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Photo- and radiation-induced chemical transformations in Csl and Csl(Tl) crystals con-
taining molecular anions CO2%2~, OH-, BO; have been studied. The ionizing radiation has
been found to initiate the decomposition of hydroxyl ions under formation of Hio. The
diffusion of the latter in the solid solution results in a reaction causing formation of
HCO3 ions and F and F-like centers in Csl and Csl(Tl) crystals, respectively. Radiation-
chemical transformations of BO; ions result in formation of BO;', O3 ions and F centers.

The reactions of F-like color center formation occur in Csl(Tl) crystals containing the above-
mentioned molecular anions also under action of photons having energy less than 3.8 eV.

UccnenoBausl (GoTo- ¥ paguanmoOHHO-XMUMWYECKUEe NpeBpalfeHus B kpucramniax Csl u
Csl(Tl), copmepsxamux MosieryxapHEle anmoHbl COZ~, OH-, BO3. YcranosmeHo, 4TO MOHUBH-
pyroiee usnyuenue B kpucraniax Csl u Csl(Tl) ununuupyer pasioskeHne ruJpOKCUJI- HOHOB
¢ obpasoBaHmeM Hio, B pesyibrare nud@ysum KOTOPOrOo B TBEPAOM pacTBOPe IIPOTEKAaeT

peaknus ¢ ob6pasosanueM HCOj3 - monoB u F- and F-nomo6meix mentpos maa Csl u Csl(Tl),
COOTBETCTBEHHO. B pesyibTare pagnanuoHHO-XMMU4ecKux mpeBpamieHuii BO, - noHoB obpa-
sytorca BOf, O momsr u F-menrper. B xpucramrax Csl(Tl) ¢ paccMOTpeHHBIME MOJIEKYJIAD-

HBIMY aHMOHaMM yYKa3aHHbI€ peaKIuu C O6paSOBaHI/IeM F-HOHOGHBIX IJEHTPOB OKPAaCKH IIpoTe-

KaloT TaKiKe U Ioj JgedicTBueM (pOTOHOB C sHeprueit menbiine 3.8 sB.

It has been established before [1-4] that
molecular anions (MA) play an important
part in radiation-induced defect formation
in pure and doped cesium iodide -crystals
widely used as effective scintillation materials.

The single crystals grown from the melt
often contain carbonate which is a very un-
desirable impurity in Csl(Na) [5] and espe-
cially in Csl [4] and CsI(TI) [1]. Considera-
tion of photo- and radiation-induced damage
of CsI(TI) crystals has shown that the crys-
tal coloration is caused, along with the
known carbonate impurity [1-3], by even
trace amounts (5107® % by mass) of bo-
rates. The present work is necessitated by
contradictions in data on radiation-chemical
transformations of carbonate ion [6—-8] and
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by the absence of similar information con-
cerning borate ion.

The investigated crystals were grown
using both Kiropoulos technique in a plati-
num crucible under argon atmosphere and by
Stockbarger one in evacuated quartz am-
poules. The initial Csl (special purity grade)
was dehydrated preliminarily at 200 and
400°C. TIl, Cs,CO3, CsOH and H3BO3, all spe-
cial purity grade, were used as activating ad -
mixtures. In the last case, special measures
were used for through dehydration of both
cesuim iodide and boric acid, taking into ac-
count the high hygroscopicity of the latter.
Thallium concentration on grown crystals was
from 1.50074 to 107! % by mass.

The presence of oxygen-bearing impuri-
ties was controlled by IR spectroscopy (by
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Fig.1. Absorption spectrum of Csl(COj3) crys-
tal prior to gamma irradiation by ®°Co source
(1) and after the irradiation dose 10% rad (2).

vibration spectra characteristic for molecu -
lar anions in 400-4000 cm™! range) using
an UR-20 spectrophotometer as well as by
chemical analysis methods. The single-crys -
talline samples were irradiated by a gamma
source (80Co) at a dose of 104 rad, by non-
filtered radiation of a mercury lamp and by
daylight where the short-wavelength spec-
trum edge was limited by the glass trans-
mission (hv < 3.8 eV).

The vibration spectrum of a Csl crystal
activated by Cs,CO3z is shown in Fig.l,

curve 1. The concentration of CO5~ ion was
rather high (30074 % by mass) allowing to
observe all characteristic bands in the spec-
trum. At CO%‘ ion concentrations less than
50075 %, only the most intense vV, and Vg
bands are observable.

The local symmetry of CO%‘ ion is low-
ered in the Csl lattice down to C,, due to

effect of the anion vacancy compensating
the excess charge and positioned in the an-

ionic site nearest to the CO%~ ion. In this

case, degenerate Vg and v, vibrations are
splitted while the totally symmetric v; one
becomes active in the IR spectral range [9,
10]. Thus, the observed IR spectral bands
can be attributed to following basic and
complex frequencies (in ecm™1) of CO%‘ ion:
667.5 (vy), 678.5 (Vy), 878 (vy), 1033 (vy),
1362 (vg), 1385 (v3), 1693 (v; + v4), 1705
(Vi +Vy), 2390 (vq + V3), 2410 (v + V3),
2690 (2v3), 2770 (2v3).
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IR absorption spectrum of a Csl(COj)
crystal gamma-irradiated by 104 rad dose is
presented also in Fig.1 (curve 2). No mani-
festations of the OH™ ion presence were ob-
served in vibration and electron spectra of
the crystal. According to chemical analysis
data, the OH~ concentration was 401074 %.
As a result of the irradiation, intensities of
bands characteristic for CO%‘ ion decrease,
but new bands appear with maxima at 593,
663, 745, 830, 947, 1223, 1315, 1679,
3318 cm™l. Those are to be attributed to
HCO3 ions [8] that is in agreement with
interpretation of [11]. Besides, several new
bands are observed in the range of 1595-
1640 cm~1 which may be connected with
bending v, vibrations in H,O molecule [9].
No other bands were revealed in the vibra-
tion spectrum of the irradiated Csl(COj)
crystal.

According to [6], in Csl(COj3) crystals
subjected to ionizing irradiation, CO%‘ ions
are transformed partly into single-charged
CO3 ones due to hole capture as well as are

decomposed into CO molecules and CO53 ions,

this is why these impurities are observed
sometimes in unirradiated crystals. In our

opinion, it is just HCO3 ions and H,O mole-
cules that are formed in irradiated Csl(COj)

crystals.
We have found before [8] that both

CO%~ and OH~ ions are revealed in Csl crys-

tals, no matter what either carbonate or
hydroxyl ion is used as the dopant; only
relative amounts of revealed ions are var-
ied. According to [12], OH™ ions dissociate

under formation HY and O ions when being

subjected to the ionizing irradiation. The
following radiation-chemical reactions occur
as a result of HY atoms diffusion in the

crystal lattice:

HP + OH™a = HyO™a = H,0; + F (2) [12]

It is to note that the reaction (1) is re-
versible with respect to CO%‘ ions builded
into the lattice in the form of impurity-va-
cancy dipoles. If CO%‘ ions are dissociated

off from the anion vacancy, then products
of reaction (1) are very stable. In this case,
the reversibility of the reaction under consid -
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Fig.2. Absorption spectrum of Csl(TI,CO3) crys-
tal prior to (1) and after the irradiation (2).

Characteristic bands of HCO3 ion are pointed
by arrows.

eration is defined not by electronic proc-
esses but by ionic ones (diffusion of F cen-
ters).

To separate contributions of surface and
volume to the radiation-stimulated process
of bicarbonate ion formation, the measure-
ments were made using samples of different
thicknesses (5 and 60 mm) as well as those
where the surface layer was taken off by
the additional post-irradiation polishing. In
all cases, the absorption coefficient meas -
ured in the most intense absorption band of

HCO3 ions (1679 cm™!) has the same value.

The coincidence of measurement results al -
lows to state that the effect of bicarbonate
ion formation has the volume character.
The radiation-induced absorption band in
the range 1595-1640 cm™! due to H,0
molecules does not manifest itself when the
surface layer is removed. This evidences
that the irradiation-initiated formation of
molecular water takes place within the sur-
face layer while the reaction (2) in the crys-
tal volume is of a low efficiency and cannot
be confirmed using absorption methods,
unlike (1).

Chemical reactions involving carbonate
and hydroxyl ions and color center forma -
tion take place in Csl(COj) crystals under
gamma and UV irrsdiation. In thallium-
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doped Csl(COj3), radiation defects in the
form of color centers, H,O molecules and

HCO3 ions arise not only due to ionizing

radiation but also under daylight action
(hv < 3.8 eV).
In IR absorption spectra of Csl(Tl, COj)

crystals, vy, vy and v, bands of CO%~ ion

remain unchanged while the V5 one becomes
broadened and additional bands appear in
1330 and 1440 cm™1 regions (Fig.2, curve
1). Their intensity increases in parallel
with the content of thallium as well as with
that of carbonate. The appearance of addi-
tional bands seems to be in connection with
the disturbing effect of the neighbouring
TI* ion. The vibration spectrum of CsI(Tl,
CO3) crystals irradiated by ionizing light as
well as by daylight is more complex as com -
pared to that of irradiated Csl(COj) ones.
Fig.2 (curve 2) presents a typical vibration
spectrum of Csl(Tl, CO3) crystal exposed to
daylight. Along with the appearance of bands

characteristic for HCO3 ions and water mole-

cules, the structure of v, V5 bands becomes
more complicated, additional maxima at
1270, 1290, 1305 cm~! arise in the V3 band
region as well as the absorption in 1440 and
1500 cm~! regions increases. It is notewor-
thy that the process of radiation-induced
defect formation resulting in changes of
Csl(Tl, COj3) vibration spectra depends on
the source power and irradiation dose. This
is due to diffusion processes occurring in
the crystal both during irradiation and
when it is over.

Unlike carbonate ion having no absorp-
tion bands in the region of the fundamental
absorption edge of Csl crystal and in the
visible spectral region, there is a band in
253 nm region corresponding to the elec-
tron absorption of hydroxyl ion [12]. Irra-
diation of crystals containing the above im -
purities by light from the fundamental ab-
sorption drop region or in the OH™ band
results in formation of the same radiation-
induced defects as under the ionizing irra-
diation due to OH™ ions dissociation causing

HO and Oj ions formation.

No radiation-induced defects are formed
in Csl(OH,COj3) crystals under irradiation
by light quanta of less than 3.8 eV energy.
In the case of Csl(Tl) crystals bearing car-
bonate and hydroxyl ions, the photochemi -
cal transformations considered above take
place under the action of photons of less
than 3.8 eV energy, and moreover at a
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Fig.3. Absorption bands of BO; ion vy vibra-
tion in Csl(TI,BO,) crystal prior to daylight
irradiation (1), after the irradiation (2), after
a subsequent dark storage at 300 K for three
days (3) and 17 days (4).

higher efficiency than under ionizing irra-
diation. Therewith, along with the color
center formation, considerable changes in
the vibration spectra of colored crystals are
observed.

We have revealed no photochemical
transformations induced by photons of
< 3.8 eV in Csl crystals bearing carbonate
and hydroxyl ions but containing no thal-
lium. Therefore, we suppose that the charge
carrier delocalization is possible due to thal -
lium presence. In fact, Csl(Tl) crystals
grown under conditions eliminating the
melt interaction with air components
though are not colored due to daylight irra-
diation [13] but show an appreciable phos-
phorescence as compared to undoped ones.
This points to the decisive role of thallium
in the charge carrier delocalization proc-
esses. The daylight irradiation of Csl(TI)
crystala can be supposed to stimulate the
formation of TIO centers and hole ones hav-
ing different thermal stabilities. The de-
composition of those centers may be accom -
panied either by phosphorescence or by an
emissionless annihilations that initiated,
e.g., hydroxyl ion decomposition. This is in
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agreement with the mechanism of electron
excitation delocalization in KCI(TI) crystals
proposed in [14].

The study of IR absorption spectra of Csl
crystals doped intentionally by boric acid has
shown that borates enter these crystals usu-
ally as molecular anion of metaboric acid,

BO3, even if orthoboric acid H3BOj is intro-

duced. This is due to thermal decomposition

of the latter at rather low temperatures.
Fig.3 shows the absorption spectrum

typical for incompletely symmetric stretch -

ing vg vibration of BO; anion consisting of

two narrow lines 1930 and 2000 cm™! at-
tributed to the natural ration of 1B and
10B, respectively [15, 16]. Photochemical

transformations of BO5 ion are considered

taking as an example variations in vg vibra-
tion band due to daylight illumination of a
Csl(Tl, BO,) crystal followed by an exposure
in darkness. It follows from the presented IR

spectra that the majority of BO3 ions under-

goes photochemical decomposition (Fig.3,
curve 2) with subsequent partial recovery
during the post-irradiation dark storage
(curves 3 and 4). The photochemical decompo -
sition of BO5 ion is accompanied also by an

intensity redistribution of color center ab-
sorption bands in UV, visible and near IR
spectral ranges. As in the case of CslI(TI)

bearing CO%‘ and OH~ ions, color centers

forming due to photo- and gamma-irradia -
tion are identical.

Anionic vacancies compensating the ex-
cess charge in the case when bivalent anions
are present were suggested to play an im-
portant part in the formation and aggrega-
tion processes of color centers in Csl(TI)
crystals [1-3]. Moreover, according to [3],
bivalent oxygen-bearing impurities favour
also formation of stable hole-type color cen -
ters. Therefore, the role of the isovalent

BO3 anion in the photo- and radiation resis-
tance of Csl(Tl) crystals is of a particular
interest. According to [15], the BO5 ion is a

5.3 E long linear group which is positioned
within the Csl| lattice in an anionic site
along the (100) direction without the com -
pensating vacancy.

Studies of photochemical transforma-
tions in Csl(Tl, BO,) crystals evidence the

dissociation of BO5 ions in light (Fig.3, curve

2). This results obviously in the formation of
BO™ radical typical for boron and of O2 ion:
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hv 3

[BO;], = BO*+02-

If the reaction equation (3) is valid, then
an anionic vacancy (V3) should be positioned

in the nearest anionic site to neutralize the
bivalent oxygen. Otherwise, 02 ion loses
one electron and so is transformed into O~
one, since the existence of isolated 0%~ ions
in alkali halide crystals at room tempera-
ture is unlikely [12]. Thus, free electrons

may arise in the course of BO3 ion photodis-
sociation which are captured effectively by
extrinsic and structure defects (V3). At tem-

peratures close to room one, it is just biva-
cancies that are the most stable defects be-
cause of the high mobility of single vacan-
cies; these bivacancies may be of the pre-
dominant importance in the color center
formation and evolution processes. The role
of bivacancies is of a particular significance
in photo- and radiation-induced chemical
transformations taking place in quenched
and strained crystals where the bivacancy
concentration may be 5-7 decimal orders
higher as compared to the equilibrium one
[17]. When the crystal is stored in dark, the
bivacancies present in a concentration ex-
ceeding the equilibrium one are transformed
into clusters, while under action of light or
ionizing radiation, the involving of bivacan -
cies into radiation-chemical processes re-
sulting in the color center formation is
more likely. It can be supposed that in
CsI(Tl, BO,) crystals the negative 02 ion
remains in the anionic site after the photo -
stimulated decomposition of BO3, while the
positive BO* ion is displaced first into the
interstitial position and then into the cat-
ionic site. Then the reaction (3) involving a
bivacancy can be presented as

[BO3], + [VgVil - [BO'l, + 03~ + Vi (4)

[BOZl, + [VoVi] - [BOY,+O; +F (9

Thus, the photochemical decomposition
of BO3 ion which is evidenced by IR spectra

may result in formation of BO* radical in
the cationic site, oxygen ion in the anionic
one and a F center. The fact of reaction (5)
is confirmed, at least for the case of
Csl(TI,BO,) crystals, by the formation of F-
like color centers in the course of photo-
and radiation-induced chemical transforma -
tions. As to Csl(BO,) crystals without thal-
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lium dopant, any dissociation of borate ion
was not observed under daylight or gamma

irradiation at BO5 concentrations less than

50074 % by mass. If follows from this fact
that reactions (4) and (5) are reversible for
Csl(BO,) and the reaction products are not
separated in space, unlike the case of
Csl(COg3) crystals.

The formation of F centers resulting
from photo- and radiation-stimulated chemi -
cal transformations and playing a decisive
part in the rise of stable color centers is a
typical peculiarity of molecular anions

CO%~, OH~ studied before in [1] as well as
BO;5 [13].
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IlepeTBOpeHHA MOJIEKYJSIPHUX AHIOHIB B ONIPOMiHEHHX
KpHCTajJax Hoauay Ie3iro

J.M.IllIninincexa, C.I.Baceywvruii, JI.B.Koeanvoséa,
O.M.Ryodin, A.I.Mimiuxkin, T.O.9apxkina

Hocaimkeno doro- i papgiamiiino-ximiuni meperBopenuss B Kpucramax Csl i Csl(Tl), mo
MicTaTe Momexymapei amiomnm CO%-, OH-, BO3. Bcramosieno, Imo iOHi3yoodue NIpOMiHHS
iminiroe B Kpucramax Csl i Csl(Tl) poskmnag rizpoxcui-iioHIB 3 yTBOPEHHSAM Hio, BHACJiOK
mudysii axoro y Teepmomy posumHi mporikae peaxmis 3 yrsoperram HCOj iomis Ta F- i
F-noni6buux menrpis Bigmosiguo aas Csl u Csl(Tl). Buacaigox paniarmifino-ximiunux meperso-
pers BOj itonis yreoproorscsa BOY, OF ta F-nenrpu. ¥V xpucramax Csl(Tl) 8 posraamyTumu

MOJIEKYJIAPHUMY aHioHaMu 3rafaHi peakilii 3 yrBopeHHAM F-momiOHUX meHTpPiB 3ab0apBiaeHHS
OPOXOAATHh TAKOXK IIiJ BIIuBoM (OTOHIB 3 eHeprieio meHiie 3.8 eB.
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