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A new model is proposed describing defects responsible for optical properties and
radiation hardness of PWO single crystals. The model clarifies origins of optical properties
important for application of PWO as a scintillator in high-energy physics experiments and
provides a base for purposeful optimization of growth and annealing processes to achieve
reliable reproducibility of specified parameters in production of PWO scintillators on
industrial scale. The model is based on assumption that the optical properties of nominally
pure PWO are determined mainly by inherent inclusions of tungsten oxides with variable
tungsten valence WO, , that are formed during the crystal growth and may be modified
by thermal treatment or irradiation. The new concept enabled development of industrial
technology at "North Crystals” company, where scintillation blocks with parameters speci-
fied for CERN ALICE and CMS projects are being produced now with reproducibility of
about 100 %.

Ilpennoskena HOBaA MOMEJNb AJA ONUCAHUA Ne(PEKTOB, OTBETCTBEHHBIX 34 OITUYECKHUE
CBOMCTBA W PAJUAIMOHHYI0 CTOWKOCTh MOoHOKpucTaaaoB PWO. Mofeab MosCHSAET IPOUCKOMK-
IeHre ONTUYECKUX XapaKTepPUCTUK, UMEION[UX BajKHOe s3HaueHue Auasa npumeHenus PWO B
KauecTBe CIUHTUJIATOPA B SKCIIEPUMEHTaX Mo (PU3NKe BBICOKUX dHEPIruii, u obecleunBaer
OCHOBY [IJIsi HATIPABJIEHHO! ONTHUMU3AIUU TIPOIECCOB POCTA W OTIKUTA C IEJbI0 JOCTUMKEHUS
Ha/[e’KHOW BOCIIPOU3BOJUMOCTH 3aJaHHBIX IaPAMETPOB IPU MPOMBINIJIEHHOM IIPOU3BOLCTBE
cuuHTUAAATOPOB HAa ocHOoBe PWO. Mogenb OCHOBBHIBaeTCA HA AOIYIIEHUHU, YTO ONTHIECKUE
cBoiictBa HOMmHAABbHO umctoro PWO ompemensiorcsi, B OCHOBHOM, HEH30EXKHBIMHU BKJIOUE-
HUAMU OKCHJOB BOJb(paMa ¢ PasiIWdyHOM BaJeHTHOcThIO Boab(pama WO, , obpasyoomumu-
cs B TpOIECCE POCTa KPUCTANLIa, U MOT'YT OBITh MOZU(MDUIIMPOBAHBI IIyTEM TepMOOGPAaGOTKHU
wiu obayueHus. HoBas KOHIENMIUS 0GeCleunjia BOZMOMKHOCTh PA3pabOTKU MTPOMBINIIEHHOMN
TexHosoruu B upme CeBepuble Kpucrananasl”, rie CUUHTUIIANMOHELIE GJIOKU € TIapaMeTpa-
MU, cooTBeTcTByIOIUMU TpeGoBanuam npoekToB CERN "ALICE" u "CMS", B mHacrosamiee
BpeMs M3TOTOBJISIOTCA C BOCIIPOU3BOAMMOCTBIO, 6ausKol K 100 % .
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Development of industrial production of
lead tungstate (PWO) single crystals for
high energy physics experiments is impossi-
ble without clear understanding of mecha-
nisms responsible for optical properties and
radiation hardness of PWO. The approach
to these problems has to be aimed not only
at interpretation of all experimental data
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available, but also, and predominantly, at
practical application of this basic knowledge
to produce crystals with properties purpose-
fully designed by selection of necessary
technological conditions for growth and an-
nealing of PWO. Intense study of funda-
mental processes responsible for optical and
scintillation properties and radiation hard-
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ness has been stimulated in 1994 by choice
of PWO as a scintillation material for CMS
and ALICE projects at CERN.

Now it is generally accepted that ioniz-
ing radiation does not affect the emission
spectrum of PWO. The recombination
mechanisms in PWO are not influenced by
irradiation, and the decreased quantum
yield in irradiated crystals is caused mainly
by irradiation-induced absorption in the
spectral region of PWO emission [1, 2]. In
certain circumstances, exposure to ionizing
radiation may also result in bleaching of
the crystal [3]. Fast scintillations are ob-
served only in the crystals with emission in
the blue region (420-440 nm). The decay
time of the green luminescence component
is considerably longer than that of the blue
component, and application of the crystals
with the green component in emission spec-
trum is rather limited [4].

A relationship between absorption of as-
grown PWO in near UV region (~350 nm)
and value of optical absorption change in-
duced by irradiation has been established,
and the absorption near 350 nm is now ac-
cepted at CERN as a figure of merit for
radiation hardness [5].

Recent studies have unexpectedly re-
vealed that all nominally pure PWO crys-
tals, irrespective of growth and annealing
technologies used, contain internal defects.
The defects result in increased UV absorp-
tion and trend to coloration under intense
irradiation. Doping with trivalent lantha-
nides was found to increase the crystal
transparency and to improve radiation
hardness of PWO [6]. Thus, the doping
seems to inhibit formation of the defects
deteriorating the PWO optical quality. De-
fects containing Pb3* ions and O~ centers
have been put forward as the main cause of
poor radiation hardness and increased opti-
cal absorption in the 850-370 nm and
420 nm regions, respectively [7]. Improve-
ment of optical properties and radiation
hardness in the doped crystals is explained
by an excessive positive charge introduced
into the lead sublattice due to doping and
inhibiting formation of Pb3* and O~ defects,
which are more favorable in undoped crys-
tals to compensate the charge of natural
lead vacancies [6]. It is well established now
that defect formation in PWO depends
strongly on the amount and composition of
impurities contained in the melt. The re-
quirements for optimal melt are elaborated
in [8], and the influence of the impurities on
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the PWO properties are extensively studied in
[6, 8-11].

However, analysis of published results
shows that the concept of Pb3* and O~ cen-
ters fails to interpret the whole variety of
experimental data on PWO [10]. Recently, a
new approach capable of explanation of the
experimental results quite well has been
proposed [12—14]. The approach is based on
assumption that the optical properties and
radiation hardness of PWO are due mainly
to inclusions of tungsten oxides with vari-
able valence WOj;_,. These inclusions are
formed by atoms inherent in the PWO crys-
tal and enter the crystal during its growth.
The concept has been developed in [15, 16],
where the influence of the defects on the
PWO crystal properties and the relation be-
tween the defect formation and the techno-
logical conditions of growth and annealing
has been revealed.

In this work, we generalize the new con-
cept of defect formation in PWO. Origins of
optical absorption and radiation hardness of
PWO as well as the relation between the
properties and the technological measures
to optimize the growth and annealing proc-
esses are especially addressed. The problem
is treated from the viewpoint of implemen-
tation of the new approach into industrial
production of PWO single crystals used as
scintillator material for radiation detectors
in high energy physics experiments.

The most important experimental results
relevant to defect formation can be summa-
rized as follows. An ideal PWO crystal is
colorless and does not oxidize or reduce
under heat treatment or irradiation. Expo-
sure to ionizing radiation results neither in
coloration nor in increased absorption in the
near UV region. Modification of optical
properties of nominally pure PWO single
crystals under external influence is caused
by structural defects, which are "the weak-
est link"” in applications of the single crys-
tals. Modification of the defects in PWO
under irradiation can be treated as a solid-
phase reaction resulting in formation of
new chemical compounds.

We have tested sets of undoped and
doped samples grown and annealed in dif-
ferent conditions. It was revealed that the
melt gets enriched in tungsten during the
growth process. This is explained by pre-
dominant evaporation of lead in the form of
Pb,WOgs. The excess tungsten is favorable for
formation of tungsten oxides WOg4_, entering
the PoWO, crystal during the growth [13].
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The crystal color is defined mainly by
light absorption in these inclusions and de-
pends the x value in the formula WO, ,.
The color change of a PWO crystal under
heat treatment is consistent with the color
change of WO, , under the corresponding
treatment. The color of WO; is yellow;
WO, g6, green, WO, g 5 gg, blue; WO, 7.5 75,
violet; and WO,, brown. Under reductive
annealing, the color of a PWO ecrystal
changes gradually in the sequence from yel-
low to green to colorless to blue to violet to
brown. Under annealing of the crystal in
oxidizing conditions (when partial oxygen
pressure in the environment exceeds the
equilibrium wvalue), the transformation pro-
ceeds in the opposite direction. A similar
color transformation of PWO takes place
under ionizing irradiation [14]. Under ex-
tended reductive annealing or high irradia-
tion dose, the undoped crystal turns black
while the lanthanide doped crystal acquires
a violet shade [12, 14]. Finally, it has been
demonstrated that the green component in
radioluminescence spectrum of PWO is
emitted only from the crystal surface layers
[15, 16].

Analysis of the experimental data on
PWO optical properties and their modifica-
tions under annealing and irradiation en-
abled us to bring together the experimental
evidences and experience in technology de-
velopment and to formulate the main fea-
tures of defects responsible for PWO prop-
erties under consideration in view of appli-
cation of PWO crystals as scintillators in
high energy physics experiments. Thus, the
color and its modifications under external
influences are defined mainly by inclusions
of WO, , (0 <x <1), the composition (x)
thereof depending on conditions of growth
and annealing. WO, , inclusions are inher-
ent defects in PWO. These inclusions are
responsible for the crystal color and absorp-
tion in the near UV region. Tungsten valence
in the clusters changes during the crystal
growth, under annealing and irradiation,
thus causing changes in the crystal color.
Under reductive annealing, transformation of
the inclusions proceeds in the sequence:
WO3-WO3 96-WO; g 5 g5~WO; 7.5 75-WO,  as
the tungsten valence in the WOg4 , inclu-
sions changes from 6 to 4. This process re-
sults in the color change in the sequence:
yellow-transparent-blue-violet-black. At x = 0,
the crystal has absorption in the range of
350 to 450 nm and is yellow. Increase in x
results in increasing absorption at the long-
wavelength side from this absorption band.
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At x = 0.3, the crystal acquires an intense
violet coloration. In this range of x values,
an optimal value Xopt corresponding to a
transparent crystal is to be attained to pro-
vide good crystal quality. The quantum
yield of such crystals also attains the maxi-
mum value.

Doping of PWO melt by oxides L,03
(L =Y, La, Gd etc.) prevents formation of
inclusions  WOj;_,. Instead, clusters
W1_ L O3—x (0 <x <0.3) enter the PWO
crystal Influence of these clusters on PWO
optical properties is weaker than that
caused by WO3_,. Moreover, binding of oxy-
gen in Wy_ L, O3 , is stronger than that in
WO,_,. Consequently, tungsten valence in
the doped PWO crystals is less vulnerable to
external influence. Amount of the doping
oxide L,0; should be sufficient to substi-
tute the undesirable clusters WO, , by more
favorable inclusions WL, O3, On the
other hand, excessive inclusion of
W;_,L, 03y into the crystal deteriorates its
optlcal transparency. The optimal doping
level also results in minimal absorption in
the near UV region.

Radiation hardness of undoped PWO is
defined mainly by WO, , inclusions; in
doped PWO, by W1 L O3—x ones. Influence
of ionizing radlatlon 1s similar to that of
oxidizing-reducing annealing. In both cases,
tungsten oxidation level in the clusters is
changed. As a result, the crystal color
changes. Irradiation of PWO crystal con-
taining WO3 (W1_y O3 ,) inclusions with
oxygen content lower {han optimal (x < x, t’
yellow color) results in bleaching of t
crystal. In lanthanide-doped PWO crystals,
the WO3 _x inclusions are substituted by

03 4 ones, which are more resistive
to c{mnge the tungsten valence under irra-
diation.

The green emission component from the
bulk of the crystal is observed only in PWO
grown from melt containing MoO and some
other oxides resulting in formation of clus-
ters PbMoQO,, etc. The green component is
absent in the luminescence spectrum of
nominally pure PWO crystal. The green lu-
minescence may be emitted only from the
crystal surface containing relevant struc-
tural defects.

Thus, the features discussed above can
be summarized into a general conclusion
that changes in physical properties of PWO
are due to chemical or structural transfor-
mations in the crystal. On the other hand,
if external factors affect the crystal chemi-
cal composition or structure, this is re-
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flected in its physical properties. This ap-
proach was implemented in development of
PWO growth and annealing technology on
industrial scale at "North Crystals” Com-
pany, Apatity. The PWO crystals meeting
specifications of the CERN project ALICE
are being produced with about 100 % re-
producibility at the rate of 125 to 135
pieces per year for each growth facility.
More than 10000 crystals for the ALICE
project are already produced. Production of
scintillation blocks for the CERN project
CMS is started this year.
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®DiznuHi OCHOBM NPOMHCJIOBOI TEXHOJIOTil BUPOILYBaHHSA
KPHCTAJIB BOJb()paMaTy CBUHI[IO JIJS 3aCTOCYBaAHHA
y ¢i3uii BUCOKMX eHepriu

C.Bypauac, C.Benoznoecvrkuii, I0.Cagenves,
M.Innoaimoe, B.Mankxo, A.Bacunves,
I'Tamynaimic, A.Ananacenko

3amnpoIIOHOBAHO HOBY MOJEJb IJisi Oommcy gedexTiB, BiAmoBimanbHMX 3a ONTUYHI BJIACTH-
BoOCTi Ta pagiamniiiny criiikicts morokpuctanais PWO. Mozesb MOSCHIOE MOXOMMKEHHs OITHU-
HUX XapaKTepUCTUK, II[0 MAIOTh BasKJIWBe 3HAUeHHs Ajas 3actocyBanHd PWO ax cruuTwis-
Topa B eKcIlepuMeHTaX 3 (DiBSMKH BUCOKUX 9HepTiil Ta 3abesmeuye OCHOBY AJA I[iJecCIpsaMoBa-
HOI omTHMIisallii mpoIleciB pocTy Ta BiANajly 3 METOI0 JOCATHEHHS HaTiilHOI BiATBOPIOBAHOCTL
3aJaHUX IAapaMeTpPiB 3a yMOB IIPOMMCJIOBOIO BHPOOHHUIITBA CHUHTUAATOPiB Ha ocHOBi PWO.
Mopenr GasyeTbCa Ha IPUIIYIIEHHI, IO ONTHWYHI BaacTUBOCTL HOMiHanpHO uymctoro PWO
BU3HAYAIOTHCSA, M'OJIOBHUM YMHOM, HEMUHYYMMU BKJIOUEHHSAMU OKCHAIB BoJb(dpamMy 3 pPisHOIO
BasenTHicTio Bonbhpamy WO, , AKi yTBOPIOIOTBCA y IpOIeCi POCTy KpHCTasna, Ta MOMKYTh
6ytu MomudikoBaHi mIAxoM TepMoobpobKu abo ompominenHsa. HoBa KoHuemnisa sabesmeun-
Jla MOKJIUBICTH PO3POOKU TpoMucaoBoi TexHojorii y (ipmi "Cesepubie Kpucrammwet”, mpe
BigmoBimarors BuMoram mpoekTiB CERN
"ALICE" u "CMS", Ha [gaHul dYac BUTOTOBJSIOTLCS 3 BiJTBOPIOBAHICTIO, GJMU3LKOIO [0

COUHTUJIANIIHI OJIOKM 3 mIapaMerpamu,

100 %.
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