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Abstract

In our previous papers we reported that La**, Gd**, Y**, and Lu®* dopings
significantly improve the optical and scintillation characteristics, including radia-
tion hardness, of PbWQ, single crystals. The hypothesis of Pb** deficiency in
the grown crystals and its charge compensation by the mentioned trivalent ?ons
occupying the Pb** sites has Eeen proposed to explain the observed improvement.
Under such assumption, tetraval‘ent-ion doping may be as efficient as or even
more efficient than trivalent-ion doping in improving PbWO, scintillator. Re-
cently we extended the dopant ions to stable tetravalent {ons (Th**, Zr**) and
Some other ions (Ce®*™**, $b****, Mn®**). We have found that the tetralvalent-ion
{(Th*") dopi#g gives similar improvement compared with the trivalent-ion doping
in consistency with the expectation mentioned above. The ions with two differ-
ent possible charge states (Ce®***, Sb™ **) gave finite but much less improvement
than the trivalent and tetravalent ions. Ce*"** doping reduced the light yield
significantly. Annealing of undoped PWO in PbO vapour was also studied to

examine the possibility of reducing the Pb** deficiency.



1. Intreduction

In our previous papers [1-3], we reported that La** doping dramatically
improves the characteristics of lead tungstate PbWO, (or PWO) scintillating crys-
tals including optical transmittance, decay time and radiation hardness. The
mechanical stability against cracking is also improved. significantly. La-doping
was also discussed in several papers by other research groups at the International
Workshop on Tungstate Crystals held in Rome i1.1 1998 {4]. In order to under-
stand the mechanism for the obtained improvement and thereby improve further
this scintillator, we studied the effects of the other stable trivalent ions (Y**, Gd**,
Lu**, 8¢’*) doped into PWO crystals. Comparing the obtained results with those
for undoped PWO and di?alent-ion (Cd**) and peantavalent-ion (Nb**) doped PWO,
we confirmed [5] that not only La®* but also the other trivalent ions such as Gd**,
Y?*, Lu®* give significant improvement in transmittance, decay time andl radiation
hardness of PbWO, scintillating crystals, The obtained improvement has been
tentatively explained in terms of the following hypothesis[6]: The two absorp-
tion bands at 350 and 420 nm can be due to the Pb**- and O -related defects, re-
spectively, whichrshould be created as a result of Pb?* deficiency in the lattice
during the growth and/or annealing process so as to recover the t;tal charge bal-
ance in the eatire crystal. Introduction of La** could compensate the Pb** defi-
ciency, thereby reducing the densities of the Pb**/ O -related defects. Among
the trivalent ions tested, Y** gave the best radiation hardness [5]. We also

pointed out {5] that Y (with segregation coefficient k=0.8) and Gd** (k=1.5)

may be better than La** (k=2.5), and Lu®* (k=0.3) from the viewpoint of uniform
dopant concentration along the crystal length. Doping with the other ions of
different charges (2+, 3+, 5+, etc) has also been studied in several institutes (for
example see [7-9] and a review paper [10]). Nb** doping was intensively studied
in the CMS group with an aim to cause oxygen leakage thereby reducing the den-
sities of the Pb**/0-related defects, and was found [9] to give an apparently
similar improvement to the typical trivalent-ion doping. However, the required
level of Nb** concentration in the melt is by an order of magnitude larger than
that of the trivalent ions becanse of the indirect nature of the charge compensa-
tion for the Pb** dgficiency and the smaliness of the segregation coefficient

(k~G.4).

Although the smallness of the assumed Pb?* deficiency (as small as or even

smaller than 0.1 at.% [11,12]).makes difficult to detect the Pb®* deficiency di-

_rectly through the study of the microstructure of the grown crystals {5], a rather

clear evidence has been obtained by Han et al. [13] from the observation of di-
electr.ic relaxation il;l PWO:La" crystals. They confirmed that the density of the
mobile defects, which exist in undoped PWO, is reduced as t_he La** concentration
is increased. The observed polarization is most prlobably due to the creation of
[2(Lap,®*) " - V"] dipole compléxes, and indicates the existence of Pb** deficiency
{as mobile defects) in undoped PWO. La:’.+ ions should occupy the Pb** sites and

form the {2(Lap’") " -Vpy"] dipole complexes, thereby changing the mobile Pb>*



vacancies to immobile ones. The improvement due to La®* doping can be under-
stood well if the mobile uncompensated Pb®* vacancies should cause degradation

in transmission and radiation hardness. However, it is to be noted that the de-
f.ccts related to the conjectured Pb** deficiency may not be of 2 simple (i.e. point

defect-like) nature since they were not observed in ESR measurement [14].

If the hypothesis sketched above should be an at least qualitatively correct
mechanism for the observed dramatic improvement in PWQ due to the triva-
lent-ion doping, stable tetravalent-ion doping (entering Pb®* sites) may be even
more efficient.  This is because two trivalent ions (for example, La**) have to
come close fo the Pb®* vacancy by chance to form the [2{Lapy**) " -Vpy"] dipole
complexes, while only one tetravalent ion (denoted here as R**) may be enough to

form a similar dipole [(Res**) " -Vps"] to make the Pb®* vacancy immobile.

In order to check the new conjecture on the tetravalent-ion doping and
thereby understand better the mechanism of the significant improvement obtaiped
by trivalent-ion doping, we have extended the dopant ion species from previous
ones (Cd**, La*", Gd*, Y**, Lu®, Sc™, Nb%*), whose resvits were deseribed in [,
to stable tetravalent ions (Th**, Zr**). We also included some other ions
( Ce***, $b****[15], Mn®*) in the present study with the following motivations.
Ce®*, which belongs to the rare-earth elements similarty to Gd** and Lu®, is

known to give fast scintillation (x~30-40 ns) and/or improve radiation hardness in

some scintillators (for example, Gd28i0s:Ce [16]).  Sb>"** was recently claimed
to improve PWO by the research groups of Shanghai Institute of Ceramics [15,
17.19] and is worth checking in a deeper way by an independent investigation.
Mn®* is also frequently used as a dopant to improve phosphors. We will tenta-
tively write Mn®* for simplicity throughout the present paper aithough Mn ions
may have other charge states of 34, 4+, etc, In this paper, we will present the
results obtained for the above-mentioned new dopant ions (Th**, Zr**, Ce****,
Sb**+**, Mn®*) with respect to transmittance in the short wavelength region, exci-
tation-emission spectrum, light yield, decay time, radiation hardness, etc. We
will also give the result of annealing an undoped PWO in PbO vapour in order to

reduoce Pb** evaporation and/or recovering the Pb®* deficiency during annealing.

2. Test samples

All the test samples of PWO single crystals (see Table I for the list) were
grown by Furukawa Co. in the same way (3-times crystallization [20] in the a_ir by
the Czochralski method with a platinum crucible} by using raw material obtained
from the same source. They were annealed at 600 °C in the air for 6 hours, ex-
cept for one undoped sample (PWO27, see Table 1), which was annealed in PbO
vapour. Each sample was cut from an ingot with approximately 35 mm diame-
ter and 80 mm length. The nominal purities of the s'tarting raw materials (PbO
and WO;) were 99.99%. Dopant material was added into the melt in the third

recrystallization process [20] with a concentration of 135 at.ppm in the melt for



most of the dopant jons but $b°"** which was added by 135 and 1350 at.ppm.
The large concentration (1350 at.ppm) of Sb** was also tested because 135
at.ppm did not give sizable effects [21]: the similar feature was also found for
Nb** doping [5]. True concentration of the dopant jons in the grown crystals is
given in Table 1. It was either measured by the Inductively-Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES) or calculated by using the
known segregation coefficient. The impurities remaining in the grown crystals -
were analyzed by Glow Discharge Mass Spectroscopy (GDMS). From the re-
sults of impurity analysis carried out in more than 10 samples in the past, we can
expect that the impurities were well controlled to be at similar level in all the
studied samples. As seen in the typical result of impurity analysis given in [3]
for La**-doped samples, most of the impurities are below 0.1 at.ppm level with no
ones above 1 at.ppm level. Mo impurity, which induces very slow components
in the luminescence [22-23], was less than 0.02 at.ppm level. Among the pre-
sent new samples, only PWQ:Ce had a tint of yellow, while the others were visibly

colourless.

3. Measurements

Transmission and photoluminescence (excitation and emission) spectra were
measured with a spectrophotometer (Hitachi 220 or U-2310) and a fluorescence
spectrophotometer (Hitachi F4500), respectively. Phosphorescence spectra and

its decay time were 2lso measured with the F4500 by starting measurement 2 ms

after the exposure to UV light was stopped. 'We measured the scintillation in.--
tensity for *Co y-rays by comparing the pulse height of the 1.25 MeV peak (the
average of the 1.17 and 1.33 MeV pholtoelectmn peaks) with the single photo-
electron (p.e.) peak, which was calibrated with an LED pulser mounted at a dis-
tance from the photomultiplier. Each crystal was mounteci with oné of the larg-
est faces on & 2-in, UV-sensitive photomultiplier tube (PM’i‘, Hamamatsu R2259,
with_.; bialkali photocathode a.nd a silica window). The pulse height was ana-
lyzed with 2 PHA (LeCroy qV1t) in the charge mode within 1 ps gate. We meas-
ured the decay time spectra within 1 ps by using the conventional single
photoelectron technique with a Lecroy qVt and a fast 2-in. UV-sensitive PMT

{(Hamamatsu H3177, with a bialkali photocathode and a silica window). The ob-

tained spectrum was fitted with two (three if necessary) exponentials superim-

posed on a constant background. Thermally stimulated luminescence (TSL) was

measured in Milano: the apparatus used was described elsewhere [6,24].

Radiation damage was measured by irradiating the samples with **Co y-rays
at Japan Atomic Energy Research Institute (JAERI). Five cycles of irradiation
followed by transmission measurement were carried out to cover the accumulated
dose from 10° to 10° rad (10° to 10° Gy), by increasing the accumulated dose by a
factor of ten per ¢cycle. The obtained results in the new samples prepared for the
present work {marked # in Tables 1 and 2) are compared with those in the old

samples which were described in our previous paper [5]. The irradiation pe-



riod for the new (old) samples was 1h, 1h, 2.5h(2.75h), 26h(18.5h), and

137h(70h) for 10%, 10°, 10%(1.2x10%), 107, and 10° rad, respectively. ~The trans-
mission measurement was carried out in 33h(56h), 34h(31h), 54n(42h), 30h(31h),
and 33h(31h) after irradiation by 10%, 10%, 10°(1.2x10°), 107, and 10° rad, respec-

tively. Recovery of the radiation damages was also measured in 3.3d, 10.5¢ and

121d (2.3d, 9.3d, 24.3d and 2054 for the old samples) after the 10® rad irradiation.

To compate the radiation damage in samples having different thickness, we calcu-
lated the induced absorption coefficient py, defined as

Rie = (1/d)in(To/T), (1
where d is the thickness across which the transmittance T, (before irradiation) and

T (after irradiation) were measured.

4. Results
4.1 Tetravalent-ion (Th*', Zr**) doping

The transmission spectra of PWO:Th* and PWO:Zr"" are compared in
Fig.1la with the Pb-rich (essentially undoped) and trivalent-ion doped
(PWO:Gd**80 at.ppm) samples. We see that Th** significantly improves the
transmittance in the short wavelength region (330-450 nm) similarly to the triva-
lent jons. Absence of clear effects for Zr'* doping may be due to that Zr"* did .
not enter the crystal enough because of its too small segregation coeffic_ient
(k=<0.1), or alternatively Zr** occupied interstitial sites due to its small ion radius

{0.79A) compared with Pb®* (1.20A).

The excitation-emission spectra in PWQ:Th** and PWO:Zr** are given in
Fig. 2 in comparison with the other samples. The peak excitation (or emission)
wavelength of ~315 nm (~415 nm) is the same as in the other PWO samples (see
Table 2). The second minor emission band in the red spectral region, which is
characteristic to undoped_PWO, is absent in PWO:Th**, while existing in
PWO:Zr**. No very slow component (phosphorescence) was detectable. As
for the decay time (see Table 2), the main component in PWO:Th™ and PWO:Zr"
was as short as or shorter than a few to ten ns as in all the other samples. While
the decay time of undoped PWO usually consisted of three components, the third
slowest component vanished when trivalent ions were doped [{5). Both
PWO:Th** and PWO:Zr*" gave a two-component decay spectrum as in the typical
trivalent-ion doped PWO. The light yields of 40 p.e./MeV in PWO:Th"* énd 36
p.e./MeV in PWO:Zr** were as.large as those in the other trivalent-ion doped

samples (see Table 2).

The pi(A) spectrum is compared with the other samples in Fig. 3.  The i,
at 420 nm, the emission peak wavelength, is compared in Fig. 4. From these
figures we can see that Th** doping aiso gives significant improvement in radia-
tion hardness simlilarly to the typical trivalent-ion doping.  The radiation damage

in PWO:Zr** is even enhanced compared with the undoped PWO.



4.2 Ce*** doping

For Ce’*** doping, the transmission spectrum (see Fig.1) shows a sharper
rise above the cutoff wavelength compared with the vndoped PWO. However,
the improvement in the transmittance in the short wavelength region (330-450
nm) is much less than that achieved by trivalent-ion doping. The reason for
the absence of significant improvement in the transmission spectrum is probably
related to the occurrence of the lowest 4f->5d absorption transition of Ce3* in the
present spectral region. As for the excitation-emission spectrum, the second
minor emission peak in the red spectral region, which is characteristic to undoped
PWO, disappears (see Fig. 2). These differences in both transmission and the
excitation-emission spectra from undoped PWO indicate that Ce-doping by 135
at.ppm in the melt surely affects the characteristics of PWO. According to the
ICP-AES apalysis, the Ce concentration in crystal is as large as 29 at.ppm. Ce
ions are expected to enter the Pb>* sites, since the ion radius (Ce®*~1.03A,

Ce’*~0.92A) is not very different from Pb?*(1.20A).

With respect to the radiation hardness, PWO:Ce is between the typical tri-
valent-ion doped PWO and the undoped PWO (see Figs. 3 and 4). TSL glow
curves have been studied to elucidate the relation between radiation hardness and
radiation-induced trap levels. In the TSL glow curves after X-ray irra_diation at
room temperature, an intense peak is usuvally observed at 50 °C in undoped PWC.

The amplitude of this peak is suppressed by at least 2 to 3 orders of magnitude in

trivalent-ion doped PWO[25]. The low temperature TSL of undoped PWO fea-
tures peaks at 50, 95 °K and composite structures in the region of 156-300 °K.
Trivalent-ion doping usually suppresses such composite structures efficiently and
enhances the 95 °K peak by again 2 to 3 orders of magnitude [25-27], The TSL
of PWQ:Ce (see Fig. 55;) shows a substantial but insufficient suppression of the 50
*C peak (by only an order of magnitude), while the composite structures at higher
temperatures is t-anhanced. In the low temperature TSL glow curves (see Fig. 5b),
the main peaks observed at 50 and 95 °K with absence of peaks in the 1.50—300 °K
region are in close agreement with tﬁe case of the trivalent-ion dopin‘g. These
intermediate effects in the TSL glow ﬁurves are reasonably consistent with tl;e
results obtained for radiation hardness. Another distinctive difference of Ce
doping from the trivalent-ion dopings (La®*, Gd**, Y**, Lu**) is the reduction by

half in light yield and the corresponding significant shortening of the decay time

(see Tabie 2). These effects may be explained by the efficient non-radiative re-

combinations at the Ce-sites, which is supported by the absence of the Ce** emis-

sion even at low temperature (4.2 °K).

4.3  Sb*"** doping

As for §b*%* doping, the concentration of 135 at.ppm in the mel.t aid not
improve sizably the transmittance in the‘ short wavelength region but 1350 at.ppm
gave a clear improvement (see Fig.1). .As seen in Fig._Z, the excitation-emission

spectrum of PWO:Sb1350 is different from that of PW0:Sb135 and rather resem-



bles those of trivalent-ion doped PWO as typically seen in the disappearance of
the second emission peak in the red spectral region. These differences observed
between PW0:8b135 and PWQ:8b1350 indicate that the former resembles un-
doped PWO, while the latter resembles the typical trivalent-ion doped PWO. A
similar indication was also obtained from the TSL data. The TSL glow curve of
PWO:Sb135 after X-ray irradiation at room temperature, given in Fig, 5a, shows
substantial suppression in the 50 °C peak in comparison with undoped PWO, but
by a factor less than one order of magnitude. However the 50 °C peak was fur-
ther suppressed by another order of magnitude in PW0:5b1350 with a higher Sb
concentration (see Fig. 5¢). This strong suppression in PW0:8b1350 is similar
to that in the typical trivalent-ion doped PWO and could explain the similar im-
provement in the transmittance in the short wavelength region and the disappear-

ance of the second emission peak in the red spectral region.

The Sb concentration in the crystal may be much smaller than in the melt

due to large vapour pressure of Sb. From an ICP-AES analysis, we obtained an -

$b concentration of 90 at,ppm in PWC:8b1350. Scaling of this number to
PWO:Sb135 gives only 9 at.ppm, which is below the detection limit (33 at.ppm of
$b ions) in the present measurement. Although the segregation coeffictent (k) is
as large as 0.2, a substantial part of Sb added in the melt was Jost by evaporation
before starting crystal growth, For example in our Czochralski growth of

PWOQ:Sb in Prague, 500 at.ppm in the raw material was reduced to 198 at.ppm in

the sintrate before crystallization, and 41 at.ppm remained in the first part (crys-
tallization ratio g=0.16) of the crystal. The observation in SIC[18] is qualita-
tively similar to ours while the crystal growth is done there by the Bridgman

method instead of the Czochralski one.

The present PWO:8b135 showed degradation in radiation hardness as
shown in Fig. 3-4, while the reason is not yet clear. The pbor radiation hardness
is gqualitatively understandable since the Sb concentration in the crystal may be
insufficient as discussed in the preceding paragraph. The radiation hardness of
PWQ:Sb1350, which was grown most recently, remains to be measured. Al-
though significant suppression of the 50 °C TSL peak seen in PWO0:Sb1350 sug-
gests similar charge compensation to that in typical trivalent-ion doped PWO,
there is a big difference in the 100-270 °C region between PWO:Sb1350 and tri-
valent-ion doped PWQ0: The broad TSL peaks observed in PW0:3b1350 are ab-
sent in the trivalent-ion doped PWO([25]. These large TSL peaks in the tem-
perature region above 100 °C may indicate a possibility of poor radiation hardness
of PWO:Sb1350 (see [6] for the correlations). The light yield of PWO:8b1350

was as large as that of the undoped and trivalent ion-deped samples (sece Table 2).
4,4 Mn™ doping

No sizable effect of Mn®** doping was observed in any of the transmission

spectrum, excitation-emission spectrum, light yield, decay time and radiation



hardness when compared with undoped PWO (see Figs. 1-4 and Table 2). This
may be due to too small Mn®* concentration in the crystal (5.5 at.ppm, see Table

2), which should come from the small segregation coefficient (k=0.04).

4.5 Annealing in PbO vapour

The conjectured Pb>* deficiency due to evaporation (see Iniroduction)
could occur not only during erystal growth bﬁt also during annealing. To reduce
the loss of Pb®* during annealing, and even expecting a possible recovering o.f
thé Pb** deficiency by diffusion during annealing, an undoped PWO (PWO27) was
annealed in PbO vapour. The same annealing condition (500 °C during 6 hours,
see Section 2) was used as for the other samples., When PWO27 is compared
with undoped PWO, no signifcant difference was observed in the transmission
spectrum but a slight shift of the short-wavelength cutoff toward shorter wave-
lengths, excitation-emission spectrum (existence of the second peak in the red
spectral region), decay time (3-components with the average 7.v = 8.2 ns), light
yield (36 pe/MeV) and radiation hardness (10°° rad). The obtained result indi-
cates that the conjectured Pb®* deficiency should naturally occur already before
and during crystal growth, and it could not be recovered sizably during annealing

in PbO vapour.

5. Summary and discussions

The obtained results can be summarized as follows:

(1) As for the tetravalent-ion doping, Th’* doping gave a significant im-
provement in transmittance at short wavelengths, radiation hardness, etc. similar
to the trivalent-ion (La**, Gd**, Y**, Lu®*) doping.  Zr** doping did not impréve
the transmittance in the short wavelength region but degraded the radiation hard-
ness. The obtained result for Zr** doping suggests an overall resemblance of
PWO:Zr"* to undoped PWO. Zr** probably did not enter the crystal in a sizable
amount, or entered mostly interstitial sites.

‘(2) Compared with the trivalent-ion doping, the _Ce“'" doping caused less
significant improvement iq transmittance. at short waveleﬁgths, similar disappear-
ance of the second emission peak in the red spectral region, improvement in ra-
diation hardness to some extent, and reduction by half in light yield. Under the
hypothesis of charge compensation as sketched in Introduction, the absence of big
improvement in PW0:Ce may be related to probable oscillation of Ce ions be-

tween trivalent and tetravalent charge states, which may hinder formation of sta-

_ble dipole complexes [2(Ceps>*) - Vp,"], thereby failing in making the Pb®* vacancy

immobile.

(3) Large vapour pressure of $b should lead to a significant loss of the
dopant ions before the start of crystal growth, thus requiring a largg concentra-
tion of dopant ions in the melt. Sb*** doping by 1350 at.ppm (in the melt) gave
an improvement in transmittance at short wavelengths similar to the typical triva-
lent-ion doping, suggestir_lg the charge compensation by Sb doping. The signifi-

cant suppression (by two orders of magnitude) of the 50 °C peak in the TSL curve



obsgerved in this sample is similar to that seen in the typical trivalent-ion doped
PWO and is consistent with the observed improvement in the transmittance. On
the other hand, the TSL shows significant enhancement in the 100-300 °C region,
which is completely different from the characteristic feature in the typical triva-
lent-ion doped PWO and may suggest degradation in radiation hardness [6].
Actually, we observed degradation in radiation hardness for Sb dopiag by 135
at.ppm in the melt, compared with undoped PWO, while measurement remains to
be done for the increased Sb doping by 1350 at.ppm. If Sb doping causes deg-
radation in radiation hardness, the reasen is not yet clear, but may be related to
the possible oscillation of Sb between two possible charge states (3+ and 5+)
similar to the case of PWO:Ce (3+ and 4+).

{4) All the undoped PWO samples (PWO:Pb-rich, PW027), PWO:Mn**, and
PWO:Zr** got a tint of black after 10° rad irradiation. PW(Q:8b135 got a tint of
yellowish brown. Compared with the trivalent ion-doped PWO (PWO:La*, Lu**,
Y3, Gd*') and PWO:Th*", the radiation damages of these four samples, as seen in
Wis at 420 nm in Fig. 4, are not much larger at the dose level up to 10° rad, but
much larger above 107 rad. However, even below 10° rad, PWO undoped or
doped with Mn®* or Zr** may not be good candidates for calorimeter materials,
since the transmittance is poor in the 330-450 nm-region.

(5) No significant improvement was obtained by annealing the undoped
PWO in PbO vapour. The obtained result indicates that the conjectured Pb** de-

ficiency should naturally occur already before and during crystal growth, and it

could not be recovered during annealing in PbO vapour

Obtained results show that even the concentration of several tens at.ppm of
not only trivalent ions (La**, Gd*, Y**, Lu®) but also tetravalent ion (Th*") in
the crystal is enough to give significant improvement probably by charge com-
pensation of the Pb** deficiency. The obtained new result for Th** doping is
consistent with the hypothesis worked out by Nikl et al.[6], Han et al.[13], etc.
on (1) the charge compensation of Pb** deficiency by trivalant (or tetravalent) ion
doping and (2) the formation of stable dipole complexes which make the Pb** va-

3+ o1 §b*" doping gives

cancy immobile. Compared with undoped PWO, Ce
some improvement (in transﬁittance at short wavelength region and disappearance
of the second emission peak in the red spectral region for Ce, Sb) and some deg-
radation (in radiation hardness for Sb). This complicated result is different from .
the case of the other ions having a stable single charge state, and may be due to
the oscillation of the ions between the two charge states, For further improve-
ment of PWO scintitlators, it should be worth studying in which part of the crystal
growth and to which extent the Pb®* deficiency is introduced. It should be also
very important to make clearer the nature of the defects and colour centres in-

duced by such a deficiency and their role in the processes of energy transfer and

storage in PWO structure.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Comparison of the transmission spectra before irradiation for
PWO:Pb-rich, PWOQ:Ce, Th, Zr, Gd80, Mn, §b135, Sb1350, and PWO27
(annealed in PbO). The thickness across which the transmittance was
measured is about 20 mm except for PW0:5b1350 (10 mm), and
PWO:Zr(40 mm); see Table 1.

Excitation and emission spectra from the crystal surface for UV excitation
in typical samples of PW0:Gd**, PWO:Th*, PWO:Zr**, PWOQ:Ce* ™,
PWO0:Sb135, PWO:Sb1350, PWO:Pb-rich, PWO:Mn** and PWO27 (an-
nealed in PbO). The contour of the emission intensity is plotted in the
(Mexs Aom) plane. The numbers attached to the contours give rough
relative intensity.

Spectra of the radiation-induced absorption coefficient ;. versus
wavelength obtained at-different accumulated doses: a) PWO:Gd*,

b) PWO:Th®*, ¢} PWO:Zr*", d) PWO:Ce®™*, &) PWO:Sb135, £) PWO:Mn™,
g} PWO027 (undoped, annealed in PbO vapour), and h) undoped PWQO.
Radiation-induced absorption coefficient ;, at 420 nm (the emission

peak wavelength) versus accumulated dose is compared among

different samples; (&) mainly for significantly radiation-resistant PWO,
and (b) mainly for less radiation-resistant PWQ. in (b) two typical sig-
nificantly radiation-resistant PWO samples (PWO:La*", PWO:Nb**) are

also shown for comparison. The recovery in 2.3d, 9.3d, 24.3d and 205d



(or 3.3d, 10.5d, and 121d for some samples) after 10? rad irradiation is Table 1 List of doped PWO samples studied. The new samples tested in the

also given. The results of measurement carried out in Italy below 3x10* present study after our previons paper [5] are marked #. The thickness across

which the transmittance was measured is underlined. Dopant concentration in

. . 3+ 3+ 3t 5+
rad are also shown in (a) for PWO doped with Lu™, Y™, Gd™, and Nb crystal was measured by ICP-AES (see text), unless otherwise indicated.

1525 5 o -

Sampl Dopant (at. si
Fig. 5 (a) TSL glow curves of PWO(undoped), PWO:Ce and PWO:Sb135 after ample opant (at.ppm) 1ze Notes
(in melt/in crystal) (mm)

X-ray irradiation at room temperature; (b) TSL glow curves of PWO:Ce

after X-ray irradiation at 10 and 60 °K; (¢) Comparison of TSL glow PWO:La,#4  La**(135/202)  10x10x20 k=2.5, note(b), [5]
curves after X-ray irradiation at the room temperature between PWO:Lu Lu**(135/43) 10x10x45.2  k=0.31 [5)
PWO0:Gd135 Gd**(135/208) 10x10x25.5 k=1.55 (5]
PWO:Sb135 and PWQ:Sb1350. # PWO:Gd80  Gd™(80/123(2)) 10x10x20
# PWO:Gd60  Gd®*(60/ 92(a))  10x10x40
PWO:Y Y?*(135/108) 10x10x20.5 k=0.8 [51
PWO:Se $c**(135/7) 10x10x20.2  k=0.06 [s]
# PWO:Ce Ce***(135/2%)  10x10x20Q k=0.21
# PWO:Sb135  Sb>*5*(135/<33) 10x10x20 k=0.2
# PWO:Sb1350 Sb***(135/90)  10x10x%20
# PWO:Zr Zr**(135/<13) 10x10x4¢ k<0.1
“# PWO:Th Th**(135/35) 10x10x20 k=0.26
PWO:Pb-rich Pb**(135) 10x10x20 ~undoped PWO.  [5)
PWO:Cd Cd**(135/41) 10%10%20.3  k=0.3 (5]
# PWO:Mn Mn?*(135/5.5) 10x10x20 . k=0.04
# PWO27 undoped 10x10x20 annealed in PbO (see text)
PWO:Nb Nb**(1350/670)  10x10x21 (5]

(a) Calculated from the segregation coefficient.

{b) From the same ingot as La2[2].

— 23~ - —24—



Table 2 Obtained result. The the new samples tested in the present study are 80

marked #. A (0T A.y) denotes the excitation (emission) peak wavelength, and
LY the scintillation light intensity for *°Co y-rays (see text). The i-th decay 70
constant and its intensity (in percentage of the total intensity) are denoted as . 60 Th
o :
and I;, respectively, <t>,, gives the weighted sum of 7;li .  The last column w 50 4;
. . o :Gd80
gives the existence of detectable phosphorescence peaks (seen at around 600 nm). <Z( jf
_____________________________________________________________________________________________ E 40 Fr ——PWO:.Ce F—
= l; }[ —o— PWO0:GdBO0
Sample Aefhem LY Decay constants (ns) Phosph. @ 39 3 wx—- PWO:Zr |
é ~ Pb-rich ——PWO:Th
(nm) p.e./MeV Ty{(I1) 72(12) T3(I3) <T>ay F g (~yundoped) —o— PWO:Pb-rich
PWO:La,#4  308/410  31[5]  2.5(79%) 14(21%) 49 no 10 "ﬁ[
PWO:Lu 315422 37[5]  4.N(75%) 9.7(25%) 55  no o
PWO:Gd135  315/418  33[5]  3.3(81%) 22(19%) 6.9 no
# PWO:Gd80  315/415 39 1.3(49%) 6.5(51%) 3.9 no 80
# PWO:Gd60  315/415 39 5.6(100%) 56 no 70 ' R
PWO:Y 315/418  40[5]  3.3(75%) 11(25%) 52  mo ' GdBO et e :
PWO:Sc 312/410  37[5]  1.4(54%) 5.5(24%) 20(22%) 6.5  yes 60 7
%
# PWO:Ce 3101420 15 2.0(68%) 6.6(32%) 3.5 o = ﬁ/i{: :
O 50 pruls it BvEe) f‘ = FWOZ-J' -
# PWO:Sb135 310420 41 2.9(59%) 8.5(23%) 22(18%) 7.6  yes Z Sh1374 Drnoated if PbO) —x- PWO:Mn
‘ ' ~— PWO:Gd80 -
# PWO:Sb1350 310/420 29 1.5(94%)  9.0(6%) 21 1o E 40 ! e PWO.S5135
=
# PWOZr 315/420 36 2.9(52%) 12(48%) 71 1o 2 30 *E&S’;‘““" L
. . —h
# PWO:Th 315415 40 3.1(41%) 8.2(59%) 61 1o é 1 é{/ ‘F’b'fr'fh ] o PWO:Pbrich
v ~Unaop e
PWO:Pb-rich  315/418  37[5] 1.5(61%) B8.9(26%) 29(13%) 7.0  yes 20 [’
PWO:Cd 315/418  41[5]  1.6(60%) B8.2(26%) 26(14%) 6.7  yes 10
# PWO:Mn 312/415 26 1.7(51%) 9.6(38%) 46(11%) 9.5  yes 0 b
# PWO27 315/420 36 2.5(42%) 7.6(32%) 18(26%) 8.2  yes 300 350 400 450 500 550 600 650 700
PWO:Nb 318/422  26[5]  2.1(80%) 8.3(14%) 42(6%) 54  no _ WAVELENGTH {nm)
Fig. 1
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