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The annealing treatments of a PbW@ystal sample have been sequentially carried out in air from

640 to 1040 °C. After annealing at each temperature, the optical absorption spectra of the crystal
have been recorded pre and post UV irradiation exposure. The experimental results show that
annealing PbWQcrystals at a temperature above 740 °C in air can effectively wash out the intrinsic
color centers causing a 350 nm optical absorption band and improve the radiation hardness of
PbWQ, crystals. In addition, during the radiation procedure, the conversions of the 350 nm intrinsic
color centers to the 410 nm temporary color centers are evidenced in the experiments. Based on the
earlier results, the annealing effects and the radiation damage mechanisms of, Bpjat@ls are
discussed. ©1999 American Institute of Physids50021-897@9)00719-7

INTRODUCTION 350, 410, and above 500 nm exist in PWO, which have been
considered to have originated from Pbhole centers, O

In recent years, PbWQcrystals(PWO) have attracted hole centers, and F kinds of color centers, respectitfely.
special interests because of plans to use them as a scintillatBiow, the research work on PWO is in a crucial stage as the
in detectors at the large hadron collider in CERN.The  scheduled production date is coming near, but the radiation
luminescence properties of PWO have been intensively inhardness of PWO still cannot meet the critical requirements
vestigated during the past century, its excited luminescencef the applications in the future. The investigation of the
spectrum exhibits the blue\fe,=420nm) and the green radiation damage mechanisms has been still phenomenologi-
(X peai=480—-510 nm) emission components ascribed to regueal up to now*?~*5
lar lattice (WQ)? and defect associated WOQOcenters, In the present article, the sequentially annealing treat-
respectively’® The radiation hardness is particularly impor- ments of PWO from 640 to 1040 °C are reported. Experi-
tant in the case of PWO because high energy physics applmental results show that annealing at a high temperature
cations in the future create a rather severe environment withbove 740 °C in air can effectively annihilate the 350 nm
unprecedented levels of radiatibriThe radiation experi- intrinsic optical absorption band and improve the radiation
ments have shown that high energy radiation does not affed¢tardness of PWO. The experiments also provide more evi-
the scintillating mechanisms of PWO and the main effect ofdence for a deeper understanding of the microscopic radia-
the irradiation on PWO is the creation of the color centergion damage process of PWO.
originating with the optical absorption bands in the UV and
the blue spectral regioh’ Among the radiation induced ab-
sorption bands in PWO, the 410 nm absorption band is rath
harmful to the scintillating properties of PWO, because it The PWO samples grown fro 5 N raw material pow-
overlaps with the prime fast luminescence component—Dbluglers by the improved Bridgman method whose dimensions
band (pea=420nm), which leads to the degradation of were about 15 mm15 mmx3 mm, with the 15 mnx15
light output of PWO! Detailed works have been carried out mm polished face perpendicular to thexis of the crystal,
to understand the origin of the absorption bands inwere studied. The annealing treatments of the sample were
PWO?2%!! The absorption bands induced by irradiation aresequentially performed from 640 to 1040 °C in air, and the
efficiently bleached by the treatment at 200 °C. On the condetailed procedure was: 640 °6 h)—RT (room tempera-
trary, the absorption bands induced during crystal growth ofure for optical measuremenrt740 °C (6 h—RT—840°C
annealing at a high temperature are rather stable. We labelgd h—RT—920°C (6 h—RT—980°C (6 h—RT
these two kinds of color centers as temporary color centers,1040 °C(6 h)—RT. The annealing process was controlled
and intrinsic color centers, respectively. Although this pointsautomatically by a computer system. After annealing at each
to different mechanisms of stabilization for these two kindStemperature, the optical absorption spectra were measured
of color centers, the centers themselves might be quite simpre and post UV radiation exposure with a SHIMAZU-2501
lar since just localized electrons and holes are responsible fgpectrophotometer whose accuracy achiew€d002 abs. A
the induced absorption bantfsOptical absorption bands of 1000 W high voltage mercury lamp was used to irradiate the
samples and the radiation time was 10 min. As indicated by
dAuthor to whom correspondence should be addressed; electronic maiPafinnei, the color centers induced by UV radiation are simi-
xgfeng@sunm.shcnc.ac.cn lar to that caused by-ray irradiation for PbWQ crystals'®
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FIG. 1. The optical absorption spectra of the as-grown Pp\#nple and ~ FIG. 3. The UV radiation induced absorption spectra of the Phy\dystal
the samples as received after annealing at 640 and 740 °C. samples as received after annealing at each temperglsgs-grown, (b)
640, (c) 740, (d) 920, (e) 980, and(f) 1040 °C.

The oRIGIN 4.0 software package was used to fit the mea-

sured spectra by the sum of gaussians in selected cases. effect of the radiation on PWO is the degradation of the light

output due to the 410 nm radiation induced absorption band
EXPERIMENTAL RESULTS which overlaps with the fast emission component—420 nm

The optical absorption spectra taken after the PWplue band”>®Commonly, in the field of PWO, the intensity
sample is annealed at temperatures from 640 to 1040 °C aff the radiation induced 410 nm optical absorption band is
given in Figs. 1 and 2. The optical absorption of the as-Used to evaluate the radiation hardness of PWO. The radia
grown sample is shown by trade) in Fig. 1. There is sig- tion induced absorption coefficiept is defined as
nificant absorption just beside the absorption edge. This ab-
sorption band is labeled as a 350 nm intrinsic absorption
band. After the sample is heated to 640 °C in air for 6 h, the
optical absorption around 350 nm increases and the subse-
guent annealing treatment at 740 °C further enhances thishered stands for the thickness of the sample in centimeters
absorption band, as shown by trabgand tracec) in Fig. 1, andT, and T, are the initial transmission and the transmis-
respectively. The change occurs after the PWO sample ision after an irradiation procedure, respectively.
annealed at 840°C, as shown by trabe in Fig. 2. The The effects of the annealing treatments in air on the ra-
optical absorption around 350 nm stops increasing but indiation hardness of PWO are noticed in Fig. 3. As given by
stead decreases. With the same treatments being repeatedrate(a), UV irradiation induces a structured 410 nm absorp-
920 and 980 °C, the 350 nm band decreases rapidly, as illusion band in the as-grown PWO sample, indicating that the
trated by trace(c) and trace(d) in Fig. 2. After the final initial radiation hardness of the PWO sample is weak. After
annealing treatment at 1040 °C, the 350 nm intrinsic opticathe sample is heated to 640 °C in air for 6 h, UV radiation
absorption band initially existing in the as-grown PWO induced absorption spectra of the sample is recorded at room
sample disappears, as evidenced by t(@cén Fig. 2. temperature, the 410 nm band grows evidently as shown by

The annealing effects on the radiation hardness of theurve (b). After repeating the same treatment at 740 °C, the
PWO sample are investigated in the following manner. As410 nm band grows more, shown in cur@, the radiation
indicated in the prior section, high energy radiation does nohardness of the sample is further annihilated. This trend re-
affect the scintillating mechanisms of PWO and the mainverses after annealing the sample at 92Q0¢@rve (d)], the

410 nm radiation induced band stops growing but decreases.
With further increasing annealing temperature, the 410 nm

1
n=§log(To/ T,

PHOTO ENERGY (eV) band continues to decrease and the radiation hardness is im-
54363228 24 2 16 proved continuously, shown in curvéd), (e), and(f). After
- the final treatment at 1040 °C, the radiation hardness of PWO
8 12l —— a, 740°C becomes quite rigid and no structured 410 nm radiation in-
E —— b, 840°C duced absorption band is present through UV radiation, as
2 oo —— ¢ 920°C shown by curve(f).
I d 9800‘03 Additionally, the experimental results provide us with
z T e 1040C some significant information about the creation and the an-
& oaf L nihilation of the color centers during irradiation. In the as-
% grown sample and the samples as received after annealing at
080 a0 s0 &0 700 800 640 and 740°C, the radiation induced absorption spectra
WAVELENGTH (nm) show an interesting behavior. In other words, the values of

FIG. 2. The optical absorption spectra of the Pby\@mples as received the radiation ind_uced absorpti_o_n coefficigmtare negative_
after annealing at temperatures above 740 °C. around 350 nm, just at the position of the 350 nm absorption
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band, which means the concentration of the color centers WAVELENGTH (nm)
causing 350 nm absorption band decreases during irradiation 004?90 e =
procedure. The decrease @faround 350 nm correlates with '
the increase ofu around 410 nm, showing there probably
exist the conversions of the intrinsic color centers causing
the 350 nm absorption band to the temporary color centers
causing the 410 nm absorption band during irradiation.
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PWO tend to be “lead deficient” because of the evapo- PHOTO ENERGY (V)
ration of PbO during crystal growth. The resulting lead g, 4. The Gaussian curve fit result of the Uv-radiation induced absorption
vacancies each have two effective negative charges relativpectra taken after the PWO sample is annealed at 740 °C.
to the lattice and are ordinarily balanced by oxygen vacan-
cies, F centers(one electron in oxygen vacancgnd hole ]
centers! Since there is only one prominent intrinsic optical the color centers. In the case of PWO, the creation éﬁE_’b
absorption peakat 350 nm ascribed to Pb" hole centers O » F (two electrons in O vacangyand F (one electron in
observed in the as-grown PWO sample, it can be consideréd vacancy centers have been reported. As given by curve
that lead vacancies in the PWO sample used for this stud(f) in Fig. 3, the UV irradiation induced absorption spectra
are mainly balanced by oxygen vacancies and*Phole measured after 'Fhe sample is annealed at 740°C Is most
centers together. structured and gives a reasonable chance for unambiguous

We offer the following explanation of the data presenteddecomposition. into gaussian curves. Coinciding with the re-
in Figs. 1 and 2. Annealing the PWO sample in @ixygen sult_s reported in Ref. 11, four gaussian curves are attempted
abundant atmospheris actually an oxidation process of the j[O fit the spectra.. We have gotte_n four independent radiation
sample. Oxygen vacancies would be filled in, as a result of?duced absorption bands peaking at 410, 495, 550, and 350
oxygen ion diffusion in the sample. To keep the charge connrn’+""h'Ch have been tentgtlvelylllascnbed t0,&, F', and
servation, more PY hole centers should be introduced. This PE’ hole centers, res_pec_tlvg‘ﬁ?: The 350 nm band shows
is evidenced by the data presented in Fig. 1, which show§€gativex values, which indicates that the concentration of
that after annealing at 640 and 740 °C the 350 nm intrinsidhe 350 nm intrinsic color centers decreases during irradia-
optical absorption band has increased. However, an immegdfion- In the following section, we will pay more attention to
ate question from the data presented in Fig. 2 is why the 35ihe creation of 4_10_nm color centers because it is the root
nm band stops increasing but instead decreases at higher &purse of the radiation damage of PWO. o
nealing temperatures at which the oxygen ion diffusion in the A convenient treatment of color centers which is used to
sample might be more effective. We interpret it to mean thapredl'ct their concentratlon§ is to c'0'n5|der them as chemical
further oxidation of the PH ion to the PB* ion happens at speC|es._We thus try to write trgnsmons pf one type of _color
a temperature higher than 740°C. The conversion of thg_enters into anpther as chemical react|_0ns anq pr_edlct_ the
PE** ion to the PB* ion could happen. First, Bb is one of f!nal concentra_tmn from law of mass action. During irradia-
two stable valance states of the Pb ion. Second, taking intHon. the creation and the annihilation of electron or hole
account the sheelite structure of PWO, thé Plon provides ~ centers happen at the same time. For example, during the
one more electron with the surrounding eight oxygen ijond'radiation procedure, free holes tend to be trapped at the
compared to the BB ion, thus loosening the distortion of ©Xygen ion, thus forming O hole centers. Meanwhile, the
the local space configuration. Then the stability of thd'Pb €xisted O hole centers also have a chance to trap a free
ion is enhanced in this way. The Pbion is a close shell electron, and convert back tOions. The competitive pro-
ion, whose related optical absorption bands are within the
absorption edge of PWO. Therefore, with the conversion of
PB** hole centers to P ions being induced during anneal-
ing at the temperatures above 740 °C, the 350 nm intrinsic
optical absorption band caused by*Pthole centers contin-
ues to decrease. Eventually, the annealing crystal at 1040 °C
has washed out the color centers originating from the 350 nm
band.

The experimental results presented in Figs. 3—5 provide
more evidences for a deeper understanding of the micro-
scopic radiation damage process of PWO. During UV irra- ' . .
diation, the creation of the color centers is essentially a three- 05 1.0 15 20
step process consisting df) creation of hot electrons and Absorption coeff. at 350 nm [em]

holes by UV radiation EXposuréu) their separation durmg FIG. 5. A plot of the intrinsic absorption coefficient at 350 nm versus the

SUbseqU_ent cooling dOWD an(_j diﬁUSiO_n processes, (and ~ UV-radiation induced absorption coefficient at 410 nm at each annealing
free carriers are trapped in suitable lattice sites, thus creatingmperature.
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cesses for the creation of Py O, and F centers are iter- sessing the 350 nm intrinsic absorption band have poor ra-
ated by Eqs(1)—(6), respectively(Since the behavior of ¥ diation hardnesscan be well explained by the law obtained
centers is similar to that of F centers in the experiments, wéere now.

only consider F centers in this study in order to have a more  Since it is difficult to accurately decompose the absorp-

concise discussion. tion spectra, here we approximately represgdi’*] and
. . [O7] using the absorption coefficient at 350 nm in Figs. 1
Pb™* hole centers: PB +h—Pp™", (1) and 2 and that at 410 nm in Fig. 3, respectively, to validate
Eq. (10). A plot of the intrinsic absorption coefficient at 350
+ +
PE*" +e—PB". @) nm versus the radiation induced absorption coefficient at 410
O~ hole centers: & +h—0O~, 3) nm is presen_ted_in_Fig. 5. The ratio of them is close_ to a
constant, which is in good agreement with E@0). This
O +e—-0%". (4)  result has further confirmed the rule of the radiation damage
of PWO that the stronger 350 nm intrinsic optical absorption
F electron centers: Vo+2e—F, (5  band, the poorer the radiation hardness of PWO.

By means of annealing the PWO sample at high tem-

F+2h—Vo. ©) peratures above 740°C in air, the 350 nm intrinsic color
Whether the creation of the color centers is through the ancenters have been effectively washed out as shown in Fig. 2.
nihilation can be determined by the change of their relaten the other hand, with the sufficient diffusion of oxygen ion
optical absorption bands after UV irradiation exposure. Adn the crystal, the oxygen vacanciés have also been elimi-
illustrated by Fig. 4, UV radiation has induced the 410 nmhated. As a result, the radiation hardness of the PWO crystal
band related to O color centers and the earlier 500 nm bandnas been effectively improved. The microscopic radiation
related to F kinds of color centers. On the contrary, it had’foCess revealed in the experiments can also give a satisfac-
annihilated the 350 nm band ascribed t¢Plole centers. tOry explanation of the improvement of the radiation hard-
This indicates the processes described by E2js.(3), and  Ness by La dOPi”é?'ls The key point is that La doping can
(5) are the dominant reactions for the sample used in thi§estrain the creation of the 350 nm intrinsic color centers
study during UV radiation exposure. Transforming E@,  during crystal growth.
(3), and(5) like (2)+(3)—(7), (5)+2X(3)—(8), we obtain

PB"+0? —PKF +0, (7)  CONCLUSION

Vo+20? =20 +F. (8) The sequential annealing experiments from 640 to

) ) ) 1040°C in air have revealed the whole process of the in-
The reactions deduced earlier uncover that the creation Qfrease of the 350 nm intrinsic color centers during annealing

410 nm color centers during radiation as the root course Of; temperatures below 740 °C and their annihilation with in-
PWO radiation damage is stimulated in two main aSpeCtScreasing annealing temperatures.

One is from the conversion of 350 nm intrinsic color centers,  Thea radiation hardness of the Pbwerystal has been
the other is oxygen vacancies trapped the electrons duri”@ffectively improved by means of annealing the crystal at a
radiation, which stabilizes the existence of 410 nm color CeNhigh temperature in air. The conversions of the 350 nm in-
ters. From the law of mass action, while the reaction equitinsjc color centers to the 410 nm temporary color centers
librium is achieved, we have during UV radiation exposure has been observed in the ex-

[P0 ] periments. The experiments clearly show that the creation of
[PE07 ] =K. 9 the 410 nm radiation induced color centers as the main as-

pect of the radiation damage of Pb\W€rystals is stimulated
[PK?*] and[O?"] as lattice sites approximately equal con- by two predominant factors. One is the conversion from the
stant 1 so the equation becomes 350 nm intrinsic color centers, the other is oxygen vacancy
as electron trap centers traps electrons to form F kinds of
color centers during irradiation, which stabilizes the exis-
tence of O hole centers. When these two factors have been
] o o removed by means of annealing the crystal at a high tem-
Slncg the variation of the 350 nm_band after radiation expo-perature in air, the radiation hardness of the Ph\Ve6ystal
sure |s_le§s than 5% of th_e intensity of the 350 nm band pre, improved effectively.
UV radiation in the experiment§Pb** ] can be regarded to
approximately equal to the concentration of the intrinsic
Pb3+ hole centers induced during crygtal grovvth_ or an”eal'ACKNOWLEDGMENTS
ing treatments. By now a law describing the radiation dam-
age process of PWO has been figured out, i.e., the stronger The authors would like to acknowledge helpful discus-
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