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Luminescence properties of Tlova“' and TI2+VC‘ color centers induced by irradiation in
Csl:Tl crystal are studied within a temperature range of 80-300 K. It is found, that
electron -|-|0Va+ and hole TI2+VC‘ color centers arising due to radiation damage do not reduce
conversion efficiency of Csl:Tl crystal, but participate in scintillation process to get energy
from TI* centers by resonance. Degradation of the light yield of the irradiated Csl:TI
crystal is caused by the radiative energy transfer from TI* to -|-|0Va+ centers, whose
emission is quenched at temperature above 210 K. Non-radiative energy transfer from TI*
to TI2+VC‘ centers results in long-wave spectral shift and the duration increase of the
scintillation pulse.

Keywords: thallium doped cesium iodide, radiation damage, color center, lumines-
cence, energy transfer.

B remmneparypuom muTepBasie 80—300 K wuccienoBaHbI JIOMUHECIIEHTHBLIE CBOMCTBA Tlova" u
TI2+VC‘ LIEHTPOB, obpasyromuxcsa npu obayuyernu kpuctania Csl:Tl. YeranosieHo, 4T0 3J1€KTPOH-
HBIE Tlova’r U ALIPOYHLIE T|2+VC_ IIEHTPLI OKPACKM, BOSHMKAIOIINE U3-34 PASUAIIOHHOrO ITOBPEsK-
MeHunsi, He YMEeHLIIal0T KOHBEPCHOHHYIO a(hperTuBHOCTL Kpuctayaa CslTl, mo yuacteyror B
CIUHTUIANMOHHOM IIpoliecce, roJyuas sHepruio or TI° meunTpos. Jlerpagaiua cBeTOBOIO BBIXO-
na obixyuennoro kpuctasaa Csl:Tl obycioBieHa HMaaydaTeNbHBIM IIePeHOCOM SHeprum or 11°
Tlova+ IeHTpaM, CBeueHNe KOTOPLIX MOTyIIeHo mpu TemiepaType Boime 210 K. BesnlzaydaTenn-
HBIH TepeHoc sHepruu ot TIY & T|2+VC_ IEHTPaM IPUBOIUT K AJIUHHOBOJHOBOMY CABUTY CIIEKTPA
U YBEJIUYEHUIO [JIUTENbHOCTH CIHUHTUISALMUOHHOrO uMIlyabca Kpucrasia Csl:TI.

Brnane meHTpiE 3a6apBiieHHA HA JIOMIHECHEHTHHH BiTYK HOIIKOI:KEHOTO pamiamicio
kpucranxa Csl:Tl. B.Akoenes, J.Tpepinosa, B.Anexcees, I Kapunayxosa, O.Illnururcevka,
O.JIebeduncoruii, O.Tapaxno.

V remneparypuomy inrepsasni 80-300 K gpocaimskeHo JgroMiHecueHTHI BaacTuBOCTL Tlova"
u TI2+VC‘ LeHTPiB 3a6apBJeHHSA, IO YyTBOPHIOTHCI npu oupominenHi kpuctana Csl:Tl. Bera-
HOBJIEHO, IO eJIEeKTPOHHI Tlova+ i mipxosi T|2+Vc‘ IMeHTPHU, AKI BUHUKAIOTh BHACIITOK pa-
HiamifiHoro MOIKO/MYKEeHHs, He 3MeHITYIOTh KouBepciliny edexrusHicTs kpucrana Csl:Tl, amxe
0epyTh yUacTh Y CIUHTUIANINHOMY IIpolleci, OTPUMYIOUM PEe30HAHCHUM IIJIIXOM €Hepriio Bix
TI* mentpis. Herpagamis csiTiosoro Buxoxy ompomimesoro kpucraina Csl:Tl ofymosiena
BUIIPOMIHIOBAJIbLHUM IepeHocoM eHeprii Bix TI* mo Tlova“' LeHTPiB, BUIPOMIiHIOBAHHA SAKUX
moraiieHo IIpu Temmeparypax, mo nepepuinyiors 210 K. BesBunpoMmiHIOBaJIbLHHUI IIepeHOC
emeprii Bix TI* mo T|2+Vc_ IeHTpiB 3abapBlaeHHA NTPUIBOAUTL A0 JOBTOXBUJILOBOTO 3CYBY
criekTpa i 36iaplIenHa TpUBAJOCTI CUHTUAALIHOTO iMnynbey Kpucrama Csl:TI.
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1. Introduction

Irradiation of Csl:Tl crystals gives rise
Tlova" and TI2+VC‘ activator color centers
where the electron TIO and hole TI?* center
are perturbed by a neighbor anionic v,* and
a cationic v~ vacancy, respectively [1]. The
Coulomb field of the vacancies increases
thermal stability of TI® and TI2* color cen-
ters, thereby changing the mechanism of
their participation in the scintillation proc-
ess. The activator color centers induced by
high-dose irradiation negatively influence
on the scintillation characteristics of Csl:Tl
crystal due to overlapping of their absorp-
tion bands with the spectrum of TI* centers
(Fig. 1). In the literature there are dis-
cussed two factors leading to degradation of
the light yield of irradiated Csl:Tl crystals:
reabsorption [2-5] and decrease of conver-
sion efficiency [6,7]. The former factor is
confirmed, in particular, by a linear rise of
the light yield losses with increasing thick-
ness of Csl:Tl samples irradiated with the
same dose, thereat the light yield of the
samples with a thickness less than 5—10 mm
remains unchanged [2]. However, certain
experimental results can not be explained
only by re-absorption. In particular, the
light yield losses in Csl:Tl samples subjected
to irradiation diminish as the activator con-
tent increases (see Fig. 5 in [7]). Moreover,
high-dose irradiation causes changes in the
spectrum [8] and the scintillation pulse
shape of Csl:Tl [9]. Therefore, the light
yield degradation is explained by the scintil-
lation efficiency decrease due to formation
of vacancy clusters which act as quenching
centers and effectively compete with TI*-
centers in capture of electron excitations
[6,7]. However, such model of quenching
centers is inconsistent with the fact that
exposure not only to y-radiation but also to
daylight of Csl:Tl crystals contaminated by
borate, carbonate and hydroxide ions gives
rise the same Tlova+ and TI2+VC‘ activator
color centers [10], though the energy of
light photons is insufficient for creation of
vacancies. According to [9], ionizing radia-
tion generates lattice defects in Csl:Tl crys-
tals, which are shallow hole capture centers.
The phonon-assisted release of V| centers
from these traps retards TI0-V, recombina-
tion to increase the decay duration of TI*-
scintillations. Note, up to now there do not
exist any experimental evidences that irra-
diation stimulates formation of the shallow
traps for V| centers as well as vacancy clus-
ters in Csl:Tl crystal. Therefore, it is still
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Fig. 1. Absorption spectra of y-irradiated
Csl:Tl measured at 295 K before (1) and after
annealing (2) at 373 K [11]. Difference spec-
trum (3) obtained by the subtraction of the
spectrum (2) from spectrum (I). Radiolumi-
nescence spectrum of non-irradiated Csl:Tl at
295 K (4).

unclear what processes cause change of the
scintillation pulse shape and whether irra-
diation reduces the conversion efficiency of
Csl:TI.

In the present work we have used an-
other approach to interpretation of scintilla-
tion process in irradiated Csl: Tl crystal
which is based on two experimentally
proved facts. Firstly, excitation of the main
TI* centers results in non-radiative energy
transfer to TI2+VC‘ color centers [1]. Sec-
ondly, with the inecrease of the activator
concentration the ratio between the num-
bers of Tlova+ and TI2+VC‘ centers formed
under the same irradiation dose rises in
favor of TI?*v.~ centers [11]. The paper
deals with the spectral-kinetic properties of
radiation-induced TI%,* and TI?*v,~ color
centers. The presented results prove that
degradation of the light yield of irradiated
Csl: Tl crystals is caused only by re-absorp-
tion of Tlova+ centers, whereas TI2+VC‘ cen-
ters are responsible for the long-wavelength
shift of the scintillation spectrum and
change of the scintillation pulse shape.

2. Experimental

The study was carried out for Csl: Tl sam-
ples containing the carbonate ions CO32‘,
which stimulate formation of TI%,* and
TI2+VC‘ centers under irradiation. Csl:Tl crystal
was grown by seeding in an argon atmosphere.
The concentration of CO;2~ ions determined
optically by the absorption coefficient in the
maximum of their deformation band peaking
at 878 em™1 [11] amounted to 4.7-107¢ mole%.
The concentration of Tl determined by the chemi-
cal method [12] amounted to 8.1:1072 mole %.
Csl:TI samples were colored at room tem-
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perature by y-rays from 60Co source (D =
1106 Gy). The absorption spectra were
measured by a SF-26 spectrophotometer.
Luminescence excited in the steady-state re-
gime by emission of a DDS-400 deuterium
lamp through a MDR-2 monochromator as
well as by y-rays from 241Am source was
analyzed by a MDR-23 monochromator and
registered by a FEU-100 photomultiplier.
Time-resolved luminescence was excited by
laser pulses (YAIO3-Nd3*, the second har-
monic A =540 nm (2.29 eV), ¢;,5 = 30 ns,
J =100 mJ/ecm?) and by pulses of acceler-
ated electrons (E, = 0.25 MeV, J =
8 A/ecm?2, t1/2 = 15 ns) and registered by an
optical spectrometer consisting of an MDR-
3 monochromator, an FEU-106 photomulti-
plier and a GDS-2204 digital oscilloscope
with a time resolution of 7 ns. All neces-
sary corrections of the spectra have been
made. The measurements were carried out
within a temperature range of 80-300 K.

3. Results and discussion

The ratio between the numbers of the
electronic TI%,* and hole TI?*v_~ centers in
a radiation-colored Csl: Tl crystal can be
changed by illumination in 2.9 eV band of
TIO,* centers or annealing. Fig. 1 shows the
absorption spectra of the radiation-colored
Csl:Tl, where the absorption bands for Tlova+
and TI2*v_~ color centers are denoted by ar-
rows. TI?*v,~ centers have lower thermal
stability in comparison with Tlova" centers.
The annealing of the crystal at tempera-
tures not exceeding 390 K destroys TI%*v,~
centers, but practically does not affect the
TIO,* centers. The observed "survival” of
the electronic activator centers in the proc-
ess of the thermal destruction of hole acti-
vator centers under the low temperature an-
nealing can be explain by thermal ionization
of TI2*v.~ centers with formation the more
stable intrinsic hole centers responsible for
the band peaking at 3.44 eV.

Illumination of y-irradiated Csl:Tl crystal
with 436 nm filtered light of mercury arc
causes optical ionization of Tlova+ centers
with formation of TI2+VC‘ centers (Fig. 2)
due to the electron recombination with I3~
centers [1]. The study of the luminescent
properties of Csl:Tl sample containing virtu-
ally one of two TI2*v_~ and TI%,* color cen-
ters makes possible to clarify how each par-
ticipates in the scintillation process. Table 1
shows the maxima of absorption bands spe-
cific to these centers.
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Fig. 2. Absorption spectra of y-irradiated
Csl:Tl crystal measured at 295 K before (1)
and after illumination with 436 nm-filtered
light of mercury arc (2).

Table 1. Absorption band maxima related
to TI%,* and TI?*v_~ centers at 295 K and
80 K (in brackets)

Color center]| Position of maximum, eV
T2t 3.18 2.67
(3.14) (2.58)
TiOv,* 2.88 2.38 2.21
(2.82) (2.32) (2.23)

3.1. Luminescence properties of Tlova+
center

Tlova+ center luminescence was studied
for Csl:Tl crystal annealed at 373 K, whose
absorption spectrum is shown in Fig. 1
(curve 2). Luminescence is excited in non-
elementary band peaking at 2.25 eV, which
overlaps two Tlova+ center absorption bands
with maxima at 2.32 and 2.38 eV at 80 K.
The luminescence spectrum of TI%,* centers
fits a Gaussian with parameters E, =
1.96 eV and FWHM = 0.18 eV (Fig 3a).

With temperature rise the luminescence
intensity diminishes according to Mott’s
quenching law:

Iy 1
LM =Ty M =—— Y
1+ P—ie*ﬁ

where I; — the photoluminescence intensity
at T —=0; n; — quantum luminescence
yield; P;, — the probability of luminescence;
E; and py! —the activation energy and fre-
quency factor, respectively, for the quench-
ing process of intra-center luminescence.
Table 2 lists the best fit parameter wvalues
for temperature dependence of Tlova+ center

15



V.Yakovlev et al. / Influence of color centers...

10} 2 1.0 2
=
‘@ :
5 c 5
© 5 ©
- § 0.5 - 05+
<%
e}
0 Qe PR TR TR N M W
2.6 1.6 80 120 160 200 240

Photon energy, eV

T,K

Fig. 3. a) Fragment of the induced absorption spectrum of radiation-damaged Csl:Tl crystal (curve

1 after [13]). Excitation spectrum for A

lum

=1.96 eV (curve 2) and luminescence spectrum at A, =

2.34 eV (curve 3, where full circles — experimental values (after [13]); the solid line — the fitting
Gaussian) which are measured after annealing for 7 h at T = 373 K. All spectra are registered at T
= 80 K. b) Temperature dependence of 1.96 eV luminescence intensity, where full rhombs —
experimental values; the solid line — the fitting curve.

luminescence intensity calculated by the
equation (1). As one can see in Fig. 8b,
Tlova+ center luminescence is practically
quenched at temperatures above 210 K, at
which Csl:Tl erystal is used as scintillation
material.

3.2. Luminescence properties of TI2+VC_
center

The luminescence spectra excited at 80 K
in TI2*v_~ center absorption bands with max-
ima 3.14 eV and 2.58 eV are different from
each other (Fig. 4). The luminescence spec-
trum excited in 3.14 eV absorption band of
TI2+VC‘ center is a superposition of two
bands, which is fitted by two Gaussians
with maxima at 2.08 eV and 1.82 eV. Only
the short-wave band peaking at 2.08 eV is
excited in 2.58 eV absorption band of
TI2*v_~ center, whereas the long-wave band
peaking at 1.82 eV appears together with
1.96 eV band at excitation in 2.32 eV ab-
sorption band of TI%,* center. As one can
see in Fig. 5 (curve 1), the luminescence
spectrum of Csl:Tl erystal containing Tlova+
and TI2+VC‘ centers in comparable quantities
is a sum of their bands with maxima at
1.96 eV and 1.82 eV, respectively. Unlike
the spectrum luminescence measured at
steady-state excitation, the band with maxi-
mum 1.82 eV explicitly manifests in the
spectrum of the same crystal measured with
1 us delay after the exciting pulse depletion
(Fig. 5, curve 2). The band peaking at
1.82 eV can be also observed at steady-state
excitation of Csl:Tl crystal (Fig. 5, curve 3),
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Fig. 4. a) Absorption (1) and luminescence (2, 3)
spectra of y-irradiated CsI(Tl) crystal at 80 K
after [13]: E, =3.14 ¢V (2) and E, =
2.58 eV (3).

Table 2. Best fitting set of parameters for
temperature behavior of Tlova+ center lumi-

nescence
I, 2 E, (eV)
PL
1.35 660 0.053

where number of TI?*v.~ centers is dominant
(Fig. 2). The luminescence band peaking at
1.82 eV decays exponentially with a time
constant 1 us and 0.76 us at 80 and 295 K,
respectively (Fig. 6). It gives evidence that
the long-wave luminescence attributed to
TI2*v_~ centers is slowly decaying.

Now we will focus on temperature behav-
ior of the short-wave luminescence of
TI2*v_~ centers excited in 2.58 eV absorption
band. With temperature rise from 80 K to
200 K the luminescence band broadens and

Functional materials, 25, 1, 2018
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Fig. 5. Steady state luminescence spectra (1,
3) at A, =2.84 eV and time-resolved lumi-
nescence spectrum at A, = 2.29 eV (2) were
measured at 80 K for Csl:Tl containing com-
parable number of TI%," and TI?*v_~ centers
(1, 2) and dominating number of TI2+VC‘ cen-
ters (3). Time-resolved luminescence spectrum
(2) was registered with 1 us delay after the
exciting pulse depletion. Full circles — experi-
mental values, dotted lines — fitting Gaus-
sians, the solid line — the sum of Gaussians.

its maximum shifts from 2.08 eV to
2.11 eV, respectively (Fig. 7). As one can
see in Fig. 8 (curve 1), the intensity lumi-
nescence band diminishes within the tem-
perature range of 80-200 K in accordance
with the Mott’s law. Table 3 lists the best
fit parameter values for temperature de-
pendence of the short-wave band intensity
calculated by the equation (1). As tempera-
ture rises from 210 K to 295 K the lumi-
nescence band excited at 2.58 eV decreases
more essential than the one to be expected
in the case Mott’s quenching (Fig. 8, curves
1, 2). The negative deviation from the
Mott’s law points to the existence of an
additional quenching due to phonon-assisted
depopulation of the level responsible for the
short-wave luminescence of TI2*v_~ centers.
The equation (2) containing a correction for
additional quenching [14] well fits the ex-

Functional materials, 25, 1, 2018

a.u.

0.1

0.01

T, 1S

Fig. 6. Pulse decay of 1.82 eV luminescence
at excitation with 2.8 eV laser emission
pulse: 1) T = 80 K, (empty circles — experi-
mental values, solid line — the fitting curve;
2) T=295 K, full circles — experimental
values; the solid line — the fitting curve
I(t) = Iexp(—t/0.76).

Table 3. Best fitting set of parameters for
temperature behavior of short-wave TI2+ve‘
center luminescence

I, Y |E (V) | pE  |Ey(eV)

P P

11.32 17.6 0.041 | 696280 0.27

perimental data within whole temperature
range from 80 K to 295 K:

IIO - (2)

Iy(T) =

Iy

1 £ Egy?
1+ P—(pge‘ # + pEe )
L

where I5(T) — the temperature dependence
of luminescence; Pp and Ep — the pro-
bability and activation energy for the proc-
ess of additional quenching, respectively;
pg — the pre-exponential factor inversely

proportional to duration of the process.
Table 3 lists the fit parameters for the
equation (2).

At temperatures higher than 200 K
which activate the additional quenching
channel, the luminescence spectrum can not
be fitted by one band. The sum of the short-
and long-wave bands of TI2*v.~ centers fits
the luminescence spectrum excited in
2.58 eV absorption band within a tempera-
ture range of 200-295 K (Fig. 7). The tem-
perature increase causes short-wave shift of
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ured at different temperatures within a range of 80-295 K. b) The examples of fitting for the
several luminescence spectra (A, = 2.58 eV): full circles — experimental values; dotted lines —
fitting Gaussians, the solid line — the sum of Gaussians.
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Fig. 8. Maximum intensity of the short and
long-wave luminescence bands excited at
2.58 eV versus temperature. Full and empty
circles — experimental values for the short
and long-wave band, respectively; the solid
and dotted lines — the fitting curves calcu-
lated by the equation (I) and (2), respec-
tively.

maxima and broadening of the both bands
(Fig. 8). As one can see in Fig. 9, the share
of the long-wave band to the total spectrum
increases with the temperature to be in pro-
portion to the quantum efficiency of
quenching of short-wave band:

15(T) Py
Np(T) =1- 2= , ©
1(I)  Pr+ Py + Pp
where I;(T) — the short-wave band inten-

sity taking into account of Mott’s quench-
ing, I5(T) — the short-wave band intensity

18

taking into account of Mott’s and additional
quenching, P; — the probability of the
intra-center luminescence, P; and Pp — the
probabilities of Mott’s and additional
quenching, respectively.

Temperature behaviour of TI?*v_~ center
luminescence at 2.58 eV excitation can be
explained by the phonon-assisted electron
transition from the level related to the
short-wave band to populate the level re-
sponsible for the long-wave luminescence.
As seen from the data in Table 3, the acti-
vation energy of this process is 0.27 eV.

3.8. Influence of radiation-induced color
centers on energy transfer

Scintillation detector based on Csl:Tl
crystal operates within a temperature range
of 210-330 K, where luminescence of TI%,*
color centers is virtually quenched. Absorb-
ing TI* center scintillations, they act as
quenching centers responsible for light yield
losses due to reabsorption. Unlike Tlova"
centers, luminescence of TI?*v.~ centers is
not quenched in this temperature range. We
found that non-radiative energy transfer
from TI* to TI?*v.~ centers causes the change
of the spectrum and shape of a scintillation
pulse of y-irradiated Csl: Tl crystal [1]. Our
understanding of the energy transfer
mechanism was based on generally accepted
views [15], that the luminescence bands
peaking at 2.55 and 2.25 eV in the spec-
trum of TI*-scintillation are caused by TI*-
perturbed excitons of "weak”™ and “strong”
off-center configuration, respectively. But
then studying Cs:Tl by time-resolved catho-

Functional materials, 25, 1, 2018
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spectrum of TI2+VC‘ centers excited at E,, =
2.58 eV.
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Fig. 10. Quantum efficiency of quenching of
short-wavelength luminescence band versus
the maximum intensity of long-wavelength
luminescence band at a given temperature.

doluminescent spectroscopy in nano-, micro-
and millisecond time scales we found the
bands of TIO and V, color centers rather
than the exciton bands in transient absorp-
tion spectra [16]. Williams corroborated
these results [17] and experimentally proved
[18] that TI* ions in Csl lattice stimulate
disintegration of excitons in the picosecond
time scale. It means that 2.55 and 2.25 lu-
minescence bands have no exciton origin.
Authors of [19] came to the same conclusion
from a calculation on the structure of the
STE in Csl, Csl:Tl, Csl:Na crystals. The re-
sults published in [16-19] strong prove that
luminescence bands peaking at 2.55 and
2.25 eV are caused by the tunnel electron
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Fig. 11. Radio-luminescence spectra of Csl:Tl
crystal measured at 295 K before (I) and
after the radiation-induced coloration (2).
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Fig. 12. Cathodoluminescence decay curves
for radiation-colored Csl:Tl crystal, which are
registered at 2.25 eV (1) and 1.82 eV (2)
under 295 K.

transition from TIO on the ground level of V,
center in close [TlyV,] pairs having two differ-
ent geometrical configurations.

Regarding the energy transfer mecha-
nism, it should be note that besides TI*-
bands peaking at 2.55 and 2.25 eV, the
scintillation spectrum of the radiation-dam-
aged Csl:Tl crystal measured at 80 K also
contains both bands of TI2*v_~ centers and
the sum of three exponents with time con-
stants Ty = 1.0 us, 79 = 3.0 us and 13 = 10 us
fits the scintillation pulse decay kinetics
[1]. The double-exponential function with
Tog = 3.0 us and 13 = 10.0 pus fits the lumi-
nescence decay kinetics of TI* centers,
whereas mono-exponential function with
T; = 1 us fits to the luminescence decay ki-
netics of luminescence attributed to TI%*v "
centers. In term of the tunnel recombina-
tion luminescence model, the excited state
of TI*-center is considered to be [TlyV]
donor-acceptor pair, therefore the resonance
energy transfer from the excited TI* center
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to TI2+VC_ center could be realized by elec-
tron transition from the 62P1 level of TIO
center to an excited level of T( * center per-
turbed by a cation vacancy v.~. The overlap
of wave functions for TI? donor and TI?*v,~
acceptor is the resonance condition, from
which it follows that these centers have en-
ergy levels to be found at the same distance
from valence band top. The overlap is pro-
vided by large number of close {TIOVk} pairs
forming in the scintillation process and
some of them is found near TI2*v_ ™ centers
arising due to radiation damage. The decay
component with t; time constant is due to
capture of conduction electrons by TI2+VC‘
centers. The process involving TI2+VC‘ color
centers causes the change of the scintilla-
tion spectrum. Comparing radiolumines-
cence spectra measured before and after ra-
diation damage of Csl: Tl crystal, one can see
that TI2+VC‘ centers cause decrease of the
light sum emitted in the short-wave range
(Sp) to be completely compensated by the in-
crease of the light sum emitted in long-wave
region (S;,.,,q) (Fig. 11). TI2+VC‘ centers are
also responsible for the change of the scintil-
lation decay kinetics, which becomes selec-
tive. This illustrates Fig. 12, where one can
see, that a cathodoluminescence pulse regis-
tered in short-wavelength spectral range de-
cays faster than in long-wavelength range.
The increase of the scintillation pulse dura-
tion is explained by the resonance energy
transfer from TI* to TI?*v_~ center with fol-
lowing phonon-assisted intra-center transi-
tion, which gives rise the long-wave lumines-
cence decaying with time constant equal

0.76 us at room temperature (see Fig. 6).

4. Conclusions

Electronic TIOv,* and hole TI?*v.~ color
centers arising due to radiation damage do
not reduce conversion efficiency of Csl:Tl
crystal, but participate in scintillation proc-
ess to get energy from TI* centers by reso-
nance. Degradation of the light yield of the
radiation-damaged Csl:Tl crystal is due to
the radiative energy transfer from TI* to
Tlova+ centers, whose emission is quenching
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at operating temperature (210-330 K) of
Csl:Tl scintillator. Non-raditive energy
transfer from TI* to TI2+VC‘ centers results
in long-wave spectral shift and the duration
increase of the scintillation response of

Csl:TI.
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