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Emission spectra of excited yttrium particles ejected from the surface of the yttrium metal and yttrium aluminum
garnet (YAG) at Ar” ions are studied. The efficiency of yttrium particles excitation defined from experimental data.
The assumption is made that the difference in the excitation efficiency for yttrium atoms and ions is due to the dif-
ferent contribution of processes of formation of the excited atoms or ions ejected from solids at the ion bombard-

ment of garnet and metal.

PACS: 32.30.—r, 34.35.4a, 34.50.—s, 34.50.Dy, 34.80.Dp

INTRODUCTION

lon bombardment of solids accompanied with a
number of secondary emission processes, according to
one of which excited particles flies off from a target
surface with subsequent photon emission. This phenom-
enon is called ion photon emission (IPE) [1]. In study-
ing the main emission parameters of particles flying off
a surface, it is possible to acquire additional information
on processes leading to excited particle knocking out,
because in this case not only the type of flying off parti-
cles, but its state (in particular, state of excitation) can
be determined.

Yttrium aluminum garnet (Y:A015) or YAG is the
most important solid-state laser host material. YAG is
one of the most creep resistant oxide and has important
applications in high-temperature ceramic components.
So, due to excusive optical, mechanical and thermal char-
acteristics it is widely technical adopted in different areas
of electronics, optoelectronics and optics [2]. Therefore,
investigations of the physics-chemical properties of these
materials, particularly, the response to ion irradiation and
ion-simulated emission are very important.

In this work done comparison of the main parame-
ters of IPE of metallic yttrium (Y) and yttrium alumi-
num garnet (YAG) for clarifying processes stimulating
the escape of excited atoms and ions from these targets
at ion bombardment.

EXPERIMENTAL DETAILS

Experiments were provided at the experimental in-
stallation using a mass separated 20 keV Ar" ion beam
with current density of 15...20 pA-cm™.

The radiation of emitted by excited particles regis-
tered and analyzed by a photoelectrical system in mode
of photon counting. The optical axis of monochromator
was in such a direction to the target surface that emis-
sion only from the flying-off particles was registered.
The emission spectra investigated in the wave range of
250...800 nm. The experimental details described else-
where [3, 4].

As shown earlier [4, 5] the spectral composition of
radiation from YAG at the bombardment by Ar* ions
includes some aluminum lines and rich emission atomic
(Y 1) and ionic (Y II) yttrium spectra. Therefore, only

the radiation of yttrium atoms and ions is compared for
target Y and YAG.

One of the main parameters of the IPE is the quan-
tum yield of radiation due to the transitions from the
initial i-th state to a final k-th state (i —» k) which de-
fined as the number of emitted photons related to one
incident ion (y;). This value is determined directly
from experimental data according to the formula:

Yie = ZNy /N7, 1)
where X'Nj, is the total number of photons from the
i — k transitions and N* is the number of incident ions.
Neglecting any possible influence of cascade transition
from higher levels to the initial i-th level, the number of
particles in the i-th state (n;) sputtered by one ion is
defined by the relation:

n; =y ()", (2)
where by, is the relative probability of the i — k transi-
tion, bik = Aik(ZAif)_l = AikTi! where Aik is the
probability of the i — k transition, XA, — is the proba-
bility of all possible transitions from level i to f-th
different states, 7 is the lifetime of the i-th level. Ac-
cording to [6] the population n; of the i-th excited level
is defined by two parameters: the statistical weight g;
and the state excitation energy E;:

n; = g;exp (=E; / kT), 3)
i.e. determined by spectroscopic parameter g; and the
excitation state energy E;.

In this context, it is expedient to introduce the con-
cept of the excitation efficiency o;, which characterizes
the transition of a particle to the state with the energy E;
under the action of a single ion:

oi(E) = n; /g;. 4)

Taking into account (2) we can express dependency

o;(E;) in terms of experimentally determined values
of yi:
oi(E) = Vi (giAucn) ™" ®)
EXPERIMENTAL RESULTS

In this work, the emission spectra of excited parti-
cles at ion bombardment of the studied targets (poly-
crystalline Y and single crystal of yttrium aluminum
garnet YAG) were analyzed; the lines of the Y 1 and Y Il
spectra with the intensities at least twice higher the
background level were selected. Table1 shows the
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wavelengths of the selected lines (A) for the atomic
spectrum of yttrium (Y I) and the spectroscopic parame-
ters of the upper level of the transition leading to the
emission of the studied lines (electronic configuration,
the term and the excitation energy E*, the transition
probability A and the lifetime of the level 7). In addi-
tion, the table shows the intensities (I = yac/A) of

these lines in the arc spectra [7] and the quantum vyield
(y) determined for the targets studied in the work.

The same parameters for the lines of the yttrium ion
spectrum (Y 1) are shown in Table 2.

As followed from the Tables 1 and 2, although the
spectral composition of the radiation for Y and YAG is
the same, but the intensity distribution in the spectra has
a number of differences.

Table 1
Spectroscopic parameters of the Y | spectrum lines

A, nm El. conf. Term E* eV | Ay, 10%s™ - 10%s I Yir, 10°ph/i| 4, 10 phii

[7] (8] [8] [7] [8] 3 [7] (Y) (YAG)
362.09 | 4d5s(‘D)5p X 2P%p, 3.49 2.34 0.39 550 19.55 20.5
408.37 | 4d5s(°D)5p y 2P°%, 3.03 0.25 1.79 200 29.39 28.9
410.23 | 4d5s(‘D)5p y °F%, 3.08 1.27 0.79 1000 42.91 42.9
412.83 | 4d5s(‘D)5p y ’DC%), 3.06 1.56 0.6 900 29.83 29.8
41428 | 4d5s(‘D)5p y ’D%p 2.99 1.59 0.53 750 21.80 21.2
464.37 | 4d5s(°D)5p Z °F 2.67 0.18 4.65 170 63.84 48.5
467.48 | 4d5s(°’D)5p Z °F° 2.72 0.13 7.52 170 77.20 68.8
476.09 | 4d5s(°D)5p z °F%, 2.67 0.035 4.65 34 19.63 11.0
552.75 4d*C’F)5p G’ 3.64 0.54 1.67 50 45.24 37.4
563.01 4d*CF)5p G’ 3.55 0.45 1.83 38 31.16 25.1
570.67 | 4d5s(°D)6s e ‘Dyp 4.18 0.3 1.5 11 9.50 10.6
619.17 | 4d5s(°D)5p z°D%;, 2.00 0.046 20.3 80 42.20 70.5
643.50 | 4d5s(°D)5p z°D%; 1.99 0.041 21.36 70 196.10 261.2
653.86 4d*(F)5p z°G%, 4.19 0.149 2.03 6 10.12 11.9

Table 2
Spectroscopic parameters of the Y I spectrum lines

A,nm | EL conf. Term E*, eV | Ay, 10°st | 10%s I Yir, 10Cph/i | yu, 10 phi

[7] [8] [8] [7] [8] [7] (v) (YAG)
324.22 | 4d5p y *P°% 401 | 203 0.36 800 0.71 2.15
361.10 | 4d5p z°D% 356 | 1.04 0.43 1000 0.8 3.2
363.31 | 4d5p z P, 341 |13 0.53 1000 0.7 3.4
371.02 | 4d5p z °F°, 352 | 154 0.57 1500 2.8 12.1
377.44 | 4d5p z °F°% 341 |11 0.63 1200 2.6 8.7
378.87 | 4d5p z °F°% 337 |08 0.65 850 1.2 47
383.28 | 4d5p z °F°% 341 | 0.295 0.63 460 0.9 2.4
430.96 | 5s5p z °p°, 3.05 |0.128 5.69 280 3.8 10.7
437.49 | 4d5p z'D°% 324 |10 0.63 1200 3.0 9.2
439.80 | 5s5p z °P°, 295 |0.1151 5.0 180 3.4 6.9
478.65 | 4d5p z°D% 3.62 | 0.021 0.44 13 3.8 4.8
482.33 | 4d5p z°D% 356 | 0.044 0.43 16 6.5 6.6
488.36 | 4d5p z°D°% 362 | 047 0.44 160 6.4 6.4
490.01 | 4d5p z°D% 356 | 045 0.43 95 5.9 6.2
512.32 | 4d5p z P, 341 [0.13 0.53 30 7.9 11.7

An increase in the quantum yield for the metal in
comparison with YAG is observed for the lines of the
Y | spectrum emitted by yttrium atoms in the states
z?F° and z*G°. For z2D° levels, having the lowest
excitation energy, the picture reversed.

It is interesting to compare the quantum vyield for a
group of closely located lines (AA 408.37, 410.23,
412.83, and 414.28 nm) with the intensity of these
lines given in [7]. It can be seen that the 408.37 nm line
has an anomalously high quantum yield for both metal
and YAG compared to neighboring lines, although in
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the arc spectrum it is 3-5 times weaker than its neigh-
bors.

It should be noted that the quantum yield of most
lines of the ion yttrium spectrum (Y I1) is significantly
higher (by a factor of 2-3) for YAG than that for the
metal. The exception is a group of lines
(A\ 478.65,482.33,488.36,490.01, and 512.32 nm),
that have an anomalously high quantum yields for both
yttrium and YAG. Moreover, this group of lines is also
anomalously intense in comparison with the arc spec-
trum of yttrium [7].
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At using the quantum yields of radiation for the lines
of the Y I and Y Il spectra and the corresponding spectro-
scopic parameters given in Tables 1 and 2, the level exci-
tation efficiency (o) of a number of excited states of yttri-
um atoms and ions was determined according to the for-
mula (5). These values lie in the range (0.1...100)-10°,
and since further only the relative change of the excita-
tion efficiency on the excitation energy will be consid-
ered, only numerical values were used to plot the de-
pendence In o = f(E™).

The dependence In o = f(E™) for lines emitted by
excited yttrium atoms (Y I) at ion bombardment of
metal (a) and YAG (b) is shown in the Fig. 1. One can
see the similarity of these dependences for two targets.
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Fig. 1. Dependence of the levels excitation efficiency
of the studied states of Y atoms on the excitation energy
for two targets: Y (a); YAG (b)

Most points can be approximated by two straight
line segments: | — points at E*< 3 eV and Il — points at
E* > 3 eV. Points of the levels with the lowest excita-
tion energy (E* = 1.99and 2 eV) and at E* = 3.03 eV
(the level, the transition from which leads to the emis-
sion of photons with a wavelength of A = 408.37 nm)
are located apart.

The dependence In o = f(E™) for lines emitted by
excited yttrium ions (Y 1) at ion bombardment of metal
() and YAG (b) is shown in the Fig. 2. One can see that
the efficiency of excitation of the corresponding levels
is approximately 2.5 times higher for garnet than for
metal. However, in both cases, the points can be approx-
imated by a straight line. The exception is the group of

points that clearly fall out of the dependence
In o = f(E™) for both metal (see Fig. 2,a) and yttrium
aluminum garnet (see Fig. 2,b).
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Fig. 2. Dependence of the levels excitation efficiency
of the studied states of Y ions on the excitation energy
for two targets: Y (a); YAG (b)

The velocity of the knocked-out excited yttrium at-
oms and ions was estimated from an analysis of the
spatial distributions of radiation (In o = f(1)), (I is the
distance from the target surface) of the most intense
lines of the spectra Y I and Y Il according to [9]. It
turned out that for the lines of the spectrum Y I, due to
transitions from the states z ?F°, y ?D°, and y %F°, the
dependence in o = f(l) can be approximated by two
straight line segments with different slopes, that meant a
two-velocity composition of flying off the surface excit-
ed yttrium atoms in these states. The calculations
showed that the group of “slow” particles (1) had the
kinetic energy (E}) of the order of 100...500 eV. More-
over, for metal E,(m) ~100 eV, and for YAG the ki-
netic energy of the group of “slow” particles is higher, it
is about 400...500 eV. For “fast” particles (1) knocked
out from both types of targets, the values of the kinetic
energy are in the range of 1000 ... 3000 eV. For lines in
the Y | spectrum with an excitation energy above 3 eV
and for all lines in the Y Il spectrum, the dependence
In o = f(1) can be approximated by a single straight-
line segment. The value of the kinetic energy deter-
mined from these dependences are of the order of sever-
al kiloelectronvolt for both yttrium target and YAG.
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DISCUSSIONS

To understand the mechanism of formation of sput-
tered excited yttrium particles, it is necessary to answer
two basic questions: 1) how the Kinetic energy is trans-
ferred from the primary ion to the secondary particle
knocked out of the solid; 2) what processes result in the
secondary particle excitation. One of the possible classi-
fications of ion sputtering processes according to the
time of their duration presented in [10]. If we assume
that the primary ion falls on the target at the moment

t = 0, then in the interval 101> <t < 10* s fast colli-
sional processes, the so-called multiple collisions, take
place. Slow processes, so-called collision cascades,

follow in the interval 10 <t<10'?s. Times

1012 <t <10%s correspond to fast thermal processes
of atoms emission as a result of their evaporation from
bombarded area the surface called “a thermal spike”.

Slow thermal processes at t>107%s, include, for ex-
ample, the evaporation of alkali metal halogens after
their neutralization by diffusing defects. It should be
note that thermal processes are occurring only at certain
parameters of the ion beam and not in all materials. So
the formation of excited sputtered particles during the
bombardment of the solids surface by medium-energy
ions mainly occurs in the first two processes:
1) multiple collisions of the bombarding particle with
the atoms of the solid surface and 2) collision cascades.
As to the processes of excitation of sputtered parti-
cles, the currently existing theoretical models [10 - 13]
can be conventionally divided into four types. 1) Colli-
sion (kinetic) models, according to which the excitation
of a sputtered particle is a result of its collision with an
atom, ion, or electron both on the surface of a solid and
above it. 2) Electron-exchange models that suppose the
excitation of the knocked-out particle due to the perturb-
ing influence of the solid-vacuum boundary on the elec-
tron shells of the knocked-out atom or ion. 3) Molecular
models, considering the excitation of molecules that
form an irradiated solid or are formed on the target
surface during the adsorption of chemically active ele-
ments (in particular, oxygen) with their subsequent
dissociation. The dissociation of excited molecules on
the surface or outside it is the main reason formation of
atoms, ions or clusters that make up the molecule in
excited state. 4) Thermodynamic models based on the
assumption of the formation of plasma in local thermo-
dynamic equilibrium (LTE) at the site of ion impact
(under, on or above the surface), which leads to the exit
from this region of a stream of atoms (including excited
ones), ions and electrons. For plasma in LTE, there
should be an equality of effective temperatures for dif-
ferent types of plasma particles, that does not corre-
spond to the results of studies of excited particle radia-
tion; as a result of that the use of the concept of LTE at
the site of ion impact is not always rational. At the same
time, a number of authors [14, 15] propose to use differ-
ent models simultaneously, thus allowing the simultane-
ity of various mechanisms at the formation of excited
particles. Summarizing the above, we can present a
simplified scheme, noting the most pronounced pro-

cesses leading to the formation of excited atoms and
ions of yttrium at the ion bombardment of Y and YAG.

When a primary ion interacts with a solid in the re-
gion [ <0 (that is, inside the solid or on its surface),
processes leading to the departure (knocking out) of
particles occur. These are multiple collisions of an inci-
dent ion with one or several target particles and the
development of a cascade of linear collisions within a
solid. The process of multiple collisions can be consid-
ered as a collision of a primary ion with a surface parti-
cle. The flying-off particle in these collisions can be
either a particle of target or a beam particle (at bom-
bardment by light ions). The kinetic energy of such
particles is comparable to the energy of the primary
beam ion. During the development of cascades of linear
collisions, the primary ion, penetrating into a solid,
transfers momentum to its particles. They, in turn, trans-
fer the received momentum to other particles. As a
result of such transfer, cascades of collisions occur,
which transfer momentum to the surface particles of a
solid in a relay-race way. If this impulse has the appro-
priate magnitude and direction, then the surface particle
will be knocked into vacuum. The most probable energy
of such knocked-out particles is on the several tens of
electronvolt. The presence of two velocity groups of
knocked-out excited yttrium atoms (with Kinetic ener-
gies of 100..500eV and several kiloelectronvolt)
indicates the simultaneous action of two above named
knock out mechanisms.

When the bond with the solid is broken (0 <1<,
where [, is the order of several atomic sizes), the excited
state of the flying-off particle is formed. In multiple colli-
sions, the excited state forms when the joint electron
cloud of a pair of colliding particles is separating.
Therefore, it is likely that the dependence In o = f(E™)
for highly excited states of the yttrium atom is similar
for metal and garnet. The same can be said about the
ionic lines of yttrium. During the development of a
cascade of collisions, an excited state of flying off parti-
cle forms in the result of electron exchange between the
solid and the particle; the probability of this process is
determined, in particular, by the distribution of the va-
lence electrons density, which differs significantly for
yttrium metal and yttrium aluminum garnet. Yttrium
work function ¢ = 3.3 eV [12], and the YAG band gap,
according to [16], is about 5 eV. Therefore, the depend-
ence In o = f(E™) for the states of the yttrium atom

with low excitation energies (E*<3eV) is different
(different slopes of segments (1)) for the studied targets.
With further removal of the flying off particle (I, <I),
its state may change due to the processes of resonant
neutralization and resonant ionization. The probability
(P) of this processes is determined by the type of pro-
cess and the velocity of the flying off excited particle
P = exp(—A/av)), where A and a are constants de-
pending on the process under consideration and the type
of interacting pair (flying off particle — solid), v, is the
normal component of the flying particle velocity. Let us
consider how the action of these processes manifests
itself in the formation of excited yttrium atoms and ions.
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Fig. 3. Position of energy levels of excited states of yttrium atoms and ions relative
to the band structure of yttrium metal

The layout of the levels of the excited states of atom
and ion of yttrium and the band structure of the metal
(YY) with respect to the vacuum level, is shown in Fig. 3.
The lines A\ 464.37,467.48, and 476.09 nm (Y I) are
due to the emission of yttrium atoms in the state z °F°
that have low kinetic energy. As is evident from Fig. 3,
the levels of that excited state are located opposite the
levels of the filled part of the conduction band of the
metal. Consequently, the probability of losing excitation
by slow excited atoms in that state by the process of
resonant ionization is small. Moreover, some of the
slow ions may lose its charge due to the transition of
electron from filled part of the conduction band of the
metal to resonantly located levels of the excited atom.
For excited atoms which levels located resonantly to the
free part of the conduction band of the metal, process of
the resonant ionization for particles with a low speed
occurs with a high probability; this explains the medium
and high values of the kinetic energy of yttrium atoms
in states with E* > 3 eV. From analysis of the position
of the excited states levels of the yttrium ion relative to
the band structure of the metal, it is evident that the
probability of resonant ionization (without emission of a
photon) for them is small. Nevertheless, lines emitted
only by ions with high (the order of the primary beam
energy) kinetic energy are observed in the work. This
suggests that the excited state of ions (as noted above)
forms in the process of multiple collisions. Thus, we can
say that the efficiency of excitation of most levels (ex-
cept for the cases considered below) is determined by
the excitation energy of the level and its position rela-
tive to the distribution density of valence electrons in
the solid.

It should be especially noted in Figs. 2 and 3 the po-
sition of several points that clearly fall out of the graphs

of the dependence In o = f(E™) for both Y and YAG.
For excited yttrium atoms, these are the points for the
levels of the z ?D state. First, this is the lowest excited
state, whose the level population is strongly affected by
cascade transitions from higher-lying excited states [8].
Secondly, they have a long lifetime, due to which there
may not be a full collection of radiation when determin-
ing the values of the quantum yield. It is very difficult to
take into account correctly the influence of these pro-
cesses on the population of the levels of the indicated
state. That probably explains the special values of the
excitation efficiency of the state z “D in Figs. 2 and 3.
For excited yttrium ions, there are also several (5) points
that clearly do not lie on the In o = f(E™) dependence.

A feature of the lines AA 478.65, 482.33, 488.36,
490.01, and 512.32 nm is their location in the spectral
region of the emission of the blue-green system of the
YO molecule, the transition 23— 2% Alt-

main state’
hough the contribution of the radiation from the molecu-
lar band was taken into account (subtracted) in the cal-
culation of the quantum yield, the influence of the band
edges on the intensity of these lines is probably re-
mained.

Finally, it is necessary to note the anomalously high
excitation efficiency of the y *P°, (Y 1) level, the tran-
sition from which is accompanied emission of line
A 408.37 nm. Firstly, the probability of cascade repopu-
lation of this level is low; secondly, the lifetime of this
level is comparable to the lifetimes for most levels of
other excited states [8]. However, during ion bombard-
ment both the metal and YAG, the effective population
of this level is very high, so that the corresponding point
on the dependence In o = f(E™) is located higher than
the points of closely spaced levels y ?F°;, and y ?D°.
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Probably, the formation of this excited state can be
related to the collapse of the metastable state of a com-
plex compound (metal atom-oxygen atom), which is
knocked out from the solid surface during ion bom-
bardment.

Previously, in studies of the regularities of IPE dur-
ing ion bombardment of complex compounds [17, 1,
18], the possibility of the excited particles formation
due to the breakdown of a molecule in a metastable state
was noted. In our case, both for the metal target (Y) and
for YAG, the emission spectra of knocked-out particles
contains bands of the blue-green system of the YO mol-
ecule. This indicates on the presence of adsorbed oxy-
gen on the metal surface. In YAG, which has the chemi-
cal formula Y3Al;0, five aluminum ions occupy a
position in two octahedra (VI) and three tetrahedra (1V),
yttrium ions occupy a dodecahedral (VII) sublattice and
are surrounded by eight oxygen ions. So, their structural
formula can be written as {Y}""'; {AI}"', {Al}"Y; Op.
Therefore, during ion bombardment of both the metal
and YAG, it is possible to knock out the YO molecule
in a metastable state, at the decay of which yttrium
atoms are formed in a certain state and oxygen.

CONCLUSIONS

The comparison of main parameters of IPE during
bombarding yttrium metal (Y) and yttrium aluminum
garnet (Y3Als01,) by 20 keV Ar” ions was done to clear
the mechanisms of excited yttrium atoms and ions for-
mation depending on the physicochemical parameters of
the solid. For the studied targets, the emission spectra of
sputtered excited atoms and ions yttrium analyzed and
the dependences of the excitation efficiencies of levels
on the excitation energy for the corresponding states
were determined. It was shown that as a result of colli-
sion processes (multiple or cascade) of an incident ion
with solid particles, both atomic yttrium particles and
metastable complexes of the (Y,O,)** type are knocked
out. In the case of multiple collisions of an incident ion
with target particles, the ejected particle acquires signif-
icant kinetic energy (several keV), and the excited state
is formed when the common electrons of particles are
separated. The development of a cascade of collisions in
a solid leads to the emission of particles with a low
kinetic energy (up to several hundreds of eV). Since in
this case the speed of the flying particle
(~10°...10%cms™) is less than the speed of the Bohr
electron (~10% cms™), it can be assumed that the excited
state of the flying particles is formed during the adia-
batic decay of the solid-flying atom system. The for-
mation of the excited state of the flying particle is com-
pleted when it moved away from the surface at a dis-
tance of the order of atomic dimensions. With further
removal of the particle, its state may change due to the
processes of nonradiative loss of excitation as resonant
ionization or Auger deexcitation. The probability of
each of these processes is determined by the position of
the excited state level relative to the conduction band of
the solid and the velocity of the flying-off particle.

Finally, for a flying off particle in a state with a low
excitation energy, there was a high probability of an
additional population of the state under study in the

result of cascade transitions from the overlying states to
the state under study. During ion bombardment of com-
plex targets, which include a chemically active element
(for example, oxygen) or its adsorption on the target
surface, the knocked-off metastable excited complex
(metal atom-oxygen atom) could break up on an excited
atom of yttrium and oxygen.

The authors acknowledge Dr. V.A. Litvinov for pro-
ductive discussion in the preparation of this article.
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YTBOPEHHA 3bY T KEHUX YACTUHOK ITPIIO TP IOHHOMY
BOMBAPAYBAHHI ITPIIO TA ITPIEBO-AJIIOMIHIEBOI'O I'PAHATA

1.0. Agpanacwesa, B.B. bookos, B.B. I puyuna, 10.1. Koemynenxo, /I.1. Illesuenko

JlociimkeHo CeKTpy BUITPOMIHIOBaHHS 30y KEHHX YaCTHHOK 1TPil0, PO3MUIICHHX 3 IOBEPXHI METAJIEBOTO ITPit0
Ta itpiii-amominiesoro rpanara (YAG) ionamu Ar'. 3a ekcrepUMEHTaJIbHMMH JaHUMH BU3HA4YeHa e(eKTHBHICTH
30yIKCHHSI YaCTHHOK ITpif0. 3pO0JICHO MPHUIYIICHHS, 10 Pi3HUI B ¢(PEKTHBHOCTI 30y/DKCHHS aTOMIB Ta 10HIB
ITpil0 3yMOBJICHA PI3HUM BHECKOM IIPOLECIB YTBOPEHHS 30Y/XKEHUX aTOMIB YM 10HIB, PO3NMUIICHUX 3 TBEPIUX TLI

py I0HHOMY OOMOapAyBaHHI TpaHaTa Ta METaIy.
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