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one sample is seen. OCR Output

with low one as well as almost self annealing after 2 weeks of the exposure for

ment in transmission spectra are observed for high dose of irradiation compared

doses of 460 krad and T Mrad. For colourless samples the significant improve

All samples were irradiated by ·. qnanta from a powerfull 6UCo source up to

ns.

crystal. Decay times were established to be rl : 1.95 ns, T2 = 6.9 ns, rg, : 28.5

The measured light yield of the best samples was 6.4 % of that of BGG
into a crystal which causes defects involving Phi
of part of lead ions in the melt into three valent state and its further reentry

It is shown that colour centers in crystals are created due to the transition

pending on oxidation potential of the growing atmosphere.
varied from bright yellow (orange) to slight yellow and almost colourless de

Research Institute of Svn hesis of Mineral Raw Materials. Crystal colours are

growing conditions have been studied. All crystals were grown in All-Russian
The characteristics of heavy scintillating PbVV()4 crystals produced at different
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were obscrve<*l. llie iritrodiictioii of Nb allowed to obtain more optical OCR Output

of undoped _crystaland shift of crnission spectra for different parts

the full size crystalAccording to [4-8] optical nonuniforrnity along

A nolrvgroscopity

melting point, (OC`) l 1123 :l:

2.16refractive index

decay time, (ns) 2.1, 7.5, 26
rrghr. yiaa, (% ar Boo); at
Moliere radius, (cm) l 2.13
radiation length. (uri) l ().89·

8.28density, lg/cmg)

[able; Characteristics of PbWO4 crystal.

regions.

93312 l’l»\\i`( 14 4·r‘ysrals in the barrel and 16128 ones in the end cap

is developing; on its basis an electroniagrietic ealorimeter consisting of
this crystal 1ricrcase<cl since Cl\lS Collalioratioii (LHC. CERN, Geneva)
acteristurs of Pl>\V( ll crystal ere listed in Table 1. Lately the interest for

photodettwtors. high density, relatively cheap raw rnztterizil. Some char
correspondense to the spectral sensitivity range of most commonly used
known s<·i11t1llultors: fast decay time and emission spectrum with good
used in ern. r·arlo1’inietry has several aldvalritages compared to already
PbW'()4 rrysmi aw being carried out [28}, This Scintiiiatirig crystal
intmsivxr studios on scintillation properties and radiation liairdriess of
Stamng with tho inst n·o111mu11icati0n fr0111 S.Dercnz0 et 211. [1] the

1 Introduction



makes it possible In grow crvstals in the system by melting technique. OCR Output
takes place congruent liv in all the range of l’l>O~WOg contents and that
or another iuirejstate l’l.>2\/W )5 present in the system The melting
creases compound nielting; points and leads to co-crysta.lliza.tion ot \VO;;
from the ventral setniori (ftpproxinratelv at 2 11101.%) appreciahly de
5OW()g lniol.“% l and r)(`<‘\lI`S at 1123 j; 5 "C. Anvvvay a. slight deviations
crystallization of l°l>W(f)4 corresponds to its central section of 5()Pl>()—

State diagrain studies ot I°h(i)-VV(i);; system have shown that a
(10].) planes.

cleavage on tlie lll 1 pl plane and an incomplete one on the (001) and
hedron slightly tlattened on the c axis. The crystals have the average

The Correspoinlirigg <·<>oi·1ir1atiIigpolvtypes are (.lO(l€C&l1(t¥£lIOl1 and tetrae

A. Its structure is made up of lead and tungstene oxigenic polihedrons.
contains 4 rornrular units, its paranieters are a : 5.45 Aand c Z 12.043
type structure. its space group is of a ,14, /ei-type. An elementary cell

Pb\V(`)i single <·rvstai belongs to tlietragonal sirrgony and has a sheelite

2 Growing technique

of Mineral Raw Materials.

l°b\/VO4 crvstals grown in All—Russian Research Institute of Synthesis

measurements of scintillation clrararzteristics and radiation hardness ot

Below we present the first results on X-ray phase studies as well as

that of BGU <·rvsta.l.

even for the best PBWO4 samples light yield doesnt exceed 5 from
observed which slightly decreases the crystal light yield. Note, that
for PIJVWI)4 doped with Nh wide absorption hand around 420 nm
uniform crystals and increased its radiation hardness [5-8]. However.



extreme rsheniir al purity tht- orarigevellovv colour of crystals is of maxOCR Output
used oxide types excluding red l’b<>. ln the last ease in spite of its

dependenee on oxide type has been observed within all the range of
Very slight erajr subcolour is observed in some eolourless samples. No
almost colourless depending on OXlGlZ1I1g potential of gas atmosphere.

tal colour veries from bright orarigeyellow to slight lernon·yellow and
white. iinelv dispersed inclusions are present at its rear zone. Crys

tained. The rrystals are transparent. contain no breaks; occasionally

Crystals $)l)— 100 nun long; and 2(LL22 inni in diameter have been ob

sphere varied from neutral to oxigeriic during_ experiments.

OC. pulling rate oi, A 0 min/hour and rotation of 30 rniriidr The ai.ino—
The proeess is pr—t·+`oi·rried at <·riicil‘>lte wall teniperature of 1150-1 161)

grown on seeds oriented approx. on forth order axis i.e. on 001.

ll8><1()"'l and G.Y>>< 10 0* mass respectively. Crystals have been

matters in the initial oxides are; not more than l62·.3><10`*; 335>< lt} “

special purity zred niodiiicatioiii. Clertitied total eontents of foreign

PbO — pheinical purity tor speci ral analysis gvellow inotlihrcatiorilz Pbt)

rity for niaking optrtal glass; \’\’l.>;t — cheniical purity for phosphois;

following standard industry made oxides are used: VW); — special pu

and WC); oxides taken in stoiehioiiietric ratio is used as a charge. The

ing setup using platinum crueibles. The mechanical mixture of PbO

Crystals have been grown by Czoehralski method in a. resistive heat

references in yi.

previous studies rrrrrirrt been confirmed by latest ones (see the list of

Polymorphic transitioii cx —~ U PbWO.1 found out at 875 °C in one of

alpha—PbV\’()4 (raspite) and high pressure phase of PbVVC)4 — 111

two II1f)I1()(illI1l(` tnodifitaations are established in the given tungstate:

Besides the tetragonal l’bVV()4 specified above ([5’—1°ase, stolzitel) other



reflection and its iinterrsny are higher lor material from rear zones (espe OCR Output

relle<iti<>n (1 12} oi .le»l’l>\\i'( M. As a rule. the number of these additional
tograrnm is low i3·Z> i. ns intensity is 0.2-2.5 W compared with the main

all coloured ones. l`lre nuinher ot these reflections for each of diflrar

slight additional retleri ions are observed in some colourless samples and

respond to li—plrase ol l’h\lV(l)4. Aloin; with that fact the presenee oi

Almost all lines in the (lll'll`&L(.iT,()§;fI`&*Ll111115 of all crystal samples <·or—

.ll”l {lo

glet, l—2 mass ZZ of inassnvot and less than l mass % of hydroeernssite

%, respectively. Red rnodilication lead oxide eontaines 97498 mass % ol
presented in vellow nn>diii<·ation Pl.>(_) at quantities of 80 and 20 mass

hieal phase iiiiassieol t and low temperature tetragonal one Qgleti) are

According to X·ray diti`raetion data high temperature orthorhom

head ones is analvzed

rate). l\’Iaterial selevterl tn >n1 the rear crystal Aones as well as from the
diflereiitialdeinperature rnetliod llieating and rooling in air at lU" /1nin

irradiation. Nililter). Some samples have been studied aditionally with

The studies were pertornied using DRON ·4—li)7 ditliraetometer l_Cul\Q,,

3 X—ray phase studies of crystals and initial lead oxides

produce a colour of Pl>WO.1
content of crystals itselves and lead content in charge components rnay
and initial lead oxides are performed taking into account that phase
role in crystal colour. Thereiore, X-ray phase studies of grown material
an atmosphere and introdueed lead oxide modification play a crucial
matter in charge content don°t eifect on crystal eolour. The content of
inium intensity. lhis latrt indicates that quality and quantity of foreign



Correlation ot thest data with X-ray <lllTI`d(‘U)I1l(‘ltI`l(" ones eonfirrnes the OCR Output

tic melting as well as in nolirnorphons 1ransfonnatiori {iv ——> gt? T’l>`\»VOi.

feats have been ol>serv1·<l in l’l>W<i),—l’l>2\iV(l—, and Pb\V()4·VV();; eutetr

of crystallizatioii tor the t online tnrves at the same terriperature. No el?

of 1l2()—ll2?'» t<. ` whith ttoiitesporirls to less sytnrnetriv <·>;otherrni<1 effect
anomalies ljndotl ‘Iillll<" efleet of melting; appears at the ternperature

range the <_lOI`l\'&E()}t§I`?lI1lIl15 of all samples are the same and don’t eontain

tals in the range troni iooni teinperatre to melting one. V\’ithin this

in (1l'l?\I`§§l‘ and pliasty nonuiiitormitv level on thermal behavior of <·tvs

Differential—ther1no analysis has not shown the effect of irnpurites

relativelv intense atltlitioiial reflections

crystals piotlneetl with red lead oxide have the rnaxiriiuni nunibei of

special iinpnritv or its total taontent in a eliarge. Along with that

the level of tnliase noininiformity of crystals and the presence of some

qtiatitih ol niipitrities in initial oxides reveals no tio1`rela,tio1‘1 l’>et\\`i*CH

and intensnx til ;t<l·ehtional lines on <liffrac·t.ogra111s with quality mid

Oli Hiitltlliv aint hiiglit <·<>lo111‘C·<l <‘l`\'Hlrll§&_ Tlie t,TOU1l)klI`lSOIl of 11uI1il_>ei`

tions troierespondintg to t» l"’bW( )4 l)I`<‘<l()I11lIl2ilt’ among additional ones

of this pliase tlevzease when intensity of tolonr inctreases. The reflec

specific eases. ot tolonrless ones. The nuinher and intensity of lines

phase are ¢)l)St·‘l`\'(”(l on <lilfrat:togranis of slig;ht—vellow crystals and. in

files from a <"?lIkLlU§2;l1t* were used [10}), The reflections of an iniideiitiiied
components with vrusible walls has not been found (all corresponding

or tungsten toinponntl. as well as possible products of reaction of melt

part of additional reflections to SOIUG known oxide, intermetallie lead

responding to rnonoelinit; phase of ti1—Pl>V\"()4. An aflilation of the rest

parts of the crystal. The number of these lines were indentifiecl as cor

eially when inipurities are present) then for one from head and central



yielding detetxts irrvolving Philt ln the trarnework of this scheme the OCR Output
valent statt ot part ol lead in melt and its further re-entry into crystal

the creation ot colour centers a consequence of transition into three

with the above rnentioned data is well founded and allows to consider

is higher than that ot vellow one ll3i. The coinparison of our results
l°l>;;(),; <- Phi) + Pl>2();;. Significantly; the oxidation rate of red l)l.>(

rnixture (_Pl>§*Pb4* ttl.,) and further decay according to the schernc
{12] on rather easy Pb(> oxidation to Pl>;;(.)4 (more specifically. to the
the oxidating t-ornponent of the charge. The proof of that are the relate
as well as lowest one t+2i) of lead in Pl>O suggest that lead oxide is
oxide present. The highest oxidation level t—{-6) of tungsten in Wt );t

caused by oxrgcrricé proresses in a rnelt as well as hy forrn of the lead

colour centers happen during crystal growing and are substantially
The data obtairied indicate that the phase inhontrogenity and yellow

creases from head zone to rear one along the length of the crystal.
ature tetragoiiai rnoditiryatiori (glet) is used. Plrase nonniforniity in

oxigenic atrnospli<~r<· and. especially. when lead oxide of low temper
However, tht·sr~ lireakirigs are stronger when crystals are grown under
cornposition is not a result of lack ol cliernical purity of used oxides
The unidentincd phase doesnt ctlect crystal colour. Breaking of phase
trix. Crystal colour torresporids to a presence of Pl>’W(Q).r mplrase.
tungstate) creates elasters statistically distributed in B—PbV\/O,] rna»
are not large. lt seerns likely that uniderrtitied phase (or phase of lead
tals obtained deviates front inonophase [3’·PhVV(i)4. These deviations

Thus, the composition of all coloured and part of colourless crys

low intensity

transformation either really doesnt occur or proceed slowly and with
absence of Pb2V\'()5 and WO3 compounds and indicates that or 4+ if



of vellow iolouii In this t·oniiet·tioii values ot absorbtion eoetlirieiit OCR Output

bandwidth is roiistani. its intensity increases with increasing intensity

inaxiinuni at ,\ ill} nin is rliararteristir lor coloured crvstals. The

The wide broad ahsorhtiori band in the range of 375 - 500 nm with the
served optiral ahsoi‘btion boundarv of all samples is close to 333 nin.

Fl`ransniission sperrtra of ervstals obtained are shown on iigt l. Ob
measurements were perfornied at roorn temperature.

the ortliogonal dim tions of exritaitiiori flux and Ph/lT`s optical axis. All

detected at the end sides ol the samples placed at an angle of 45* to

PMT-1003 in tht i`tt1i;;¤`· oil f§3ll·Y`7>() inn. ln doing sor the emission is

using special setup Qnised on l{S\`lC2 assembly (l\tl0K(, irradiation,

tronieter "Yiperord Nl l(l" Xerav li1niines<’·enr<e spectra are oh11ain<—d

in visible and rlose lrl\i regions (280 e 900 nin) are recorded on sper

determine variation ol niaterial <·ha.ra.eteristies. Transmission spectra

tion of selerted tzories in earh sample in the crystals has been fixed to

same wav ii l$(}<) sample for roiriparison is iriaiiiiiartiired. The posi

tral studies. The him surfaces of the samples have been polished. 'llhe

iollowinig diinentions l l U nini in dianieter and lU.O inrn long for sper

The initial vrystals have been rut up to tcvlindrieal samples with the

tra of different coloured crystals

4 Studies of transmission and X-ray luminescence spec

known till now and additional studies are needed.

connection ot ttolour renters with at presenee of PbVV()4 ry phase is not

a melt. (To-ervstallimtion niechanisin of secondary phases as well as a

by a conseqiieritxe of high intensity of oxidation process of lead oxide in

increasing brightness of yellow colour when using red Pb() is explieable



is alinost conipletely sinearedi OCR Output

end of a sample high intensity ol h1nnnesceiit·e of the coloured crystals

material layer thi<·knes~ so when d<—t,eetin;; einission from the opposite

noted that ahsorptioi. losses in 5375-500 nin band sharply increase with

a decrease of ntnnhei ot renters ol green liuninescence. lt should be

snrnnied spectra. illhe inost probable reason of all these changes is

I[1lIl€S<f€I1(*€‘. Illhe last lastor riletcruliries the a<·<‘oII1pa.11yiI1g decrease ol

of absorbing eliects but inainlv a resh ol detwreasiriieg vield of green ln

tals with loosenine and vanisliing; ot its colour is not as a corisequence

the observed shift ol naxiniuzn oi X·ray luminescence spectra of crys

Such small ditl`eren<·e ol- losses inside thin exciting layer suggests that
exceed that lor colourless material by a t‘ate—mi— not higher than 4 tot‘%
see that for the ext reineli lirightecoloured crystals the crnission losses

the band niaxiniuni ~,\ < 123 nini tor obtained d : T4 [nn. one can
at its falling; angle lu Pl sainple ol el5° and estiniating the ahsorhtion at

as depth ot tilionsaiitlllold attenuation ot Nloly, irradiation in Pb\\t'()i

oinetrv ot obtaiiinie spettra. is used. Taking the thickness of the layer

atbsorbtion inside a luniinescent layer when the mentioned above gee

crystals. \`alue ol t4oi·responding emission loss is determined by its

blue band are overlapped within the range of 375-500 nm in coloured

Short wavelengtli part ot the green hand and all the whole of the
eoniponent are not observed even at maxirnurn setup sensititity.

ponents with prevailing contribution of the last one. Traces of the red

resulting spectra are produced by superposition of blue and green corn—
(~ 700 nin) band characteristics for PbWO_, [15,16], it is evident that
spectra dont show blue a/\,,,(,, 464 inn), green (538 nm) and red



time Ill(‘2l§l1I(’l1§t‘1llt— ol \ olotiiless PWt ) t.'I`}»'5ldtlS are similar to OCR Output

times C()I11])itlt.’tl with x‘e·ll()W ones (espt·r·iztll$‘ ta;). ()ur results ori. <lett·ea.v

Aeeoixliiw tt) 'l}tt>lt» J colourless l)l>\\*<.) saiii iles have shorter clecav 1 .

22,.9 (22.9 %>I PVVO 3.85 (r·olo11i‘lt~ssé T 2.2 {28.4 V vt T9 (47.6
tPWC) 3.8 tcoloi1i·lt·ss> Lt) {23,4 %) 6 9 (48.4 %) 22.5 (28.1 vt;

91.;; t2.s.4PWYO l.G t__vt~llow~ 2.9 @5.6 (Z`} lfl.9 (35.9 (li:)

PWC) 3.E tvt»llt>w%t its (34.3 l IUTS (38.9 %) 76.9 (22.4 %
E PWC) LIL tyqllowl T 2.9 (34.1 ‘%l l 9.5 tt;37.8 %`> $3.0 (28.1 %>

saiuplc

Table;. Decziy times of various PbVVO4 crystals.

ti ciysteil nirirlci |iivt·st1:;itii<»11 ¤\ll iwttlts tiiv listctl iii Talilc 2i

the <;·oiili‘il»¤1iio1i ol ·»i¤ li <l¢~¤iv ¤·oiiipoii<·i1t into the total light yield ot

ing l>m‘l<;g1‘<»i1i1<l \m:»»lli<>>»¤A11 lTl1e· li? }>eiii`ei1i1cT,Oi`S WCYC uSCd to cstiiiiziw

thc f1111<·ti<»ii m·oiisi¤1;1ii_g of zi sum of rhrcc cxporicnts and ai liiic rcil<—<·f

gmiii which riiiiiiiiiisce if <iist1’i}>i1iio1i. Tb aipproxiniutc initial clam
Timv <i<·<‘ei)‘ sp<w·,ti‘>i i>i&><r·,essiI1g \V&.% ¤‘ai1`1”iO<T Out using Spcciaii iiro

463 amd Tiheii H)24 <|m,i1iic] TDC KA-Q%1T

(soc hg. 9). PMT sigiizils eiitw coiismnt fraction discrimiiiator ORTEP

hits of 7—qi1ziiitie1 hom the 6UCb soiircv iii the ”`STOP" PMT wiud<m’
PMTB we»1‘<» a.i‘i+i1ig<+<l oifhogonal t0 each other in order to avoid <iii‘e¤:t

au110um of light in 1h¤» uhaiiiicl opeiatiiig in photoii coiintiiig 1‘1iu<iie·.

chem11e} vmw e»q¤1ippe—<l mth a diapl1ra.g111 which alluvvs to adjust the

S0 that to have em mdcpcudcm usseuxbiy smblc in time. The ”`ST()P"



ated by GU(.`c> source which located inside "START" PMT frame OCR Output

PMT inside its frame. The investigated crystal and YAP were irradi
tal under investigation was placed at a distance of 4 cm from `°STt)P"
crystal coupled to a l‘l\~lT was used in the " START" channel. A crys
arate scintillators" methods .—\ small piece of YAP scintillating

Decay times were neasured using 4 delay <·oincidence°° ll?] and usep

6 Decay time measurements of PbWC)4 crystals

with l\~l.l{obayashi et al {3t xt is 1.1 X ol that ot BCC).

accordance with Slierenzo et al. lll light yield ot l°lii\V(); is 3.6 (Xt and
3.85 sample light yield is (5.1 ‘}( of that ot BGL) sample. Note that in
in fig. 8. By eoniparing these spectra one can calculate that Pb\\'(Q>;

the attenuation was lo dB. Spectra thor l’li`WO.t and BGG are shown

gate width ot 400 ns When measuring BGG pulse height speetruin

Pb\N”O.1 3.85 sainple was chosen and QDC l&A—O1O was used liaviugg

it with that ot BGM t‘l`\`SYlll ot the same size. For this comparison the

Absolute light yield ol l’l>\\'t); samples was measured by eornparmne

3.85)

1.6) have a smaller amplitude than those of colourless ones (3.8.

evident that photopealcs corresponding to yellow colour samples (lli.

tra for all samples under investigation are presented in fig. Ti lt is

enters the anipliiier and then ADC ORTECT ADSH. Pulse height spec

optical grease. The signal from the samples irradiated by Cs source13l

teflon tape and coupled to XPsl9ll photornultiplier by °`Rhodorsil"

For rneasuruig the Pl>\\'(i),; light yield samples were coated with white

5 Light yield measurements



future crystal growtli teelireiology in order to increase light yield as well OCR Output
of Mineral Raw Materia.] have been published. VVe plan improve in

PbV\/O4 crystals grown in All-sliussian Research lnstitute of Synthesis

minescence spetrtra. light yield. decay time and radiation hardness of

The first r<·suhs on X ray phase analysis. transmission and X—ray lu

8 Conclusion

the transmission is eompletely recovered for the sample 3.85.

annealing of radiation damages is quite pronounced for all samples and

measured within 2 weeks after high dose irradiation 7 Mrad). The seli

noticeably. ln addition. the transmission spectra of all samples wen

high dose irradiation the transmission inereases. for 3.85 sample more

by a low dose the decrease in transmission is about 5 (Zi. Aftersthe

erystals 3.8 and 3.85 is different, After the samples were irradiated

two doses is small. The behaviour of ratliation damages of colourless

tion damages has taken plane beeause the diliiereiiee in transmission for

eoloured samples LE. JE, and L6. Evidently the saturation of radia
increase of the irradiation dose the transmission drops down for yellow

I4. From the analysis of the spectra one ean conclude that with the
performed just after irradiation. The results are plotted in figs. lO»—
doses: 460 krad and T Mrad. Transmission spectra measurements were
l krad/s). All PbW()1 crystals were sequentially irradiated with two
diation was carried out using 6UCo source maxirnurn power is about
mission spectra of the samples before and after irradiation. The irra

Radiation hardness oi PhVV(),; samples was studied by comparing trans

7 Radiation hardness of PbWO4 crystals
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