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The phenomenon of diffraction of laser radiation by particles of a damaged surface layer of a piezoceramic
deposited on a plane-parallel glass plate was studied. A diffraction pattern is clearly observed in reflected
and transmitted light, which is an alternation of light and dark concentric rings. These rings correspond to
the conditions of diffraction maxima and minima. A bright spot is observed in the center of the diffraction
pattern. The dependence of the radius of diffraction rings on the thickness of the glass plate was established.
The diffraction angles at a given value of the order of maximum for different thicknesses of the glass plate
were the same. The particles of the damaged surface layer of the piezoceramic, which scatter light, have
different characteristic sizes. The study of particles using optical microscopy showed that their sizes are in
the range of ~ (1 + 3) um. The shape of the grains is predominantly close to spherical. The Fraunhofer ap-
proximation was used to analyze the diffraction pattern. The distribution of the light intensity of the diffrac-
tion pattern depending on the diffraction angle has been analyzed. The simulation of the total scattered
intensity as a function of the angle for particles with a diameter of 1.7 um and 3.0 pm has been performed.
The diffraction angles become smaller as the particle size increases. The distribution of the light flux in the
diffraction pattern is constructed. This graph shows that most of the scattering intensity is concentrated
near the center of the diffraction pattern, where the vast majority of the laser radiation falls. As the diffrac-
tion angle increases, the relative intensity of the maxima obeys the regularity 1:0.71: 0.25 : 0.13. The size
of the particles of the damaged surface layer of the piezoceramic was estimated using the laser diffraction
method. The average particle diameter of the surface damaged layer of the piezoceramic is 1.7 um. It can be
argued that particles of such sizes make the main contribution to the creation of the diffraction pattern
obtained by us under these experimental conditions.
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1. INTRODUCTION

Piezoceramic materials based on solid solutions of
lead zirconate-titanate PZT are currently the most
promising and widely used in electronic engineering for
the creation of piezoelectric transducers [1, 2]. In the
process of technological operations for the manufactur-
ing of piezoceramic materials, a surface damaged layer
is formed on their surface. Its formation is due to the
operations of mechanical processing of piezoceramic
samples, deviations from the manufacturing technology
and changes in the chemical composition of the surface
upon contact with various cleaning solutions. The pres-
ence of such a layer leads to a deterioration in the qual-
ity of piezoceramic materials, worsens the adhesion of
metal electrodes, and therefore requires its study and
consideration in order to minimize its effect on the elec-
trical characteristics of piezoelectric elements manufac-
tured on their basis.

The study of the properties of the surface layer of the
PZT piezoceramics depending on the surface treatment
technology was studied in a number of works. A tech-
nique for controlling the integrity of the surface during
ultra-precise grinding of polycrystalline ceramics PZT
has been developed. Defects including porosity and frac-
tural damage induced in the subsurface area were inves-
tigated. The proposed technique provides for optimal
surface treatment to obtain excellent surface roughness
and high surface flatness with minimal texture damage
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[3].

The surface microstructure of PZTNB-1 piezoceram-
ics has been studied in comparison with the tetragonal
PZT-19. The size distribution of grains and porous, their
shape peculiarities were revealed with using computer
treatment of visualized structural elements [4].

The effect of abrasive polishing on the surface topog-
raphy and domain structure of PZT ferroelectric ceram-
ics, using atomic force microscopy was studied. It has
been established that polishing treatment removes non-
ferroelectric passive layers formed during material prep-
aration, and also leads to the formation of a new surface
layer with properties different from those in the bulk [5].

The features of the surface layer formed during me-
chanical processing of the PZT ceramic surface were
studied. A correlation has been established between mi-
crohardness and domain sizes. It is shown that the prop-
erties of the surface layer depend on the particle size of
the diamond paste used for polishing [6].

Determining the size of particles with a diameter of
several microns is a rather difficult task due to the high
measurement error using various instruments. This
problem can be more successfully solved using the dif-
fraction method, which allows obtaining results with
higher accuracy.

One of the modern methods for studying small particles
is laser diffraction [7]. The phenomenon of laser diffraction
has practical applications for determining the size of small
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particles and their statistical size distribution.

Laser diffraction method is based on the inversely
proportional dependence of the light diffraction angle on
the particle size. This method uses a laser as a light
source. The particle size can vary over a wide range. In
practice, laser diffraction is usually applied over a size
range of about 30 nm — 1,000 um [7].

Laser diffraction operates on the principle of Fraun-
hofer diffraction. This is true only if the particles are
large compared to the wavelength of light, or if the ratio
of the refractive indices of the dispersed and continuous
phases is clearly different from unity [8].

Laser diffraction method is typically used in line-of-
sight mode, which collects and analyzes near scattering
from an ensemble of particles larger than the wave-
length. Based on the theory of Fraunhofer diffraction,
the problem of particle size distribution is solved [9].

The fundamentals of the theory of absorption and
scattering of light by small particles were considered by
C.F. Bohren, D.R. Huffman [10].

Laser diffraction method based on the Fraunhofer dif-
fraction is the most widely used for particle size analysis
due to ease of use, speed, and reproducibility. The pattern
of a diffraction image depends on the shape of the particle,
and the size of the pattern depends on the size of the parti-
cle. The directions of research on determining the shape of
non-spherical particles are considered [11].

The theory of laser diffraction is a special branch of the
theory of electromagnetic scattering. It is based on Max-
well's equations and their solutions. Depending on the size
of the particles in relation to the wavelength of the laser
radiation, different theories can be used. The Fraunhofer
approximation, which is closer to geometrical optics than
other approximations, is commonly used in laser diffraction
techniques to determine particle sizes [12].

It is proposed to use the laser diffraction method not
only to determine the particle size distribution of mix-
tures, but also to determine the number of particles [13].

The modern laser diffraction method is used to measure
the grain size of powder in building materials and the par-
ticle size distribution in relation to their diameter [14].

To measure particle sizes, a method is proposed for
analyzing the pattern of optical radiation scattering by
microparticles obtained using a digital camera [15].

The laser diffraction analysis method is based on
measuring the scattering angle and intensity of light af-
ter it passes through the particles. It is an instant, con-
venient and non-destructive method for evaluating inor-
ganic powders [16].

Smart laser diffraction analysis provides infor-
mation on the size, shape and concentration ratio of two-
component heterogeneous model mixtures of particles
with the accuracy better than 92 %. In contrast to com-
monly-used laser diffraction schemes, in which a large
number of detectors are needed, the machine-learning-
assisted protocol makes use of a single far-field diffrac-
tion pattern contained within a small angle (~ 0.26°)
around the light propagation axis [17].

2. METHODOLOGY OF THE EXPERIMENT

PZT oxide piezoceramics based on lead zirconate-ti-
tanate Pb(Zr,Ti)O3 solid solutions with various modifying
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additives was chosen as the object of research. The stud-
ies were carried out on piezoceramic blanks of industrial
composition PZT-19. The removal of the surface damaged
layer from the surface of piezoceramic blanks was carried
out mechanically using a grinding belt. Particles of the
damaged surface layer were deposited on plane-parallel
glass plates of various thicknesses. An LGN-207A helium-
neon laser with a radiation wavelength 42 =0.6328 um was
used as a coherent light source.

In our experiment, the thickness of the glass plates
was 1.5 mm, 4 mm, and 5 mm. The distance from the
laser radiation source to the glass plate was 0.15 m. The
laser beam was directed onto a flat parallel glass plate
with particles of the damaged surface layer of the PZT
piezoceramic at a right angle. The experiment and cal-
culations were carried out for reflected light. The diffrac-
tion pattern was clearly observed regardless of the view-
ing angle, both in reflected and transmitted light. The
diffraction pattern was photographed with a Canon EOS
600D digital SLR camera. The radii of the diffraction
rings were measured at the center of the light rings cor-
responding to the diffraction maxima.

The scheme of the experimental setup is shown in
Fig. 1.
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Fig. 1 — Scheme of the experimental setup

The microstructure of the surface damaged layer was
also studied using optical microscopy on a MMU-5C
metallographic microscope at a magnification from x 640
to x 1280.

3. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

We have discovered the phenomenon of diffraction of
light scattered by particles of a damaged surface layer of
PZT piezoceramics deposited on a plane-parallel glass
plate. A diffraction pattern is clearly observed in re-
flected and transmitted light, which is an alternation of
light and dark concentric rings. These rings correspond
to the conditions of diffraction maxima and minima
(Fig. 1). In the center of the diffraction pattern, there is
a bright spot — Airy disc.

The diffraction pattern arises as a result of diffraction
scattering of light by particles of a damaged surface layer
of the PZT piezoceramic. The occurrence of diffraction
maxima and minima of the light intensity is due to the
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Fig. 2 — Photograph of the diffraction pattern of laser radiation
on particles of a damaged surface layer of PZT-19 piezoceramic
on a glass plate 1.5 mm thickness

scattering of light by particles and the interference be-
tween the rays, the scattered particles of the damaged
layer and their reflection from the rear surface of the glass
plate. The lengths of the optical paths of these rays do not
differ significantly, as a result of which the necessary op-
tical path difference arises, despite the fact that the thick-
ness of the glass plate significantly exceeds the wave-
length of light [18].

A coherent beam of light, diffracted by a single par-
ticle in different directions, expands as it passes through
the glass. Since there are many particles in the plane of
the cross section of the laser beam, and they are located
randomly, then, due to the equal probability of all values
of the phases of light waves diffracted in each direction,
the intensities of light waves diffracted by different par-
ticles will add up.

The diffraction angle ¢ was calculated on the basis of
experimental data on measuring the radius of
diffraction rings and the thickness of the glass plate,
based on the following condition:

R, (3.1)

Jan? + B2

where Ry, are the radii of light diffraction rings; k= 2, 4, 6;
h is the glass plate thickness.

The geometric substantiation of formula (3.1) is the
construction shown in Fig. 3.

@, = arcsin
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Fig. 3 — Scheme of the passage of an optical beam through a
glass plate

Experimental data on the values of the radii of light
diffraction rings for glass plates of different thicknesses
are shown in Table 1.
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Table 1 — The values of the radii of the diffraction rings for
different thicknesses of the glass plate

Thickness Radii of diffraction rings
of glass

plate, mm Rz, mm R4, mm Rs, mm
hi=1.5 3 6 9
h2=4.0 7 14 21
h3=5.0 10 20 30

The numbering of rings in the formulas starts from
the first dark ring from the center. The values of the dif-
fraction angles corresponding to the light intensity max-
ima for different thicknesses of the glass plate are sum-
marized in Table. 2. The diffraction angles at a given
value of %k for different thicknesses of the glass plate
have similar values (can be considered the same within
the measurement error).

Table 2 — Values of diffraction angles corresponding to maxima
of light intensity

Thickness @2, @4, s,
of glass rad rad rad
plate, mm
h=15 0.45 0.79 0.98
h2=4.0 0.41 0.72 0.92
h3=5.0 0.46 0.79 0.98

We found that the following relation between the ra-
dius of the diffraction maximum and its order is satisfied
for a given thickness of the glass plate:

R,

= const. (3.2)

It should be noted, that the particles of the damaged
surface layer of the PZT piezoceramic, which scatter
light, have different characteristic sizes. The study of
particles using optical microscopy made it possible to de-
termine the size of the particles and the nature of their
distribution on the surface of the glass plate. In Figure
4 shows a photograph of the particles of the damaged
surface layer of the PZT-19 piezoceramic, obtained using
an MMU-5C microscope at x640 magnification. The pho-
tograph shows that the particles are randomly distrib-
uted over the surface of the glass plate. The distance be-
tween adjacent particles varies within ~ 1 — 10 um. Par-
ticle sizing was performed using a photograph taken at
x1280 magnification. It is shown in Fig. 5. Analysis of
this photograph showed, that the particle sizes are in
the range of ~ (1 + 3) um. The shape of the grains is pre-
dominantly close to spherical. There are also conglomer-
ates of particles ~ (5 + 10) um in size.

The results obtained are consistent with the data on
the study of the PZT piezoceramic surface. According to
these studies, the surface structure of the PZT-19 pie-
zoceramic is a conglomerate of grains with pores. The
average grain size is 4.6 um and the average pore size is
10.2 um. According to AFM microscopy data, the depth
of the relief of the piezoceramic surface is 1.7 um, the
grain roughness is about 0.2 um, and the depth of grain
boundaries is up to 1 um [4]. The presented data make
it possible to assert that the particles under study corre-
spond to the damaged surface layer.
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Fig. 4 — Photograph of the particles of the damaged surface
layer of the PZT-19 piezoceramic at x 640 magnification

Rl

Fig. 5 — Photograph of the particles of the damaged surface
layer of the PZT-19 piezoceramic at x 1280 magnification

The diffraction pattern shown in Fig. 2 is a superpo-
sition of interference patterns of diffraction scattering of
many individual particles. In this case, the concentra-
tion of particles should be low enough to avoid particle
overlap and multiple scattering. On the other hand, the
concentration should be high enough to achieve an ac-
ceptable signal-to-noise ratio [12]. The standard method
for evaluating laser diffraction data is based on the
Fraunhofer approximation. Fraunhofer diffraction is
also known as direct scattering or low-angle laser light
scattering [12]. The Fraunhofer diffraction pattern is the
Fourier transform of the particle projection. Fraunho-
fer's theory assumes that the investigated particles have
a spherical shape.

In practice, the Fraunhofer approximation is applied
to particles larger than a few microns, or to highly ab-
sorbing particles (with an absorption coefficient greater
than 0.5), or to particles with a significantly different
contrast of refractive index relative to the medium
(n>1.2). Since the PZT solid solution is isotropic crystals
with a refractive index n =2.572 + 0.025 [19], we use the
Fraunhofer approximation in further calculations. The
use of the Fraunhofer approximation also corresponds to
the fulfillment of the criterion o >> 1 [14]:

D
=== 3.3
n (3.3)

a
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where « 1s a dimensionless parameter, D is the particle
size (its diameter), 1 is the wavelength of the light emit-
ted by the laser.

Scattering of unpolarized light with intensity Io inci-
dent on one spherical particle is described by the relation:

10 -2 (s,[0] +(.[0°],

where I(6) is the total scattered intensity as a function
of the angle 6, 6 is the scattering angles used for mathe-
matical modeling, Io is the intensity of the incident light
(modulus of the Poynting vector), & = 241 (wave-
number), 1 is the wavelength of the light emitted by the
laser that it is in the air), a is the distance from the light-
scattering particle to the detector, and are the dimen-
sionless complex functions describing the change in the
amplitude in the perpendicular and parallel polarized
light components, respectively, depending on the angle
6 with respect to the forward direction [20].

In the Fraunhofer approximation, which describes
the diffraction of light on the contour of a particle, scat-
tering is considered in the near forward direction (i.e.,
the angle 6 is small). In this case:

(S,) =(S,) =a" {MT.

asin@

(3.4)

(3.5)
Then, equation (3.4) is simplified to (3.6) and repre-

sents an analytical solution for spherical particles as if
they were opaque disks [21]:

(3.6)

2
I Ji (asing)
10) = a‘*[ 1 ,

asing

where ji(asinf) is the first-order spherical Bessel func-
tion of the first kind.

The spherical Bessel functions can be calculated
using the Rayleigh formula (3.7):

i (%) = ()" [lij" sin(x)

x dx x 3.7

The angular dimensions of the diffraction rings (the
positions of the minima and maxima of the intensity) are
determined by the zeros of the Bessel function. We used
the built-in function in MathCad js(n, x), where n is the
order (integer), x 1is a real dimensionless scalar,
x = asinf.

The result of modeling the total scattered intensity
as a function of the angle in the MathCad system for
particle sizes D = 1.7 um and D = 3.0 um is shown in
Fig. 6. We see that the diffraction angles become smaller
with increasing particle size. The larger the particle, the
more light it scatters and the more it scatters in the
forward direction. For very small particles, scattered
light is weaker and almost isotropic.

An analysis of the results of optical microscopy shows
that the investigated particles of the surface damaged
layer of the PZT piezoceramic have different sizes and
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shapes. In laser diffraction, each particle of many parti-
cles of different sizes creates a certain diffraction pat-
tern; they all overlap each other, which lead to an in-
crease in the width of individual diffraction rings.

(=)

Fig. 6 — The result of modeling the total scattered intensity as
a function of the angle in the MathCad system from 0 to 2 rad
for particles with sizes of 1.7 pm (——) and 3.0 ym (* **)

The “line profile” tool in the Tracker software tool al-
lowed us to build on the basis of the photograph shown
in Fig. 2, the distribution of the light flux in the diffrac-
tion pattern (Fig. 7).
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Fig. 7 — The graph of the distribution of the light flux in the
diametrical section of the diffraction pattern, obtained on the
basis of the analysis of the photograph shown in Fig. 2 in
Tracker. Along the 0Y axis — the luminous flux in Lm, along the
0X axis — the distance in cm

This graph is similar to the radial light intensity dis-
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tribution graph. It shows that most of the scattering in-
tensity is concentrated near the center of the diffraction
pattern, where the overwhelming majority of the laser
radiation falls. The relative luminous flux in the center
equal to 1. With an increase in the diffraction angle, the
relative intensity of the second, third, and fourth max-
ima obeys the pattern 1:0.71: 0.25 : 0.13 (see Table 3).
With this approach, we did not take into account the am-
plitude characteristic of the camera, which shows how
the intensity of the incident light is related to the bright-
ness of the image.

It is known [22], that in Fraunhofer diffraction on a sin-
gle spherical particle, the relative intensity at the maxima
is described by the relation Inax/Io : Iemax/Io : Ismax/To : Ismax/To
=1:0.0175:0.0042 : 0.0016. With an increase in the num-
ber of particles, we obtain several diffraction patterns that
overlap each other; along with this we obtain an increase
in the contrast of the diffraction pattern.

Table 3 — The value of the relative luminous flux in the diffrac-
tion maxima

k Ring of Intensity Relative lumi-
nous flux,
Dmax/DPo
0 The central maximum 1.00
2 The second maximum 0.71
4 The third maximum 0.25
6 The fourth maximum 0.13

It is known [12, 22], that during Fraunhofer diffrac-
tion on a spherical particle, the minima and maxima are

related to the size of the particles by the ratios given in
the Table 4.

Table 4 — Relation of diffraction minima and maxima to parti-
cle size and wavelength

k Ring of Intensity Ok

0 The central maximum 0

1 The first minimum arcsin(1.224/D)
2 The second maximum arcsin(1.644/D)
3 The second minimum arcsin(2.234/D)
4 The third maximum arcsin(2.681/D)
5 The third minimum arcsin(3.244/D)
6 The fourth maximum arcsin(3.704/D)
7 The fourth minimum arcsin(4.24 /D)

Let us determine the particle size of the damaged sur-
face layer of the PZT piezoceramic based on the condition
of the maximum diffraction for light rings:

D,-164—*.D,-2.68— " .p,=3.70—*—_.(39)

sin g,

sing, sin g,
The calculation results are given in the Table.5.

Table 5 — Particle size of the damaged surface layer of PZT pi-
ezoceramics

Particle Thickness of glass plate
diameter |7, —75mm | 2= 4.0 mm | A3 = 5.0 mm
Ds, pm 2.3 2.6 2.3

Dy, um 15 1.6 15

Ds, um 1.2 1.3 1.2
Dep, tm 1.7 1.8 1.7
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An analysis of the results of calculating the particle
size showed that their diameter is in the range of
(1.2-2.6) um. The average particle diameter of the surface
damaged layer of the PZT piezoceramic is Dav = 1.7 pm.
The relative measurement error, based on formula (3.8),
taking into account (3.1), was determined as follows:

2 2 2
E:ADZJ[MJ (2o,
D A h R,

The values of the first two components of the error
are negligible; they are equal to 0.007 % and 0.05 %, re-
spectively. The main contribution comes from the error
in measuring the radius of diffraction rings, which
amounted to 10 %. The value of the relative error at a
confidence level of 0.9 was E = 10 %. Consequently, the
average particle diameter is Do = (1.70 + 0.17) pm. It
can be argued that particles of such sizes make the main
contribution to the creation of the diffraction pattern ob-
tained by us under these experimental conditions.

4. CONCLUSIONS

1. It has been established that on the particles of the
damaged surface layer of the PZT-19 piezoceramic depos-
ited on a glass plane-parallel plate, a diffraction pattern
in the form of concentric light and dark rings is clearly
observed in the reflected and transmitted laser radiation.

2. The dependence of the radius of diffraction rings on
the thickness of the glass plate is obtained.

3. It was found that the diffraction angles at a given
value of the maximum order do not depend on the thick-
ness of the glass plate.
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LASER DIFFRACTION ON PARTICLES OF A DAMAGED SURFACE LAYER... J. NANO- ELECTRON. PHYS. 15, 03036 (2023)
JlazepHa nudpaknisa Ha YacTKaxX MOPYNIEHOro MOBEPXHEBOI0 APy I €30KepPaMiKu
C.II. JIymusul, O.C. Bopoukin?

1 HauyionanbHuil yHigepcumem «3anopidvka nosimexuikay, syJi. JKyrkoscvrozo, 64, 69063 3anopixcowcs, Yrpaina
2 Vrpaincoruil 8invruli ynisepcumem, 8yJi. bapenniwumpacce, 9a, D-80638 Miwonxern Himeuwuuna

Jocmimreno siButiie nudpakitii J1a3epHOTO0 BUIPOMIHIOBAHHS Ha YAaCTKAX IIOPYIIIEHOTO ITOBEPXHEBOTO
mapy Ir'e30KepaMiky, [0 HAHEeCeH] Ha IIJIOCKO [TapaJiesIbHy CKJISHY ILIACTHHY. Y IPSIMOMY 1 BiZOHTOMY CBITJIL
YiTKO CIIOCTepiraeTbes QU pakIiiiHa KapTUHA, 10 IIPEACTABJISIE CO000 YePIyBAHHS CBITJIMX 1 TEMHUX KOHIIE-
HTPUYHUX KLJIeIlh, III0 BIANOBIIae yMOBAM MAKCUMYMIB 1 MiHIMyMiB nudpakitii. ¥ meHTpi qudpakiiifnol ka-
PTHHU € ACKpaBa ILIAMA. ByJio BCTAHOBIEHO 3aJIEMKHICTD padiycy OTUMPaKIIHHIX K1JIeIlb BiJl TOBIUHEA CKJISA-
Hol wiactuau. Kyru nudpaxiiii npu 3ajanoMy sHaYeHH] MOPSIAKY MAKCUMYMY JUJIsI CKJISTHUX [JIACTUHY P13HOL
TOBIIYHY OyJIM 0JHAKOBUMU. JaCTKU [IOPYIIEHOr0 [IOBEPXHEBOTO APy II'€30KEPAMIKH, II0 PO3CIIITH CBITJIO,
MAaTh Pi3Hi XapakTepHi poamipu. Jloc/miaxeHHa 4acTOK 3a TOMOMOTIOK OINTHYHOI MIKPOCKOIIII ITOKA3aJI0, 110
IX po3Mipu 3HaxXomaThes B Meskax ~ (1 + 3) Mmrm. Qopma 3epeH mepeBakHo Osm3bKa 110 cepuynoi. Jisa ana-
i3y nudpakIfiiHol kKapTUHE 3acTocoByBasocs HabmmkeHHs Opayurodepa. [Iposeneno anamia poamozaisy iH-
TEHCUBHOCTI CBiTJIA TU(PAKIIAHOI KAPTUHY 3AJIEIKHO BiI KyTa audpakiii. 3MoIeI50BaHa IOBHA PO3CisTHA
IHTEHCUBHICTH AK QPYHKINA KyTa s 4acTok miamerpom 1.7 mrm ta 3.0 mrm. Kyru nudpaxiii craiors MeH-
muMH 31 301IbIIeHHIM po3Mipy dacTok. [1o0ymoBaHO po3Io/ iy CBITIOBOTO IOTOKY y AU PAKINMHIN KapTHH].
Ieit posmozin morasye, 1o OLIBIIICTH IHTEHCUBHOCTI PO3CIIOBAHHS 30CepeKeHa II00Jn3y LeHTPY audpak-
IIAHOI KAPTUHMU, KYI¥ HOTPAILISIE IePeBaskHA YACTUHA JIA3ePHOr0 BUIIPOMIHIOBAHHS. 31 30L/IBLIIEHHAM KyTa
nupakriii BITHOCHA IHTeHCUBHICTH MAKCUMYMIB OIIMCYEThCS 3akoHOMIpHicTio 1 : 0.71 : 0.25 : 0.13. 3aiiicaeHo
OLIIHKY PO3MIpIiB YACTOK IIOPYIIIEHOT0 IIOBEPXHEBOI'O MIAPY IT'€30KePAMIKH 34 JI0IIOMOTOI0 METOY JIa3€PHOI JTH-
dpaxirii. CepenHiii giaMeTp YaCTOK MOBEPXHEBOIO IMOPYIIEHOTO IIAPY II'€30KePAMIKH CTAHOBHUTDL BEJIMUMHY
1.7 mrMm. MoskHa cTBEp/:KYBaTH, IO YACTKY TAKUX PO3MIPIB JA0Th OCHOBHHI BHECOK y CTBOPEHHS Iu(pakK-
IIAHOI KAPTUHU, OTPUMAHOI HAMU 34 JAHUX €KCIIEPUMEHTAJILHUX YMOB.

Kmiouosi cnosa: Jlazepua mudpaxitis, Yacrru, [lopyrenuit mosepxaesuit map, I1'esokepamika.
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