceequipmentcabinet to the injector is fed
through an insulatedtube, allowing the equipmentcabinetto be locatedremotely for
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easyserviceandmaintenanceduring operationof the acceleratorwithin anexperimantal
area.

The 30 keV H+ beamextractedfrom the ion sourceis transportedandfocusedinto the
RFQ linac through a low energybeamtransport LEBT systemthat usestwo solenoid
magnet lenses. The calculatedbeamoptics designfor the LEBT shows that the beam
from the injector canbe focussedproperly into the RFQ usingmodestfield magnets.The
use of solenoidsfor a LEET has aireagybeendemonstratedfor RFQ linacs at several
facilities and new magnetdesigns that use permanentmagnet material to reducethe
requiredelectricalpower are alsobeing developedat the nationallaboratories

TheH ion beamfrom the injector will beacceleratedto a final energyof 3.85 MeV
using a 3m long RFQ operating at 425 MHz. This RFQ accelerator,designatedthe
Model PL-4, was originally developedto generateneutronsfor non-destructivetesting,
andwas desingedto be ruggedandreliable. The detailedspecificationof this systemare
listed in Table 5. The beamdynamicsresultsfor this designshowing thebeamenvelope,
phase distribution and energy spreadin each acceleratorcells are chown in Fig. 17.
Figure 18 shows the calculatedphaseand energyprofile and beamspot size at the exit
of the RFQ.

The output from the proposedSSCCalibrationRFQ linac is a 1 - 3 jzsecpulseof H
ions at 3.85 MeV with a current up to 40 mA during eachpulse. This ion beamwill be
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Table 5: SSC Calibration RFQ Specification.

Operatingfrequency 425 MHz

Acceleratedparticlespecies H +

Input ion energy 30 keV

Nominal output energy 3.85 MeV

Bunch synchronousphase -35°C

Final synchronousphase -30°C

Peaksurfacefield B. 37.7 kV/m 1.92 Bk

Design input current 45 mA

Nominal current limit 100 mA

Output beamcurrent peak up to 40 mA

Normalizedinput emittance95 % <0.04r cm mrad

Nominal phase-spaceacceptance 0.llSir cm mrad

Normaiizedoutput emittance90 % <0.O6ir cm mrad

Residualvacuum <lxlO -6 Torr

RFQ lengih 299.5cm

Peakstructurepower theoretical x 1.4 392 kW

Peakbeampower 179 KW minimum

Total peakpower 571 KW minimum

Beampulse lenfth 1-2 psec

Beamrepetition rate 150 Hz

Out put energyspread90% <±20 keY

Out put phasespread90% <±15°C

focussedandtransportedto the photonor neutronproductiontarget in the experimental
target chamberusing a convertionalquadrapolefocusing transport system. The useof
converntionalelectromagneticquadrupolesallows awide rangeof operatingbeamcurrent
and flexibility in the beamspot size on the photonor neutronproductiontargets.
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The proposedfacility canbe usedin the "photon burst" mode, wiht fluoride targets,

to calibrate andtest electromagneticcalorimetersdesignedfor the SSC. Possibilitiesof

using a beryllium target,in a "neutron burst" mode, to calibratehadronic calorimeters

will alsobe studied.

We will developa precisemeasurementof total beamchargeon the target for each

pulse,to providea direct normalizationwhich can be cross-checkedagainst the normal.
ization to astandard.The designof this target hasalreadybeenpartially workedout at

Caltech.It will employ a tantalumcollimator testedto havenegligible radiativecapture

photonandneutronbackgrounds,apreciseinductivecurrent pickup, andan integrator.

After the BaF2 array is constructed,we will carry out a series of tests with this

facility, using a typical beampulsechargeof 0.1 jiCoulomb on aCaF2 target to simulate

high energyphotons up to 30 GeV. These testswill span a long time period up to
severalweeks,andwill aim at providing a long term test of the systematiccalibration
stability with an accuracyof 0.5%.

6.4 An RFQ-BasedOn-Line Calibration System

During the initial AccSystestsfor calorimetercalibration,we typically used abeam
pulse of 0.10 - 0.15 jzCoulomb with a pulse length of a few jtsec. In order to adapt
this techniquefor the SSC, however, the pulse length of severalpsecmay have to be
compressedto a shorter one to match the experimentalreadoutelectronics. Recent
computersimulationstudiesat Saclayhaveshownthat it shouldbe possible to compress
a 4 MeY beampulse of 0.1 tCoulomb into 100 nsecor less,by usingmultiturn injection
into - and single turn extraction from - a small storagering f12J. This designwas
basedon amore complex,acceleratingstoragering MIMAS that hasbeensuccessfully
developedat Saclay,but the initial conceptis currentlybeing studiedfor waysto simplify
its cost and construction.

In addition, in order to use the RFQ calibration system online, i.e. in order to
integratethe RFQ system into an SSC experimentwith a high magnetic field, one
needsanew type of H- ion sourcewhich will provide a low emittancebeamover a long
period of time. The RFQ beam,after being transportedthrough optics that focusesit,
will passthrough a neutralizer,so that it can drift through the experiment’smagnetic
field, andhit a target locateddoseto the intersectionpoint as aneutralhydrogenbeam
pulse. The photonsor neutronsproducedin the target have a long attenuationlength,
and will "illuminate" the calorimetersin the experiment,with little effect of passage
through the track detectors,andwill thus providea precision calibration on-line.

Figure 19 is a schematicdrawing showing the installation of an on-line RFQ cali
bration systemof such kind for the L3 detectorat LEP. The installation of an on-line
calibration systemfor a typical SSCdetectormight haveasimilar layout with the com
pressorring installed betweenthe RFQ andneutralizer. It shouldbenotedthat the RFQ
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beammust havea sufficiently low emittanceso that it can drift over more than twenty
meters following neutralization,with a beamdiametersize on target of 3 centimeters

or less. The L3 system is designedfor a 1.7 cm beam diameterat the target, with an
RFQ-to-targetdistanceof 12 meters.

The H- ion sourceandthe beamcompressorring requiredto upgradethe proposed
facility for operationon-line with an SSC calorimeterare currently in developmentat

LawrenceBerkeleyLab andAccSys, supportedby aPhaseII grant from the DoE Small
BusinessInnovation ResearchSBIR program [12]. After the H- ion sourcehas been
developedfor such a system,the first productionmodel of such a sourcecould be used
to replacethe H+ ion source. Similarly, the pulsecompressorstoragering being designed
now could be addedto the off-line systemlater to bring the beampulse length down to
100 nsec or less. The initial work on a longer pulse 1 to 3 psec could alsobe used

to pursuethe possibility of a cross calibration techniquethat would either reducethe
compressorrequirementin the storagering, or possibleeveneliminateit asa requirement.
This work would be carried out in parallelwith the storagering design. The 11 ion
sourcebeing developedat LBL, togetherwith an RFQ of the type describedabovefrom

AccSys, is also ideally suited to be the initial stageof the linac systemfor the SSC.

The RFQ calibration linac proposedhere could be completedand installed in the
calibration facility in about 12 - 15 months. This would allow experimentalmeasure
mentsto beginin FY 1992. The final engineeringdesignfor the storagering, taking into
account the results of the testson cross-calibration,would be available by the end of
1991. If determinedto be necessary,funding for constructionof the small storagering
would be requestedin a follow-on proposalto the DoE for the Fall of 1992 FY 1993-

7. TEST BEAM REQUIREMENT

A test beamprecalibration,using high energyelectronsandpions, will be very im
portant as a starting point for the calibration of the prototype calorimeter. The beam
test resultswill providereferencepointsfor the energyscaleof eachcalorimeterelement.
If individual channelsappearto drift over time, or if we observeanyradiation - damage
induced shifts during our calibration tests, the definitive separationof electronicgain
shifts, and changesin crystal properties,would involve test beamrunswith high energy
particles.

Given the possibility of the RFQ system to operatein "photon burst" mode, it
is important to have a way of comparing the RFQ pulses to electron showersin the
prototype calorimeters.The energyrangeshouldextendup to the TeY region in order
to checkthe effectivenessof the calibration systemover a very wide dynamicrange in
the calorimeters.

Careshould be takenin calibrating the test beamspectrometersystem,in order to
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measurethe absolutemomentumscale to better than 0.5% at high energy. It will be
important to havea small level of conaminationfrom hadronsrunning in the electron
mode and vice versa. A contaminationbelow the io level is probably adequateto
begin the study of the electron-hadronseparationin the calorimetersystem.

The beamintensity requirementsare relatively modest. A beam with a Gaussian
momentumdistribution, with AP/P=- 10% would give a calibration point accurateto
0.5% rms with 100 partidesor lessper crystal. In practice, a "standard" test beam,
with r..’ 102 to io particlesper spill and the FNAL repetition rate, should be adequate
for ourpurpose.

8. MANPOWER

The manpowerdevotedto this project by the proponentswill total 8.2 FTE’s in
FY90, and 10.4 FTE’s in FY91 and 10.2 FTE’s in FY92 1 FTE = 40 hoursper week.
The averagenumberof hoursper week for eachpersonis summarizedin Table6.

The "TechnicalStaffs" entryin the table includesseveralCaltech,KEK, BNL, SIC,
AccSysand LBL staff memberswho aresupportedby fundswhich arealreadyavailable.
One full time technicianat Caltech,a part time Technicianat BNL, and one full time
Physicistat Caltechare requestedto be supportedby this project.

Kadmn Cadm
Bfl

RFO

Figure 19: Plan of RFQ beamtubeinstallation in the L3 detector.
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Table 6: ManpowerCommitted to the Project Hours/Week

Participant FY90 FY91 FY92

C. Gratta 10 15 15

R. Mount 10 10 15

H. Newman 10 15 15

R. Y. Thu 20 20 20

J. Kierstead 10 10 10

P. W. Levy 10 10 10

H.Ma 15 20 20

C. Woody 10 10 10

T. Matsuda 15 15 15

F. Takasaki 10 10 10

Z. Wei 40 40 40

Y. Yin 25 25 20

R. Hamm 10 25 20

TechnicalStaffs 90 150 150

Physicist 40 40 40

TOTAL FTE’s 8.2 10.4 10.3

In addition to the abovemanpower,the project will involve studentsat SIC, KEK,
BNL andCaltech. Basedon pastexperiencewe expectan averageof 5-6 studentsto be
working on the project at any one time, including 1-2 Ph. D. candidates.

9. BUDGETS

9.1 BaF2 Array Construction Cost at Caltech

TheBaF2 arrayconstructionat Caltechincludes150 channels:144 for theproduction
array, and 6 for testsand spares.The total BaF2 array constructionmaterialcost is $
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Table 7: Cost of BaF2 Crystal Array Constructionand RFQ Targetsat CALTECH

1. Equipment: ConstructionMaterials and Supplies

Item Quantity Unit Price Total

ProductionBaF2 Crystalsfrom SIC $3/CC

HainamatsuPhototubes

ReadoutElectronics:Fast Shaping,ADC

VME Cratesand Controllers

HY and Low YoltagePower Supplies

CarbonFiber SupportStructure

CrystalArray ConstructionMaterials

RadiationDamageand Monitoring Test Setups

Target Parts andAssemblies:

BeamTest at Fermilab or CERN

150

150

150

$ 2,550

$ 500

$ 600

.

$ 382,500

$ 75,000

$ 90,000

$ 45,600

$ 45,000

$ 37,500

$ 39,700

$18,500

$11,000

$ 35,000

TOTAL COST $ 779,800

2. Manpowerand Travel CALTECH; PerYear

Item Quantity Unit Price Total

Technicians,including overheadand benefit

Physicist,including overheadand benefit

Travel betweenCaltech,CERN, BNL and AccSys

2

1

$40,000

$75,000

$ 80,000

$ 75,000

$ 20,000

TOTAL COST $175,000

779,800. The additionalmanpowerand travel cost is $175,000per fiscal year. Table 7
gives the detailedbreakdown of the cost.

9.2 DopedBaF2 Study at BNL

Table 8 lists BNL’s budgetaryrequestfor FY90 which totals $80,000. Additional
operatingfundsat the samelevel will be requiredin subsequentyears.Thetotal amount
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Table 8: Cost of DopedCrystalResearchat BNL

Item Cost

Dopedcrystal samples

RadiationDamageStudies

Electronicsdevelopment

Technicaland StudentSupport

$ 30,000

$ 25,000

$ 8,000

$ 17,000

TOTAL COST $ 80,000

Table 9: AccSysTechnologyBudgetaryPrice Estimatefor SSC Calibration RFQ

Item Labour Hours Material Cost

RFQ Linac

RF Amplifier

Injector/Controls

Integration& Testing

3,500

4,000

2,000

1,500

$219,000

$170,000

$145,000

$ 522,000

$ 490,000

$ 325,000

$ 98,000

Total Cost 11,000 $534,000 $1,435,000

of funding requestedfor BNL includes46.5 % for overhead.

9.3 RFQ Accelerator Syatemat AccSys

The estimatedbudgetfor constructionof the SSCCalibration RFQ Systemis given
in Table 9. The total costs are of $1,435,500. Thesecosts are basedon constructionof
the systemduring FY91 and do not include the shipping costsand installation, but do
include extensivetestingat AccSys, includingperformanceacceptanmcetests.

9.4 Budget RequestProfile

The total budgetrequestfor this project is $2,979,800.This requestare distributed
in threefiscal years,as listed in the table 10. Note a requesthasbeenmadein Caltech
annualbudgetfor FY90 funding underour BaF2 generic DetectorR&D programwhich

36



Table 10: Budget RequestProfile

Institute Item FY90 FY91 FY92

Caltech

Caltech

BNL

AccSys

Material BaF2 Construction

ManpowerBaF2 Construction

DopedCrystalDevelopment

RFQ System

$259,350

$175,000

$80,000

$479,000

$ 270,000

$175,000

$80,000

$478,000

$250,450

$175,000

$80,000

$478,000

TOTAL Annual Budget Request $993,350 $1,004,000 $983,450

includes$80,000for researchat BNL, and$139,000for some BaF2 crystal cotruction.
If thesefunds are granted,the new funding neededfor FY90 would be reduced$774,350.
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