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ABSTRACT

Becaus®f theirhigh stoppirg powerandfastscintillation,leadtungstatecrystalshave
attractednuchattentionin the high enegy physicsandnuclea physicscomrmunities.
The useof leadtungstatehowever, is limited by its low light output. An effort has
beenmadeat the Shanghi Instituteof Ceramicgo improve this. Theresultsindicate
thatup to a factorof tenincreasan the light output, mainly in the microsecod de-
caycompament,maybeachieved. The X-ray diffraction pattern phao luminescene
spectrun, light outpu, decaykineticsandtransmittancapectrunof new samplesare
preseted. Longtudinal uniformity of a sampleof 22 radiationlengthsis studied.

Possibleapplications for calorimetryin high enegy andnucleamphysicsexperiments
arediscussed.



IX Int. Conf. on Calorimetryin Part. Phys.,Anneg/, Oct. 9-14 2000 710

1 Introduction

In thelastfive yearsanextersive R&D programhasbeencarriedout by the Compat
Muon Solenoid(CMS) expeiimentin developingleadtungstatg PbWO 4) crystalsto
beusedn theLargeHadwon Collider (LHC). As aresultof this developmen progam,
atotal of 11.2m3 large size(25 X,) PbWO, crystalswith fastscintillationlight will
be producedin Bogoiwoditsk TechneChemicalPlant(BTCP)in Tulla, Russia,andin
Shangai Institute of Ceramics(SIC) in Shanghi, China. Becauseof this develop-
ment,PbWO, crystalis now a maturematerialin market with low cost.

It, however, is interestingto notethatthe Y dopedPbWO, crystalschosenby
CMS have limited light outpu, abou 10 p.e/MeV for full size samplesmeasured
with a phao multiplier (PMT) of bi-alkdi cathoe. This limits their applicationin
areasotherthanhigh enegy andnuclearphysics. Oneappr@achto modify scintilla-
tion property of a materialis alteringcrystalstructue by chandgng growth paramete
Doping during crystal growth is anothe appoachwhich may compeasatestructue
defeds, eliminateunwantedimpuiities andchangescintillation propeties. In devel-
oping BGO crystalsfor the L3 experiment, Eu dopirg wasusedat SIC to improve its
radiation resistanced). In developing CslI(TI) crystalsfor the BaBar andBELLE
experiments,a specialscarenge was usedat SIC to remove oxygencontamiration
2), Pentaalent(Nb) dopirg in PbWO, wasfirst repotedby Lecoget al. to be effec-
tive in improving transmittase at 100 ppmlevel 3). Trivalert (La) dopirg wasfirst
repated by Kobayashiet al. to be effective in improving both the transmittace 4)
andtheradiation harchess ). Consegeantstudieson dogng with variousions,such
aslLa, Lu, Gd,Y andNb, atoptimizedlevel wererepatedto beeffectivein improving
transmittane aswell asradiationhardress & 7).

Early Glow Dischage MassSpectroscop (GDMS) analysis revealedthatcon-
taminatias of certaincation,especiallyMo, wereresponsibldor the slow scintilla-
tion compmentin PbWO,, asrepoted by Kobayashiet al. 8) andzhuetal. 9.
Ontheotherhand,Mo dogng introducesa significantfractionof theslow compament
andthusincreaseshe light output in PbWO, crystals. Following this line, PbWO,
sampledoped with various dopan weregrown andwerefound with significantin-
creaseof light yield 10, 19 i this paperwe presenscintillation andotheroptical
propertiesof PbWO, crystalsdopedwith two specialdopant A andB*. It is found

!Pendingon patentapplicatio, the chemicé natureof particlar dopant is not
releasedt present.
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thatlight output of upto tenfolds of thatof the CMS Y doped PbWO 4 crystal,mainly
in the microseconddecaycompaent,canbe achieved. PbWO 4 crystalsof this type
mayfind applicatiors in high enegy andnuclea physicsexpeiiments,suchascrystal
calorimetersin future electronlinear colliders or in heavy ion colliders, whereinter-

actioncross-sectiomllows anintegraion time of afew us.

2 Samples

A total of tensamplesgrown by a modifiedBridgman methodat SIC, werestudied.
Table lists the dimersion, dopant, peakof the phao luminescencendthe sample
delivery date. As a compaison, a standardCMS Y dopedsampleS762 whichis a
23 cmlong taperedrom 2.2 x 2.2 cm? to 2.6 x 2.6 cm?, is alsolisted in this table.
Two differentdopants(A andB) wereintrodwcedat differentlevelsin themeltduting

growth.

Tablel: List of Samplednvestigatedn this Paper

ID Dimensia(cm) Apho (NM) Date
SampledDopedwith DopantA

S25 2.9x95x29 570 4/231999

S27 2.0 x12.0 x 2.0 570 4/26/2000

Z9 2.0 x 19.8 x 2.0 570 4/26/2000

Z14 20x179x2.0 570 7/21/2000

722 2.0 x16.0 x 2.0 570 7/21/2000

Z23 2.0 x 9.7 x2.0 570 7/21/2000

724 2.0 x 3.0 x 2.0 570 9/20/2000

Z25 2.0 x12.0x2.0 570 9/20/2000
SampledDopedwith DopantB

Z20 2.0 x14.0 x 2.0 570 7/21/2000

Z21 2.0 x 10.3 x 2.0 570 7/21/2000

A StandardCMSY DopedSample
S762 2.2x23.0x26 430 8/25/2000

All samplesave rectangllar shapewith all surfacespolished No further treat-
ment,otherthansimplecleaningwith alcotol, wascarriedout befole measuements.
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Figurel: A photoshawing, fromtopto  Figure2: XRD patterndor samplesz24
bottan, a standad CMS Y dopedsam- andz25.

ple S762,anA dopedsampleZ9 anda B

dopedsamplez20.

The as-gravn samplesare transpareny coloulesswithout visible defects,suchas
crackng, inclusiors, scatteringparticlesand growth striation. Figure 1 is a photo
shawing, from top to bottan, a standardCMS Y doped sampleS762,an A doped
sampleZ9 anda B dopeal sampleZ20.

Both A andB dopirgs do not chang crystalstructure.Figure 2 shavs the X-
ray diffraction(XRD) patternameasuredt SIC. Two smallblockscut from samples
Z24 andZ25 weregrourdedinto povdes, andthe XRD spectraweretaken by us-
ing a D/IMAX-C diffractometemwith a Cu targetrunnng at 40 kV, 30 A and2°/min.
Both patternsmatchvery well with standardpower diffraction dataof puresheelite
structue 12). No otherphasevasobsered.

3 Emission

Photoluminescene spectrumwvasmeasued by usinga Hitachi F-4300 fluorescene
spectrphotoneterequipmd with a red sensitve HamamatslPMT R928, which ex-

tendsmeasurermant range from 220to 800 nm. Figure 3 shavs a schematicof the
setup,wherethe UV excitation light wasshotto a baresurfaceof a sampleandthe
phao luminescene, without passingthrough sampleto avoid effect of self absorp-
tion, wasmeasuredby anR928PMT througha monahromator Figure4 shavs the
phao luminescene spectraor anA dopedsamplez24,aB dopeal samplez20anda
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standad CMSY dopedsampleS762.Thesespectraverecorrectel by themonahro-
matorefficiengy andthe PMT quarium efficiengy. The vertical axis refersto phaon
nunbers,andits scaleis arbitray. As shovnin Figure4, bothA andB dopedsamples
have similar photoluminescenceealed at 570 nm, while that from sampleS762is
pealed at 430 nm. This meansthat the scintillation of thesenew typesof PbWO 4
crystalsis in green, contraryto the blue of standardCMS'Y doped PbWO 4 crystals.
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Figure3: A schematioof setupusedto  Figure4: Photoluminescenespectrdor
measue photoluminescene. samplesZ24,720andS762.

4 Light Output and Decay Kinetics

Thescintillationlight outputwasmeasuedby usingaHamanatsuPMT R2059 which
hasa bialkali photocathodeanda quartzwindow. To studycrystaluniformity mea-
suremats werecarriedout by couging boththe seedandthetail endof a sampleto
the PMT. A thin layerof Dow Cornirg 200fluid, which hasvery goodUV transmit-
tance 13), was usedbetweenthe sampleandthe PMT, while all otherfacesof the
samplewerewrappedwith two layersof the Tyvek paper A collimated '*” Cs soure
wasusedto excite the sample shootirg at the non cougding endof the sample.The
scintillationlight pulsecollectedby the PMT wasintegratedby a LeCroy 3001QVT
in the Q mode. A seriesof 8 integratin gates rangng from 35to 4000ns, waspro-
videdby aLeCroy 2323A progammalte gategeneatorto measurghelight output as
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a function of integrationtime. The y-ray peakwasdeternined by a simpleGaussian
fit, andwasusedto deternine photelectronnunbersby usingthe singlephaoelec-
tron peak.Themeasureghhotodectronnumberscanbe convertedto thephaonyield
of the sampleby takinginto accoum the quarium efficiency of the photaathodeand
theefficiency of thelight collection
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Figure 5: Light output measued by a  Figure6: '*"Csspectrantegratedn 2 us

PMT in 9 hours(top),andits distribution  for samplesZz24,Z20andS762.
without (left bottam) andwith (right bot-

tom)temperatte corrections.

All measuremerwerecarriedout at the room temperatug of 20°C. Datawere
correctedby usingthe room tempeaturewhich hasdaily variationsof up to 0.5°C,
despitecental air conditionof entirelaborataey building andindividual tempeature
adjustmat andfeedtackin theroomwheremeasurmentwascarriedout. This varia-
tion is significantsincethelight outputof PbWO, crystalsis known to have -2%/°C at
room temperéure. Thesystematiancertaity of light output measurment,includng
tempeaturevariation andoperaion uncertaities causey mountirg samplego the
PMT, wasestimatedo be about1%. With tempeaturecorrectionsthis uncetainty
is redwcedto 0.8%. Thetop plot in Figure5 shaws the repeatedneasurerant of the
light output for a samplein 9 hours. Two bottomplotsin Figure5 shav raw (left)
andtemperatte correctedright) light output dataandcorrespndingGaussiarit. A
precisionof 1 and0.8%wereachievedfor thelight output measuementwithoutand
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with temperéure correctimsrespectiely.

Figure6 shavs 137 Cs spectraintegratedin 2 us from anA doped samplez24,
a B doped sampleZ20 anda standad Y doped CMS PbWO, sampleS762. Both
A andB dopedsampleshave significantlymorelight thanCMS sample,andthe A
dopedsampleZz24 hasmore light thanthe B dopedsampleZ20, partof which canbe
explainedby the smallsizeof samplez24.

Table2: Summaryof PbWO, Light Outpu (p.e/MeV)

Sample Gatewidth (ns) Fraction(%)

ID 50 100 200 1,000 2,000 520—;; 120—%
S25 10.2 14.8 22.3 49.2 55.4 18 27
S258 10.5 13.8 17.7 29.8 31.8 33 43
S27 11.3 15.2 20.4 40.5 46.1 25 33
S27 125 15.7 17.0 18.9 194 64 81
z9° 6.1 8.3 11.1 22.4 26.0 24 32
z9 6.0 7.9 8.7 9.0 9.1 66 87
223 21.0 27.3 315 40.4 41.8 50 65
223 20.3 25.4 27.4 29.7 30.2 67 84
724 22.3 28.4 36.5 71.0 82.5 27 34
z24 22.0 27.5 34.5 63.1 72.4 30 38
Z20° 8.2 9.5 9.7 9.8 9.9 83 96
z20 9.9 13.7 19.9 46.0 54.3 18 25
Z21¢ 21.3 28.0 31.3 34.5 35.1 61 80
z21 20.5 28.5 34.4 42.0 42.4 48 67
S762 9.3 10.3 104 104 104 89 99

5 representssamplés seedendcouwledto the PMT.
¢ representssamplés tail endcougded to the PMT.

Table 2 lists the light outpu integratedin five different gate widths for all
PbWO, sampledisted in Table 1. Also listed in the tableis the ratio of light out-
putsbetweerb0, 100and2,000 ns. Significantincreaeof light output, especiallyin
slow scintillationcompanent,is obsened for samplesiopedwith A andB. With light
output measued asa function of integrationtime, the scintillation decaykinetics of
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the samplesvasdetermired. Figure7 shavs a compaison of light outputs,in pho-
toelectrm per MeV, asa fundion of the integratin time for samplesz24, 220 and
S762 TheA andB dopedsamplesave significantlyincreasedlon comppnent.
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Figure7: Thelight output is shavn asa  Figure8: Quantum efficiency of R2059

function of integration time for samples PMT is ahovn as fundion of wave-

Z24, 720andS762. lengthtogethe with emissionspectraof
A dopa sampleZ24 andY doped sam-
ple S762.

Onthefacevalue of Table2 andFigure7, the A or B dopal samplesnay pro-
vide photoelectronyield of upto 5 to 8 timesof thatof theY doped CMS crystal. To
convert the measued phaoelectronyield to the photonyield we measure@mission
weightquanum efficiengy of the HamamatsuiR20® PMT usedin the measurerant.
Figure 8 shaws distributions of the quarium efificiengy of R2059PMT and corre-
spording emissiorspectrgor a CMS chace of Y dopedPbWO 4, sampleS762andan
A doped PbWO, sampleZ24. The correspading emissionweightedquantum effi-
cienciesare(13.7 £0.3)% and(5.3 + 0.1)% respectiely for S762andZ24. ThePMT
respmsethushasa factor2.6 differencefor thesetwo typesof crystals. Calculation
by usingemissionof a B doped sampleshaws corsistentresult. Thelight outpu of A
or B dopedsamplesn photoriMeV thusis 13to 21 timesof thatof Y dopedPbWO 4.
This numter, however, hasnot takeninto accountthe differenceof the light pathor
crystal size. Taking into accoun the difference of the light path, our estimationis
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thatupto afactorof tenincreasen light output, mainly in usecdecaycompment,is
expectedfor the A andB dopedsamplesascomparedto thatof the standardy doped
CMSsample.

ReadingTable2 onealsonoticesthatthe differerce of thelight outpu between
the seedandthetail endcoupledto the PMT for the samesample.This is causedy
thevariatin of the emissionspectrumalongthe crystallengthandwill bediscussed
in detailsin Section6.

5 Longitudinal Transmittance

Longitudinaltransmittancevasmeasuedby usingaHitachiU-3210 UV/visible spec-
trophotomeer with dowble beam,doude morochranator and a large samplecom-
partrent equipped with a customHalon coatedintegrating sphere. The systematic
uncetainty in repeatedneasuremasof transmittancevasapprximately0.3%. Fig-
ure9 shavs longtudinaltransnittancespectrdor anA dopedsampleZz24, aB doped
sampleZz21andaCMS'Y dopedsampleS762 While thetransmittancef Z24is the
highest, that of S762is the lowest. This is partly dueto the differerce of the path
length 3, 10and23 cmrespectiely for samplesz24,721andS762 Onealsonotes
thattransmittane of sampleZz24 appracheghetheoetical limit.
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Figure9: Longitudinal transmittasefor  Figurel10: Photoluminescenceneasured
samplesZ24,721 andS762. atthreepositionsalongtheaxisof sample
Z9.
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6 Longitudinal Uniformity

Oneimpartant technicalissuefor dopirg is the uniformity. Sincethe segregaion
coeficientof adopantin PbWO, crystalsis usuallynotequalto one,thedopar tends
to distribute not uniformly in the crystal. This would in turn cuasebadlongitudinal
uniformity for large size samples.This badlongitudnal uniformity, if beyond some
limit, mayaffect calorimeer performarce. Our measuementshavs thatbothdopants
A andB are not uniformly distributedin PbWO,. Table 2 shows thatall A doped
samplesprovide significantmore slow compnentwhenthe seedendis coupledto
the PMT, while it is thetail endcowledto the PMT for the B dopedsamples.This
indicateghatthedopar A is concentatedatthetail end,anddopantB is concettrated
atthe seedend. In otherwords, the sggregationcoeficient of dopantA in PbWO 4 is
lessthanone,andthatof dopantB is larger thanone.

To studylongtitudinal doging uniformity a sampleZ9 wasgrown to 22 radia-
tion lengthwith dopan A in the melt. The spectraof the photoluminescene, decay
kineticsandtrans\ersetransnittancealongthelongitudinal axis of the samplez9 are
shavnin Figures10,11and12.
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Figure 11: Decaykinetics measurecat Figure 12: Trans\erse transmittane
four positionsalongthe axis of sample measuedatthreepositionsalongtheaxis
Z9. of sampleZ9.

Figure10shavstheexitation (left) andphotoluminescencéright) spectranea-
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suredatthe seedmidde andtail endof samplez9. While theemissiorhasbhothblue
andgreencommnentattheseedend,it is puregreenatthetail end. Thisis consistent
with the segregationcoeficient of lessthanonefor dopant A in Pb\WO 4.

The sameconclision canbe drawvn in decaykineticsmeasurment. Figure11
shaws thatthelight from the seedpart of the samplehasvery little slov compnen,
andthatfrom thetail endhassignificantslow compament.

Thetrans\ersetransmittanceanalsobe usedto judgesampldongtudinal uni-
formity. Figure12 shaws goadd trans\erse transmittancet the seedend degradesto
the tail endof the sample. Although this kind of degradationis sort of expectedin
Brigmanmethodsinceall melt goesto theingot, leadirg to arelatively large fraction
of impuiitiesin thetail end,thedifferencein thetransmittanceanbefurtherredwced
by defining growth paraneters. An alterndive solution of this prablem is to grow
longeringats andcut off alongertail part,which, however, would increasehe cost.

Similarly, measurmentson B dopedsampleconfirims thatthe segregationcoef-
ficient of dopan B is larger thanone,causingmoregreenlight andmoreslonv com-
porentattheseedend

7 Summary

In thelasttwo yearsSIC hasmadeaneffort in developing new typesof PbWO 4 crys-
talswith high light yield. It is encouagingto find bothdopant A andB areeffecive
in increasing?bWO, light output, andup to tenfolds of light output increasds ob-
senedfor thesesamplesascompaed to that of the standardy doped CMS sample.
We, however, have notbeableto obsere adopantwhich causesignificantlymorefast
compnent.Thisincreaseof slow compnentis encouagingfor usersin high enegy
andnuclearmphysicsfield, but maystill fall shortfor medicalapplicatims.

Both A andB doppngs causebadlongitudinal uniformity. Oneinterestingap-
proachthusis to doude dope PbWO, crystalswith both A andB. Sincethesetwo
dopantshave similar function but with ratherdifferentsegregation coeficients, it is
hopedthatthey would compeateeachotherandmake largesize,longitudianally uni-
form crystals.Whenthis is achieved we will have a new type of PbWO 4 crystalsfor
high enegy andnucleamphysicscommunity.
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