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The results of a comprehensive investigation of spectral and kinetic characteristics of
Cdl,, Cdl,:CdCl,, Cdl,:Pbl,, Cdl,:SnCl,, Cdl,:MnCl,, Cdl,:PbCl,,MnCl,, and Cdl,:SnCl,,
MnCl, crystals grown by the Bridgeman-Stockbarger technique are presented. The chlorine
admixture has been found to enhance the scintillator radiation resistance while influence
only slightly the emission spectra and kinetic parameters of x-ray luminescence. Cadmium
iodide doped with manganese exhibits the highest x-ray luminescence yield peaked in the
red spectral area. The prepared Cd|2:PbI2,MnCI‘g, and Cdl,:SnCl,,MnCl, systems are charac-
terized by high-efficient luminescence of Mn2* centers within a wide temperature range.
Photoluminescence of those centers is observed both under intracenter excitations associ-
ated with the d-d transitions and in the sensitized process as a result of the energy
migration from the crystal matrix and the extrinsic tin and lead centers. Basing on the
results obtained and literature data, the nature of the luminescence centers is discussed as
well as the possibilities of practical use of the studied crystal systems.

IIpuBegeHBbl pPe3yJbTATHl KOMILIEKCHOI'O HCCIENOBAHUA CIEKTPAJbHO-KMHETUUECKUX Xa-
pakTepuctuk Kpucramaos Cdl,, Cdl,:CdCl,, Cdl,:Pbl,, Cdl,:SnCl,, Cdl,:MnCl,, Cdl,:Pbl,,
MnCl, u Cdl,:SnCl,,MnCl,, Brerpamenserx merogom Bpumxmena-Crok6aprepa. ¥craHOBJIEHO,
YTO NMPUMECHh XJIOPA IOBBIIIAET PASUANNOHHYI CTOMKOCTL CIIMHTHUJIISATOPOB, IIPA 3TOM CJIabo
BINSET HA CIEKTPhl W3JyUYeHUs W KHHETHUUYEeCKHE IIapaMeTpPhl PEHTIeHOJJIOMUHECIIEHINHN.
Mozucrelit KagMuil, ¢ MPUMeChbi0 MapraHIla OIpW KOMHATHOH TeMIeparype HMeeT HaubGoJIb-
IIUA BBIXOJ PEHTTEHOJIOMHUHECIIEHIIMY C MAKCHMYyMOM B KPAacHOU o0jacTu cmekrpa. Iloiy-
YeHHBIE CHCTEMBI Cd|22+:Pb|2,MnC|2 u Cdl,:SnCl,,MnCl, xapaxrepusupyorca shdexTuBHOI
JIIOMHUHECIleHIIneil MN“"-1leHTPOB B IIMPOKOM TeMIIepaTypPHOM HHTepBase. POTONMIOMUHECIEH-
IUs 9TUX IEHTPOB HAOJIIOJAaeTcs KAaK IPU BHYTPUIEHTPOBBIX BO30YKIECHUAX, CBASAHHBIX ¢ d-d
IepexoJaMu, TaK U B CEeHCHUOWJIM3MPOBAHHOM IIPOIlECCE B Pe3yJIbTATe MUTPALUK SHEPTUH OT
OCHOBBI KDHCTAJIJIOB M IIPUMECHBLIX IIEHTPOB 0JI0Ba W CBHUHIA. Ha OCHOBe aHa/Iu3a IIOJYYEHHBIX
pPe3yJIbTATOB W JIMTEPATYPHBLIX NAHHBLIX OOCYXKIAaeTCs IPUPOJA IEHTPOB JIIOMUHECIEHIIMH U BO3-
MOXXHOCTH IIPAKTUYECKOTO HCIIOIb30BAHUS HCCJIEIOBAHHBIX KPUCTANINYECKUX CHCTEM.

© 2004 — Institute for Single Crystals

The layered ion-covalent cadmium iodide
crystals are considered as perspective mate-
rials for optoelectronics and holographic
data recording [1, 2]. Before, it has been
shown [3-5] that it is possible to obtain
short-decay scintillators based on Cdl, and
the advantage thereof has been established
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as compared to plastic scintillators in regis-
tration of short-time photon beams with
quantum energy exceeding 200 keV. It has
been shown [6] that the combined detectors
(CD) comprising the layered Cdl,:Mn scintil-
lators and the industrial silicon photodiodes
exceed by 2 to 3 times the x-ray sensitivity
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of similar detectors based on Csl:Tl scintilla-
tors and are of a practical interest in ioniz-
ing radiation recording under stationary
and low-frequency excitation regimes. In
this work, the spectral and kinetic charac-
teristics of cadmium iodide crystals (of spe-
cial purity grade as well as single- and
polyactivated) are studied comprehensively
to obtain information on the effects of syn-
thesis conditions, temperature, and co-acti-
vators on the luminescence parameters and
to estimate the possibilities of the practical
use of the studied systems.

The crystals to be studied were grown
using the Bridgeman-Stockbarger technique
from the raw material pre-purified by zone
melting [1]. The admixtures were intro-
duced into the melted raw materials as
CdCl, (0.5 mol.%), Pbl, (0.1 mol.%), SnCl,
(0.1 mol.%), MnCl, (0.5 mol.%). The lumi-
nescence spectra were measured in a vac-
uum cryostat using the monochromator of a
SF-4A spectrophotometer on the samples
prepared by cleaving along the cleavage
planes and shaped as about 15x15x1.5 mm3
plates. The samples were optically excited
using a LGI-21 N, laser. When studying the
x-ray luminescence (XRL) and thermo-
stimulated luminescence (TSL) spectra, the
crystals were excited using an URS-55A x-ray
unit (BSV2-Cu tube, U = 45 kV, I = 12 mA).
The crystals were irradiated with X-quanta
through an about 0.5 mm thick beryllium
window. The crystal temperature was meas-
ured using a copper-constantan thermocou-
ple. The emission spectra and TSL curves
were measured using a FEP-51 sensors, the
sensor signals were amplified by DC ampli-
fiers and applied to two-coordinate PDA1
plotters, thus providing the simultaneous
recording of the emission intensity and the
wavelengths or the emission intensity and
temperature. When measuring the optical
excitation and photoluminiscence PL spec-
tra, a DksEl-1000 xenon lamp was used as
the excitation source. The necessary excit-
ing spectral band was provided by a ZMR-3
monochromator. When measuring the exci-
tation spectra, the constant intensity of the
exciting light quanta at different frequen-
cies was provided. The luminescence kinetic
parameters were studied under pulse x-ray
excitation (the pulse half-width At = 0.5 ns)
using the statistical single-quantum count-
ing, similar to the procedure described in
[7]. For high-energy excitation, an URS-55
x-ray unit and a home-made pulse x-ray
source comprising a RTI-0.05 tube were
used. The setup provided the study of emis-
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Fig. 1. XRL kinetic curves of Cdl, (a),

Cdl,:CdCl, (b) and BaF, (c) crystals at 295 K.

sion processes within the time range of
10710 to 107* s. When estimating the lumi-
nescence decay time of the crystal, the kinetic
curves obtained at 295 K were re-plotted in
lgI — t coordinates, the exciting X-pulse du-
ration being not taken into account.

The XRL spectra of non-activated Cdl,
crystals at 85 K contain an intense non-ele-
mentary 540-560 nm band. At 295 K,
those are characterized by a weak lumines-
cence peaked in the 490 to 510 nm range.
At room temperature, the light yield of the
Cdl, scintillator is 0.5 to 0.8 of that of
polystyrene plastic scintillators [3, 4]. The
XRL kinetics of Cdl, is characterized by a
very short (less than 0.3 ns) pulse rise and
a rapid glow dropping described by an expo-
nential dependence with 1; = 2.8 ns (Fig. 1,a).
In the samples obtained using the lower purity
salt, a slow component T, = 1077 s and a long-
duration component 14 = 10~ s are also ob-
served, the contribution of both to the
decay kinetics amounts 1 to 10 %. Inde-
pendent of the growing method, the crystals
are characterized by almost the same kinet-
ics of the XRL flaring-up.

Cadmium iodide activation with the ho-
mologous ClI- admixture does not influence
essentially the light yield and spectral pa-
rameters of Cdl, scintillator both at low and
high temperatures. At room temperature,
the scintillation pulse of the material con-
tains a weak component with the decay time
To =15 ns is observed along the main one
with 1, = 3.8 ns (Fig. 1,b ). For comparison,
(Fig. 1,c) presents the XRL kinetic curve
of a BaF, crystal. The integral glow decay
kinetic of that scintillator is characterized
by fast (1; = 1.8 ns) and slow (T3 = 300 ns)
stages. As to the fast component, the en-
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Fig. 2. XRL spectra of Cdl,:SnCl, crystal at
temperatures (K): 85 (1), 185 (2), 235 (3),
and 295 (4).

ergy yield for Cdl, is somewhat higher than
that of BaF, [8].

Spectroscopic studies of Cdl, crystals ac-
tivated from the melt with Sn, SnCl,, and
Snl, admixtures have shown that the pres-
ence of tin ions in the Cdl, lattice results in
an extrinsic absorption in the near-edge
area, activator bands in the excitation spec-
tra of photoluminescence, photoconductiv-
ity, and the spectral sensitivity of the elec-
tret state [9]. Under excitation of those
crystals with light from the intrinsic and
extrinsic absorption areas as well as with
x-ray quanta at 85 K, an emission peaked
near 690 nm is observed. The crystal tem-
perature rise up to 295 K results in a weak-
ened luminescence intensity and the spec-
tral maximum shifting to 680 nm. The tem-
perature effect on the XRL spectra of
Cdl,:SnCl, is shown in Fig. 2. At room tem-
perature, the XRL pulse of the system at
the decay stage is characterized mainly by
two exponential processes with 1, =20 ns
and Ty = 540 ns. Along with the fast kinetic
components of the flaring-up and decay, the
emission of Cdl, with Sn2* admixture con-
tains also a weak millisecond range compo-
nent. It has been found that it is just Cdl,
crystals activated from the melt with low
(about 0.03 mol.%) concentrations of Cd
metal that show similar spectral and kinetic
parameters when being excited with x-rays.

At 85 K, the Cdl,:Pb emission spectrum
contains the bands peaked at 530-540 and
650—-660 nm. In the XRL spectrum of that
crystal luminophor at 295 K, a non-elemen-
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Fig. 3. XRL spectra of Cdl, (1), Cdl,:SnCl,
(2), Cdl,:Pbl, (3), and Cdl,:MnCl, (4) crystals
at 295 K.

tary band at 570 nm is observed [5]. The
luminescence flaring-up kinetics in that
band is similar to that in Cdl,, but the
decay proceeds according to a more complex
law, like to the case of Cdl,:Sn?*. The XRL
pulse shape for Cdl,:Pb at the initial and
far decay stages is mainly exponential with
constant decay times T1;=10 ns and
T9 = 250 ns.

The comparative study results of the lu-
minescence intensity and spectral composi-
tion for pure and activated Cdl, crystals at
room temperature under the same experi-
mental conditions are presented in Fig. 3.
Consideration of these data shows that Cdl,
is characterized by a relative low XRL yield
and that the emission has the form of a
broad asymmetric band peaked in the 490—
500 nm area (curve 1). Cdl, activation with
tin admixture results in an enhanced (by
several times) light yield and the spectral
maximum shifted to 680 nm (curve 2). For
Cdl,:Pbl,, typical is an approximately one
order of magnitude higher XRL yield in the
band maximum as compared to Cdl, (cf.
curves 1 and 3). Manganese activated Cdl,
shows the highest XRL yield with a maxi-
mum located near 700 nm (curve 4).

Cdl2:Mn2+ crystals under x-ray excitation
are characterized by an efficient activator
luminescence within a wide temperature
range. At 85 K, the Cdl,:MnCl, XRL is pre-
sented by a weak matrix emission in the
400 to 600 nm range and an intense emis-
sion of Mn2* centers near 735 nm (Fig. 4,
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Fig. 4. XRL spectra of Cdl,:MnCl, crystal at
temperatures (K): 85 (1) and 450 (2).

curve 1). As the temperature rises up to
450 K, the emission yield drops more than
by half, the activator band maximum being
shifted to 660 nm (Fig. 4, curve 2). In the
scintillation pulse of integral Cdl,:Mn emis-
sion at 295 K, the fast component
(try = 3.4 ns) of the matrix emission is ob-
served and an inertial component
(T =450 ps) associated with intracenter
transitions in Mn2* [4, 5]. The additional
doping of Cdl,:MnCl, with Pbl, has been
found to do not influence essentially the
XRL yield and spectral composition at
295 K. As the temperature is lowered down
to 85 K, the manganese emission intensity
is increased twice. In the XRL spectrum of
the polyactivated crystal, along with the in-
tense activator band at 735 nm, weak 540—
550 and 640-660 nm bands are observed
typical of Cdl,:Pbl, [5]. The presence of tin
admixture in Cdl,:SnCl,,MnCl, influences
slightly also the luminescence intensity and
spectral composition of Mn2* centers under
x-ray excitation.

The excitation spectra of manganese PL
in single- and polyactivated Cdl, crystals
are shown in Fig. 5. It is seen (curves 1 and 2)
that in the excitation spectrum of Mn2* cen-
ter luminescence in cadmium iodide acti-
vated simultaneously with manganese and
lead ions, there is a shoulder in the 390-
415 nm area besides of the broad intense
band in the intrinsic absorption range (315—
390 nm) and weak bands in the 420-
600 nm region typical of Cdl,:MnCl, excita-
tion spectrum. The shoulder is due to Pb2*
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Fig. 5. Excitation spectra of Mn2* center lumi-
nescence in Cdl,:MnCl, (1), Cdl,:Pbl,,MnCl, (2),
and Cdl,:SnCl,,MnCl, (3) crystals at 295 K.

center absorption [1]. The excitation spec-
trum of manganese PL in Cdl,:SnCl,,MnCl,
at room temperature contains also an addi-
tional intense band in the 385-460 nm range
that is associated with Sn2* ions [1, 9]
(cf. curves 1 and 3, Fig. 5). The intense
excitation of Mn2* ions in the intrinsic ab-
sorption region and in the co-activator ab-
sorption bands evidences a sensitized
mechanism of the emission excitation of
those centers. The energy transfer from the
matrix and mercury-like ions to manganese
has been also revealed in polyactivated crys-
tals at 85 K.

When excited with N, laser in the intrin-
sic absorption region, the Cdl,-based crystal
luminophors are characterized by an effi-
cient luminescence similar to XRL in spec-
tral composition. In the course of optical
and x-ray excitation at room temperature,
both pure and activated crystals are not col-
ored and do not store the light sum. In the
TSL curves of single- and polyactivated Cdl,
crystals with chlorine admixture after x-ray
excitation at 85 K, the high-temperature
(>200 K) peaks are almost unobservable. It
follows from the results obtained that the
luminescence of the pure crystals is due
mainly to the single emission center type
with the decay time 1; <5 ns. In the acti-
vated crystals, an additional emission with
a longer component (15 > 10 ns) is observed.
The forward front of the scintillation pulse
that is defined by the energy transfer proc-
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esses to the emission centers depends
slightly on the crystal structure perfection
and the presence of Sn2* and Pb2* admix-
tures. The kinetic parameters of the Cdl,
and CdI2:Pb2+ crystals are in agreement
with the time parameters of those systems
obtained under excitation with o particles
[3] and electron beam [4].

The nanosecond scintillations in BaF, are
due to the Rodny mechanism [10-12], i.e.,
to transitions between the anionic and cat-
ionic valence bands of the crystal. The en-
ergy vyield of the core-valence luminescence
(CVL) does not exceed 1 or 2 % . The CVL is
characterized by very short-timed emissive
relaxation being within limits of 0.8 to
3 ns. Unlike the usual activator or exciton
luminescence, the CVL yield remains essen-
tially constant within a wide temperature
range. Its time parameters are also highly
temperature-independent. The emission is
not excited in the regions of the anionic
exciton absorption and the fundamental ab-
sorption onset. In TSL and in the IR illumi-
nation stimulated luminescence, the CVL is
not revealed [10, 13]. The short decay times
and small amplitude of the scintillations
allow to ascribe the "intrinsic” lumines-
cence of Cdl,-based crystals with the decay
time of 2.5 to 4 ns to the CVL. That lumi-
nescence, however, is excited effectively in
the region of the long-wavelength intrinsic
absorption edge and is quenched heavily as
the temperature rises from 130 up to 295 K
[1, 5]. These data evidence the absence of
CVL in Cdl,. It has been supposed [3] that
the short-decay emission of Cdl,-based crys-
tals is defined by the non-equilibrium state
of Vi centers that are formed and exist dur-
ing the crystal irradiation.

The scintillation excitation mechanism in
Cdl, at 295 K may be due to migration
processes involving the non-relaxed holes
and excitons [14, 15]. The fast component
of the emission pulse predominating in the
perfect non-activated Cdl, crystals at room
temperature is likely associated with the Vg
type centers [5]. The short-wavelength lu-
minescence of Cdl,-based crystals at 295 K
can be considered as the radiative decompo-
sition of (V,-e) excitons formed during the
recombination and localized near the cat-
ionic vacancies, while the short decay time
may result from the luminescence tempera-
ture quenching. This conclusion is con-
firmed by the fact that the emission peaked
in the 490-510 nm region is quenched in
Cdl,:Cd crystals while effective emission at
680-690 nm is observed [5]. Such changes
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in the luminescence spectra are caused by
the fact that when cadmium iodide is acti-
vated with Cd from the melt, it is enriched
in the metal component due both to appear-
ance of the excess interstitial Cd in the
lattice and to increased number of iodine
vacancies, the concentration of cationic va-
cancies being decreased, too. The defects
generated due to the crystal composition de-
viations from the stoichiometry define also
the main spectral properties of ZnS [16] and
Bil; [17]. The low-temperature emission of
Cdlz, Cdlz:CdClz, and Cdlz:CdBrz in the
540-550 nm band is associated with auto-
localized excitons [5, 18, 19].

The isovalent cationic impurities in low
concentrations are arranged in the layered
cadmium iodide crystals in two fashions. A
fraction of Pb activator enters the Cdl, lat-
tice by substituting the cations thereof,
while another one is distributed near the
lattice defect sites forming cluster centers
with the intrinsic point defects [20]. The
emission peaked at 560-580 nm observed in
Cdl2:Pb2+ luminophor at high temperatures
may be due to the emission of near-activa-
tor anionic excitons characterized by a fast
deactivation of the excited state. The slow
component of the system luminescence is
due likely to the charge carrier recombina-
tion at the emission centers that are associ-
ates of the intrinsic and extrinsic defects
[5, 20]. The low-temperature luminescence
of Cdl,:Pb2* peaked at 640—-660 nm is asso-
ciated with the emissive annihilation of an-
ionic excitons localized at the iodine vacan-
cies associated with Pb2* [5]. Taking into
account the volume compensation factor
[20], the formation of those centers is en-
ergy-favorable, since Pb2* has larger ionic
radius than Cd2* [21].

Tin impurity does not form activator lu-
minescence centers in Cdl, but it reinforces
the self-activator emission typical of low-
doped Cdl,:Cd crystals [5, 9]. It is supposed
[56] that the Cdl,:Cd luminescence peaked at
680-690 nm is associated with the crystal
stoichiometry deviation towards enrichment
in cadmium and appears as a result of the
charge carrier recombination at halogen va-
cancies associated with the interstitial cad-
mium atoms. This is confirmed by the fact
that the 680—-690 nm emission is reduced at
the subsequent heating of Cdl,:Cd crystals
in iodine vapor.

Basing on the data obtained, taking into
account the studied spectral characteristics
of Cdly:Mnl, and Cdl,:Pbly,Mnl, and the ear-
lier study results [3, 4, 9], the chlorine ad-

739



S.S.Novosad et al. / Spectral and kinetic characteris ...

mixture (C < 0.5 mol.%) has been estab-
lished to do not effect essentially on the
XRL and PL spectral composition of the
studied cadmium iodide crystals activated
with cationic impurities. The emission of
manganese-activated Cdl, in the red spec-
tral region with the decay time of about
450 ps is due to electron transitions
4T1g(4G) - 6AIg(GS) in Mn2* ions [1, 5]. It
follows from the data obtained and spectral
characteristics of CdCl,:Mn and CdBry:Mn
[1, 22, 23] that the specific features of
those centers are defined by the local envi-
ronment thereof and that the spectral posi-
tion of the manganese emission bands is de-
fined by the matrix anion. The existence of
centers associated with substitutions in the
anionic Cdl, sublattice has been proved by
optical methods [18] and the Raman scatter-
ing data [24]. Since chlorine impurity does
not influence appreciably the spectral com-
position of Cdl,:Mn2* XRL and PL, it can be
assumed that it is energy-favorable for the
activator ions to be in iodine environment
that has a higher polarizing ability as com-
pared to chlorine ions [20].

The photoluminescence of Mn2* centers
in polyactivated crystals is observed both at
intracenter excitations associated with d-d
transitions [1] and in the sensitized process
as a result of energy migration from the
matrix and centers associated with tin and
lead impurities. At high temperatures, the
energy migration to manganese ions occurs
mainly by the electron-hole mechanism [14]
as a result of the electron excitation delo-
calization from Pb2* and Sn2* ions [1, 25].
At low temperatures, in addition, emissive and
non-radiative energy transfer occurs from re-
laxed and localized excitons to MnZ* centers
[15]. Perhaps that is why the manganese PL in
the crystals studied at 85 K is approximately
twice as intense as that at 295 K.

It follows from the study results and lit-
erature data that the prepared Cdl,:CdCl,
scintillator is suitable for use in thin-layer
detectors of ionizing radiation [26] with a
high time resolution. The Cdl,:Pbl,,MnCl,,
and Cdl,:SnCl,,MnCl, crystals emitting in
the manganese band and storing weakly the
light sum at deep capture levels can be used
as photoluminophors with enhanced light
sensitivity in the 390-460 nm region.
Those can be suitable also for thin-layer de-
tectors [26] and the scintillator/silicon pho-
todiode type detectors to record x-rays in
stationary and low-frequency excitation re-
gimes. The Cdl,:Pb crystals with a larger
signal amplitude as compared to Cdl, and
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short decay time can be used together with
Cdl5:Mn ones to provide combined detectors
of ionizing radiation [2T7].
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CnekTpajpHO-KiHETHYHI XapaKTepPUCTUKH
JIOMiHECIIEHTHUX IEePEeTBOPIOBAYIB OTPMMAaHUX
Ha OCHOBI MOTHUCTOr0 KaIMilo

C.C.Hosocad, I.C.Hosocad, B.E.I'onuapyx, JI.B.Kocmuk

IIpuBeneHo pe3yabTaTyé KOMILJIEKCHOT'O MOCTiIMKEHHS CIEeKTPaJbHO-KiHETMUYHUX XapaKTe-
pucturk kpucranis Cdl,, Cdl,:CdCl,, Cdl,:Pbl,, Cdl,:SnCl,, Cdl,:MnCl,, Cdl,:Pbl,,MnCl, i
Cdl,:SnCl,,MnCl,, Bupomenux wmeromom Bpimxmena-Crox6aprepa. Beranosneno, mo fo-
MillIKa XJIOPY HigBUINYe pamiamifiHy CTiMKicTh CHUHTHUIATOPIB, IPU IILOMY CJIA0O BILIMBAE
Ha CIEKTPH BUIPOMIHIOBAHHSA 1 kiHeTmuHi mapamerpu peHTreHouoMiHecmenmii. Moxmeruit
KaaMmiii, 3 HOMIIIKOI0 MapraHiio Ipyd KiMHATHi# TemmepaTypi Mae HAHOGiJLIINI BUXiT peHT-
FeHOJIIOMiHeCIeHIlii 3 MaKCUMyMOM Yy 4YepBOHill o6macTti cmexkTpa. OTpumaHi cucremMu
Cdl,:Pbl,,MnCl, i Cdl,:8nCl,,MnCl, xapakTepusyoTbca edeKTHBHOI JTIOMiHECIEHIIi€0 Mn2+.
IeHTPiB B IIMPOKOMY TeMIepaTypHOMYy iHTepBayi. POTO/NIOMiHECIIEHIiA ITUX IEHTPiB CIIOC-
TepiraeTbcsa AK IPU BHYTPIIIHBOIEHTPOBUX 30YAKEHHAX, OB A3aHUX 3 d-d IepexogaMu,
Tak i y ceHcubisrisoBaHOMY mpoIlieci B pesyJsbTaTi Mirparirii eHeprii Bifi oCHOBM KpHCTAJiB Ta
IOMIIIKOBMX IIEHTPiB 0JI0Ba Ta CBUHIIIO. Ha OCHOBiI aHajisy oTpuMaHUX pe3yJbTaTiB i JiTe-
pPaTypHHX TaHUX OOTOBOPIOETHCS IPUPOJAA IEHTPIiB JIOMiHECHeHIlil i MOMKJINBOCTI IPAKTHUUYHO-
r0 BUKOPUCTAHHS MOCHIIKEeHUX KPHUCTAJIUHUX CHUCTEM.
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