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Abstract

A large amountof particlesis producedin ultra relativistic heavy ion collisions (Au � Au or
Pb� Pb) comparedwith elementaryreactions( ������� or �	�� ) in a unit solid angle. We needthe
electromagneticcalorimeterwith high granularityin order to measureelectromagneticparti-
cles accuratelyin sucha high partieclemultiplicity environment. It is essentialto develop
calorimetermaterialsasscintillatorswith thesmallMoli èreradiusbecausethepositionresolu-
tion stronglydependson theMoli èreradiusaslong aswe fix thetotal volumeof thecalorime-
ter. Wealsorequestthecalorimeterwith highenergy resolutionto efficiently identify aparticle
which decayedinto electromagneticparticles.It is importantto increasetheamountof scintil-
lation light andto improve its uniformity andtransparency becausetheenergy resolutionrelys
on thesecharacteristics.Thehigh resolutioncalorimeterwould drasticallyenhancethediscov-
ery potentialfor photonsdirectly emittedfrom a hot anddensemattercreatedin heavy ion
collisions.We madeleadtungstate(PbWO
 or PWO) crystalsdopedyttrium at FurukawaCo.,
Japan.We considerPWO crystalsto bethebestcandidatefor a high performanceelectromag-
neticcalorimeterbecauseof its smallestMoli èreradiusof 2.2[cm] in theinorganicscintillators.
We have Y-dopedPWO crystalswith thedimensionsof 20 � 20 � 200 [mm

�
]. Thesizeis ade-

quatefor realapplications.
We testedtwo PWO samplescoupledwith photomultipliersirradiatedby  � rays from a���

Co sourcefor measurementsof scitillation propertiesat room temperature.The light yields
werefound to be 4.5 and8.2 photoelectronsper depositenergy in unit of MeV ([p.e./MeV]).
Thedecaytimespectumsof light emissionwereexpressedby fastandslow compentsof 1.7[ns]
(30%)and5.6 [ns] (70%),1.2 [ns] (17%)and6.0 [ns] (83%), respectively. We alsoobserved
the differenceof the light yield betweenthe two crystalsby cosmicparticlespassingthough
the crystal, even thoughthey weremanufacturedwith the samemethod. The PWO crystals
have thesmall light outputbut very fastresponseof scintillation in comparisionof a bismuth
germanate(BGO)crystal,samesizeasourPWO samples,whoselight yield was404[p.e./MeV]
anddecaytime was185 [ns]. At REFERandKEK � PS,anelectronbeamof 150 [MeV] and
hadronbeamof 1 to 3 [GeV] impingedon the singlePWO crystal longitudinally. We found
that in the singlecrystal the averageof the energy containmentwas78 % for theseenergies,
andtheenergy resolutionwas5.6%��� � (where � is the incidentelectronor positornenergy
in unit of GeV).We simulatedtheelectromagneticshower initiatedby incidentelectronswith
theGEANT4 code.Thesimulatedresultsareconsistedwith theexperimentalbeamtestin the
singlecrystalon thestochasticterm ,taken into accountthe statisticsof thescintillation light.
We concludedthattheenergy resolutionwill beup to 1.8%��� � with ninecrystalsarrangedin
a3 � 3 matrix.
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Chapter 1

Intr oduction

Quantumchromodynamics(QCD), the theoryof stronginteractions,with statisticaltreatment
predictsthephasetransitionfrom aconfinedstateof quarksandgluonsasnormalnuclearmatter
into adeconfinedstatecalledquarkgluonplasma(QGP).Theuniversebasedonthecurrentcos-
mologyhasevolvedfrom anintial stateof extreamenergy densityto thepresentstatethrough
rapidexpansionandcooling. We believe in thephasetransitiondescribedby QCD at theearly
universe.Theonly oneis experimentallytheheavy ion collisionsin thecurrenttechniquefor
raisingthe phasetransitionin our laboratory. We shouldsearchanddiscovery the signatures
of QGPwith heavy ion collisions in order to understandthe thermalhistory of our universe.
Themostpromisingprobein heavy ion collisionsis expectedto beanelectromagneticparticle
beacuaseof its long life time, that is, a large meanfree path in the reactionregime strongly
interacting.Theelectromagneticpartielcescanescapefrom thereactionregion andcarrypure
informationonit. Wefocusontheemissionof electromagneticparticlesin heavy ion collisions.
Ourpurposeis to measureelectromagneticparticlesattherangeof energy from severalhundred
MeV to severalGeV with high accuracy. A largeamountof particlesis ,however, producedin
ultrarelativistic heavy ion collisionscomparedto elementaryreactionssuchaselectron-positon
andproton-antiprotonin aunit solidangle,further, almostall of producedelectromagneticparti-
clesarenotprobeswhichweexpectedbut backgroundphotonsoriginatedfrom hadronicdecay
processof neutralmesons.Werequiretheelectromagneticcalorimeterwith highgranularityin
orderto measureelectromagneticparticlesaccuratelyin sucha high particlemultiplicity envi-
ronment.It is essentialto developecalorimetermaterialasscintillatorswith thesmallMoliere
radiusbecausethepositionresolutionstronglydependson theMoliere radiusaslongaswefix
thetotal volumeof thecalorimter. We alsorequestthecalorimeterwith high energy resolution
to efficiently identify a particlewhich decayedinto electromagneticparticles. It is important
to increasetheamountof scintillationlight andto improve its uniformity andtransparency be-
causetheenergy resolutionrelyson thesecharacteristics.In thenext generationprogramme,
thecenter-of-massenergy perneucleon,� ����� , will be5.5 [TeV]. A numberof producedparti-
clesat � ������� 5.5 [TeV] is about10 timeslargeasin thecurrentexperimentsat � ������� 150
[GeV] in a unit solid angle. As long aswe placea calorimeterat the samedistancefrom the
collision point, we have to make the transversalsizeof calorimetersegmentssmallerat least
onethird thanthecurrentsamllestsize,5.5� 5.5 [cm� ].The high resolutioncalorimeterwould
drasticallyenhancethe discovery potentialfor photonsdirectly emittedfrom a hot anddense
mattercreatedin heavy ion collisionsbothof thecurrentandfutureexperiments.Wemadelead
tungstate(PbWO
 or PWO) crystalsdopedyttrium at FurukawaCo.,Japan.WeconsiderPWO
crystalsto bethebestcandidatefor ahighperformanceelectromagneticcalorimeterbecauseof
its smallestMoli èreradiusof 2.2 [cm] in the inorganicscintillators. We have Y-dopedPWO
crystalswith thedimensionsof 20 � 20 � 200[mm

�
]. Thesizeis adequatefor realapplications.

In this study, we reporttheopticalandscintillatingpropertiesfor theY-dopedPWO crystal,
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andthe energy resolutionfor the singlePWO crystalat the regime betweenseveral hundred
MeV andseveralGeV.
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Chapter 2

Principles

We explain aboutscintillationandelectromagneticshower. Thephysicsprocessesarefounda-
mentalonourenergy measurementfor highenergy electromagneticparticles.Wealsodescribe
thePWO crystal.

2.1 Scintillation

Sometransparentsubstancesemit visible light whenirradiated.Its phenomenonis calledscin-
tillation, its substanceis a scintillator. The scintillation is simply interpretedasemissionof
extra eneriesin the form of optical photonswhenexited statesby irradiationbecomestable.
Whenionizing particlesmove thougha inorganiccrystalscintillator, freeelectrons,holesand
electron-holepairsarecreated.The carriersarecapturedat “color center”,which is the local
energy level resultingfrom latticedefectsor regular lattice,andexcite thecenter. Theexcited
centeremit the scintillation light andthensettledown. While in scintillatorsof organicsub-
stances,inert gasesandtheir liquids, ionizing partilcesdirectly excite their constituents(atoms
or molecules).

2.2 Electromagneticshower

High energy electronsmoving thoughmatter lose their energy by bremsstrahlungand high
energy photonsdo by electron-positronpair production. The bremsstrahlungis the photon
emissionresultingfrom chargedparticlesdeceleratedby Coulombelectricfield of nuclear. The
electron-positronpair productionis alsocausedby thenuclearCoulombfield. Repeatedtheir
two processes,thesecondaryphotonsandelectronsmultiply andexpandlike as“shower”. The
multiplication comesto an end when secondaryenergies are below the critical energy, ��� ,
becausethemainenergy lossprocessbecometheionizationinsteadof thebremsstrahlung.

Thecharacteristicunit relatedto theinteractionsin matteris calledtheradiationlength,  �
andtheMoliereradius,!#" . Theaverageenergy lossof electronsby thebremsstrahlungis 64%
of their energy in the matterwith the thicknessof  � (seeeq.(2.2.2)).The probablityof the
pair productionis 54% wherephotonsmove thoughthe matterwith the thicknessof  � (see
eq.(2.2.5)).Theelectromagneticshower transversallyexpands!$" acrosswith thedepthof  � .
Theelectromagneticshower achieves20  � long and3 !$" wide in thematterindependently
on its material.

For �&%('*),+ � �.-0/2143 � ;
Theenergy lossby bremsstrahlung,�6547 �8� 7:9<;>=@? )4A , is describedaseq.(2.2.1).� 7 �7B9 =@? )CA � D -FE �) � GIHJ / �LKNM OQP:R/ 143 � S � � (2.2.1)
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T �VU � � �XWZY\[ 5>�]9 �� � ; (2.2.2)

Thecrosssectionof thepair production,̂B_a`>b ? , is writtenby eq.(2.2.3).^B_Z`cb ? � D -FE �) de / � KNM O�P:R/ 143 � � d Je GIH O � (2.2.3)f g � ^B_Z`>b ? GhHJ (2.2.4)Tji U � i �XWZY\[ 5c� f g 9<; � i �LWZYk[ 5>� de 9 � ; (2.2.5)

TheMoliere radius,!#" , is oftendefinedaseq.(2.2.6)!$" �  � �]l,���]� (2.2.6)��� � mkOQn
[MeV]/po O:qsr D (2.2.7)�]l � '*)t+ ��u D.v �.- � r\O:qsr.nBw.r

[MeV] (2.2.8)

All variableshaveusualmeanigespeciallywithoutexcuse.

2.3 Electromageticcalorimeter

The amountof the scintillation light initiated by an electromagneticshower is proportional
to its incident energy in the casethat the material is enoughlarge to containthe expanding
shower. We readout the total scintillation light so that the incidentenergy canbe measured.
Thecalorimetryis how to meausreenergy, andthepracticalinstrumentis calledelectromagnetic
calorimeter. Theenergy resolution,̂��.� , of calorimetersdependson the incidentenergy and
canbeusuallyparametrizedaseq.(2.3.1);^� � xyyz {}|� ��~ � oj� � (2.3.1)S |� ��� � (2.3.2)

where � is theincidentenergy in unit of GeV, | is thestochasticcoefficient which reflectssta-
tistical fluctuationsof shower developmentandscintillation light, � is theconstanttermwhich
is influencedby calibrationerrors,nonuniformiesand nonlinearitiesin instruments,and in-
completeshower containment,andelectronicnoises.We oftenexpresseq.(2.3.1)aseq.(2.3.2)
where � denotesthesqureroot of thequadraticsum.

Thetwo dimensionalhit positionfor thecalorimetris oftenestimatedvia centerof gravity,
( 9X� ,� � ), expressedaseq.(2.3.3).9X� � �� b ��b 9 b�� �� b ��b � � � � �� b ��bN��b�� �� b ��b (2.3.3)

where( 9 b ,��b ) is thecenterpositionof the � -th cell and ��b is thedepositenergy in it. Theposition
resolutionalsodependson anincidentenergy andcanbeparametrizedaseq.(2.3.4).^��Q� � � �� � �j� (2.3.4)
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2.4 PWO crystal properties

Theleadtungstate(PbWO
 or PWO) crystalis ascintillator. Weconsiderthebestcandidatefor
ahighperformanceelectromagneticcalorimetersinceits smallMoliereradiusof 2.2[cm] com-
pared� to otherinorganiccrystalscintillatorsasshown in Table2.1. We alsotabulatedgeneral
propertiesof thePWO crystalin Table2.2. In theaddtionto theabove,it is well known thatthe
scintillationdecayspectraof PWO consistof two component,thebluecomponent(BC) peak-
ing around420 [nm] ascribedto the regular lattice center(WO
 ) � � andthe greencomponent
(GC) peakingaround500[nm] attributedto thedefectWO� center.

Table2.1: Comparisionto otherinorganiccrystalscintillators

Crystal Radiationlength[cm] Moliere radius[cm] Decaytime [ns] Light output[% NaI]
PWO 0.89 2.2 5� 15 1
BGO 1.12 2.4 300 15
NaI 2.59 4.5 250 100
CsI 1.85 3.8 565 40

Table2.2: Generalpropertiesof thePWO crystal

Crystal tetragonal( | � 5.5 [Å], + � 12 [Å])
Structure scheelite-type

Meting point 1123[ � C]
Density 8.28[g/cm

�
]

Radiationlengh 0.89[cm]
Moliere radius 2.2 [cm]

Energy losspermip1 13.0[MeV/cm]
Decaytime 5� 15 [ns]

Peakemission 420� 440[nm]
Refractive index 2.3

Relative light output 1 [% NaI]
Hygroscopic no
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Chapter 3

Utilities

We mentiontheutilites on our studies.A photomutipliertubeis usedfor readingout thescin-
tillation light. GEANT4 is theprogramingcodewith which we simulatedtheelectromagnetic
shower. REFERandKEK-PSaretheexperimentfacilitieswherewepeformedthebeamtest.

3.1 Photomutiplier tube

We selectedthe photomultiplierR7056madein Hamamastuin orderto efficiently andaccu-
ratelycountthescintillationphotonsfrom thePWO crystal,whosepeakemissionis 420[nm],
with sizeof 20 � 20 � 200[mm

�
]. Table3.1showsgeneralparamtersfor HammatsuR7056.

Table3.1: Specfor thephotomultiplier(MamamastuR7056)

Spectralresponse 185� 650[nm]
Wavelengthof maximunresponse 420[nm]
Photocathode Bialkali (25[mm] in diameter)
Window UV glass
Dynode 10 stages(linearfocused)

3.2 Singlephotoelectron technique

It is mostconventionalto measuredecaytimeof thescintillationlight with singlephotoelectron
technique(sometimescalledconventionaldelayedcoincidencemethod).In thismethod,wecan
measurethe arrival time after excitation of ecahscintillation photonsresultingfrom a single
excitation. In this report, for example,we placeda

���
Co  � ray sourcebetweenthe plastic

scintillator coupledwith onephotomultipliertube(PMT) andthe PWO crystalcoupledwith
anotherPMT. One1.2MeV  � ray impingesontheplasticscintillator. Theemittedscintillation
light is detectedby thePMT andis convertedinto a“start” timing pulseby adiscriminator. The
other1.2MeV  � ray independentlycausesthePWO crystalto emit thescintillationlight. The
scintillation light is detectedby theotherPMT andis convertedinto a “stop” timing pulseby
thediscriminatorwhosethresholdis setto detectsinglephoton,however, singlephotoelectron
aslong aswe usePMTs. Thetime between“start” and“stop” pulsesis digitizedby a time-to-
digital converter.
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3.3 REFER

REFER1 is a device for applicationof relativistic electronbeam,especiallydevelopmentof
X-ray source,and for educationin beamphysicsat HiroshimaUniversity VentureBusiness
Loboratory
�

(Hi-VBL 2). REFERconsistsof astoragering andaextractionline of electronbeam.
Theenergy of electronbeamis 150MeV generatedby themicrotronatHiroshimaSynchrotron
RadiationCenter(HiSOR3). The storagering with circumferenceof 13.7 m hasan injection
septummagnetandtwo bumpmagnetsthatinjectelectronsinto thering, eightbendingmagents
thatbendthebeamorbit with angleof 45� andcurvatureof 0.75m andthatcirculatetheelectron
beamin thereferenceorbit, a targetchamberfor someapplication,a beamscraperanda beam
absorberandanextractionkickermagnetthatpertubatethebeamorbit,andanextractionseptum
magnetwhich slowly (10 [Hz]) extracts the circulating electrons. The extraction line with
lengthof 6 m hasa bendingmagnetwhich guidestheextractedelectronbeamto theextraction
line andtwo quadrupolemagnetsfor beamfocusing. The presentREFERdosenot have any
accelerationsystems.Theenergy lossof electronbeamis around60 eV perrevolutionbecause
of synchrotronradiation.

3.4 Monte Carlo simulation with GEANT4

GEANT4 is a detectorsimulation toolkit broadly usedin the field of high energy plysics.
GEANT4 is the latestversiondecribedby C++ programinglanguage.TheGEANT simulates
many interactionsbetweenparticlesandmaterialsin thewideenergy rangeby theMonteCarlo
method.

3.5 KEK 12GeV Proton Synchrotron

The KEK 12 GeV ProtonSynchrotron(KEK-PS) is the acceleratorconstructedat KEK5 for
providing physicistswith excellentbeams.Two experimentalhall, northandeastcounterhalls,
arereadyfor experimentsusingprotonbeamsslowly extractedfrom KEK-PS.12 GeVprotons
extractedto the experimentalhall createthe secondaryparticlessuchaspions,kaonsandan-
tiprotonsby metal targets. We tabulatedbeamlines at the eastcounterhall in Table3.2 and
at the north counterhall in Table3.3. T1 and v r lines in the easthall areoften usedfor the
researchanddevelopmentof thedetector.

1REFERis saidto beanabbreviation for “Relativistic ElectronFacility for EducationandResearch”.
2http://www.vbl.hiroshima-u.ac.jp
3http://www.hsrc.hiroshima-u.ac.jp
4GEometryANd Tracking
5High energy acceleratorresearchorganizationin Japan
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Figure3.1: REFER
The left is the macrotron,the right is the storagering andextractionline. 150 MeV electron
generatedby themacrotronis injectedthestoragering in andextracted10 [Hz].

Figure3.2: KEK 12 GeVProtonSynchrotron(KEK-PS)
12 GeV protonacceleratedby PSis extractedto the north counterhall via the EP1line, and
to the eastcounterhall via the EP2 line. The neutrinobeamline is contructedfor the K2K
experiment.

Figure3.3: Eastcounterhall at KEK-PS
EP2is the extractedbeamline to the eastcounterhall. v f , K2 andK3 aresecondarybeam
linesby theexternaltarget,T1 and v r by theinternaltarget(IT). P1is thedirectbeamline for
primary12 GeVprotons.
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Table3.2: Beamchannelsin theeasthall

Name Sepcification Max momentum[GeV/c]
Beamlinesfrom externaltargets

K2 Separatedbeam 2v f Unseparatedbeam 0.3
K3 Separated 1.1

Beamlinesfrom internaltargetsv r Unseparated 4
T1 Testbeam 2

Beamline directly from PS
P1 Primarybeam 12

Table3.3: Beamchannelsin thenorthhall

Name Sepcification Max momentum[GeV/c]
K5 Separatedbeam 0.65
K6 Separatedbeam 2.0

EP1-B Testbeam 8
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Chapter 4

Experiments

We addressin this chapterour experiments.We measuredthe foundamentalopticalandscin-
tillating properties(transmittance,light yield anddecaytime) for our PWO samples.We cal-
ibratedour photomultiplierin orderto measurescintillationproperties.We testedby electron
andhadronbeamsto obtaintheenergy resolution.

4.1 Testsamples

We have threePWO samplesnamedPWO(A), PWO(B) the size of 20 � 20 � 200[mm
�
] and

PWO(C) in 20 � 20 � 100[mm
�
]. All PWO samplesweremanufacturedat Furukawa Co. They

aremadefrom themixutureof leadoxide(PbO)andtangstenoxide(WO� ) uisngtheCzochal-
ski methodin air atmosphereabovethemeltingpoint (around1200 � C) andtherepeated(third)
crystalization.They aredopedyttrium ions with the concentrationof 108 [at.ppm]. In addi-
tion to thePWO samples,we have oneBGO crystalthesizeof 20 � 20 � 200[mm

�
] in orderto

comparescintillationproperties.

4.2 Transmittance

Transmissionspectraweremeasuredwith a spectrophotometer(Hitachi U3010). Figure4.1
shows spectraof thelongitudinal(theprobinglight goesthroughthecrystal10 cm across)and
transversal(2 cm across)transmittanceof PWO(C).Thetransmittancecurve,especiallylongi-
tudinalone,hollowedaroundthewavelengthof 420nm (blueregion) by theabsorptionbands
of residualleadoxide, so that our PWO sampleslooked slightly yellowish. The longitudinal
and transversalcutoff wavelengthswere332 nm and328 nm, respectively. The wavelength
indicatesanoriginal absorptionby thePWO crystal.Comparingthetwo spectra,we estimated
theinternalattenuationcoefficient, - , describedin eq.(4.2.1)by employing eq.(4.2.2).� � � �LWaY\[ 5c� -�� ; (4.2.1)- � � K�M 5 ��� � � ;� � � � (4.2.2)

where
�

is thetransmittance,� is thelongidutinalthicknessof thecrystal.We foundthemag-
nitudeof - is approximately0.018cm� 1 at thewavelengthof 420nm.

4.3 Calibration for photomultipliers

Wepreparedaphotomultipliersensitiveto onephotonfor readingoutthescintillationlight from
aPWO crystal.Thephotomultiplieris R7056madein HamamtsuCo.,Japan.Wecalibratedits
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photomultiplierwith a greenlight-emittingdiode(LED) in orderto estimateits multiplication
for appliedvoltage.We placeda greenLED anda photomultiplier9 [cm] apartin a blackbox
for roomlight shieldingasshown in Figure4.2. A pulsegeneratorinitiatedthegreenLED and
openedaADC (LeCroy 2249A)gatevia atranslatorandadiscriminator. Thetranslatorconverts
TTL
�

signalinto NIM signal.Thediscriminatoroutputsthelogic pulsewhenthethepulsehieght
of theinputsignalis aboveits threshold.Wemonitoredatadigital oscilloscopetheplusesignal
injectedto theLED by thepulsegeneratorso thatwe arrangedthelight intensityto detectthe
singlephotoelectronarriving at the photomultiplier. The signalfrom the photomultiplierwas
alsodigitizedby theaboveADC. Wetestedtwo samephotomultipliersconvenientlycalledtheir
serialnumberVA0009andVA0010.

Weobservedthesinglephotoelectronasshown in Figure4.3with onephotomuliplier(VA0009)
appliedto a high voltageof � 1.5 [kV]. We consideredit asa singlephotoelectonbecauseof
thefactthatthepeakpositiondid notshift atall whenwesaparetedtheLED andthephotomul-
tiplier 14 [cm] apartandthen18 [cm] apart. We searchedthe sigle photoelectronasvaringa
high voltageappliedto thephotomultiplierthe rangefrom � 1.2 to � 2.0 [kV]. We fitted with
Gaussianthespectrumsin whichweobservedthesinglephotoelectron, andthencalculatedthe
multiplicationfactorcalledgain, � , by employing eq.(4.3.1).Werepeatedthesamecalibration
with anotherphotomultiplier(VA0010). Figure4.4 shows gaincurvesof our photomultipliers
againstappliedvoltage.Theopenandclosedcirclesrepresentedthemeasureddatafor VA0010
andVA0009photomultiplier, respectively.

� � 5  �l�_>_ �  h_a)4� ; � nkqsr:wO:q�m � O�n �\� (4.3.1)

where �l�_c_ and h_a)4� arethepeakchannelin ADC for singlephotoelectronandpedestal,respec-
tively. We call theADC offset“pedestal”.Hereweapplythevalueof 1.6� 10�\� aselementary
chargein unit of pC.Theinputsensitivity of theADC (LeCroy 2249A)is 0.25[pC/channel].
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The solid and dashedlines are the longitudinal and lateral transmissionspectrumson the
PWO(C) samplewith the dimensionsof 20 � 20 � 100 [mm
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Figure4.2: Setupfor photomultipliercalibration
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4.4 Measurementsof scintillation properties

We testedtwo PWO samples,PWO(A) andPWO(B), with thesizeof 20 � 20 � 200[mm
�
] irra-

diatedby  -raysfrom a
���

Co sourcefor measurementsof scintillationproperties.We simulta-
neouslyµ investgatedlight yield anddecaytime in thesetupshown in Figure4.5. We placedthe���

Co sourcebetweenthePWO samplecoverdwith analuminumfoil anda plasticscintillator
in a black box. The aluminumfoil preventsthe scintillation light from escaping.The PWO
crystaloptically coupledwith a photomultiplier(HamamastuR7056). The plactic scintillator
asa triggercoupledwith a photomultiplier(HamamastuH2431). We splitedtheoutputsignal
from the photomultiplier. Onesignalwasdigitized by ADC (LeCroy 2249A) for measuring
light yield. Anotherwasconvertedinto timing pulsesby adiscriminatorthendigitizedby TDC
(REPICRPC060)for obtaininga decaytime spectrum.Thesignalfrom theplasticscintillator
playeda role of a ADC gateanda TDC starttiming pulse. We usedoneof theslited signals
from the PWO crystalasa TDC stoptiming pulse. We alsotestedoneBGO samples,same
sizeasour PWO samples,for comparision.In this test,we readout thescintillation light from
thecrystalwith theVA0009photomultiplier. Thehigh voltageof � 1.9 [kV] wasappliedto the
VA0009in thePWO sample,� 1.2 [kV] in theBGO sample.Theperiodof theADC gatewas
tunedwith 200[ns].

4.4.1 Light yield

Figures4.6of (a)and(b) show obtainedspectrumsfor  -rayfrom a
���

Cowith thePWO samples
after the calibrationwasmadeby employing eq.(4.4.1). The typical raw ADC spectrumfor
the PWO sampleis shown in the top of Figure4.7. We convertedthe ADC channelinto the
numberof photoelectronsbeacuasethe ADC channelfor observed singlephotoelectronpeak
wasconsistedwith our calibrationfor photomultipliers. We observed a photopeakfor

���
Co,

which correpondsto 1.2 [MeV] depositedat thePWO crystal.The
���

Co spectrumswerefitted
onGaussianwith exponentialbackground.Theobtainedmeanis thenumberof photoelectrons
for

���
Co photopeak,

G � . By calculatingaccrodingto eq.(4.4.2),the light yieldswerefoundto
be4.5and8.2photoelectronsperdepositenergy in unit of MeV ([p.e./MeV]) for PWO(A) and
PWO(B), respectively.G _a) �  [ch] �  I_Z)4� [ch] �l�_>_ [ch] �  I_Z)4� [ch]

(4.4.1)

where
G _a) is the numberof photoelectronsintiatedby  -raysfrom a

���
Co radioisotope, is

the ADC channel,especially,  �l�_c_ and  h_Z)¶� correspondto the singlephotoelectronpeakand
pedestal,respectively.·¹¸ � G �O:qsr

[MeV]
(4.4.2)

where
·¹¸

is the light yield,
G � is the numberof photoelectronsfor the

���
Co photopeak,1.2

MeV is theenergy depositedby
���

Co  -rays.
Figure4.6 of (c) shows the

���
Co spectrumfor the BGO crystalafter the calibration. The

ADC channelwascalibratedby eq.(4.4.3).Unlike the PWO crystal,we did not observe the
singlephotoelectronpeakand the photopeaktogetherbecausethe BGO samplewas a large
light outputfor  -raysfrom a

���
Co source.We fitted thespectrumaroundthe

���
Co photopeak

with Gaussian,andobtainedthe
G � for theBGO crystal. The light yield for theBGO sample

wasfoundto be404[p.e./MeV]by eq.(4.4.2).G _a) � r � 5  [ch] �  h_a)4� [ch] ; � nkqsr:w [pC/ch]O:q�m � O�n �\� [pC] �º� (4.4.3)
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Herethevariablesarethesamemeaningasaboveequations.Thefactorof 2 is requiredbecause
wesplit thesignaloutputedfrom thecrystal(seeFigure4.5).

4.4.2 Decaytime

We measureddecaytime with the single photoelectrontechnique. To guaranteeits method
againstour measurementof decaytime, we analyticallyextractedeventsfor singlephotoelec-
tronsfrom all eventsby using the singlephotoelectronpeakin the ADC spectrumasshown
in Figure4.7. In additionto theanalysis,for theBGO sample,we hadto physicallymaskthe
crystalby the sheetwith a pinholebecausethe light outputof the BGO crystalwas large as
muchasthatof thePWO crystal.We limited to onetheaveragescintillationphotonsfrom the
crystalwhich wascountedduringtheperiodof theADC gate.Without thelimitation, we will
considerthefastestphotonin thephotonsarriving at thephotomultiplieramongtheADC gate
astheTDC “stop” timing pulsesothatwecannotobtainacorrectdecayspectrum.

The typical raw TDC spectrumfor thePWO sampleis shown in thebottomof Figure4.7.
We convertedthe TDC channel,̧ , into time, » , in [ns] by eq.(4.4.4).After selectingsingle
photoelectronevents,weomittedbothunderandoverflows. Wedefinedthepoint for maximum
countas » � . Weset » � to 0 [ns].» � ¸

[ch] � nkq�nBr:w [ch/ns] � » � (4.4.4)

Figure4.8of (a),(b) and(c) showsthescintillationdecaytimespectrumsfor PWO(A), PWO(B)
andBGO,respectively afterthecalibration.Theregionat » T 0 in thespectrumindicatestherise
up time ascribedto theplasticscintillator, thetail at »�U 0 shows thedecaytime for thecrystal.
Theobtaineddecaytimespectrumswerewell fittedat »½¼ 0 with eq.(4.4.5)asafunctionof time
in PWO crystals,

� 5 » ; � 5 GI¾ �À¿ ¾ ; WZYk[ 5c� »t�À¿ ¾ ; o 5 G lt�À¿Ál ; WZY\[ 5c� »t�À¿Ql ; (4.4.5)

with eq.(4.4.6)in aBGOcrystal,

� 5 » ; � 5 G �À¿ ; WaY\[ 5c� »t�À¿ ; (4.4.6)

where
G

is the numberof scintillation photonsreachinga PMT, ¿ is the decaytime, sub-
scripted � and � indicatetheslow andfastcomponets,respectively. The total intensitycorre-
spondsto

G6¾ o G l in thecaseof two components.Thedecaytime of scintillationlight canbe
parametrized;¿ ¾ = 1.7 ns (for 30%of the total intensity), ¿Ál = 5.6 ns (70%) in PWO(A), ¿ ¾ =
1.2ns(17%), ¿Ql = 6.0ns(83%)in PWO(B), ¿ = 185nsin BGO.
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Figure4.5: Setupfor measuremtsof light yield anddecaytime

4.5 Responseto comsic-rays

To ensurethe differenceof light yield betweenPWO(A) andPWO(B), we testedby cosmic
particlespenetratingthoughthecrystal.Sketchedin Figure4.9,wepiled up two PWO crystals
coupledwith a photomultiplier(HamamatsuR7056)and placedtwo sametriggerssymmet-
rically above andbelow the crystals. The PWO(A) samplewasoptically contactedwith the
VA0010 photomultiplier, the PWO(B) with the VA0009. The two sampleswerecoverd with
analuminumfoil, exceptfor the faceof contactwith thephotomultiplier. The triggershave a
plasticscintillator of 1 � 1 [cm� ] optically coupledthougha light guideof 10 [cm] long with
a photomultiplier(HamamatsuR3478).Thecosmicparticlesdeposittheir energiesequallyin
bothof thePWO(A) andPWO(B) samplesin suchageometry. Theapparatuswassetin ablack
box for shadingtheroomlight.

Theblankandshadow in Figures4.10correspondto theresponseof cosmic-raysfor PWO(A)
andPWO(B), respectively. WecalibratedtheADC channelby employing eq.(4.5.1).Thespec-
trumswerefitted with Gaussin,andthe light outputwas160Â 46 photoelectronsfor PWO(A)
and305Â 68 onesfor PWO(B). The numberof photoelectronsfrom PWO(B) wastwo times
aslargeasthatof PWO(A). We assumedbothsamplesweregiventhesameenergy by cosmic
particles.Thelight yield of PWO(B) wasalsotwo timesaslargeasthatof PWO(A) like asthe
measurementwith  -ray from a

���
Co source.We foundthatcosmicparticlesdeposited36Â 10

[MeV] in PWO(A) and37Â 8 [MeV] in PWO(B), applying4.5[p.e./MeV] for PWO(A) and8.2
[p.e./MeV] for PWO(B). Ourassumptionwassatisfied.Thecosmicparticletraversethecrystal
2.8[cm] acrossin thissetupby calculatingwith thevalueof its energy lossfor thePWO crystal,
13 [MeV/cm].G _a) � 5  [ch] �  h_Z)¶� [ch] ; � nkqsr:w [pC/ch]O:q�m � O�n �\� [pC] �Ã� (4.5.1)

Herethevariablesarethesamemeaningasaboveequations.
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Figure4.6:
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Cospectrums
Thefiguresof (a), (b) and(c) show PWO(A), PWO(B) andBGO,respectively. Thenumberof
photoelectronsfor

���
Cophotopeak,whosedepositenergy is 1.2[MeV], is 5.4,9.8and485.
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Cosmic ray

Trigger Counter 2

Trigger Counter 1

PWO(B)
PWO(A)

PMT
R7056

PMT
R7056

Figure4.9: Setupfor cosmicray test
Two PWO crystalsarepiledupwith two triggersaboveandbelow them.TheADC gateis open
whenacosmicparticletraversestwo triggersacross.Thescintillatingareaof thetriggeris 1 � 1
[cm� ].
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4.6 Beamtests

Weperformedtwo beamtestsatREFER(Hi-VBL) andKEK-PS(KEK). Theenergy resolution
wasobtainedin incidentenergy of 150MeV, 1 GeV, 2 GeVand3 GeV.

4.6.1 150MeV electron beamat REFER

We arrangedthesetupshown in Figure4.11in front of theextractionduct. Theelectronbeam
longitudinallyimpingedon the20 � 20 [mm� ] faceof thePWO crystal.We placeda collimater
andtwo triggersbetweenthe duct and the crystal. The triggershave a plasticscintillator of
1 � 1 [cm� ] optically coupledthougha light guideof 10 [cm] long with a photomultiplier. The
collimateris a leadblock with a holeof 5 [mm] in diameterand5 [cm] long. Thesignalfrom
photomuliplierswas digitized like the measurentsof scinitllaion properties. We appliedthe
photomultipliercoupledwith thePWO sampleto thehighvoltageof � 1.2[kV].

Figure4.12showsthedepositenergy distributionfor 150MeV electronincidentonPWO(B)
sampleafterenergy calibrationwasmade.In theenergy calibrationaseq.(4.6.3),weconverted
the valuesof ADC channel, , into the onesof energy, ���>)N_ , emplyingthe light yield which
wasmeasuredfor oursamples,

·¹¸
.���>)N_ [MeV] � 5  [ch] �  h_Z)¶� [ch] ; � n\qÝr:w [pC/ch]O.qsm � O�n �\� [pC] �Þ�ß� ·¹¸ [p.e./MeV]

(4.6.1)

Thefirst peakshown in Figure4.12is considerdoneincidentelectron.Thesecondpeakcorre-
spondsto two incidentelectronsduringtheADC gatewith theperiodof around200[ns]. We
fittedthefisrt peakwith Gaussian,thencalculatedusingits meanandsigma.Thedepositenergy
wasfoundto be116[MeV] for oneelectron,231[MeV] for two electrons.Theenergy contain-
mentwas77 % of total incidentenergy, theenergy resolutionwas14 % in thesinglecrystal.
It is naturalthatthesinglePWO crystalwith thelateraldimensionsof 2 � 2 [cm� ] ( � 1!$" ) can
not containthe total incidentelectronenergy beacausean electromagneticshower tranversaly
expandsacrossthreetimesas its Moli èreradiusof 2.2 [cm]. However, the PWO crystal20
[cm] long ( � 20 � ) canpreventtheelectromagneticshower from escapinglongitudinally. The
energy resolutionis muchinfluencedby theflactuationof theenergy leakage.

4.6.2 Unseperatedbeamat KEK à PS

We participatedin theT496experiment,which is oneof theprogrammefor detectortestat the
KEK, in orderto measureelectronsof several GeV andto observe responseto hadronswith
our PWO samples.TheT496experimentperformedat v 2 beamline of theeastcounterhall in
KEK-PS.The v 2 beamis anunseparatedbeam,thatis, includeselectrons,pions,protons,kaons
anddeuterons.We show in Figure4.13thespecialsetupfor thetestof our PWO calorimeterin
T496.We identifiedelectronswith two gasČerenkov countersanddistinguishedpions,protons
and other hadronswith start and stop countersby time of flight. We guaranteedthe beam
directionagainstthecalorimeterwith a vetocounteranddefiningones.We determinedunder
thebeammomentumof Â 3, Â 2 and Â 1 [GeV/c] wherethesign indicatesanelectromagnetic
chargeof theparticle.

We observedthatthesinglePWO crystalstoppedprotonswith themomentumof 1 [GeV/c]
shown in Figure4.14,in otherwords,protonsof 1 [GeV/c] depositedtheir totalkineticenergies
432 [MeV] calculatedaseq.(4.6.4)at thecrystal. Thepeakpositionof theenergy depositfor
stoppedprotonswith themomentumof 1 [GeV/c] wascalibratedto be432[MeV] accordingto
thekinematics.We foundtheconversionfactorby eq.(4.6.2),andconvertedtheADC channel
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into theenergy by eq.(4.6.3).á H
[MeV/ch] � D RBr [MeV] �lCâã_ [ch] �  h_a)4� [ch]

(4.6.2)�]�>)�_ [MeV] � 5  [ch] �  h_Z)¶� [ch] ; � á H [MeV/ch] (4.6.3)

where
á H

is the conversion factor from the ADC channelinto depositenergy,  �lCâã_ is the
the ADC channelfor the stoppedproton peak,and the othersare the samemeaningabove
equations.

á H � 3.26 [MeV/ch] for � 0.8 [kV] appliedto the photomultiplier(Hamamatsu
R7056:VA0009),

á H � 28.9[MeV/ch] for � 0.6 [kV], respectively.
Figure4.15is spectrumfor pion andprotonof 3 [GeV/c] penetratingthecalorimeterlongi-

tudinally after theenergy calibration.Thedepositenergieswere210 [MeV] for pion and230
[MeV] for proton.We took sevendatasetsfor electronandpositronin total with thePWO(B)
sampleasshown in Table4.1.Figure4.16showsspectrumsfor positorons/electronsof 1, 2 and
3 [GeV]. Theobtainedspectrumsfor positrons/electronswerefitted with Gaussianat therange
between0.7��bsäQ� and ��bÝäÁ� ( ��bÝäQ� is theincidentenergy) sothatthelower tail wastruncated.The
averageof theenergy containmentwasfoundto be77 % of total incidentenergy for positron,
81 % for electron.Theenergy resolutionin thesinglePWO crystalwasfoundto be6.5%and
8.8%for 1 GeV positronincident,8.9%for 1 GeVelectronincident,8.3%for 2 GeVpositron,
5.0%and6.5%for 2 GeV electron,5.0%for 3 GeV electron,respectively (seeTable4.1). We
plotedtheir experimentalvaluesin Figure5.3. The resolutionis deterioratedin casethat an
incidentparticledosenothit longitudinallythecenterof thecrystalfacebecausethefluctuation
of energy leakageincreases.��å � u � � oæ' � � ' (4.6.4)

where ��å is thekineticenergy, ' is themassand� is themomentumof aparticle.

Table4.1: Datasets

run number PMT voltage[ � kV] incidente� /e� resolution[%] containment[%]
1161 0.8 1GeVe� 6.5 78
1241 0.6 2GeVe� 8.3 76
1242 0.6 1GeVe� 8.8 76
1243 0.6 3GeVe� 5.2 81
1244 0.6 2GeVe� 5.0 82
1245 0.6 2GeVe� 6.5 82
1252 0.6 1GeVe� 8.9 80

Therun numberis assignedby T496collaboration.

Particle identification

We identifiedpions,kions,protonsanddeuteronsby comparingtwo values.Oneis thediffer-
enceof measuredtime of flight, çè»�âêé ¾ , describedby eq.(4.6.5)andanotheris thedifferenceof
calculatedtimeof flight, ç8» �âêé ¾ by eq.(4.6.6).ç8»�âêé ¾ � áìë 5 ¸ 1 � ¸ � ; (4.6.5)

where
áìë

is theconversionfacotrfrom TDC channelto timein ns.
¸ 1 and

¸ � aredistinguishable
peakchannelsin theTDC spectrum.ç8» �âêé ¾ � { Oí 1 � Oí � ~ · + (4.6.6)
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where
í

is therelativistic varialbedescribedby eq.(4.6.7),+ is thelight velocity in vacuumand·
is thedistancebetweenthestartandstopcounters.í � îï O o { ' � ~ �,ðñ � 143 � (4.6.7)

Table4.2shows theclculatedvaluesfor theT496experiment.

Table4.2: Calculatedthedifferenceof thetime of flight in TDC ch

1 [GeV/c] 2 [GeV/c] 3 [GeV/c]v K 61 16 7v p 211 60 27v d 613 200 96
Kp 150 44 20
Kd 551 184 89
pd 402 141 69

Thevaluesarecalculatedusing
áìë � 0.025[ns/ch],

· � 4.538[m], for thecombinationof pion
( v ), kaon(K), proton(p) anddeuteron(d) with themomentumof 1, 2 and3 [GeV/c].

Figure4.17shows thetypical raw TDC spectrumof thestartcounter1. We separatedpions,
kaons,protonsanddeuteronsby Table4.2, taking into accountthe time resolutionof thestart
andstopcounters.However, in casethatthebeammomentumsetanegativevalue,weobserved
only negativepionsin theTDC spectrumof thestartcounter. In sucha case,we comparedthe
TDC peakpositionfor thepositivemomemtumto thatfor thenegativeonebecausethetime of
flight is sameat thesamemassandmomentum.

We identifiedelectronswith the gas(CO� ) Čerenkov counter. The gasČerenkov counter
emitstheČerenkov light whena particleis above theČerenkov thresholdvelocity (eq.(4.6.8)),
anddosenot whenthe particlebelow the velocity. In the T496 experiment,we arrangedthe
CO� gaspressurein orderto distinguishbetweenpositrons/electronsandhadrons.í âêò � O ��ó (4.6.8)

where
í âêò is theČerenkov thresholdvelocity, ó is thereflective index.

Figure4.18 shows the typical ADC spectrumof the gasČerenkov counter. The pedestal
correspondedto hadrons.Theyellow region(upperregion)wasconsideredthesignalattributed
to positrons/electronsbecausefew Čerenkov light wasemittedfor thehadronswith high mo-
mentum,althoughthearrangementof thegaspressure.

Figure4.19showsthetypicalADC spectrumsof thePWO calorimeter. Weextractedpositron/electron
eventsfrom all eventsby the above identificationwith the gasČerenkov. The pion andpro-
ton eventswereobtainedusingboth theTDC peakpositionof the startcounterandtheADC
pedestalof thegasČerenkov counter.
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Figure4.11:Setupfor thebeamtestat REFER
Theextractionduct is 4 [cm] in diamter, thecollimateris thesizeof 5 [cm] �æô 0.5 [cm]. The
crystalis placedalongtheextractionline. Thetriggersareperpendicularto theextractionline.
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Figure4.13:Setupfor PWO calorimetertestin T496experiment
Theunseparatebeam(pion,kaon,protonandelectron)with themomemtumof û 1, û 2 and û 3
[GeV/c]. Thestartcountersseparatehadronsby time of flight, andthegasCerenkov counters
identify electrons.Thevetoandtwo definingcountersguaranteethebeamdirectionagainstthe
PWO calorimeter. Thedistancebetweenstartcountersis 4.538[m].
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Theprotonspectrumis extractedfrom theraw ADC spectrumwith theidentificationby timeof
flight in therun 1161.Someprotonspenetratethecrystal, othersstopin thecrystal.Thepeak
positionis 130[ch] for pedestal,263[ch] for stoppedprotons.
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Figure4.16:Depositenergy distribution for electrons
For 1, 2 and3 GeV electronor positronincidenton thePWO(B) sample.Thespectrumwere
fitted with Gaussinaat the rangebetween0.7 and1.0 [GeV] for 1 GeV incident,1.4 and2.0
[GeV] for 2 GeVincident,2.1and3.0[GeV] for 3 GeV. Theobtainedvaluesareshown in Table
4.1.
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Chapter 5

Discussion

We discussthe energy resolutionfor the PWO crystal. We parametrizethe energy resolution
by eq.(2.3.1)on both theexperimentandsimulation.We tried to comparethestochasticterm
betweentheexperimentandsimulation.

5.1 Energy resolution

Weparametrizedthemeasuredenergy resolutionsat two beamtestsby eq.(2.3.1).By fitting the
dataasshown in Figure5.3,thecoefficientswerefoundto be ��� 5.4%, � � 4.6%.

5.2 Simulation

Wesimulatedwith theGEANT4codetheelectromagneticshower initiatedby electronincident
on the PWO crystalwith the incidentenergy of 0.15,0.50,1.0, 1.5, 2.0, 2.5 and3.0 [GeV],
respectively asshown in Figure5.2. The obtainedspectrumswerewell fitted with Gaussian
at the full range.The averageenergy containmentwas75 %. The simulatedresultof energy
resolutioncanbeexpressedby eq.(5.2.1)for thesinglePWO crystalasshown in Figure5.3.!#"%$&"' � (*),+.-/ ' 0 � )213- (5.2.1)

In additionto theabove,thesimulationresultsof energy resolutionshow thattheenergy resolu-
tion will beup to 1.8%4 / ' with ninePWO crystalsarrangedin a 3 5 3 matrix asshown again
in Figure5.3. Thecontainmentwill be92%.

5.3 Comparision of experiment to simulation

Therelationshipof thestochastictermbetweentheexperimentandthesimulationis described
aseq.(5.3.1)becausewedonot implementin thesimulationcodethefluctuationof scintillation
light.

�.687:9 � �<;>=@? 0 �A9B6 (5.3.1)

�.C>9 �
D E
FHG (5.3.2)E � �JI �K " I �K " KML IONANANPI �K " KQL NANAN KMR (5.3.3)

where �.687:9 , �<;S=2? and �A9B6 expressthe stochastictermsdescribedby eq.(2.3.1)for the exper-
iment, the simulationand the photostatistics.The stochasticterm for the photostatisticsis
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Figure5.1: Excessnoisefactorfor photomulitipliergain

often expressedby eq.(5.3.2).
F\G

is the light yield,
E

is the excessnoisefactorwritten by
eq.(5.3.3).

K = is the secondaryemissionyield of ] -th dynodefor a photomultiplier. AssumingK " � KQL �^NANAN_� KMRa`bK
, cb� K R

where c is thephotomultipliergainand d is thenumberof
dynodestage,therefore,

E � c "8e R �fchg "c "8e R �i� (5.3.4)

asshown in Figure5.1,especiallyfor dj� 10 (HamamatsuR7056).We employed
Elk

2 at the
gainrangeof 10m k 10n correpondingto theoperationvoltagesin thebeamtests.By eq.(5.3.2)
for

F\G � 8.2 [p.e./MeV], �P9B6 k 1 %. On theotherhand, o � L687:9 �p� L;>=2? k
3 % from theabove

results.It seemsto becomparablein sucha roughestimation.
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Figure5.2: Depositenergy distribution for electronswith simulation
Theelectromagneticshower initiatedby electronincidenton thesinglePWO crystalsis simu-
latedwith theGEANT4code.Thecrystalsizeis sameastheoursample.Thebeammomentum
is setto constant.The simulationis performedon the incidentenergy of 0.15,0.50,1.0, 1.5,
2.0,2.5and3.0[GeV], respectively. Thespectrumarefitted with Gaussianat thefull range.
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Figure5.3: Energy resolutionfor thePWO crystal
Theexperimentdatafor thesinglePWO crystalis obtainedfrom two beamtestsatREFERand
KEK-PS,thesimulationdatais calculatedfrom theGEANT4 codefor thesinglePWO crystal
andninecrystalsarrangedin a3 5 3 matrix. Theplotteddatais fitted with eq.(2.3.1).
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Chapter 6

Conclusion

Wehaveconcludedon thisstudythat;

v Theinternalattenuationcoefficient is 0.018[cmg " ] at thewavelengthof 420[nm].

v ThePWO crystalis a small light outputbut very fastscintillatorcomparedto theBGO
crystalasshown in Table6.1.

v Thereis the differenceof the light yield with a factorof 2 betweentwo PWO crystals
manufacturedin thesamemethod.

Table6.1: Measuredscintillationproperties

Samples Light Yield [p.e./MeV] DecayTime [ns]
PWO(A) 4.5 1.7(30%),5.6(70%)
PWO(B) 8.2 1.2(17%),6.0(83%)

BGO 404 185

v The averageenegy containmentin the single PWO crystal is 78 % of incident elec-
tron/positronenergy.

v Theenergy resolutionfor thesinglePWO crystalis obtainedto be

!' � w )@+.-/ ' 0 (*),+.-
and consistedwith the simulationresultstaken into accountthe photostatisticsin the
stochasticterm,andwill be improvedto 1.8%4 / ' with ninecrystalsarrangedin a 3 5
3 matrix.
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