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Effect of gamma irradiation on the radiation resistance of detection blocks based on
lead tungstate crystals has been studied in +60 to —25°C temperature range. A decrease in
the radiation resistance and in the initial light yield recovery rate has been observed at the
crystal temperature decrease. For the qualitative interpretation of the experimental re-
sults, the cluster model is used that assumes the presence of tungsten oxide clusters in the
regular PWO (PbWO,) matrix. The induced absorption of PWO crystals has been shown to
depend on the cluster defect (CD) chemical composition and to be due to its radiation-in-
duced transformation. The temperature dependence of the crystal radiation resistance has
been shown to be in correlation with that of the initial CD composition recovery time.

HNsyueHo Biumsinme ramMmma-o0JyueHUS HA PAJHUAIMOHHYIO CTOMKOCTH OJIOKOB IeTEeKTHPOBa-
HUS Ha OCHOBE KPHCTAJJIOB BOJb(pamara CBHHI[A B TeMIepaTypHoOM auamasoHe or +60 mo
—25°C. C moHMKeHMeM TeMIIepaTypbl KPUCTAJJIOB HAOJIOZAJOCh YBeJUUYeHNe UYBCTBUTEJIb-
HOCTU K OOJIydeHHUIO W Oojiee MeAJIeHHOe BOCCTAHOBJIEHWE HAYaJbHOTO CBETOBBIXOAA. s
KauyeCcTBEHHOM WMHTEPIIPEeTAIlNU 9KCIEePUMEHTAJIbHBIX Pes3yJbTATOB HCIIOJb3yeTcd KJacTepHas
MoJeNlb, Tpenojiaraminas HaJluurue KJacTepoB OKCHUIOB BoJb(ppamMa B peryJsapHOil MaTpuile
PWO (PbWO,). Iloxasamo, uro HaBeJeHHOe morJolneHue Kpucraiaros PWO sasucur or
XxuMHu4YecKoro cocraBa KiactepHbIx medexto (KII) m o6yciioBieHO ero paguarrOHHO-HHLIY-
UPOBAHHLIM I[Ipeo0pas3oBaHHEM, a TeMIIEPATYPHAs 3aBHUCHMOCTh PALHAIMOHHON CTOMKOCTU
KPHCTAJIJIOB KOPPEJUPYEeT C TEeMIIEPATYPHON 3aBHCHMOCTHIO BPEMEHM BOCCTAHOBJIEHHS HA-
yaabpHOTo cocraBa K]I.
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The decreasing operating temperature of
scintillation detectors produced based on
PWO crystals is known to result in in-
creased light yield [1, 2]. However, the ra-
diation resistance of PWO crystals concur-
rently drops significantly with lowering
temperature [3, 4]. These two facts have
stimulated us to study the physical origins
of radiation resistance of the scintillation
detectors based on lead tungstate crystals.
The experimental results on PWO have usu-
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ally been interpreted within the framework
of the point defect model. This model, how-
ever, does not explain satisfactorily the
large volume of experimental data accumu-
lated up to now [5]. An alternative interpre-
tation based on so-called cluster defect
model is more suitable for explanation of
the experimental results obtained for an-
nealed and irradiated PWO crystals [6-8].
In this paper, we present the results on
simultaneous optical transmission and light

Functional materials, 16, 1, 2009



S.F.Burachas et al. /| Temperature dependence of ...

Table 1. Characteristics of the first batch of PWO crystals (RM stands for raw material; 1R for
the first recrystallization; 2R for double recrystallization)

Crystal Raw Doping Annea- Transmit- Light | I+20/I-20, A% I+20/I-20, A, %
material | element and |ling, °C/h| tance, % yield, % I-20-TI+20 Yo I-20-TI+20
and concentra- phe/MeV . .
number | tion, ppm 360/420 nm Irradiation rate Irradiation rate
of 2 rad/h 20 rad/h
growth
cycles
Size: 22x22x180 mm?3; production:
(a) "North Crystals™ Apatity; (b) "Technical Chemical Plant” Bogoroditsk
b389 |2R/N/A N/A N/A 31.0/70.5 10.3 5/18 13 11/36 25
b404 |1R/N/A N/A N/A 22.9/66.8 8.9 8/27 19 16/52 36
al412 | RM/5 Y/100 600/3 29.4 64.3 9.2 1/17 16 16/54
al434 | 2R/4 Y/100 560/2 33.4 65.6 9.0 5/20 15 18/44
al5500| 1R/1 Y/90 600/3 39.1 70.2 12.0 2/18 16 10/45
als5517| 1R/1 Gd/80 600/3 42.4 71.3 10.5 1/16 15 8/43
al5851| 1R/1 Gd/80 580/2 41.1/71.3 11.0 5/21 16 15/51 36
al5608| 2R/1 Gd/80 600/3 37.2/69.0 10.9 2/13 11 9/30 21
al6618| 1R/1 La/38 560/2 50.6/71.9 11.2 5/23 18 20/50 30
al6628| 1R/1 |La,Y/22/20| 560/2 46.9/71.3 12.3 6/26 20 26/60 34

yield (LY) measurements of PWO crystals
subjected to gamma irradiation. The tem-
perature was varied in the range between
—25°C and +60°C. The radiation resistance
of scintillating elements produced from
crystals grown from different raw materi-
als, with different doping and annealed in
different conditions. It is shown that the
experimental results can be qualitatively ex-
plained within the framework of the cluster
model.

Parameters of the first batch including
10 crystals are presented in Table 1. The
crystals of that batch were studied at IHEP,
Protvino (Russia). The crystals were exam-
ined using a setup providing simultaneous
measurements of PWO crystal scintillation

response under gamma irradiation in tem-
perature range from —25°C to +20°C. The
crystals were irradiated at the dose rates of
2 and 20 rad/h. The detailed description of
the IHEP experimental setup can be found
in [8]. The samples from the second batch
consisting of 6 crystals were irradiated in
temperature range from +20°C to +60°C at
the dose rate of 15 krad/h. The measure-
ments were performed using the GUT-200M
irradiation setup at the RRC "Kurchatov
Institute™. The total dose of 3 krad was ac-
cumulated. Light transmission at 420 nm
wavelength was measured for each crystal
prior to and 3 min after irradiation. The
experimental results and the initial parame-

Table 2. Characteristics of the second batch of PWO crystals

Crystal Raw | Number Doping element Transmission, T = 20°C T = 60°C
material| growth | and concentration, 420 nm, % Decrease of Decrease of
ppm transmission at transmission at
420 nm, % 420 nm, %
Size: 30x30x230 mm? production: "North Crystals™ Apatity

64 2R 6 Y/90 71.3 12.3 6.1
67 1R 2 Y/90 70.0 12.9 5.0
68 1R 3 Y/90 72.1 13.3 5.5
70 1R 5 Y/90 70.0 16.2 7.2
80 1R 4 Y/100 69.1 12.5 5.4
81 1R 5 Y/100 71.3 13.7 7.0
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Fig. 1. Time evolution of the scintillation signal relative value (the left) and transmittivity of blue
light emission diode (the right) for different crystals at temperatures +20°C and —-20°C under

gamma irradiation at dose rate 2 rad/h.

ters of the crystals of the second batch are
presented in Table 2.

The post-irradiation time dependences of
the light yield and optical transmission at
450 nm at —20°C and +20°C for two typical
crystals are presented in Fig. 1. The meas-
urements were carried out at the dose rate
of 2 rad/h. The light yield and optical
transmission decrease in a correlated way,
in accordance with the commonly accepted
assumption that the light yield decrease is
mainly defined by the light absorption in-
crease in the emission region. A trend to
saturation can be seen in the simultaneous
drop of the light yield and optical transmis-
sion. For crystal samples with similar light
yield at room temperature, the slope of
decay curves and saturation level are vary
strongly from one sample to another (i.e.
depending on raw material, doping, anneal-
ing conditions, etec.).

It is seen from Figs. 1, 2 that the tem-
perature lowering slows down the light
yield saturation. The light yield and espe-
cially its saturation level depends heavily
on the irradiation dose. The absolute value
to which the light yield asymptotically ap-
proaches under continuous irradiation (so
called quasi-plateau) shows no linear de-
pendence on the dose rate. For example, the
light yield saturation levels in crystal No.
404 are 0.69 and 0.43 at the dose rate of 2
and 20 rad/min, respectively (see Fig. 2).
On the other hand, the light yield decrease
after the same irradiation dose is different
in otherwise the same samples but annealed
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Fig. 2. Time evolution of the scintillation sig-
nal relative values for different crystals at
+20°C and —20°C under gamma irradiation at
dose rate 2 rad/h (upper part) and 20 rad/h
(lower part).

under different conditions (see crystals Nos.

15517 and 15851 in Table 1).
The relative LY drop at the dose rate of

2 and 20 rad/h is presented in Table 1 for
different PWO samples in the temperature
range from —20°C to +20°C. The light yield
behavior after 80 h irradiation at the dose
rate of 20 rad/h is presented in Fig. 3. For
samples grown from different raw materi-
als, with different doping and annealing
conditions, the light yield decrease is close
to linear in the temperature range from -
20°C to +20°C.
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Fig. 3. Relative decrease of scintillation sig-
nal as a function of temperature for crystals
after gamma-ray irradiation at dose rate
20 rad/h during 80 h. (After each irradiation
cycle at temperatures +20°C, +5°C, —-10°C
and —23°C, crystals were exposed to the day
light at temperature +40°C until full recov-
ery of initial state).

For all samples under study, the tem-
perature decrease from +20°C to —20°C re-
sults in essentially the same LY increase
approximately by a factor of 3 with respect
to LY at room temperature. This factor
value shows no significant dependence on
growth conditions. As seen in Table 2, the
temperature increase from 20°C to 60°C re-
sults in an increase of the transparency stabil-
ity under irradiation by a factor of about 2.3.

The crystal light yield shows no signifi-
cant recovery at -25°C during tens of
hours. At the same time, temperature eleva-
tion up to +20°C ensures the light yield
recovery in approximately 100 h.

All the experimental results can be de-
scribed in the framework of the cluster de-

fect model. According to this model [6-9],
the light yield of PWO is influenced by
light absorption in clusters of tungsten ox-
ides. Those clusters are always presented in
the regular PWO lattice. Formation of the
variable valence cluster defects is due to
stoichiometry break during crystal growth
and is inherent in all oxide crystals [9].
Since tungsten can form oxides with valence
+4, +5 and +6, the cluster composition de-
pends on the oxygen content and is defined
by the concentration of tungsten ions in dif-
ferent valence states. The cluster composi-
tion can be described by a compact formula
WO, , or presented in more detail as

WO, , = (1 - 2a - B)WO, +
+ aW205 + bWOz,

1)

where x = a + b. Here, a and b characterize
the relative content of W°* and WA** in a
cluster, respectively. The coefficients are
related to the oxygen deficit in the cluster
in comparison with pure tungsten oxide
WO3; which contains tungsten ions only in
the WB* valence state. The absorption spec-
trum of the clusters and, consequently, the
crystal color depend on the cluster composi-
tion, i.e. they can be related with the coef-
ficients a and b. This relationship for cer-
tain typical compositions of cluster com-
pound WO, , is illustrated in Table 3,
where the color of tungsten oxide is indi-
cated together with the corresponding val-
ues of a and b [10]. According to [6, 9], the
colorless crystals fabricated for CERN pro-
jects CMS and ALICE had an optimal x
value of ~0.11 at a=0.11, b = 0.

The composition of WOj3_, clusters in
PWO crystals depends on growth conditions.
It can also be changed by heat treatment.
Annealing in an oxygen-enriched atmos-
phere increases the number of oxygen ions
in a cluster (x becomes smaller). Such an-

Table 8. Color of tungsten oxides with different ratio of W,05 and WO, content described by
coefficients a and b in equation (1), and regions of maximum of optical absorption
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a
b 0 ~0.11 0.115 0.16 1
WO, yellow |~WO, g4 colorless| WO, gos Bluish WO, 5 Blue
(410-450) nm (5680-595) nm (580-595) nm
0.12 WO, ,, Violet
(500-560) nm
1 WO,, dark
brown (450—
600) nm
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nealing results in reduction of radiation-in-
duced optical absorption and in shortening
of the time necessary for the initial tran-
sparence recovery. Meanwhile, annealing in
reducing environment has an opposite result
(see Fig. 3 in [6]). The concentration of
cluster defects in the crystal depends on
raw material and, hence, on the crystal
stoichiometry. Value AI in Table 1 reflects
this concentration. The lower is this value,
the higher is the radiation resistance (see
Table 1, crystal No.15608).

In our further discussion, we shall pro-
ceed from the assumption that the initially
pure PWO crystal is colorless, while its col-
oration is caused by the increase in W5* and
W4* ion concentrations in the cluster com-
position. It follows from [8] that the forma-
tion of additional tungsten ions may be due
to irradiation or reducing annealing. Nega-
tive O~ ions can be formed only under irra-
diation. Annealing simply results in a
changed oxygen content in the cluster de-
fect while it remains in the bivalent condi-
tion. The presence of O~ in the irradiated
crystal makes the process reversible. Thus,
the initial cluster composition in the irradi-
ated crystals is restored after the irradia-
tion is over. Meanwhile, the cluster compo-
sition after a thermal annealing remains
stable.

Let us discuss in more detail what hap-
pens after gamma irradiation of a crystal
(in non-equilibrium state). Clusters with
high content of W4* ions are dark in color
(see Table 3) and are not typical of PWO
crystals intended for high energy physics
applications. W4* ions are formed under
very high irradiation dose (1 Mrad and
more). Such doses considerably exceed those
expected in ALICE and CMS experiments at
CERN [11]. Therefore, from here on, the
coefficient b is assumed to be zero.

Due to irradiation, some oxygen ions in
cluster defects lose electrons which are cap-
tured by tungsten ions. These tungsten ions
take a state of lower valence, while some
oxygen ions are repelled out of the cluster.
Consequently, in contrast to the initial de-
fect clusters before irradiation, charged
clusters with W ions in lower charge states
and ions O~ with one electron (effectively
positively charged O~ ions) are formed in
the cluster defects. At the same time, col-
oration of the initially colorless PWO crys-
tal oceurs due to increased amount of W9
in the clusters. The formation of the
charged clusters can be supposed to be
stimulated by Coulomb interaction which
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defines direction of returning O~ ions back
to their "mother™ clusters.

The nonlinear decrease of the light yield
and optical transmission at constant tem-
perature (see Figs. 1, 2) can be explained as
follows. At the initial irradiation stage, the
radiation-induced transition of W®* ions
into WP* influences most strongly the com-
position of the cluster defects. Accumula-
tion of W®* ions increases probability of
their transition back to W8* state (thermal
reduction). This process slows down the ir-
radiation-induced changes in the cluster de-
fect composition and, hence, slows down the
light yield decrease. Saturation occurs when
the rates of the radiation transition and
thermal reduction of W®* ions become equal
to one another. The cluster composition
formed during irradiation up to saturation
conditions becomes furthermore unchanged.
The light yield of the crystal does not fall
further. Taking into account expression (1)
and assuming b = 0, the change in composi-
tion of the cluster defect can be expressed
as

WO; , - [WO3 , ™« [(Aa)O T,
where

WO3*X7AX = (2)
=[1 - 2(a + Aa)]WO;3 + (a + Aa)W,0yg.

Here Aa and Ax are irradiation-induced
changes of the corresponding coefficients.
The expression (2) defines the final result
of cluster composition after irradiation. It
defines the level of induced absorption at
quasi-plateau. In accordance with the new
cluster defect composition, the optical ab-
sorption spectrum of the cluster defect will
change. The spectrum of optical absorption
of the whole crystal will also change. The
remaining oxygen ions do not influence the
crystal color [8]. A study of the dynamic of
change in cluster defect composition during
irradiation can be found in [12].

After the irradiation is over, only the
WE* thermal recovery is present resulting in
decreasing density of charged complexes.
This process ends when initial electrically
neutral clusters WO; , without presence of
O~ ions are recovered.

It is seen from the experimental data
that the rate of radiation-induced transition
from W8+ to W5* depends on irradiation
dose while the rate of temperature-induced
recovery from W5* to WS* depends on the
crystal temperature. It is obvious (see (2)

Functional materials, 16, 1, 2009
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that the quasi-plateau level increases with
increasing Aa and depends on the crystal
temperature.

The influence of raw material and an-
nealing conditions on radiation stability was
already discussed in this paper. The crite-
rion of the optimal doping concentration is
discussed in [6, 7]. The lower is the dopant
concentration, the lower is the concentration
of cluster defects in the crystal. In this case,
the crystal LY increases, according to [13].

At —25°C, there is essentially no recovery
of light yield. The long recovery time at low
temperatures can be explained by a strong
temperature dependence of the transition
from W5 to WE*. In our model, this transi-
tion corresponds to returning of oxygen
ions back to cluster defect across a potential
barrier. Probably, the temperature depend-
ence of this transition is intensified by pho-
nons of a certain energy or is influenced by
electric field or other additional effects.

Thus, the light yield increase in PWO
crystals by lowering the crystal temperature
is independent on growth technology. The
light yield decrease during irradiation at
constant temperature is related to the radia-
tion-induced transformation of the cluster
defect composition. This process causes an
additional light absorption in the crystal.
Decrease of radiation resistance of crystals
with temperature decrease is due to increase
in time necessary for recovery of the cluster
defect composition. The recovery time also
depends on the crystal production technol-
ogy.The higher is the temperature of PWO

crystal, the less pronounced is the radiation
dependence of the main crystal charac-
teristics.
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TemmeparypHa 3aJjiesKHICTh pagiamiiHoOl CTiliKoOCTi
OJIOKIB JeTeKTyBaAaHHA HAa OCHOBI KpMCTAJiB
BOJb()paMaTy CBHHIIO

C.®.Bypauvac, A.A.Bacunvee, M.C.Innonimos,
B.I.Manvro, C.A.Hixynin, A.JI. Ananacenko,
A.H.Bacunves, A.B.Y3ynan, I''Tamynaiimic

HocaigKkeHo BIJIUB raMMa-OIIPOMiHEHHS Ha pajgianiiiny crifikicTs OJOKiB meTeKTyBaHHS
Ha OCHOBi KpucTasliB BoJb(pamMaTy CBUHIIIO ¥ TeMIlepaTypHoMYy Amiamasoni Bimg +60 mo —25°C.
3i SHMIKEHHAM TeMIIepaTypU KPUCTAJIIB crocTepirangocd 30iJbII€HHA UYTJIMUBOCTL O OIPOMi-
HEeHHd Ta YHOBiJNIbHEHHSA BiJHOBJIEHHS IIOYATKOBOTO cBiTJoBuUxOnxy. ya AKicHOI iHTepmpe-
Talii eKCIepuMeHTaJbHUX Pe3YJbTATIB BUKOPUCTOBYETbCA KJIACTepHa MOJejb, gKa IPUIYC-
Kae HAaABHICTH KjacrepiB okcuiis Boibdpamy y peryaapriit marpumni PWO (PbWO,). Iloka-
3aHO, II0 HaBejgeHe noramHaHHA Kpucranis PWO sanexuTs Bix ximiuvOrO cKIamy Kiaacrep-
uux gederrie (KII) Ta oGymoBieHo #oro paxianiiiHo iHZyKOBAHHM II€PETBOPEHHSAM, & TEMIIe-

parypHa 3aJjexXHicTh pagiamiiimoi crifikocti

KPHUCTAJIIB KOPEJE 3 TeMIepaTypHOIO

3aJIEIKHICTIO Yacy BiHOBJIEHHS II0YATKOBOro ckiaxy K]II.
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