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100 neT BHTY
100™ Anniversary of BNTU

Yeascaemvie konnecu, oopozue opysva!

10 dexabps 2020 200a Beropycckomy HayuoHaibHoMy mexHuyeckomy yuusepcumemy (BHTY) ucnonnsi-
emcs 100 nem.

Hckpenne nosopasnsio 6ac ¢ 3mou 3HameHameabHol 0amotl u 01a200apio cex YYeHvlX U CNeyuaiucmos
3a COMPYOHUUECMBO ¢ Hawlel anbMa-mamep.

3a 20061 cmanosnenus u pazeumus BHTY oocmue snauumenvbuvlx ycnexoe 8 HayuHo-00pazoeamenvHol u
npPoOU300CMEEHHO-UHHOBAYUOHHOU 0eAMEeNbHOCMU, CMAL (PAAMAHOM 8bICULE20 MEXHULECKO20 00PA308aHIUsL
Pecnyonuxu Benapycws, npusnan 6azosotl opeanusayuetl 2ocyoapcema — yuacmuuxog Coopyacecmea Hesasucu-
muix Iocydapcme no gvicuiemy mexHuieckomy 00pazo8aHuio u 6Xo0Um 6 YUcio JyYUUX UHICeHEePHO-MeXHUYe-
ckux ynugepcumemog mupa. BHTY na npomsicenuuy Muo2ux iem sanumaem auoupyiowjue no3uyuu 8 MUpoGulx
pelmuneax, ykpenjsem mencoyHapooHoe compyoHULecmao.

Yeepen, umo nawe compyonuuecmeo 6yoem cnocob6cmeosamsv OarbHeuuemMy pa3gumui0 HayuyHO-Uccie-
008aMeNbLCKO20 U UHICEHEPHO-MEXHUYECK020 00pazosanus ne moavko 6 Pecnyonuxe benapycv, Ho u 60 6cem
mupe!

Ipumume ucxkpennue nozopasnenus ¢ woureem benopycckozo HaAYUOHAILHOZO MEXHUYECKO20 VHUBEPCU-
mema! JKenarw écem 300posbvsi, ycnexos u yoauu 60 6cex HAUUHAHUAX!

C ysasicenuem,
Pexmop Benopycckozo Hauuonanbhozo mexnuueckozo ynugepcumema,
C. Xapumonuuk

Dear colleagues and friends!

On December 10, 2020 the Belarusian National Technical University (BNTU) will celebrate its centenary.

On the occasion of this significant date, I wish you happy anniversary and express my gratitude to all
scientists and specialists who cooperate with our alma mater.

During the years of establishing and development, BNTU has achieved significant success in scientific,
educational, industrial and innovative activities; it has become the flagship of higher technical education
of the Republic of Belarus. Our University is recognized as the basic organization of the Commonwealth
of Independent States for higher technical education and it is one of the best engineering and technical
universities in the world.

For many years, BNTU has been a leader in world rankings and it has also been strengthening
international cooperation.

1 am confident that our collaboration will contribute to the further development of research and
engineering education not only in the Republic of Belarus, but throughout the world.

Please accept my sincere congratulations on the occasion of the centenary of the Belarusian National
Technical University! I wish you all health, success and good luck in all your endeavors!

Yours faithfully,
S. Kharytonchyk
Rector of the Belarusian National Technical University
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In-Band Pumped Continuous-Wave Lasers Based
on Ho:KY(WOQO,), Crystal and Ho:KGdYbY(WO,),
Epitaxial Layer

O.P. Dernovichl, N.V. Gusakoval, V.E. Kisell, A.V. Kravtsovz, S.A. Guretskyz,
A.A. Pavlyuk®, N.V. Kuleshov'

! Center for Optical Materials and Technologies,
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INikolaev Institute of Inorganic Chemistry, Siberian Branch of Russian Academy of Sciences,
Acad. Lavrentiev Ave., 3, Novosibirsk 630090, Russia

Received 26.10.2020
Accepted for publication 27.11.2020

Abstract

2 um lasers are in demand for a number of practical applications, such as environmental monitoring,
remote sensing, medicine, material processing, and are also used as a pump sources for optical parametric
generators. Crystals of double potassium tungstates doped with ions of rare-earth elements were shown
to be promising materials both for the creation of classical solid-state lasers and waveguide lasers.
The aim of this work was to develop a tunable pump laser in the spectral region of 1.9 pm based on double
tungstate crystals doped with thulium ions and to study the lasing characteristics of a Ho:KY(WO,), crystal
and a Ho:KGdYbY(WO,), single-crystal epitaxial layer under in-band pumping.

With a Ho(lat.%):KY(WO,), crystal, continuous wave low-threshold lasing with an output power
of 85 mW with a slope efficiency of 54 % at 2074 nm was achieved. For the first time to our knowledge,
continuous wave laser generation in a waveguide configuration is realized in a single-crystal layer
of potassium tungstate doped with holmium ions grown by liquid-phase epitaxy. The maximum output power
at a wavelength of 2055 nm was 16.5 mW.

Keywords: holmium, thulium, potassium rare-earth tungstates, continues-wave laser, epitaxial layer.
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HenpepsiBHble jasepsbl Ha kpuctauie Ho:KY(WO,), u
MOHOKpHucTaLIHYecKkoM ci1oe Ho:KGdYbY(WO,),
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JlasepHble UCTOYHUKH, M3JTyYAOINIUE B CIIEKTPAIILHOM 001aCTH OKOJIO 2 MKM, BOCTPEOOBaHBI /IS psija
MIPaKTUIECKUX MPUMEHEHNH, TAKIX KaK SKOJOTHICCKUI MOHUTOPHHT OKPYKAIOIICH CPeabl, TUCTAHITMOHHOE
30HAMPOBAHKUE 3eMJIM, MEIUIIMHA, 00padOTKa MaTepHUasaoB, a TAK)KE HCIOJb3YIOTCS B Ka4yeCTBE MCTOUHH-
KOB BO30Y’KIAIOIIETO M3IYICHHS MapaMeTPUIECKUX TeHEPaTOpOB cBeTa. KPUCTAITBI TBOWHBIX KaJHEBBIX
BOJIb(pamMaToB, aKTUBUPOBAHHEIE HOHAMHU PEIKO3EMEIIBHBIX JIEMEHTOB, MTOKA3aIN CeOs MePCIEKTUBHBIMU
MaTepHayiaMH Kak JUTsl CO3JaHus KIIACCHUECKUX TBEPIOTENbHBIX, TAK W BOJIHOBOJHBIX Ja3epoB. llenpio Ha-
CTOSIIIECH PabOTHI SBISLIOCH CO3/IaHUE TIEPECTPANBAEMOTO JIa3epa HAKAYKH, U3TyUJarolIero B CIEKTPaTbHON
obOnactu 1,9 MKM, Ha OCHOBE aKTMBHPOBAHHBIX MOHAMHM TYJIHS KPUCTAJIOB JBOHHBIX BOJIb(hpamMaToB U UC-
clleZloBaHMEe FeHepalMoHHbIX XapakTepucTuk kpuctamwia Ho:KY(WO,), 1 MOHOKpUCTaJIMYECKOTO SIUTAK-
cuanpHoro cinost Ho:KGdYbY(WO,), npu pe3oHaHCHOIT HakayKe B TOJIOCY HOTJIOIICHUS 518—>517.

B nasepe Ha ocHoe kpucramia Ho(lar.%):KY(WO,), nonaydeHa HenpepblBHasi HU3KOIIOPOTOBast FeHe-
parusi ¢ BBIXOJHON MOIIHOCTBIO 85 MBT npu nuddepenimanbaoi a¢pdextuBHocT 54 % Ha JUIMHE BOJHBI
2074 aMm. BrniepBrie peanm3oBaHa HETPEpBIBHAS TEHEPAIUs B BOJTHOBOJHOM PEKHME B MOHOKPHUCTAIIITHYIC-
CKOM CJIO€ KaJHeBOIro BOJb(paMaTa, aKTHBUPOBAHHOI'O HOHAMH I'OJIbMHUS, BBIPAILIEHHOIO METOIOM JKH/IKO-
(hazHol >ruTakcuy. MakcuManbHasl BEIXOHAS MOIITHOCTH Ha JTiHE BOJTHBI 2055 HM coctaBuia 16,5 MBT.

KaroueBrple cjioBa: HOHBI TOJIBMUS, MOHBI TYJIHS, KaJMH-pEIKO3eMelbHbBIE BOJIb(PpaMaThl, HEMPEPHIBHBIN

Jla3ep, SMUTAKCUATIbHBIA MOHOKPUCTAINIMYECKUHN CIIOM.
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Introduction defect between pump (1.9 pm) and laser (2.1 pum)
emission.

Attention to anisotropic crystals of potassium- Laser generation with tungstate crystals

rare-earth double tungstates with a general chemical ~ doped with holmium ions was demonstrated in
formula of KRe(WO,), (where Re=Gd, Y, Lu) a number of papers [5-9]. Fist experiments with
doped with active rare-earth ions is associated in-band pumping of Ho:KReW were carried out
with unique combination of their optical and with Ho:KLu(WO,), crystal in hemispherical laser
spectroscopic properties which in total provide high  cavity [5] and among doping levels of 1, 3 and 5 %
laser efficiency, broad tuning range and nonlinear laser action was obtained only with 3 % doped
Raman conversion of laser emission in the spectral ~ sample. The absence of generation for 1 % doped
range 0.5-2.1 um [1, 2]. For laser generation in the  crystals was explained by the weak absorption of
spectral range near 2 um active laser media doped  pump emission. For the next laser experiments the
with Tm®* and Ho’" ions are used. These ions crystals were used with holmium concentration of
demonstrate a complex energy level structure that 3 % and higher. In [6] spectroscopic characteristics
leads to energy transfer by up-conversion and cross  of Ho(3at.%):KY(WO,), crystal were investigated
relaxation mechanisms with efficiency depending and laser action was obtained in microchip cavity
on concentration of impurity ions. The advantage configuration. Comparative investigation of laser
of thulium-doped crystals is the ability to pump properties of the crystals Ho(3at.%):KLu(WO,),,
them by the emission of AlGaAs laser diodes near Ho(3at.%):KY(WO,),, and Ho(3at.%):KG(WO,),
800 nm. Efficient cross-relaxation process at Tm>"  in the same experimental conditions [7] did not de-
concentration higher than 5 at.% results in high monstrate sufficient difference between these mate-
quantum efficiency of pumping close to 2 [3]. And rials, maximal slope efficiency of 58.8 % with res-
broad emission band enables to continuously tune pect to absorbed pump power under diode pumping
laser wavelength in the range of about 200 nm [4]. was achieved for Ho(3at.%):KY(WO,),. At hol-
Ho’" ions have high absorption and emission cross mium doping concentration of >7 at.% in tung-
sections, however the absorption band suitable for states laser action was absent and it was associated
pumping lies in the spectral range near 1.9 um. with up-conversion and re-absorption losses [8].
Pumping scheme where Tm-laser is used as apump In [9] efficient generation under fiber-laser pum-
source for Ho-laser decreases the influence of up- ping was demonstrated in Ho(lat.%):KY(WO,),
conversion processes and reduces thermo-optical crystal however laser threshold was high. The results
distortions in laser crystal due to small quantum described in [5-9] are summarized in Table 1.

Table 1
Laser characteristics of in-band Ho*"-doped KRe(WO,), crystals
A,nm  P,.mW P, mW  n,. % Nines %0 N> M Ref.
Ho(3%):KLuW 1946 648 ~ 500 54.8 2078 [5]
Ho(3%):KYW 1941 438 521 58.8 9.85 2075 [7]
Ho(3%):KYW 1946 206 190 85 2015 [6]
Ho(1%):KYW 1960 3000 ~ 500 72.5 57.5 2074 [9]

*\, — pump wavelength; P, —output power; P, —laser threshold power; 1, —slope efficiency with respect to the
absorbed pump power; n,,. — slope efficiency with respect to the incident pump power; A, — laser wavelength

Potassium-rare-earth double tungstates waveguide lasers. Lasing with holmium doped
were shown to be promising materials for tungstates in waveguide mode of operation was
waveguide laser applications. Laser generation realized only with Ho(5at.%):KGd(WO,), channel
with slope efficiency more than 80% was wa-veguide which was inscribed by femtosecond
demonstrated with Yb(1.8at.%):KY(WO,), [10] Ilaser pulses [12]. Output power up to 212 mW at
n  Tm(8at.%):KY,,Gdj0Lu,3(WO,), [11] 2055 nm wavelength was achieved with slope effi-
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ciency of 67.2 % with respect to absorbed pump po-
wer and 12.1 % with respect to incident pump power.

The aim of this work was to develop a tunable
pump laser in the spectral region of 1.9 pm based on
double tungstate crystals doped with thulium ions and
to study the lasing characteristics of a Ho:KY(WO,),
crystal and a Ho:KGdYbY(WO,), single-crystal
epitaxial layer under in-band pumping.

Growth of crystals and monocrystalline layer

Tm:KLu(WO,), and Ho:KY(WO,), crystals
were grown in the Institute of Inorganic Chemistry
SB RAS by a top seeded solution growth method
in the conditions of low thermal gradients. The
potassium tungstate K, W,0, was used as a solvent.

Tungstate crystals are optically biaxial and
their optical properties should be described within
the frame of optical indicatrix axes (N,, N, and
N,). The spectroscopic characteristics of the
Ho:KY(WO,), crystal are presented in [6]. In this
work, the absorption spectra of the Ho:KY(WO,),
crystal (Figure 1) recorded in polarized light by a
Varian CARY-5000 spectrophotometer were used
to refine the concentration of holmium ions in the
studied samples which amounted to 1 at.%. The
spectral width of the spectrophotometer slit during
measurements was 0.6 nm.
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Figure 1 — Absorption spectrum of the Ho:KY(WO,),
crystal at 2 um and pump laser output spectrum

Polarizations E//N,, and E//N, show generally
higher values of absorption and emission cross section
in comparison with E//N,, therefore the crystal was
cut along Ng optical axis. The maximum absorption
cross-section is 2.5-10*° cm® at 1961.5 nm for E//N,,,
the full width at half maximum of absorption band
amounts 8.6 nm. It should be noted that the peak
absorption cross section of the °Ig—’l, transition
exceeds the value presented in the work [6].

The growth of the monocrystalline layer was
performed by a liquid phase epitaxy technique onto
an undoped b-cut KY(WO,), substrate in Scientific
and Practical Materials Research Center of the
National Academy of Sciences of Belarus. The
process of crystallization in the method of liquid-
phase epitaxy is carried out due to the supersaturation
of the solution-melt near the interface line in the
central near-surface area. The fabrication was carried
out on a lab-type of an electrical resistance furnace
with a two-zone heater using platinum crucibles in a
temperature range of 900-920 °C.

The two-section heating circuit made it possible
to change the temperature difference along the height
of the solution-melt to ensure effective convection
mixing and prevent the formation of parasitic phases
inthebottomregion ofthe solution-melt. The solution-
melt was heated in a crucible above the saturation
temperature by 30-50 °C for the homogenization
during 12 hours. Then the temperature dropped by
one to two degrees below saturation temperature and
the rod with a single crystal substrate was placed
in the melt solution. The temperature was adjusted
so that the crystallization process took place in the
metastable region.

The growth rate of the layer was 2.5-3 pm/min
and was determined by the difference between the
liquidus temperature and the growth temperature.
The full growth-run of the layer was completed
in 1.5-2h. The growth was carried out along
the crystallographic axis b which coincides with
the axis of the optical indicatrix N,. The grown
Ho(4.8at.%):KGd, ;YD 11,Y(74(WO,), sample was
cut along N, optical indicatrix axis of the crystal and
was polished to a 40" pm thickness. The refractive
index contrast between the substrate and layer was
~0.003.

The photograph of the layer made from the
end face of the structure with a polarized Polam
RP-1 (LOMO) microscope with a magnification of
40x with a CCD camera is presented in Figure 2.

of
epitaxial

the
layer

Figure 2 — Microscope
Ho(4.8at.%):KGd, ; Ybg 11,Y  7s(WO,),
made from the end face

photograph
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The grown layer was characterized by the absen-
ce of inhomogeneities, cracks and significant defects.

Experimental setup

The scheme of the setup for the laser experiments
is shown in Figure 3. Output power was determined
using a VEGA power meter with a 3A-P thermal

sensor, measurement range 15 uW-3 W. The
wavelength of the laser was measured with an APE
waveScan High Resolution Spectrometer (spectral
range: 800-2600 nm; spectral slit width: 0.5 nm).
Dual Scanning Slit Beam Profiler Thorlabs BP209-
IR2/M with wavelength range 900-2700 nm was
used for analyzing cross sectional profiles of near-
Gaussian laser beams.

L1 12 M1 M2
TmKILuW
LD M3 i3
I
HoKYW
M4 L3 M5 oC D
II
A
M5 oC L4 D

Figure 3 — Setup of the laser: LD — laser diode; L1, L2 —lens assembly for collimation and focusing; M1 — input
mirror; Tm:KLuW — active element; M2 — spherical mirror; P — polarization interference filter; M3 — output coupler;
M4 — plane bending mirrors; L3 — focusing lens; M5 — input mirror; Ho:KYW and A — active element, OC — output

coupler; L4 — collimating lens; D — detector

The pump source for holmium laser medium was
a homemade diode-pumped tunable Tm:KLu(WO,),
laser. The wavelength of the laser was tuned to the
maximum absorption of the holmium ions *Iy—"I,
in KY(WO,), (Figurel) by using polarizing
interference filter P placed at Brewster’s angle. The
active element Tm(6.2at.%):KLu(WQO,), 2 mm long
was wrapped in indium foil and fixed on a Peltier-
cooled copper heat sink. A fiber-coupled (@ 100 pm,
N.A. =0.22) laser diode emittingup to 3 W at 801 nm
was used as a pump source. The pump radiation was
focused using collimating L1 (80 mm) and focusing
L2 (70 mm) lenses into a spot with 95 um diameter.

The maximum output power of the thulium laser
at 1961.5 nm was reached 600 mW. The radiation
was linearly polarized in the E//N,, direction. The
lasing spectrum is shown in Figure 1, its full width at
half maximum was 2.8 nm. The laser generated the
TEM,, mode, M* =1.2.

The pump radiation was focused by a spherical
lens with 40 mm focal length into a spot with 60 um
diameter. Investigation of the lasing characteristics of
the bulk Ho(1at.%):KY(WQ,), crystal was held in a
hemispherical cavity. To ensure efficient absorption of

pump radiation an active element 11 mm long was used.
Flat input mirror M5 was coated for high transmission
(>98 %) at 1960 nm and high reflection above
2000 nm. Two spherical concave mirrors OC with
transmission at 2050 nm T = 0.6 % (with a radius of
curvature of 100 mm) and T, = 1 % (with a radius of
curvature of 30 mm) were used as output couplers. The
cavity was calculated to provide intracavity laser mode
radius inside the crystal of 60 um, the cavity length
was 105 mm and 34 mm, respectively.

The cavity of a laser with a monocrystalline
layer was formed by flat mirrors that were placed as
close as possible to the waveguide end-faces with
air gaps of less than 1 mm. Flat mirrors OC having
different transmission T at the laser wavelength
were used as output couplers. The 8 mm long N,-cut
Ho(4.8at.%):KGd, ;Yby 11, Y 74(WO,), sample was
placed on a copper heat sink without an active cooling
system. No anti-reflection coatings were applied to
the ends of the sample and no index-matching liquid
was used. A spherical lens L4 was placed above the
output coupler to collect and collimate the output
beam. A dichroic mirror was used to separate the
laser and the residual pump radiation.
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Results

Output parameters of Ho(1at.%):KY(WO,), crys-
tal laser were practically the same for output couplers
with the transmittance of 0.6 % and 1 % (Figure 4).
The maximal output power of 85 mW was obtained
with 1 % output coupler, slope efficiency with respect
to absorbed pump power was estimated to be 54 % that
corresponded to 37 % efficiency with respect to inci-
dent pump power. A double pass of pump emission
through laser crystal was taken into account for esti-
mated absorbed pump power. Laser threshold was ob-
served at the comparatively low pump power of 60 mW
of absorbed power and 80 mW of incident power.

Ho(1%):KYW
= 801 © Toe 0.6% n=52%
£ A Too 1%, 1=54%
5 60
2
2
5 40
£ . £
8 R
e 2
0 A

50 100 150 200 250 300 350
Absorbed power, mW

Figure 4 — Input-output characteristics of lasers on

Ho(1at.%):KY(WO,), crystal

Laser emission had linear polarization E//N,,
and was observed at 2096 nm wavelength with 0.6 %
output coupler while with 1 % OC transmittance la-
ser wavelength was shifted to a shorter wavelength of
2074 nm (Figure 5). Transversal spatial distribution
of laser beam intensity was in good agreement with
Gaussian approximation (see insert in Figure 5) that
evidenced TEM,, laser mode.

Ho(1%):KYW
o T 1% —— T 0.6%
= 2074 nm 2096 nm
; 081 FWHM=2.6 nm FWHM=3.4nm
St
® 0.6
2
2 04-
3
=]
— 0.2
04— - J . - :
2000 2050 2100 2150 2200

Wavelength, nm

Figure 5 — Output spectrum of the Ho(1at.%):KY(WO,),
laser

Output parameters of waveguide laser based
on Ho(4.8at.%):KGd, ; Ybg 11,Y74(WO,), single
crystal layer were investigated by using output
couplers with transmittance of 0.6 %, 4 %, 7 %, and
14 %. The launching efficiency of pump emission in
the active layer was experimentally estimated to be
near 80 %.

The maximum output power of laser emission
of 16.5 mW with a slope efficiency of 26 % with
respect to absorbed pump power was obtained for
7 % output coupler (Figure 6) at the wavelength of
2055 nm (Figure 7). The spatial distribution of laser
radiation on the output face of the active element is
shown in the insert in Figure 7. In accordance with
mathematical stimulation with such a waveguide
thickness 4 transverse modes were supported. With
other output couplers laser output power did not
exceed 3 mW with a slope efficiency of 1-2 % and
the laser wavelength was not changed.

Ho(4.8%):KGdYbYW
10 Toe%

—_
(=)}
(d
)

) 26%

k

—_
S}
L

Output power, mW

S~
!

0 o, T T T T 1
90 120 150 180 210 240 270

Absorbed power, mW

Figure 6 — Input-output characteristics of lasers on
Ho(4.8at.%):KGd, ; Yby 11, Y74(WO,), layer. The inset
shows a photograph of an active element in a setup with
an observed up-conversion glow (top view)

Ho(4.8%):KGdYbYW
1.0 2055 nm

FWHM=1.8 nm
1

0.6

0.4

Intensity, arb. unit.

0.2

04
2000 2025 2050

Wavelength, nm

2075 2100

Figure 7 — Output spectrum of the
Ho(4.8at.%):KGd, ; Yby 11, Y74(WO,), laser. The inset
shows the distribution of radiation on the output
face of the active element
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In laser experiments yellow up-conversion
luminescence in a single crystal layer was
observed (insert in Figure 6) which was associated
probably with a high concentration of holmium
ions as well as with non-resonant (phonon assisted)
energy transfer between Ho’® (I level) and
Yb** (2F5/2) ions. Mechanisms of energy transfer
between Yb*" and Ho’* ions which leads to the
population of upper excited states S,, 5F4 and 5F5 of
holmium ions are described in [13].

Underin-bandpumpingofHo(1at.%):KY(WO,),
crystal weak up-conversion luminescence near
900 nm was detected corresponding to “I—’Ig
transition. Population of 515 level under pumping at
1.96 um occurs as a result of excited-state absorption
from °I, state.

Conclusion
Continuous wave laser generation
with  Ho(lat.%):KY(WO,), crystal and

Ho(4.8at.%):KGd, ;YD 1,Y(74(WO,), single crystal
layer has been demonstrated under in-band pumping
by Tm-laser emission at 1961.5 nm wavelength.
With Ho(1at.%):KY(WO,), crystal an output
power of 85 mW with a slope efficiency of 54 % at
2074 nm was achieved with comparatively low
laser threshold of 80 mW of incident pump power.

For the first time to our knowledge continuous
wave laser action in a waveguide configuration is
realized in a single-crystal layer of potassium rare-
earth tungstate doped with holmium ions grown by
liquid-phase epitaxy. The laser threshold was reached
at 115 mW of incident pump power. The maximum
output power of 16.5 mW at a wavelength of 2055 nm
was achived and was limited by pump power.
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Abstract

Currently, non-destructive testing is an interdisciplinary field of science and technology that serves
to ensure the safe functioning of complex technical systems in the face of multifactorial risks. In this regard,
there is a need to consider new information technologies based on intellectual perception, recognition
technology, and general network integration. The purpose of this work was to develop an ultrasonic flaw
detector, which uses a smartphone to process the test results, as well as transfer them directly to an powerful
information processing center, or to a cloud storage to share operational information with specialists from
anywhere in the world.

The proposed flaw detector consists of a sensor unit and a smartphone. The exchange of information
between the sensor and the smartphone takes place using wireless networks that use "bluetooth" technology.
To ensure the operation of the smartphone in the ultrasonic flaw detector mode, the smartphone has software
installed that runs in the Android operating system and implements the proposed algorithm of the device,
and can serve as a repeater for processing data over a considerable distance (up to hundreds and thousands
of kilometers) if it necessary.

The experimental data comparative analysis of the developed device with the Einstein-II flaw detector
from Modsonic (India) and the TS-2028H+ flaw detector from Tru-Test (New Zealand) showed that
the proposed device is not inferior to them in terms of such characteristics as the range of measured
thicknesses, the relative error in determining the depth defect and the object thickness. When measuring small
thicknesses from 5 to 10 mm, the proposed device even surpasses them, providing a relative measurement error
of the order of 1 %, while analogues give this error within 2-3 %.

Keywords: smartphone, ultrasonic flaw detection, wireless data transmission.
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ABTOMATHU3MPOBAHHbIC NPUOOPHI HEPA3PYLIAKIET0
KOHTPOJIsI HA 0a3e cMapT(oHa

B.®. Ilerpuk, A.I'. IIporacos, P.M. I'anaran, A.B. Mypassés, 10.10. JIbicenko

Hayuonanvuwiti mexnuveckuil ynugepcumem Yxpaurol
«Kuesckuii nonumexuuueckuu uncmumym umenu Meops Cuxopckozoy,
np. Ilobeowl, 37, 2. Kues 03056, Yrpauna

Tocmynuna 13.06.2020
Ipunama k nevamu 30.11.2020

B Hacrosmee BpeMsi Hepa3pymIalOMMi KOHTPOJIb SBISETCS MEXANCIUIUIMHAPHON 00JacThI0 HAYKU U
TEeXHHKH, CITyKaleil ooecredeHnio 6e30macHoro (pyHKIIMOHUPOBAHUS CIOKHBIX TEXHUYECKHX CHCTEM B yC-
JIOBHSIX MHOTO(AaKTOPHBIX PUCKOB. B CBSI3M ¢ 3TUM BO3HHMKAET HEOOXOIMMOCTh PACCMOTPETh B 3TOW 00IacTH
HOBBIE WH(OPMAIOHHBIE TEXHOJIOTHH, OCHOBAaHHBIE HA MHTEJUIEKTYaJIbHOM BOCIIPUSATHH, TEXHOJIOTHH pac-
MMO3HABaHMsI, TOBCEMECTHON ceTeBoi mHTerparuu. Llenapio manHoi paboTh! ABIsIaCh pa3padoTKa yiIbTpa-
3BYKOBOTO JIe(heKTOCKOIIa, KOTOPBIA UCITOJIB3YET CMapTQOH ISt 00padOTKH Pe3yIbTaTOB KOHTPOJIS, a TAKKE
repeIadn uX HEMOCPEACTBEHHO B IICHTP 00paboTku nHbOopMannu, 00IaJaf0IIHA MOIITHBEIM 000pyIOBaHUEM,
WM B 00J1a9HO€ XPAHUJIHIIE, YTO TTO3BOJIUT MOIYyYaTh TOCTYH K ONEpaTUBHON HH(pOPMALINH JUTI €€ N3yUeHHS
1 00paboOTKH JIF0OOMY CITEIIHATUCTY U3 JTI000H TOUKH MUpA.

IIpemnoxeHasid 1eheKTOCKOII COCTOUT W3 CEHCOpPHOro Oioka u cMmaprdona. OOoMeH mHpOpMaIen
MEXJly CEHCOPOM M CMapT(POHOM MPOHWCXOTUT C MOMOIIBIO OECIIPOBOJHBIX CETeH, KOTOPHIE MCIOIB3YIOT
TexHonoruto «bluetoothy. JInsa obecrieueHust paboTel cMapT(oHa B peKUME YIBTPA3BYKOBOTO TE(PEKTOCKO-
na B cMapT(HOH MHCTAILUTUPOBAHO MPOrpaMMHOE oOecriedueHne, KOTopoe paboTaeT B Cpeie ONeparioOHHON
cucteMsl Android n peanusyeT NpeaoKEeHHBIN alropuT™M paboThI Tprbopa, a MpH HEOOXOTMMOCTH aBTOMa-
TUYECKH MO>KET BBITIOIHSITH POJIb PETPAHCIATOPA 1711 00pabOTKM JaHHBIX HA 3HAYUTEILHOM PACCTOSHUH (/10
COTEH U THICSIY KUIIOMETPOB).

CpaBHUTENBHBINA aHAIN3 YKCIIEPUMEHTAIBHBIX JAHHBIX Pa3pab0TaHHOTO YCTPOHCTBA C MePEKTOCKOIIOM
Einstein-11 xomnanuu Modsonic (India) n nepexrockoriom 75-2028 H+ xommannu Tru-Test (New Zealand)
MOKa3aJl, 9TO MPEI0KEHHOE YCTPOUCTBO HE YCTYIAET UM IO TaKUM XapaKTepUCTHKaM, KaK JHara3oH Hu3-
MepsSIeMbIX TOJIINH, OTHOCHUTENIbHAs MOTPENTHOCTh ONpeAeNeHIs TIyOHuHBI 3ajieranns qeeKTa U TOIIIUHBI
o0wekTa. [Ipn u3mepeHnn Maabix TOMMHH OT 5 10 10 MM, IPEI0KEHHOE YCTPONUCTBO JaKe MPEBOCXOTUT
nX, o0ecreunBasi OTHOCUTEIHHYIO MOTPEITHOCTh H3MepeHus rmopsaka 1 %, B To BpeMs Kak aHaJIOTH IAl0T 3Ty
MIOTPEITHOCTE B mpeaenax 2—3 %.

Kiroueble ciioBa: cMapTdoH, yIbTpa3BykoBas Ae(eKkTockonus, OecpoBoaHas epeaayda JaHHbIX.
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Introduction

The future of non-destructive testing (NDT) is
closely related to processes characterized by higher
accuracy, fewer errors and, therefore, an increased
probability of detecting defects, as well as operational
data that are available anytime from anywhere in
space. The main problems of the NDT industry today
include the following:

1. The equipment has complex user interfaces,
so the process of system presetting and measurement
is often complicated and laborious.

2. Having inefficient workflows, such as
creating and marking a test grid on the investigating
object. The accuracy of this process determines the
precision of the sensor location on a given grid and,
accordingly, the reliability of the testing result.

3. The complexity of the interpretation of the
tomographic measurements data, which can vary
significantly for different operators.

4. Great complexity of the testing procedure,
which includes checking and calibrating sensors,
documenting the measurement process and deviations
from the prescribed procedure, interpreting the
results, etc.

5. Complex data exchange between the NDT
system’s components. Considering that the volume
of this data is constantly increasing, the problem
arises of its storage and processing.

In this regard, it becomes necessary to consider
NDT new information technologies based on
intellectual perception, recognition technologies,
ubiquitous network integration, etc. At present, the
task is becoming actual wireless transmission of
information from various types of primary converters
to data collection and processing systems. Wireless
data transmission makes it possible to automate this
NDT system, simplifies the design of the device and
makes it mobile, which makes it easier to test objects
of'a complex profile for the operator [1].

The prospects of using wireless communication
for technical diagnostics with known NDT methods
are considered in [2-3]. Such communication
finds many applications in industry, for example,
monitoring products during their manufacture [4], a
system for detecting and locating insulation damage
of a power transformer [5].

Work [6] presents a mobile system for ultrasonic
signals processing using a smartphone for remote
ultrasound testing and image processing. Using such
developments, in [7-8], studies were carried out on
the systems for monitoring the state of structures
made based on smartphones. In [9-10], the results

of testing systems using smartphones are presented,
which are designed to monitor the movement,
displacement, and tilt of building structures in
dynamics. Smartphones can be used to monitor
the internal displacement of structures during an
earthquake [11]. Of particular interest is the work
describing the use of a smartphone in aggregation
and visualization techniques for continuous
monitoring of transport infrastructure using the
"crowd-sourcing" system [12]. A smartphone is used
in medicine as structural systems for diagnosing
diseases [13].

The authors [14] present the results of studies on
the use of wireless technologies in NDT problems. A
system for monitoring the state of metal structures is
considered in [15], where a smartphone is used as a
node for collecting data from wireless sensor networks
based on Wi-Fi. Work [16] is devoted to a portable
wireless spectrometer based on a smartphone for fast
non-destructive testing of fruit ripeness. The device
has a special application interface on a smartphone for
communication, reception, construction and analysis
of spectral data. The disadvantages of both devices
are the limited use of the smartphone functionality,
namely, the possibility of on-line data transmission
over long distances for information processing using
powerful equipment.

The purpose of this work is to develop an
ultrasonic flaw detector using a smartphone for
processing the test results, devoid of the above
disadvantages. The use of a smartphone will allow
automatic data transfer directly to an information-
processing center with powerful equipment if it is
impossible to make a decision on the results of on-
site testing. The smartphone can also transfer data
to the "cloud" storage, which will make it possible
to access them for operational study and processing
by any specialist from anywhere in the world.

Ultrasonic flaw detector structure

As arule, ultrasonic (US) flaw detectors consist of
two functional units: a transducer and an information-
processing unit. The exchange of information between
these units takes place most often using wireless
networks that use Bluetooth technology. One of
the disadvantages of this technology is the short
information transmission range (within 10 m). In
addition, the range is highly dependent on obstacles
and interference, even in the same room. This
problem can be solved by using a separate sensor
with a "Bluetooth" module and a smartphone. The
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sensor provides collection of primary information
about the testing object and data transmission over
short distances as separate data packets collected for
a certain period of time or in the "Real-time" mode.
The smartphone receives data packets from the sensor
and can process them "on the spot" or, using GSM
technology, transmit the data for further processing,
generating a report or for drawing up a testing map.
In practice, an ultrasound device consists of a sensor
and a smartphone. Virtually, the device may include a
server and a personal computer, which are located at a
remote distance from the testing site.

The proposed flaw detector can also be used as
an ultrasonic thickness gauge. The generalized block
diagram of the proposed device is shown in Figure 1.

—— e — >
3 ~ 4 - 5 - 6
) ﬂ l}
[ ] !
Figure 1 — Generalized structural diagram of the

flaw detector: 1 —testing object; 2 — electro-acoustic
transducer; 3 — microcontroller; 4 — "Bluetooth" module;
5 — smartphone; 6 — server; 7 — personal computer

The developed sensor board includes a primary
electroacoustic transducer, a microcontroller and a
"Bluetooth" module. It works as follows: the signal
from the primary converter goes to the analog-
to-digital converter (ADC), where it is converted
into a digital code. Further, signal is transmitted
via the UART (Universal Asynchronous Receiver-
Transmitter) interface of the microcontroller to the
"Bluetooth" module. The "Bluetooth" module, in
turn, sends the received data for further processing
to the smartphone. The smartphone has software
installed for the testing procedure, which implements
the proposed operation algorithm. This algorithm
provides the received signal processes, generates
reports with user settings and synchronizes with cloud
services for data transfer. A smartphone can also act
as a repeater for processing data over a considerable
distance (up to hundreds and thousands of kilometers).

Description of smartphone operation
in ultrasonic thickness gauge mode

As is known [17], the principle of an ultrasonic
thickness gauge operation is based on the generation
of short radio pulses with high-frequency filling

into the test object (TO). The time interval between
the leading edges of the radiation pulse and
the pulse reflected from the TO opposite side will be
proportional to the measured thickness.

To ensure the smartphone operation in the
ultrasonic thickness gauge mode, a computer program
has been proposed that runs in the Android operating
system (version 8.0 and higher). The mandatory
requirements for a smartphone are as follows:
availability of wireless data transmission interfaces,
such as: "Bluetooth", Wi-Fi, HDSPA + (3G) and
LTE (4G). The start menu of the program allows
you to check the smartphone for readiness to receive
data from the sensor, and, if necessary, activate the
"Bluetooth" module. The smartphone connection and
selection menu allows you to connect it directly to
the sensor "Bluetooth" module or to a remote server.
When a smartphone connected to the sensor, you can
see on the smartphone screen the image of electrical
signals that come from the primary converter.

The program provides the ability to enter
the propagation velocity of ultrasound in an object
and select the necessary testing points to measure
the time interval between two pulses. If there is a
protector on the piezo transducer, the algorithm can
take into account its thickness.

Choosing the points between the pulses (red
dashed line) we can calculate the thickness of the TO
(Figure 2a) or determine the distance to the defect
(Figure 20).
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Figure 2 — The process of determining the thickness of
the object (@) and the distance to the defect (b)

If it is necessary to transmit testing data to a
remote distance, the "receive data" option is used,
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which ensures the sensor connection to the server. In
this case, the smartphone acts as a relay and transmits
the received data to the cloud storage, from where the
data can be accessed for processing by another device,
for example, a computer or another smartphone.

Experimental tests of the proposed device

To confirm the efficiency of the proposed
device, it was carried out a comparative analysis
of the diagnostic data obtained for the developed
MD-2 device and the TS-2028H+ and Eistein-1I

flaw detectors from Tru Test (New Zealand) and
Modsonic (India), respectively.

During the research, the depth of the defect was
determined, 1. e. distance from the TO surface to
the defect. In this case, both devices performed the
function of a flaw detector. A sample with artificial
defects made of SO-1 plexiglass (GOST 14782-86)
was used as a test object. The measurements were
carried out in the range from 5 mm to 60 mm
with a step of 5mm. The relative error in the
depth measuring of the defect was determined as
comparative results (Figure 3).

4 ﬁ Relative error [%] e MD-2 |
TS-2028H+
5 Eistein - II
2.
1
=
0 5 50 55 |60
Distance [mm)]

Figure 3 — Distribution of relative errors in measuring the defect depth

In addition, comparative tests of these devices
were carried out when measuring the thickness of

standard samples from aluminum. The measurement
results are summarized in Table.

Table
Sample thickness measurement results
MD-2 TS-2028H+ Eistein-I1
Thickness, Measurement Relative Measurement Relative Measurement Relative
results, N results, N results, o
mm error, % error, % error, %
mm mm mm

40 39.6 1 39.64 0.9 39.57 1.08
20 20.15 0.75 19.83 0.85 19.78 1.1

9 9.16 1.78 9.28 3.11 9.29 3.22

5 5.23 4.6 5.16 3.2 5.17 34

The graphs (Figure 3) and measurement results
(Table) demonstrate that the developed MD-2
device is not inferior in its characteristics to foreign
companies flaw detectors and even surpasses them in
the near-field zone.

Due to the fact that during the measurements
the peak of the echo pulse was determined by the

operator manually, it is necessary to check the
repeatability of the measurement results to obtain an
empirical estimate of the distribution density of the
random variable. Fifty measurements were carried
out to provide it. As a sample was taken an object
with a thickness of 40 mm. A frequency histogram
was constructed based on testing results (Figure 4).
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Frequency values
<=

Figure 4 — Frequency histogram

The histogram demonstrates that the obtained
measurement results obey the normal distribution
law. This indicates that the measurement process
is in a statistically controlled (stable) state.
In this case, the variability of the process results
is determined by the action of a system of
random (general) causes only.

Conclusion

An ultrasonic flaw detector, consisting of
a sensor unit and a smartphone, is presented. A sensor
board has been developed, which includes a primary
electroacoustic transducer, a microcontroller and
a "Bluetooth" module. The exchange of information
between the sensor and the smartphone takes place
via a wireless network using "Bluetooth" technology.
A software module has been developed in the Android
operating system environment to ensure the operation
of a smartphone in the ultrasonic flaw detector
mode. The smartphone is equipped with software
for the implementation of the testing procedure.
This software realizes operation algorithm which
provides the automatic transmission of testing data
to an information processing center with powerful
equipment or to a cloud service, which allows using
data from anywhere in the world.

A comparative analysis of the experimental data
of the developed device was carried out with the
Einstein-II flaw detector from Modsonic (India) and
the TS-2028H+ flaw detector from Tru-Test (New

Mid intervals

Zealand) to confirm the efficiency of the proposed
device. It is showed that the proposed device is not
inferior to mentioned devices in such characteristics
as therange of measured thicknesses, the relative error
in determining of the defect depth and the object’s
thickness. When measuring small thicknesses from
5 to 10 mm, the proposed device even surpasses
them, providing a relative measurement error about
1 %, while analogues give this error within 2-3 %.

Further research will be aimed at developing
software that will exclude the subjective factor
of the operator and provide complete automation
of the control process.
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Abstract

Grain size is one of the most important characteristics of the microstructure of metals and alloys.
Determination of the grain size of steel is regulated by Standart 5639-82 "Steels and alloys. Methods for
detection and determination of the grain size". Standart includes determining the grain score by comparison
with reference scales, as well as manual measurement methods. The use of image processing software opens
up new opportunities for the materials analysis, including for the quantitative metallographic analysis of
steels and alloys. The purpose of this work was to test the specialized "Metallography" module to determine
the grain score of the image processing software "IMAGE — SP", as well as to check the reliability
of the obtained results using the example of ferritic and austenitic steels.

In the "Metallography" module, the analysis of standard images of annex No. 3 of Standart 5639-82,
as well as real images of the structures of ferritic and austenitic steel, is carried out. It is shown that
the results correspond to the definition of the Standart grain score. The divergence in the results is 1 point,
which is acceptable.

The active development of software products for the quantitative analysis of images in metallography
will make it possible to legitimize the methods of computer measurement of parameters of the structures of
metals and alloys by creating appropriate standards. Successful testing of the specialized "Metallography"
module demonstrates opportunities and prospects for further development of specialized software products
for measuring quantitative values of metal and alloy structures. The active development of software for
quantitative analysis of the images in metallography will make it possible to legalize methods for measuring
parameters of metal and alloy structures by computer techniques.
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N3MepeHue 3JIEeMEHTOB CTPYKTYPbI CTAIH
B CHICNMAJIU3MPOBAHHOM MO/YJie MPOrpaMMbl 00padOTKHU
n3oopaxkenuun <IMAGE-SP»

A.J. AuncoBnu

Quszuxo-mexnuueckuti uncmumym Hayuonansnoii akademuu nayk Benapycu,
ya. Kynpesuua, 10, e. Munck 220141, benapycw

Hocmynuna 01.10.2020
Ipunama k nevamu 26.11.2020

Pasmep 3epHa siBisieTcsl OJTHON M3 HamOoJiee BAXKHBIX XapaKTEPHCTHK MUKPOCTPYKTYPHI METAJUIOB U
cmaBoB. OnpenerneHue pa3mepa 3epHa cranu permamentupyercs [OCT 5639-82 «Cramu u crmaBel. Me-
TOJIBI BBISIBIICHHSI W OIPEJICIICHNs] BEIMYMHBI 3ePHa» M BKIIOYACT ONpeselicHue Oaia 3epHa cpaBHEHHEM
C ATaJIOHHBIMH IIIKAJaMH, a TAK)KE PYUYHbIE CIIOcCOObI u3MepeHuil. [IpuMenenue nporpamMmm 00pabOTKH U30-
OpaskeHH OTKPHIBACT HOBBIC BOBMOKHOCTH JIJISI aHAJIM3a MATEPUAIIOB, B TOM YHCJIE JUIS KOJMUYECTBEHHOTO
MeTauorpa)MuecKoro aHajiu3a cTajiei U cruiaBoB. Llenbio TaHHOM padoTHI SIBJISIIOCH TECTUPOBAHUE CIICIIH-
aTM3UPOBaHHOTO MOyt «MeTamtorpadus» Mo oNpeaesieHnto 0ayura 3epHa MporpaMMbl 00pabOTKH HU30-
opaxennit <IMAGE — SPy», a Takxe poBepKa JOCTOBEPHOCTH MOJTy4YaeMbIX pe3yIbTaTOB Ha mpumepe ¢ep-
PHUTHBIX U ayCTCHUTHBIX CTaJCH.

B Momyne «Metamnorpadus» TpoBENEH aHAIW3 CTAaHAAPTHBIX H300pakeHWd mpwiokeHus Ne 3
I'OCT 5639-82, a Taxke peaqbHBIX N300paxeHUil CTPYKTYp heppuTHON U aycTeHUTHOHN cTamu. [lokaszaHo,
YTO pe3yNbTaThl COOTBETCTBYIOT ompenenennto 6amia 3epHa nmo 'OCTy. PacxoxxaeHue B pe3yibTarax co-
crapisietT 1 0ai, 4To SBJISIETCS AOIMYCTHMBIM.

VYcneniHoe TeCTHPOBAHHE CIICIUATM3UPOBAHHOTO MOaylsi «Meramnorpadgus» JIEMOHCTPHPYET BO3-
MOYKHOCTH Y TIEPCIIEKTHBHOCTH JajibHEHIIIeH pa3paboTKy CreNUaIN3UPOBAHHBIX IPOTPAMMHBIX MTPOJTYKTOB
JUTSET U3MEPEHHST KOJMMUYECTBEHHBIX MOKa3aTeliel CTPYKTYpbl METAJUIOB W CIDIABOB. AKTHUBHas pa3paboTka
MPOTPaMMHBIX TPOYKTOB JJIsl KOJIMYECTBEHHOTO aHAIN3a H300paKeHHH B MeTauiorpaduu TO3BOJIUT y3a-
KOHHUTH METOJBI KOMITBIOTEPHOT'0 H3MEPEHUS MapaMeTPOB CTPYKTYP METAIOB U CIUIABOB MYTEM CO3JIAHHUS
COOTBETCTBYIOIIUX CTaHJIAPTOB.

KiroueBble ci1oBa: pa3mep 3epHa, IpOrpaMMbl 00pabOTKH N300paKeHNH.
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Introduction

Nowadays the computer analysis of metal
and alloy structures is widely used in the practice
of research and industrial laboratories [1-3]. The
application of image processing software opens up
new opportunities for material analysis, and also
for quantitative metallographic analysis of steels
and alloys. In the previous years, it was impossible
or difficult to make some measurements because
of their high labour intensity. Such measurements
include the determination of quantitative parameters
of grains and metal alloy phases by a stereometric
metallography method. It implies the measurement
of areas and linear dimensions of the structural
components.

The grain size is one of the most important
characteristics of metal and alloy microstructures.
In particular, the yield stress o —grain size d
dependence is described by the famous Hall-Petch
relation that connects the grain size and physical and
mechanical metal characteristics [4]:

1
6=0,+kd ?,

where o, — slip resistance limit of the grain body; k£ —
the strengthening coefficient.

The strengthening at cold plastic deformation
is connected with the interaction of dislocations
with each other and with large-angle boundaries of
grains. The more developed grain-boundary surface,
i. e. the finer the grain, the stronger the interaction
and metal or alloy. The increase of the failure load
at mechanical tests and increase of the fatigue limit,
ultimate tensile strength and physical properties are
connected with grain dispersion [5].

The grain size measurement in steel is regulated
by Standart 5639-82 "Steels and alloys. Methods for
detection and determination of the grain size". The
standard defines grains of metals as separate crystals
of a polycrystalline conglomerate separated by
adjacent surfaces which are called grain boundaries.
The grain size is an average value of the grain
random sections in the plane of a metallographic
specimen. In accordance with Standart 5639-82, it is
determined by the following methods:

1. Visual comparison of the grains visible
under the microscope with scale standards given in
the mandatory annex, with a certain grain number
(score); scales 1 and 2 are used to estimate the grain
size in all steels and alloys, scale 3 is for austenitic
steels where twins have been revealed after etching.

2. Calculation of the grain number per unit of
the specimen surface with the measurement of the
average diameter and average area of the grain.

3. Calculation of the grain boundary intersections
by the straight-line segments with the measurement
of the average nominal diameter in case of equiaxed
grains; the number of grains in 1 mm? in case of non-
equiaxed grains.

4. The measurement of the chord length under
the microscope or with the use of photomicrographs
with determining relative proportion of the grains of
the certain size.

Methods
methods.

Modern metallographic equipment allows to
make an automated analysis of the grain structure. The
Belarusian market presents such image-processing
software as Video-TesT, Autoscan, SIAMS, and
also foreign software programs that offer methods
of quantitative experimental data processing. The
SIAMS software is a the only certified program on
the Russian market that offers the measurement of
quantitative parameters of metal and alloy structures
in accordance with operating standards.

The Belarusian-made "IMAGE—-SP" software is
one of the youngest metallography programs on the
Belarusian market; the manufacturing company is
"SYSPROG". The use of the image-processing soft-
ware for measuring and estimating parameters of
metal and alloy structures, although itis unconditional
for a scientific community, is not legally permitted at
the level of standards [6]. In the practice of regulated
laboratories, the research reports are issued strictly
in accordance with standard methods, described
in Standarts. Therefore, it is necessary to develop
special software programs where the measurement
would be taken according to operating standards. The
"Metallography"' module for measuring the grain
score has been created in the program "IMAGE-SP"
according to the method of Standart 5639-82.

The final mandatory step in the development of
any software program is its testing. At the testing
stage, system errors of the software are revealed as
well as the verification of obtained results is carried
out.

2-4 refer to manual measuring

The purpose of the work was a testing of the
specialized "Metallography" module to determine
the grain score of the image-processing software

" The "Metallography" module is created by the
manufacturing company "SYSPROG" with direct
involvement of the Physical-Technical Institute of the
National Academy of Sciences of Belarus

281



IIpubopsr u memoosl usmepeHuil
2020.—T. 11, Ne 4. — C. 279-288
A.G. Anisovich

Devices and Methods of Measurements
2020, vol. 11, no. 4, pp. 279-288
A.G. Anisovich

"IMAGE — SP" as well as the verification of obtai-
ned results using the example of ferritic and auste-
nitic steels.

Materials and experimental techniques

The images of scales No. 1, 2, 3 in accordance
with Standart 5639-82 "Steels and alloys. Methods
for detection and determination of the grain size"
and the images of steel microstructures with ferritic
and austenitic structures have been selected as
objects of research.

A metallographic complex based on the
metallographic inverted-stage microscope MI-1
has been used for photographing and quantitative
processing. The image fixation has been carried out
using a video camera with an output to a computer
monitor and its further processing using "IMAGE-SP"
program. The program is designed to acquire images
using electron microscopes and cameras as well as
to subsequent processing of obtained images. An
important feature of the "IMAGE — SP" program is a
possibility to work with high-resolution images. The
program makes it possible to measure the following
parameters of the grain structure: area, minimum
and maximum diameters, the length, the width and
average grain size, perimeter, equivalent diameter as
well as some other parameters at their increase.

The program calibration and creation of the
calibration table of increments have been carried out
using a certified object micrometer (Standart 7513-
55)[7].

The example of the computer processing
structure of the scale 3 of Standart 5639-82 is
presented in Figure 1 that contains the initial
structure, "mask", obtained as a result of the image
processing without twins, and "mask" obtained
as a result of the image processing with twins. By
"without twins", it is implied that the twin (the lattice
defect of the austenitic grain) is considered as a grain
part. By "with twins", it is implied that the twin is
considered as a separate grain in the microstructure.
The mask is a result of implementing the operation
"Object detection" where the objects, subject to a
quantitative analysis, are highlighted in a certain
color. The class coloring is carried out according to
the sizes of image objects. It is designed for a visual
image of the grain size relative to each other. In this
case, grains relating to this range of the grain size
values, are highlighted in one color.

Figures 2-4 presents the window of the
"Metallography" module at step-by-step mea-

surement of the grain score. Figure 2 shows the
first step — the site selection for analysis. The
program offers various options for analysis equal
in area of 0.5 mm® according to the requirements
of Standart 5639-82.

500 u

Figure 1 — The image masks of scale 3 according to
Standart 5639-82: a — initial structure; b — without twins;
¢ — with twins

After selecting a site of the structure, the objects
are detected, distributed into size classes and edi-
ted (Figure 3). At the final stage, the grain score is dete-
rmined, and average structure characteristics are mea-
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sured in accordance with Standart (Figure 4). Also,
the measurement and calculation results for each

grain (area, lateral and longitudinal sizes, equivalent
diameter, form factor, etc.) are printed on the screen.
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Figure 3 — The window of the "Metallography" module: the distribution of the objects by size classes and their editing
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Figure 4 — The window of the "Metallography" module: the final stage — determining the grain score

Results and their discussion

The site with a relatively uniform structure has
been selected for the quantitative analysis of the ima-
ges of ferritic steel structure (Figure 5). The grains
are highlighted in different colors in accordance with
their sizes. The results obtained for three identical
samples (Table 1) when determining the grain score
in the "Metallography" module are presented below:

Figure 5 — Coloring of classes in the quantitative analysis
of ferritic steel

According to the presented results, it is obvious that
the grain of steel corresponds to score 6. The histogram
(Figure 6) shows the grain distribution of ferritic
steel over their equivalent diameters. The equivalent
diameter is a diameter measured from the grain area
on the assumption that the grain is a circle. The maxi-
mum number of grains belongs to the class the value
of which lies in the range of 50-100 p, which makes it
possible to classify it as score 5—6 according to Standart.

35 =0 --50
30 =50 - 100
0100 -- 150
& 23 0150 -- 200
g m200 -- 250
220 @250 -- 300
g =300 - 350
.15 @350 -- 400
-8 W 400 -- 400
g 10 E400 -- 450
: ]:
0

Equivalent diameter, p

Figure 6 — Distribution of ferritic steel grains over
equivalent diameters
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Table 1
Results of determining the grain score of ferritic steel
Grain number counting
Sample N grain Grain Grain Average Average
P g Inner* Crossed** numberin number in g > diameter,
No. score 2 2 area, mm
0.5 mm 1 mm mm
1 1(G=06) 241 24 252 504 0.00198 0.045
2 1(G=5) 167 32 182 364 0.00275 0.052
3 1(G=6) 350 30 364 728 0.00137 0.037
* — the grain number in the site for analysis;
** — the grain number crossed by the site boundaries for analysis
In Standart 5639-82, the scale No. 3 is meant
.. . . . 30 A ao--3000
for determining the grain score of steel with twins. © - & 3000 -- 6000
: : i N 6000 -- 95000
A§ a r.esult of th§ twm formation, the grain is £ 25 H 09000 - 11500
discontinuously divided into two parts by the twin e @ 11500 -- 14000
; 5 20 14000 -- 17000
plane, gnd the crystallqgrapk}lc plane of one part of = & 17000 — 20000
the grain becomes a mirror image of the other part, £ 15+ @ 20000 -- 22500
lying on the.other side (?f the. Fwinping plane [8]. En o L :%gggg ” %gggg
The straight line of the twins, visible in the structure, E
is a trace of the intersection of the boundary-twin = 5
plane with a thin section plane. There is a regular A
or coherent connection at the boundary between 0 . ,
. . . . Grain area, p*
the arrangement of atoms in matrix and in the twin.
Coherent boundaries of the twin have elastic energy a
which is far less than ordinary incoherent boundaries
L . Lo i} H0 -- 2500
have. T.he mlsorleptatlog of such bqundanes 1s= 10— e 407 _ ST e
20° which makes it possible to classify them as large- g 35 17 0 5000 -- 7500
angle boundaries. In Standart 5639-82, crystals with —'é 30 E'{'gggd- 1?2230
twins are considereq as grains .in the presence of twin.s. S 25 1 e i
Figure 7 contains the histograms of the grain g 20 1 B 15000 -- 17500
. . . . © 017500 -- 20000
dlst'rlbutlon in areas for scale 3 of Standart Saustenlte B 15 4— S
grain score 3) with measuring in the "IMAGE- }- 10 1 B/ 22000 -- 24500
SP" program. The average area of the grain in a ke
sample, where twins are not taken into account, é ST
0 . —

is 0.009552 mm® which corresponds to score 3
of Standart (0.0156 mm®). The average area of
the grain in a sample where twins are taken into
account, is 0.006466 mm® which corresponds to
score 4 of Standart (0.00781 mm?). The difference
in the samples is 1 point of Standart 5639-82 that
corresponds to the requirements of the standard.

Table 2 presents the values of the average area
and diameter of the grain on scale 3 for structure
standards with grain scores No. 1-10 without twins
and with twins in the grain when determined in the
"Metallography" module.

Grain area, p?
b

Figure 7 — Histograms of the grain distribution in areas
for the grain score No. 3: @ — without twins; b — with twins

According to the presented results, it is obvious
that there is no substantial difference in values with
or without twins when estimating austenite structure
working in the specialized module. The variation in
values is 1 point that is within acceptable limits when
determining the grain score of Standart 5639-82.

285



IIpubopsr u memoosl usmepeHuil
2020.—T. 11, Ne 4. — C. 279-288

Devices and Methods of Measurements
2020, vol. 11, no. 4, pp. 279-288

A.G. Anisovich A.G. Anisovich
Table 2
Calculated values of the grain score and sizes on a scale 3 of Standart 5639-82
Without twins With twins
Grain score Average grain d, mm Grain score Average grain d, mm
area, mm area, mm

2 0.0277 0.187 2 0.0319 0.202

3 0.021518 0.166 3 0.011117 0.119

4 0.009552 0.110 4 0.006466 0.09

5 0.005001 0.08 5 0.002857 0.06

6 0.002643 0.058 6 0.001973 0.5

7 0.000959 0.035 7 0.000816 0.032

8 0.000451 0.024 8 0.000400 0.023

9 0.000268 0.018 9 0.000239 0.017

10 0.000138 0.013 10 0.000129 0.012

11 0.000067 0.009 11 0.000066 0.009

The following images are presented below: the
microstructure of austenitic steel (Figure 8a), the
image mask when determining the grain size without
twins (Figure 8b) and with twins (Figure 8c¢) when
determining the grain score in the "Metallography"
module. Table 3 shows the values of the average area
and average diameter of the grain when determining
in the "Metallography" module.

Figure 8 — The image processing result: a —the initial
structure of austenitic steel; b — without twins; ¢ — with
twins

The values of the average grain area and the
average grain diameter do not have a significant
difference with each other, however, the grain score
of austenitic steel does not change and has No. 7
of Standart 5639-82 both, with or without twins.
Figure 9 shows the grain area of austenitic steel
with and without twins. The distributions are not
significantly different.

The estimation of the measurement error in the
work of IMAGE-SP program is reviewed in [7]. The
reasons for the error origin can be the following [9]:
limited accuracy of manufacturing measurement
tools; the effect on measurement of ambient con-
ditions; operator’s actions; approximate nature of
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regulations used for determining measurable values.
In the quantitative analysis of the structure in the
IMAGE-SP, the error is connected with the accuracy
of measurement tools, and also with operator’s error.
The error for manual methods of structure proces-
sing is 3.3-8.1 % at the confidence coefficient of
0.50-0.90.

Table 3

Calculated values of the grain sizes of steel

Without twins With twins
Average Average
Grain grain Grain grain
. , mm
score area, score area,
mm2 I‘Ill’l’l2
7 0.000949 0.032 Ne7 0.001498 0.038
© gg' a @0 -- 1000
5 ® 1000 -- 2000
= 60 17 02000 -- 3000
g T 03000 -- 4000
5 40 ® 4000 -- 5000
% 30 17 @ 5000 -- 5500
2 20 & 5500 -- 6000
5 0L
0 @ 6000 -- 7000
m 0 __J]_-‘_“
& 7000 -- 8000
Grain area, p? @ 8000 -- 8500
a
@O0 -- 1000
= 60 7 & 1000 -- 2000
g 50 02000 -- 3000
g -
240 H 03000 -- 3500
= W 3500 -- 4500
-3 30 1 @ 4500 -- 5000
Eh
© 20 17 ® 5000 -- 6000)
210 H @ 6000 -- 6500
o
& oL W/ 6500 -- 7000
@ 7000 -- 8000

Grain area, p?

b

Figure 9 — Histograms of the grain distribution for
austenitic steel: a — without twins; b — with twins

When image processing by one operator, it
is obtained that the average fractional error in
measuring the grain size (according to the results of
fivefold determination) is 0.9 %. Different operators’
errors (when analyzing the same image) can be
connected both with a difference in professional

experience and with different structure vision. The
average fractional error in measuring the grain size,
determined by four operators’ actions for the same
image, is 6.0 %.

Conclusion

The new specialized "Metallography" module is
created which allows to obtain high integrity results
and can be used in the practice of specialized and
regulated laboratories.

When determining the grain score in the
"Metallography" module for the steel structure with
an equiaxed grain, it is obtained that the results
correspond to Standart; the discrepancy in the results
is 1 point. When analyzing the standard scales 3
of Standart 5639-82, as well as the structure of
austenitic steel, there is no significant difference in
the values of the grain score, both with and without
twins; the discrepancy in the results is 1 point.

Successful  testing of the specialized
"Metallography" module demonstrates opportunities
and prospects for further development of specialized
software products for measuring quantitative values
of metal and alloy structures.

Active development of software products for
quantitative analysis of the images in metallography
allows to create corresponding standards for
measuring parameters of metal and alloy structures
by computer techniques.
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Abstract

One of the main factors affecting the effectiveness of radiation therapy is the constancy of the patient’s
position on the treatment table created by immobilization devices of various designs and held throughout the
entire irradiation procedure, which guarantees the accuracy of the delivery of the prescribed dose distribution.
The purpose of the work was to establish the numerical values of the dominant components of a radiation
therapy session for each of the irradiation techniques most commonly used in clinical practice of the radiation
therapy.

To determine the numerical values of the components of the radiation therapy session, the authors have
measured each component for some clinical cases of patients’ irradiation placed. The patients had been
diagnosed with the following malignant tumours: prostate cancer, breast cancer, lung cancer, head and neck
tumours. More than 2000 individual measurements have been carried out with the help of such medical linear
accelerators as "Clinac", "Unique", "Truebeam", and the gamma-therapeutic apparatus named "Theratron".

The numerical values of the time spent on 3 groups of parameters of an irradiation session were
established: the mechanical parameters of the radiation therapy equipment, the functional characteristics of
the irradiation systems and the parameters that directly depend on the personnel involved in an irradiation
procedure.

According to the measurement results, the flow diagram for the procedures of verifying a patient’s
position on the therapeutic table (2 different techniques), preceding their irradiation and the radiation therapy
procedures themselves was proposed. It has been shown that a number of session components can run in
parallel to each other thus optimizing the time spent by a patient in the treatment room.

Using the obtained values of the time spent on the radiation session parameters it is possible to actualize
the mathematical model that will allow the medical physicist to determine in advance the duration of the
irradiation session at the stage of treatment planning and choose a radiation therapy technique taking into
account the individual parameters of the irradiation session in each particular clinical case.

Keywords: treatment session, linear accelerator, radiation therapy, timing.
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MeToauka onpeae/ieHUs1 XapaKTePUCTUK KOMIIOHEHTOB
ceaHca JIyuyeBO# Tepanuu JJisl Ppa3JIMYHbIX METO0B

00 IydYeHHsI OHKOJIOTHYECKUX MALMEHTOB

C UCIO0JIb30BAHMEM MeIUMIUHCKHUX JUHEHHBIX YCKOPUTeJIel
U raMMa-TepaneBTHYeCKUX annapaTon

E.B. TutoBuuy, M.H. IlerkeBuu4, A.A. Makaposa

PHIII] onxonoeuu u meduyunckou paduonoeuu umenu H.H. Anexcanoposa,
aepozopoooxk Jlecnou 223040, Munckuii pation, Berapyco

Hocmynuna 24.02.2020
Tpunama k nevamu 21.10.2020

OHAM U3 OCHOBHBIX (DaKTOPOB, BIMSAIONMX HA 3PPEKTHUBHOCTH JIyUEBOW TEPAITUH SIBIISICTCS COOIONCHHE
MOCTOSIHCTBA MOJIOXKEHUS MAIMCHTA Ha JICUCOHOM CTOJIE C HCIIOIb30BaHNEM (DUKCUPYFOIIUX MPUCIIOCOOTCHUH pas-
JIUYHBIX KOHCTPYKIMHA Ha TMPOTSHIKCHUH BCEH TPOIETYPhl UX OOIYYEHHs, YTO FapaHTHPYET TOUHOCTh JOCTABKH
MPENUCAHHON 1036l U3ayueHus. Lleas paboThl — yCTAHOBIEHUE YHCICHHBIX BEIUMYHH JOMHUHHUPYIOIIMX KOMIIO-
HEHTOB CeaHca JIy4yeBOW TepaIuy JIJIs KaKI0W U3 METOAMK OOJydeHHsI, HanOoJiee MPUMEHICMbIX B KIIMHUYECKOH
MPAKTHKE JIy4eBOM TEpaITUH.

Jlis ycTaHOBIICHUSI YMCIICHHBIX BEJIMYMH KOMIIOHEHTOB CE€aHca JIy4eBOW Tepariy aBTOpaMH IPOBEJICHBI IKC-
MEPUMEHTAJIbHBIC M3MEPEHHSI Ka)JIOTO0 M3 HUX I HEKOTOPBIX KIMHHUECKHUX CIIydaeB OOMyUYCHHs MAaI[MeHTOB
C JIOKQJIM3AIUSMU 3JI0Ka4eCTBECHHBIX HOBOOOPA30BAHUMN: paK MpPEICTATEILHON JKeJIe3bl, paKk MOJIOYHOM Kelle3bl,
pakK JIETKOTO, OITyXO0JIM ToJIOBBI U 1ieu (Oonee 2000 MHIUBUTyaTbHBIX U3MEPEHHUIA), OCYIIECTBIISIEMbIX C HCIIOJIB30-
BaHUEM MEIMITMHCKHX JJMHEWHBIX yCKopuTenel cienyronux moneneit: «Clinacy, «Uniquey, « Truebeamy, a Takxke
ramMMa-TepareBTuueckoro ammapara « Theratrony.

YcTaHOBIIGHBI YMCIICHHBIC 3HAYCHHUS 3aTPAdyMBACMOTO BPEMEHH JUIs 3-X TPYII MapaMeTpoB ceaHca o0yde-
HUS: MEXaHUYECKHE MTapaMeTphl alllapaToB JYyUCBON Teparuu, GyHKIIMOHATbHBIC XapaKTEPUCTUKH CHCTEM Pealli-
3alnu OOTYYCHHUS M TTapaMETPhI, HAMIPSIMYO 3aBHUCSIIUE OT IIEPCOHANA, YIaCTBYIOIIETO B TPOBEJICHUH MTPOIETYPhI
00yueHusl.

[Tpennoxena 6I0K-cxema JUIs MPOIeyp Bepu(DUKAIMH ITOJI0KESHHUS MAIIMEHTa Ha TeParieBTUIECKOM CTOJIE (7BE
pasIMYHbIC METOUKH), MPE/IICCTBYIONICH 00TyUEeHUIO MAIMEHTa U HEMTOCPEICTBEHHO MPOIIEeAypaM JIy4eBOM Te-
parmu. [TokazaHo, 9TO psiJi KOMIIOHEHTOB C€aHCa MOKET OCYIIECTBIISATHCS MapauIeIbHO APYT JPYTY, 32 CUET Uero
BpeMsl, IIPOBOIUMOE TTAIIMEHTOM B MPOLIETYPHOM MTOMEIICHUH, MOXKET OBITh ONITUMH3HPOBAHHO.

C uCToNb30BaHUEM IOTYUYCHHBIX 3HAUYCHWI 3aTPaunBacMOro BPEMEHH JUIS NapaMEeTPOB ceaHca OOMydeHHS
BO3MOXKHA peaju3aliis MaTeMaTHIeCKOM MOICITH, KOTOPast ITO3BOJIUT MPEABAPUTEIILHO ONPEACIIUTh JUTUTEIBHOCTh
ceaHca o0Jy4eHHs Ha Tare npeTydeBOM MOATOTOBKH M BEIOPATh METOAMKY JIYYSBOW TEPAITUU C YISTOM HH/TUBH-
JTyalbHbBIX MTApaMETPOB OOIyUSHHsSI B KaXKIOM KOHKPETHOM KJIMHUYECKOM CITydae.

KnioueBble cj10Ba: ceanc 0OIydeHUs, TMHEHHBIN YCKOPUTEIb, JIy4eBasi TEPAITsl, BPEMEHHBIE XapaKTEPUCTUKH.
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Introduction

Forreceivingradiationtherapy (RT)oncological
patients’ radiation safety, it is necessary to ensure
their constancy on the worktable by using fixing
devices of a standard design throughout the entire
irradiation procedure [1]. In 1976, the International
Commission on Radiological Systems (ICRU)
presented a recommendation according to which
the uncertainty in the delivery of the absorbed dose
to the target on any therapeutic apparatus should
not exceed 5% [2]. One of the key factors on
which the effectiveness of irradiation depends is
the time parameters (time spent by a patient in the
treatment room), which directly depend on their
position, and, consequently, the accuracy of the
delivery of an individual three-dimensional dose
distribution [3].

In [4], the authors established the temporal
characteristics of the irradiation session components,
which have a dominant effect on its duration, and
proposed an algorithm that allows to set the duration
of cancer patients treatment, depending on the use
of various methods of radiation therapy and tumour
localization.

The process of modern remote RT includes
pre-radiation preparation of the patient, treatment
planning, verification of the treatment plan and
irradiation with a radiotherapy apparatus.

During the radiation planning stage, the medical
physicist creates several treatment plans. The plan that
best meets the target coverage criteria and exerts the
least dose to nearby organs includes more radiation
fields, which significantly increases the duration of a
patient's treatment session. The session time is also
influenced by the choice of a radiation technique.
An increased radiation time can surge the errors in
the internal position of the target of radiation due
to the biological activity of organs [5]. It should be
noted that the treatment selection approach described
above does not take into account the timing of the RT
session.

The aim of this work was to establish methods
for the dominant numerical components of a radiation
therapy session for each of the methods of radiation
used in the radiation therapy. On the basis of the
presented experimental data, the program is presented
that determines the duration of the radiation session
at the stage of pre-radiation preparation and chooses
a radiation therapy technique taking into account the
individual parameters of the radiation session in each
specific clinical case.

Research results

To determine the temporal characteristics
of the components of the RT session, the authors
experimentally established the wvalues of the
dominant components of the RT session for each
of the most commonly used RT in clinical practice.
The measurements for clinical cases of irradiation
of patients with localizations of malignant
neoplasms: prostate cancer, breast cancer, lung
cancer, head and neck tumours were taken [6].
For each patient from the specified sample,
dosimetry plans were calculated additionally
for the rest of RT techniques used in the clinical
practice of radiotherapy departments around the
world for these localizations [7]: 3D CRT — three-
dimensional conformal radiation therapy, IMRT —
intensity modulated radiation therapy, VMAT -
sector radiation therapy with volumetric intensity
modulation or Gating — radiation therapy with
respiratory control. A sample of 100 patients was
carried out for each site. The measurements were
taken for RT sessions carried out using medical
linear accelerators of the following models:
"Clinac", "Unique", "Truebeam", as well as the
gamma-therapy device named "Theratron".

The authors have divided all components of the
RT session into 3 groups: mechanical parameters,
functional parameters, and parameters that directly
depend on the personnel involved in the irradiation
procedure.

Mechanical parameters include those ones, the
duration of which is not constant and is associated
with the components selected at the factory for the
implementation of individual manipulations. They
include rotation of the therapy table, the tripod of
the radiotherapy apparatus and the collimator. The
dependences of the rotation time of the therapy
table, tripod and collimator on the setting of the
required angles are presented in Figures 1-3,
respectively.

The following operations were included in
the group of functional parameters: loading the
irradiation plan on an operator's computer, checking
the irradiation plan for errors in data transmission,
initializing of the radiotherapy device with the
irradiation parameters relevant to the first treatment
field, initializing of the accelerator with the irradiation
parameters relevant to the second and subsequent
medicinal fields. The duration of these procedures
depends on the volume of transmitted and processed
information.
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Figure 1 — Dependence of the rotation time of the therapeutic table on the installation of the necessary angles
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Figure 2 — Dependence of the tripod rotation time on setting the necessary angles
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Figure 3 — Dependence of the collimator rotation time on the given angles

The parameters that directly depend on the
personnel involved in the irradiation procedure
include these operations, the performance of which
is entrusted with a person, and rely on the individual
characteristics of an individual specialist. These

include placing the patient and centering in the
prescribed for the irradiation position, entering
the irradiation parameters, setting the required
mechanical parameters of the accelerator under
visual control from the treatment room, installing /
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removing dose modulating devices, switching The table shows the measurements of mechanical
on the irradiation, and verifying the patient's procedures during the RT session, depending on the
position [8]. radiotherapy device.

Table

Temporal parameters of all procedures during a radiation therapy session, depending on the
radiotherapeutic apparatus and localization

Duration of the procedure depending on the radiotherapy device, s

Characteristic ; .
TrueBeam Clinac Unique Theratron
Duration of mechanical procedures of radiotherapy session
10°rotation of the therapeutic table 3.82 2.94 1.89 4.53
Rotate the tripod by 10° 1.67 1.36 1.70 1.83
10°rotation of the collimator 0.67 2.47 2.78 1.78

The duration of the functional procedures of radiation therapy sessions

Loading the radiation plan on the

\ 8-20 20 8-10 -
operator's computer
Checking the r.adlanon plan for errors in 15 10 440 10
data transmission
Initialization of a radiotherapy device
with radiation parameters relevant to the 30 20 4-8 10

first treatment field

Initialization of the accelerator with
radiation parameters relevant to the 6-11 20 4-45 10-20
second and subsequent treatment fields

Duration of procedures related to human effort

Laying the patient and centering in the

X .. o 120 120 117-176 120
prescribed position for irradiation
The input parameters of irradiation - - - 20-30

Setting the necessary mechanical
parameters of the accelerator under 50-60 11 10-32 11
visual control from the treatment room

Inserting/removing wedge-shaped filters - 40 40 10-30
The inclusion of irradiation 5 2 1-3 2-3
Verification of a patient's position 40-120 — 20-57 7
i&;rzlovmg a patient from the treatment 5565 55.65 5565 5565

The radiation time for patients

3D CRT - 69-220 — —
Prostate cancer IMRT 300-600 - 310-671 -
VMAT 120 - 180-300 -
3D CRT - 160-335 — 500
Breast cancer IMRT 300480 - 840-1050 -
Gating VMAT 224-350 - - -
3D CRT - 124-451 181-504 163477
Lung cancer IMRT 365-509 - 321-485 -
VMAT 181 - 208-300 -
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Table (continued)

Duration of the procedure depending on the radiotherapy device, s

Characteristic - -
TrueBeam Clinac Unique Theratron
The radiation time for patients
3D CRT - 480-670 - 140-900
E:guizd neck IMRT - - 360-510 -
VMAT - - 270-342 -
The session of radiation therapy
3D CRT - 320-420 - -
Prostate cancer IMRT 520-900 - 480-896 -
VMAT 360 - 360480 -
3D CRT - 350-512 - 720
Breast cancer IMRT 720-1080 - 990-1200 -
Gating VMAT 840-1020 - - -
3D CRT - 248-670 302-625 185-602
Lung cancer IMRT 480629 - 445-702 -
VMAT 390 - 340420 -
3D CRT - 720-900 - 260-1020
Eﬁgr:nd neck IMRT - - 410-692 -
VMAT - - 390471 -

The duration of the RT session directly
depends on the number of treatment fields of
irradiation [9]. Figure 4 shows the dependences of

—a— IDCRT —— INMET VMAT
w BOD -
,:J"' -4
E 600
o |
g 400 -
L i -
E o r
A Y’!,kki—i-”_’

0
2 3 4 L -] 9 10
The number of treatment fields
a

—e— 3DCRT —e— IMRT Gating

600 -
o0
i |
5 400 -
2 |
E 200
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2 3 4 5 5] ] g

The number of treatment fields

Cc

the radiation time for the considered localizations
on the number of irradiation fields for various RT

techniques.
—s— 3DCRT —a— INMET Gating
600 -
o
i
£ 400 - V)’*’PH
[ | E x :
E =
2 200 4
L
=3
D T r : : : :
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. 800
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d

Figure 4 — Dependence of the patient's radiation time on the number of radiation fields for various methods of radiation
therapy: a — or patients suffering from prostate cancer; b — for patients with breast cancer; ¢ — for patients suffering from
lung cancer; d — for patients with head and neck tumours
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Flow diagram of a typical radiation therapy
session

The RT session on modern radiation devices
begins with the verification of the patient's
position according to the planned one [10].
Today, the RT uses two types of the patient
position verification: kV and CBCT. During kV-

verification two orthogonal images are taken and
then used to compare the patient’s position before
the RT session in two projections. During CBCT,
a volumetric computed tomography is built and
comparison is made over the entire volume of
tissues covered by the scanned area. Flow diagram
of a typical radiation therapy session is shown in
Figure 5.

Download Plan

kV

CBCT

kV/

Patient placement, Loading the
centering parameters of the
verification field No. 1
Setting the Setting the gantry
collimator angle <> angle

Setting the position of the

CBCT?

Patient placement, Download CBCT
centering Parameters
Setting the Setting the gantry
collimator angle angle

Setting the position of the

therapy table

Setting the parameters of
the x-ray machine

2D verification image acquisition

Loading the parameters of the verification field

\l/ No.2 \L

Setting the collimator Setting the gantry
angle angle

! !

Setting the parameters of the x-ray machine

2D verification image acquisition

therapy table

Setting the parameters of
the x-ray machine

Getting volumetric
verification image

Checking Patient Position

Position adjustment

¢
®
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| Loading the parameters of the first treatment field I

! !

Setting the collimator Setting the gantry
angle angle

Setting the position of
the therapy table

!

Setting parameters of a
radiation emitter

!

Patient radiation
treatment

‘ Loading parameters of the n-th treatment field I

! v

Setting the collimator Setting the gantry
angle angle

Setting the position of
the therapy table

|

Setting parameters of a
radiation emitter

}

Patient radiation
treatment

|

Exit of the patient from

the treatment room

Figure 5 — Flow diagram of a typical radiation therapy
session

As seen in Figure 5, some of the RT session
procedures run in parallel, which should be
considered while defining its time at the stage of
the patient dosimetric planning. Such procedures
comprise a patient positioning and loading of the
verification field or CBCT parameters, setting the
collimator and beam arm angle values.

Conclusion

Experimental measurements of the irradiation
session time parameters were taken for clinical
cases of irradiation of patients with localizations of

malignant neoplasms: prostate cancer, breast cancer,
lung cancer, head and neck tumours (more than 2000
individual measurements for three different medical
linear accelerators: "Clinac", "Unique", "Truebeam",
as well as the gamma-therapeutic apparatus
"Theratron".

The numerical values of the time spent for
3 groups of parameters of the irradiation session
have been established: mechanical parameters
of the radiation therapy apparatus, functional
characteristics of the systems for the implementation
of irradiation and parameters that directly depend on
the personnel involved in the irradiation procedure;
time dependences for mechanical parameters are
constructed.

The flow diagram is proposed for the procedures
of verifying the patient’s position on the therapeutic
table (two different techniques): the patient's previous
radiation and the radiation therapy procedures
themselves, which shows that a number of session
components can run in parallel to each other, hence
the time spent by the patient in the treatment room
can be optimized.

Using the obtained values of the time spent on
the implementation of various irradiation session
components, it is possible to imbed the mathematical
model that will determine in a preliminary manner
the duration of the irradiation session at the stage of
pre-irradiation preparation and choose the radiation
therapy technique bearing in mind the individual
parameters of the irradiation session in each specific
clinical case.
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Abstract

The use of graphene, which has high mobility of charge carriers, high thermal conductivity and a
number of other positive properties, is promising for the creation of new semiconductor devices with good
output characteristics. The aim was to simulate the output characteristics of field effect transistors containing
graphene using the Monte-Carlo method and the Poisson equation.

Two semiconductor structures in which a single layer (or monolayer) of graphene is placed on a substrate
formed from 6H-SiC silicon carbide material are considered. The peculiarity of the first of them is that the
contact areas of drain and source were completely located on the graphene layer, the length of which along
the longitudinal coordinate was equal to the length of the substrate. The second structure differed in that the
length of the graphene layer was shortened and the drain and source areas were partly located on the graphene
layer and partly on the substrate.

The main output characteristics of field-effect transistors based on the two semiconductor structures
considered were obtained by modeling. The modeling was performed using the statistical Monte Carlo method.
To perform the simulation, a computational algorithm was developed and a program of numerical simulation
using the Monte-Carlo method in three-dimensional space using the Poisson equation was compiled and
debugged.

The results of the studies show that the development of field-effect transistors using graphene layers can
improve the output characteristics — to increase the output current and transconductance, as well as the limit
frequency of semiconductor structures in high frequency ranges.
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BbIXo1HbIE XapaKTEPUCTUKHU IPa(eHOBBIX MOJIEeBbIX
TPAH3MCTOPOB

B.H. Mumenko

benopycckuii 2ocyoapcmeenviii ynugepcumem uHGopmamuxi u paouod1eKmpoHuKu
I1. Bposxu, 6, e. Munck 220013, Berapyco

Hocmynuna 08.07.2020
Hpunama k neuamu 08.09.2020

Hcnons3oBanue rpadeHa, KOTOPbIA 00J1a1aeT BHICOKOM MOJBHKHOCTHEO HOCHTEINICH 3apsijia, BEICOKOH
TEIJIONMPOBOAHOCTBIO U PSIAOM JIPYTUX MOJIOKHUTEIbHBIX CBOMCTB, SIBISETCS MEPCIICKTUBHBIM AJIS CO3IaHUS
HOBBIX TIOJYITPOBOJHUKOBBIX MTPHOOPOB C XOPOIIMMH BBIXOJHBIMU XapaKTepucTuKamMu. Llenbio paboThI siB-
JISUTOCh MOJICIIMPOBAHNE BBIXOJHBIX XapaKTEPUCTHUK TOJEBBIX TPAH3UCTOPOB, copepkammx rpadeH, ¢ uc-
nosb3oBaHueM Metoga Mounte-Kapio u pemenus ypasaenus Ilyaccona.

PaccMoTpeHsl 1B€ KOHCTPYKIIMH TTOYIPOBOJIHUKOBBIX CTPYKTYP, B KOTOPBIX OJUHOYHBIN CIION (WU
MOHOCJION) rpadeHa pacroiaraeTcsi Ha MOJIOKKe, chOpMUPOBAHHONM M3 MaTepuaia KapOuI KpeMHUS THUTIA
6H-SiC. Oco0eHHOCTBIO IEPBO U3 HUX SIBIISETCS TO, YTO KOHTAKTHBIC 00JIACTH CTOKA U UCTOKA MOJTHOCTHIO
pacronaraiuck Ha clioe rpadeHa, JJIMHA KOTOPOTO BOJb MPOJIOJILHOW KOOPIMHATHI paBHSIACH JUTMHE TO/I-
noxku. KoHCTpyKIust BTOpOil CTPYKTYpBI OTIIMYANACh OT MEPBOM KOHCTPYKIUU TE€M, UTO JJIMHA CJIOS rpa-
(eHa ObUTa YKOpPOYCHA M OOJIACTH CTOKA M MCTOKA YACTHYHO PACIOIaraluch Ha cioe rpadeHa, a 4acCTU4HO
Ha TI0JIJIOJKKE.

IIyTém MonenupoBaHus MOTYYCHBl OCHOBHBIC BBIXOJHBIC XapaKTEPUCTUKHU MOJIEBBIX TPAH3UCTOPOB, MO-
CTPOCHHBIX HAa OCHOBE JBYX PACCMOTPEHHBIX MOJYHPOBOJAHUKOBBIX CTPYKTYp. MoIenupoBaHue BHITIOIHS-
JIOCh C HCIONBb30BAHUEM METOJIa CTATUCTHUUECKOro MojenupoBaHus — Meroga Monte-Kapno. /i Beimosn-
HEHUS MOJISIIMPOBaHUsS OBbLI pa3paboTaH BBIYMCIUTEIBHBIA aJrOPUTM, COCTABJICHA U OTJaXKEHA MPOTpam-
Ma YHCJICHHOTO MOJAeNupoBanus MeTogoM MounTe-Kapio B TpEXMepHOM IPOCTPAHCTBE C UCTIOIB30BAHUEM
ypaBHeHus [lyaccona.

Pe3ynbTaThl BRIIOJHEHHBIX UCCIICIOBAHUHN TIOKA3bIBAIOT, YTO pa3paboTKa MOJIEBBIX TPAH3UCTOPOB C HC-
MOJIL30BaHUEM CIIOEB rpapeHa MOXKET YIYUIIUTh BBIXOJHBIC XapaKTEPUCTUKU — YBEIHYUTHh BBIXOJIHOU TOK
U KPYTHU3HY, a TaK)K€ MOBBICHTH MPEICIbHYI0 YaCTOTY PabOTHI MOIYIPOBOIHUKOBBIX CTPYKTYP B BBICOKO-
YaCTOTHBIX JUana3oHax.

KaroueBble ci10Ba: moyieBbie TpaH3UCTOPHI, rpadeH, Mmetox MoHTte-Kapiio, BEIXOTHBIE XapaKTepPUCTHUKH.
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Introduction

The study of output characteristics for
semiconductor compounds containing graphene
is an urgent task related to the development of fast
and powerful devices of microwave and microwave
ranges. Great prospects are connected with the use of
graphene in compounds with silicon carbide, boron
nitride and other materials in the composition of
developed new semiconductor devices [ 1-3]. Studies
have shown that the material of silicon carbide SiC
can be used to form a layer of graphene on its surface
and the implementation of new structures of field-
effect transistors. Detailed analysis of the output
characteristics in the SiC-based devices obtained
in such a way is either absent or performed using
a simplified hydrodynamic model [3]. The most
correct method for the analysis of physical processes
in semiconductor structures is considered to be
the Monte-Carlo statistical method, which allows
to take into account the scattering dynamics of
charge carriers in a semiconductor, to obtain their
distribution dependencies for stationary and non-
stationary processes and, finally, to determine the
output characteristics of devices.

Based on the Monte-Carlo method of statistical
modeling, the studies of output characteristics of
semiconductor structures containing a single layer of
graphene placed on a silicon carbide substrate were
carried out. For these purposes, a computational
algorithm was developed, a program of numerical
simulation by the Monte-Carlo method in three-
dimensional space using the Poisson equation was
compiled and debugged.

Constructions of semiconductor structures
using graphene and features of modeling
their output characteristics

Let us consider the use of a single layer (or
monolayer) of graphene in a semiconductor structure
that uses silicon carbide material type 6H-SiC as a
substrate. Figure 1 shows one of the possible designs
for a semiconductor structure using a single layer
of graphene. For all the dependencies obtained as a
result of modeling, except those specified separately,
the following dimensions of the structure were taken:
length along the x coordinate (DX parameter)—
1.0-10°m, height — 0.34:10°*m (DS parameter,
y coordinate), width (z coordinate) — 8:10°m
(Figure 1). The values of the DA (drain length)
and DB (source length) parameters were taken as

the same and equal to 0.2:10° m. The gate length
(DZ parameter) was also assumed to be 0.2:10° m.
The thickness of the graphene layer was assumed
to be 0.34-10° m. Calculations were made for the
temperature value 7= 300 K.

2 DB z BL g DA

DY @ N
1/ o
2 2 W

Figure 1 — Structure of a semiconductor device containing
grapheme: 1 —layer of graphene; 2 — substrate made
of silicon carbide material of 6H-SiC type; 3 — source;
4 — layer of dielectric insulation material made of silicon
dioxide; 5 — gate; 6 — drain

The electron drift channel was formed along
the x coordinate by applying constant bias voltages,
which were applied to the two contact areas — the
drain and the gate. For 6H-SiC material, the values
of its electrophysical parameters were selected
from the data presented in [4, 5] at a concentration
of electrons equal to 1:10'” cm™. The number of
simulated particles for the entire structure with a
layer of graphene and a SiC substrate was assumed
to be 10000. Input and output of electrons from the
structure according to the Monte Carlo procedure [6,
7] was carried out from the contact regions 3 of the
source and 6 of the drain (Figure 1), but the regions
3 and 6, as well as region 5, were not considered in
the modeling procedures.

The design of the transistor presented in Figure 2
is generally similar to that presented in Figure 1, but
the length of the graphene layer is shortened, and
the value of parameters DK and DM (Figure 2) is
2:10° m.

Thus the layer of graphene is located between
contact areas of a source and a drain (elements 3 and
6, accordingly, in Figure 1) so that these areas are
partially placed on a semiconductor substrate from
silicon carbide (element 2 in Figure 2), and partially
on a layer of graphene (element 1 in Figure 2).

At modeling of electron transfer processes in
silicon carbide material of 6H-SiC type, the model
consisting of M -L-M, valleys of conductivity zone
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having the lowest energy was used. The value of the
gap between the M, and M, valleys was assumed
to be 0.18 eV [5, 6]. For the region of the structure
containing graphene, the mechanisms of scattering
of electrons on optical phonons, on impurities, on
acoustic phonons were taken into account [8, 9];
electron-electronic scattering was also additionally
considered and its analysis is presented in [11]. In the
developed program using the Monte-Carlo method for
the analysis of electron drift in the region consisting
of 6H-SiC material, the scattering mechanisms on
optical phonons, on impurities, on acoustic phonons,
as well as the inter-valley scattering between non-
equivalent valleys [10].

N
Ry
DK DM
B} I
DS
2s _W
| |
IS ]

DX

Figure 2 — Structure of a semiconductor device containing
graphene: 1 —layer of graphene; 2 —substrate made
of silicon carbide material of 6H-SiC type; 3 — source;
4 — layer of dielectric insulation material made of silicon
dioxide; 5 — gate; 6 — drain

To investigate the electron transfer process in
graphene, the linear dependence of the energy E
of electrons on the wave vector k£ was used, which
is true in the region of usually considered energy
values [8, 9]:

E=h-v, -k +k +kZ,

where k,, k,, k,—the components of the wave
vector (wave numbers) along the coordinates x, y, z,
respectively; v, —the Fermi speed in graphene, the
value of which is usually taken as 1.0-10% cm/s; 7 —
reduced Planck's constant.

Simulation results

Figure 3 shows the obtained by simulation using the
Monte-Carlo method and the solution of the Poisson's
equation of dependence of the output current of the /
drain on the value of direct voltage at the gate U,

0.08

I, mA

0.06 4

0.04 4

0.02

0.00 T T T T T T y T T T
0.8

lf2
U,V
&
Figure 3 — Dependencies of the output drain current on
the value of the constant gate voltage: 1 — obtained for the
structure shown in Figure 1; 2 — obtained for the structure
shown in Figure 2

In this case, the value of DC voltage at the drain
of U,, for all curves presented in this figure, was
equal to 1.5 V. Curve 1 was obtained for the structure
shown in Figure 1, using a single layer of graphene.
Curve 2 is obtained for the structure shown in Figure
2, using a single graphene layer of the same thickness
as curve 1 in this Figure.

Figure 4 shows the dependencies of drain
output current / and the transconductance of output
characteristic g, on the value of constant voltage
at the gate U, for a structure without using a
single layer of graphene, while observing all other
parameters, as in the structure shown in Figure 1.
In doing so, the graphene layer shown in Figure 1
was replaced by a layer of silicon carbide of similar
size, so that a homogeneous layer of this material
is formed.

The analysis of curves 1 u 2 in Figure 3 and curve
1 in Figure 4 shows that using a layer of graphene
placed between the drain and the source allows to
increase the output current several times at the same
size of semiconductor structures and the same values
of direct voltages at the drain and the gate.

Figure 5 shows the dependencies (curves 1 and
2) of the transconductance of the output characteristic
g, on the value of direct voltage at the gate U,,
obtained from the characteristics of the output current,
presented in Figure 3 by curves 1 and 2, respectively.
The analysis of these dependencies shows that
the maximum transconductance of the output
characteristic g,, reaches a value of approximately
0.075 mS at a gate voltage of approximately 0 V for
structure 1 shown in Figure 1.
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Figure 4 — Dependences of output drain current and
transconductance of output characteristic of the design
without graphene layer on the value of constant voltage
at the gate: 1 —dependence of output drain current;
2 — transconductance of output characteristic

For structure 2, shown in Figure 2, the
transconductance of the output characteristic g,
has lower values compared to structure 1, shown in
Figure 1,reachingamaximum value of approximately
0.031 mS at a gate voltage of approximately 0 V.

The analysis of dependencies 1 and 2 presented
in Figure 5 and curve 2 in Figure 4 shows that the
use of a graphene layer allows to significantly,
several times increase the transconductance of the
output characteristic, and thus increase the gain of
the structure.

0.08
g, mS
0.06 4

0.04 +

0.02

Figure 5 — Dependencies of the transconductance of the
output characteristic on the value of the constant gate
voltage: 1 — obtained for the structure shown in Figure 1;
2 — obtained for the structure shown in Figure 2

Figure 6 shows the dependencies of the output
current / on the value of DC voltage U,. The curves
1-3 in Figure 6 are obtained at the gate voltage
U, equal to minus 0.15 V. Curve 1 is obtained for
the design shown in Figure 1, using a single layer

of graphene. Curve 2 is obtained for the structure
shown in Figure 2, which is characterized by a
shorter length of a layer of graphene compared with
the structure shown in Figure 1. Curve 3 is obtained
for the transistor structure described above, which
does not contain a layer of graphene.

0.05

[ mA
0.04

0.03

0.02 4

o

Figure 6 — Dependencies of the output drain current on
the DC value of the drain voltage: 1 — obtained for the
structure shown in Figure 1; 2 — obtained for the structure
shown in Figure 2; 3 — obtained for the structure that does
not contain a layer of grapheme

The analysis of curves 1, 2 shows that the output
drain current has a feature that is not observed in
conventional transistor designs without using a layer
of graphene, and this feature is associated with the
presence of flow current, which is not equal to zero, at
a voltage on the drain equal to zero. The closed state
of the transistor, whose design is shown in Figure 1,
is observed at a voltage on the drain, approximately
equal to minus 0.29 V, and the transistor, shown
in Figure 2 at a voltage on the drain approximate-
ly —minus 0.015 V.

The theoretical possibility of operating the
semiconductor structure shown in Figure 1, which has
a total length of the structure equal to 1:10"° m and the
length of the gate equal to 0.2:10 ® m, as an amplifier
for signals in the EHF range was studied. Figure 7 of
curve 1 shows the output current dependence of this
semiconductor structure obtained by simulation.

In this case, an external harmonic signal with a
frequency of 200 GHz and amplitude U;=0.15V
(curve 2 in Figure 7) was applied to the gate of the
semiconductor structure at a constant voltage at the gate
U,, equal to minus 0.15 V. Curve 3 in Figure 7 shows
the dependence of output current on the time of this
semiconductor structure, built using 6H-SiC material,
but without a layer of graphene. The constant voltage
applied to the drain was 1.5 V, while the gate constant
voltage was minus 0.15 V for both calculation options.
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Figure 7 — Time dependencies of the output current of the
semiconductor structure and the external signal applied to
the gate: 1 — output current dependence of the structure
shown in Figure 1; 2 — dependence of the external signal
applied to the gate; 3 —output current dependence of
the semiconductor structure constructed using 6H-SiC
material but without a graphene layer

Analysis of Figure 7 (curve 1) shows that a
semiconductor structure with a layer of graphene is
capable of transmitting and amplifying an input signal
at 200 GHz in the EHF range with a gate length of
1-110°m. A normal semiconductor structure based
on silicon carbide but without graphene is unable to
transmit and amplify input signals at 200 GHz because
ofthe low speed and mobility of charge carriers in silicon
carbide (Figure 7, curve 3). Thus, the introduction of a
layer of graphene into the transistor design with a silicon
carbide substrate allows for a significant expansion of
the frequency range of the amplifier in the EHF range.

Figure 8 shows the actual part of the complex
spectrum amplitude, which was obtained by direct
conversion of Fourier values of drain currents. This
transformation was applied to the output current
dependence data array, which is represented by
curve 1 in Figure 7.

0.020

Re[A]
0.015-

0.010

0.005 -

0.000 : : :
0 100 200
Hz
Figure 8 — The real part of the complex spectrum
amplitude, which was obtained by direct Fourier

transformation of drain current values

The analysis of Figure 8 shows that in the
received spectrum of output signal there is a
component with frequency equal to 200 GHz.
The analysis of Figures 7 and 8 shows that the
semiconductor structure with a layer of graphene is
able to transmit and amplify the input signal in the
EHF range when selecting the appropriate length of
the gate.

Conclusion

Modeling of output characteristics of field-effect
transistors containing single graphene layer was
performed using Monte-Carlo method and solution
of Poisson equation. The simulation results show that
the use of graphene in semiconductor compounds
opens up new opportunities for improving high-
frequency field-effect transistors due to high charge
transfer rate, good scalability prospects, high thermal
conductivity and a number of other advantages. For
graphene semiconductor structures it is possible to
achieve a higher average speed of electrons than in
similar silicon transistors and transistors, which are
based on other known semiconductor materials. Due
to the use of graphene with such characteristics of
charge carriers transfer it is possible to achieve high
current densities in the open state and high values of
transconductance, which provides good functioning
characteristics and high operating frequency of field
effect transistors.

The results obtained allow predicting the
wide use of transistors using graphene layers for
amplifiers and other devices with high output
characteristics. The developed designs of graphene
field-effect transistors can find wide application in
radio-electronic, radar and radio-navigation systems
due to expected significant improvement of output
characteristics of semiconductor devices designed
for operation in the microwave and microwave
frequency bands.
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MuHuaTIOpHbIE KOCMHYECKHE anmnaparsl 00J1aJaloT BBICOKUM OaTMCTHYECKUM KOd(p(ULIHEHTOM,
YTO BBITOAHO AJIS pa3pelnaronieil CiocoOOHOCTH 30HAMPOBAHUS TUIOTHOCTH BepXHel atMocdepsl. Llenb
JaHHOM paboThI — MOKa3aTh HOBBIE BO3MOKHOCTH «METOa Majaomux chep» Ha OCHOBE MUHHATIOpU3a-
LMW KOCMHUYECKHX anmapaToB. «MeToa najamiux chep» Ucnosb3yercs Al 30HAUPOBAHUS BapHalUi
IJIOTHOCTH BEpXHEH aTMocdephl.

PaccMoTpeHO TeXHHUYECKOE pelieHHe AJisi TMarHOCTHKH yY4acTKOB OPOUTHI ¢ aHOMaIbHBIMH W3MEHe-
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Abstract

The miniature spacecraft have a high ballistic coefficient, which is advantageous for the resolution
of sensing the density of the upper atmosphere. The purpose of this work is to show new features
of the "falling spheres method" based on the miniaturization of the Spacecraft. The "falling spheres method"
is used to probe variations in the density of the upper atmosphere.

A technical solution for diagnostics of orbital sections with abnormal changes in the speed and
acceleration of spacecraft equipped with onboard navigation receivers and micro-accelerometers
is considered.

The technical result of the proposed development is the efficiency and cost — effectiveness of
sounding variations in the density of the upper atmosphere, seismic-orbital effects-variations in the density
of the atmosphere over earthquake-regions and the seismic hazard.
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BBenenue

OneHKH MJIOTHOCTH BEpXHEH aTMocgepsl Hc-
MOTB3YIOTCS TIPH  OAJUTHCTHYECKOM 00ecTIeueHuH
nonéra kxocmuueckux anmapatoB (KA) c  yué-
TOM KOOpDAMHAT MECTOIIONIOKEHUS W Ha OCHOBE
I'OCT 25645.166-2004 «Atmocdepa 3emnn Bepx-
Hss. Mojenb IUIOTHOCTH sl OauTUCTHYECKOTO
oOecriedeHus] TMOJETOB MCKYCCTBEHHBIX CITyTHHKOB
3emin». B HEM ompeneneHbl COOTHOLIEHUS Ul pac-
4yéTa 3HAYCHUI MapamMeTpoB IUIOTHOCTH aTMOCQeEpsI
3emuu B quanaszone BeicoT 120-1500 kM my1st pazmmy-
HBIX YPOBHEH COTHEUHO!H aKTUBHOCTH TP H3BECTHBIX
Jiate, BpeMEHHU U KOOPJMHATaX TOYKU MPOCTPAHCTBA.

D¢ deKTl TOBBILIEHHOTO TOPMOXKEHUSI HU3-
KoopOuTansHEIX KA mepen CHIBHBIMH 3eMIICTPSI-
CEHHMSIMH OBLITM OTMEYEHBI em€ B MPOIIJIOM BEKe
CTIEIUATICTAMHA CHCTEMBI KOHTPOJSI KOCMHYECKO-
ro npoctpancta (CKKII). PeanpHbie oreHKH Ba-
pHanuii TOPMOKEHHUSI U OPOUTAIBLHOTO JBHXKECHUS
manbix KA B moHOcdepe mepen CHIIBHBIMH 3€M-
aetpsiceHusIMH (ceiicMoopOuTanbable  3PQPEKTH)
OBLTM TIOJIYYEHBI 10 PEe3yIbTaTaM PETPOCIIEKTHB-
HeIX uccinenoBanuii B [1]. Ilo gaHHBIM ¢ OOpTO-
BBIX MUKpoacesiepoMeTpoB Ha KA ObLTO BEISBICHO
yXyJALIEHHe KoopauHAaTHOW npuBsa3sku KA Ha rpa-
HHLAX CEHCMOOMACHBIX DPAllOHOB C CO3PEBIIMMHU
CHIIBHBIME 3eMteTpsicennsmu’. TTosBHIach Heoo-
XOJIMMOCTh JIETAIM3alUN JaHHBIX OPOUTAIBHOIO
TopMoxkeHus KA.

B [2] wucnonw3oBansl pesynbTaTel [1], rAe
10 TAaHHBIM PETYJSPHBIX HAONIOJCHUA 3a Xapak-
TEPUCTUKAMHU JIBUKCHHS KOCMHYECKHX OOBEKTOB
HA3eMHBIMH  PaJUOTEXHHYECKHMMU KOMILJIEKCAMHU
CHUCTEMBI BO3AYIITHO-KOCMUYECKOH 000poHbl CeBep-
HOU Amepuku (NORAD) Obliu BBISIBICHBI OCOOCH-
HOCTH B TopMoOkeHuu Mmanoro KA "Mounutop-3"
nepeq CWIBHBIMH 3emierpsiceHusiMu. Yepes 2-5
CYTOK IOCJIE aHOMAJIbHO BBICOKHX OLIEHOK CpeHe-
CYTOYHOro OamnucTudyeckoro ko3pduuuenra k,
Y4acTO MPOVCXO/IUIIN CHITbHBIE 3eMIIETPSCEHUS CYIIIH
¢ MarHutyaou M > 6,5. JIis moaBOAHBIX 3eMIIeTps-
CEHUH BBISBUTH CTATUCTHYECKH 3HAYMMBIC d(hdek-
Tl Ha (DOHE ECTECTBEHHBIX BapHALIU TOPMOKEHUS
HE YJIaJI0Ch.

! Teproimankos A.B., Jlumeposckas E.B., Ckpu-
naueB B.O. IlepBele OIGHKM BO3MYUICHMH IIOTHOCTH
BEpXHEH aTMocdepsl HAJ CEHCMOOMACHBIMH PErHOHAMHU
10 JJAHHBIM OOPTOBOTO aKceIepoMeTpa Ha KOCMHUYECKOM
anmnapare. Marepuaiisl V Mex1yHapoIHOI KOH(epeHInn
"CoJsTHEeYHO-3eMHBIE CBS3H U (PU3MKa PEIBECTHUKOB 3eM-
nerpsicenuit” 2—7 asrycra 2010 r. — ITaparynka, 2010. —

C.394-397).

Vcnosnp30BaHUE CIEKTPAJIbHOIO aHauu3a Io0-
3BOJIMJIO BBISIBUTH TOHKHE S(PQPEKTHl BHYTPH ecTe-
cTBeHHBIX Bapuanuii KA Ha opOure. B mepuono-
rpaMMax CpeHECYTOYHBIX JaHHBIX 00 OTHOCHTENb-
HBIX BapualMax OauMcTHdeckoro koddduimenta
KA «MouauTOpP-2» BEISBICHO MPOSIBICHHUE TIEPHOIA
«CEeHCMHUYECKOT0 3aTHILBS.

OueHKH 1O aHOMAaJIbHBIM MHKPOYCKOPEHHSM
Ha opOuTE OBLIM MOJYYEHBI C TIOMOMIBIO C MUKPO-
akcenepomerpa «Kaktyc» Ha ¢panmysckom KA
«Kacrtop» (D-54, BeiBenen na opoury 17.05.1975 r.
c kocmozapoma Kypy nns ompenenenust a’poauHa-
MHYECKOIO0 TOPMOXKEHHUS, JaBJIEHUS COJIHEYHBIX
Jydel, aHOMaJUil TIpaBUTALMOHHOTO MO 3eMId
U CTOJIKHOBEHWH C METCOPHBIMH YaCTHIIAMH). 3a-
TUTAaHWPOBAHHAs BBICOTa OpOUTHI B amoree 1268 kM
u nepuree 272 kM, Macca — 76 KT, BEICOTa KOPITyca,
uMeroniero 26 rpaHeil ¥ MakCHMAalbHBIN Moneped-
HEIH pasmep — 0,8 M. DKCIIepuMEHTBI ¢ OOPTOBBIM
aKCeIepoOMEeTPOM OBIIIM PACCUUTAHBI Ha IIECTh MECs-
ues. J(uanason usmMepenuii yckopenuii 10 °—107 g,
¢ TounocThio 5-1071° g. Torma 5T0 OBIT caMmblii
HU3KHMI NOPOr M3MEPEHUN MO CPABHEHUIO C BO3-
MO>KHOCTSIMH JPYTHX TPEXOCHBIX aKCEIEPOMETPOB.
[To apxuBHBIM OpOWUTATBEHBIM OOPTOBBIM H3MeEpe-
HUSIM Ha BBICOTE Iepures Obljia ycTaHOBIICHA MOBHI-
LICHHAs IVIOTHOCTb BEpXHEH aTMocdepbl Haj celic-
MOOTIACHBIM PETHOHOM 3a 4 CYyTOK /10 0000IIEHHOTO
no 20 ciay4asiM CHIBHOI'O TEKTOHMYECKOTO 3eMJle-
TpSICEHUS.

Ou3nueckoe 000CHOBaHUE IPUINH MUKPOYCKO-
pennit KA Ha rpanHumnax ceiicMOOINacHBIX pailoHOB
0oJiee COOTBETCTBYET NPEACTABICHUSIM O BapHallu-
SX IJIOTHOCTH BEpXHEH aTMocdepbl, HEXKEIU Bapu-
alysiM TPaBUTAIIMOHHOTO MOTeHIHa a. B kadecTBe
MOTEHIMAIIBHOTO aHaJIora pacCMaTpUBAIUCH JaXe
BapHalMM MJIOTHOCTH MOHOC(EpHOH mia3msl ¢ J0-
CTaTOYHO PE3KUMM TpaHULIAMU TPYyOKH Harpesa,
oOHapyKeHHbIE B JKCIICPUMEHTaX HaJ| HarpeBHBIM
crengoM Cypa mo curHanam [ 7100ajabHBIX HaBUTa-
nrOoHHBIX cmyTHUKOBBIX cucteM (ITHCC) B [3].

Cnexenune 3a TopmoxkenneM KA mnposoaurtcs
C TIOMOIITBI0 poccUiicKknxX HazeMHBIX cpenctB CKKIT
U HMX 3apyOekHBIX aHanoroB. M3mepenus opOUT
KOCMHUYECKHX OOBEKTOB IPOBOIATCS HA3EMHBIMH
PaAMOTEeXHUYECKUMHU M ONTHYECKUMH CTaHIUSAMHU
CJIE’KEHUs, paclooKEHHBIMU 110 BceMy MUpy. [laH-
HBbIE O Ha0JIFOJAEMBIX B OKOJIO36MHOM KOCMUYECKOM
npoctpanctBe (OKII) oObekrax 0O0BEAUHSIOTCS
B KaTaJIOTH.

OrpaHnyeHusi Ha HaOIOJAEMOCTh OOBEKTOB
B OKIIL, B ToM ymcrie B «MeTo/ie Mafaronmx chepy,
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WCIIONIB3YeMOM  JUJISl  WICCIIEZIOBAHMS TUIOTHOCTH
BepxHEW aTrMocdepsl, CBSI3aHBl C KPUTHUUECKUM
pa3MepoM KOCMHYECKHX 00beKTOB. CO BTOPO IMO-
JIOBUHBI TMPOILJIOTO BEKa TOYHOCTH OMPENCICHHUS
o6wvexToB B OKII kaxkple gecaTh JIeT yiaydiaiach
MOYTH Ha mopsaok [4, 5]. st pamuogokammuoH-
veIX ctanmuit (PJIC) meTpoBoro mmamazoHa Kpu-
THYECKHUN pa3Mep (PUKCHPYyeMBIX OOBEKTOB OIle-
HuBaetcs B He meHee 0,3-0,5 m. B getiumerpoBom
Jraria3oHe BEPOATHOCTh OOHApyKEeHHsI O00BEeKTa
pasmepoM B 0,1 M (Tuma HaHOKA) yBenmumBaeTcs
B 2-3 paza [6]. IIpu 3TOM TOSBUINCH HOBBIE BO3-
MOXXHOCTH ISl MCTIOJIB30BAHUS «METOZa Majaro-
mux cep» Ha ocHOBe MuHHaTIOpH3anuu KA. I1o-
Ka3aTh HEKOTOPBIE U3 HUX — IIJIb IPECTABICHHON
CTaTbH.

TexHoJiorus pacyéra Bapuanuii IIOTHOCTH
aTMocgepbl 10 TOPMOKEHH IO
HU3KO0OPOMTAJILHBIX KOCMHYECKHX ANIapaToB

HuskoopOutansusie KA nBrmxyTcs mo opOute
B mosie TsaroteHus 3emur. OCHOBHBIM (PaKTOpOM,
OTIPECTSIONINM JBOIONNIO UX OPOUTHI U TIEpHOIa
oOpareHusi, sBigeTcs aTMochepHOe TOPMOXKEHHE
U (yHKIMOHMpOBAaHME JBUTATENBHON yCTAaHOB-
k. Cuiia TyHHO-COJTHEYHBIX BO3MYIICHHH OPOWTHI
st KA TUCTAaHITMOHHOTO 30HIWPOBAHUS 3eMITH
MPEHeOPEKNMO Maa.

Bripaxenue s pacuéra CHIIbl a3pOJMHAMU-
geckoro comnpotusieHuss KA MOXXHO TpeJCcTaBHTh
B BUzeE [2]:

F =ma=k,pV’ (1)

otn >

ky=CS/2m, ()
rae m —macca KA; a — BekTop yckopeHus; k, — 6an-
auctuueckuit  kodpduuuent; C, — 6e3pazMepHblil
KOA(GHUIMEHT adPOJUHAMUYECKOTO CONPOTHBIIC-
Hus; S — xapakrtepHas miomanb KA; p — mioTHOCT
armMocdepsl Ha BbicoTe KA, BEKTOp CKOPOCTH KO-
TOPOro OTHOCHTENBHO Bo3ayxa V , =V —-W, rie
V — Bexrop ckopoctu KA B reouieHTpuyeckoi HHEp-
LIMOHHOW cucTteMe KoopauHaT, W — BEeKTOp CKOpO-
CTH JABHIKEHUS aTMOocdepsl (BeTpa).

B (1) He paccmarpuBaeTcst IEGHTPOCTPEMUTEIb-
Has cuja B moje TsbkecTu 3emsid. OCHOBHBIE M3Me-
HEHUSI CKOPOCTH MPOUCXOJAT BJIOJIb OCHOBHOIO Ha-
npasneHus aBuxkeHns KA.

Jg maccuBHOTO yuacTka rnonéra KA Ha ocHoBe
pasHocTu pacctosHUM (AL), mpoiaeHHsix KA mexay

M3MEPEHUsIMH [ U i+ 1, yuuThIBasg BpeMsi CYTOK U
nmapaMeTphbl OpOUTHI, PACCUUTHIBAIOTCS OTKIIOHCHHS
motHocTH oT Moaer 'OCT 25645.166-2004:

Api ~ 2(ALStandart_ ALreal) m/(Vizkb(t2i+1 - tzi))‘ (3)

C noMomIbl0 UTEPALUOHHBIX MPUOIMKEHUH U
MeTOJ]a HAMMEHBIINX KBaJPaTOB, IOCTATOYHO TOJ-
pOOHO TIpenCTaBIeHHBIX B [7], HOTyYEHHBIC C TIOMO-
1610 (3) OIEHKH, TTO3BOJISTIOT PACCYUTATH OCPETHEH-
HYIO OIICHKY IUIOTHOCTH Ha OTJIENBHBIX y4YacTKax
opoutsl. [IpocTeiiiinii BapuaHT B JaHHOM Cllydyae —
KpyroBast OpOuTa C HYJIEBBIM IKCHEHTPUCUTETOM.

C ncronp30BaHNEM MOJETH TUIOTHOCTH BEpX-
Hell aTMocdepbl BOBMOXKEH Pacuy€T peallbHOro Oal-
JUCTUYECKOro Kod(dduuuenta u ero Bapualui,
9TO M MpOU3BOAUTCA B cucteMax koHTposst OKII.
[Ipm 5TOM 3HAUMTENbHBIE TPYAHOCTH BO3HUKAIOT
M3-32 W3MEHEHHUS OaJTUCTUIECKOTO KO hHUIneH-
Ta 3a cu€T HeCTaOWIM3UPOBAHHOTO MONokeHus KA
W Bapuauui Iulomaay nomnepeyHoro cedeHus KA.
ITosTOMy B TpagUIIMOHHBIX pacdy€rax TOPMOXKEHUS
KA bacTo MCHoNB3yIOTCSI OTICHKH BBICOTHI OPOUTHI
Ha 3HAYUTENHHBIX BPEMEHHBIX OTPE3Kax, MpPOJIOJ-
JKUTEJIBHOCTBIO HE MeHee mepuoja BpameHus KA
Ha opOuTe [8—10].

TexHu4yeckue pemieHus 1JI AMarHOCTHKH
celicMoopOuTaIbLHBIX 3¢ dexTOB

B [2] nns oOHApy)eHUS CeHCMOOpPOUTATEHBIX
3 PeKToB MpemIoKEHO 30HIUPOBAHUE IBHIKE-
Hust HU3KkoopOuTanbHelx KA B OKII HazemHbIME
PaAMOTEXHUYECKHUMU M Ja3€PHBIMH CPEJCTBAMHU.
Orto ocHoBa i pacuéra xodpduireHra Oamm-
cTuueckoro topmoxenus k, KA u ompeneneHus
MOMEHTOB aHoMmajbHOro TtopMoxeHuss KA. Tak
Kak celicMoreHHble 3(QQEKTHl Mallbl U TEPSIOTCS
Ha (oHE ecTeCTBEHHBIX Bapualuid, TO Jjaliee
HCHOJIB3YETCSl  CHEKTpPaJIbHBI  aHajau3 Bapua-
Ul TOPMOXKEHHSI TUIM3UPOBAHHBIX OLCHOK k.
[Io MOUTHOCTH «CHUTHANBHBIX» TEPUOOB YTOUHS-
IOTCSl BPEMEHHbIE OTPE3KH C IMOBBILICHHOH ormac-
HOCTBIO CHJIBHBIX KOPOBBIX 3€MIIETPSICEHUN CYIIU.
OTo pelnieHre OPUSHTHPOBAHO Ha JIOCTYIHBIC pe-
cypenl CKKIT n nabmronenns 3a KA.

ITpoekTHbIil k;, paccuUTHIBAETCA HAa OCHOBE
KOHCTPYKTUBHBIX XapakTepucTuk KA. Ilocie BbiBO-
na KA na opbuty Oammuctuueckuil koaddumuent
pacCUUTBIBACTCA 110 JAaHHBIM pPEAJIbHBIX Ha6JIIO,ZIe-
Huii 3a aBwxenuem KA [1,2, 11] u npenocras-
JSETCSl BMECTE C XapaKTePUCTUKAMHU JBWKECHUS H
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topmoxkeHuss KA B yHuBepcanbHOM (opmare
TLE («Two Line Elements» — nByXpa3psIIHBIX ame-
pukaHckux 7TLE-31eMeHTOB). OTH JaHHBIE UCIIOJb-
3yIOTC TP MH(POPMALMOHHO-0AIIMCTHIECKOM
oOecrieueHUM TIpolecca (PyHKIIMOHUPOBAHUS POC-
cuiickux KA, MeXIyHapolIHOM COTPYIHHYECTBE
IIPU OCBOCHUHM KOCMHYECKOTO IPOCTPAHCTBA U KOH-
TpoJie KOCMUYECKHUX 00beKTOB. OTHAKO AaHHBIE pac-
4y€ToB 7LE NOCTYIHBI CO 3HAUUTEIILHON BPEMEHHON
3aJepKKOH He MEHEE CYTOK, YTO CHIKAeT OllepaTuB-
HOCTh W 3a0JaroBpeMEHHOCTh TUAarHOCTUKH Celic-
MoopburanbHbiXx dddextoB. K Tomy ke, Habmrone-
mus KA cpeacrBamu CKKII oka3eiBaroTcst Hepery-
JIAPHBIMH (OT MPOITYCKa IO HECKOIBKUX pa3 B CYTKH)
M3-32 PEKOW CeTH Ha3eMHBIX DPaJUOTEXHUYECKUX
KOMIIJICKCOB.

Kpome TOro, BO3MOXHOCTH TEXHHYECKUX
cpencte CKKII mo pa3pemaromieii crmocoOHOCTH
oobekToB B OKII orpannumBaroT HaOIt01aeMbie
pa3Mepsl KOCMHYECKHX OOBEKTOB, HCIIOJIB3YEMbIX
IIPY 30HJUPOBAHUM IUIOTHOCTH BEpPXHEH armoc-
(heprl IO PATMOTEXHUUSCKAM HAOIOJACHHUSIM 32 UX
topmokeHueM. HanoKA wimm KA wmensinero pas-
Mepa (manee MunHuatiopuole KA) oka3sbiBaroTcs
Ha rpanu oOoHapyxeHus misi CKKIIL. CoorBercTBeH-
HO, I MUHHUATIOPHBIX KA TpeOyroTcs pemieHus
JUISL IMATHOCTHUKH CEHCMOOPOUTANBHBIX 3(PPEKTOB,
KOTOpbIE MOTYT OBITh NPUMEHHMBI M JAJisl Ooisiee
KkpynHbix KA.

B kauecTBe OIHOrO0 M3 OUYEBUIHBIX PEIICHHUH
MOKET OBITh HCIIOJIB30BaAHUE OOPTOBOM HaBUTa-
LUOHHOM ammaparypbl MHHHUATIOpHBIX KA, dro
HE MPEeIyCMOTPEHO B M3BECTHBIX CIOCO0AX 30HAU-
pOBaHUs IMJIOTHOCTH BepxHel arMocdepst [2, 7-10],
I7I¢ OCHOBHBIC OIPAaHUYEHHS OOYCIIOBJICHBI TOY-
HOCTBIO METONIOB 30HAMPOBaHUS 00heKkTOB B OKII
[0 MUHUMAQJIBHBIM pa3MepaM KOCMHUYECKHX O0b-
€KTOB U ONEPATUBHOCTBIO MOIYUEHUS PE3yJbTaTOB
30HAMPOBAHMS.

Hcnonb3oBanue HABUIallMOHHOTO 00OpyAOBa-
HUs HAa MUHHATIOpHBIX KA cooTBeTcTByeT oOIIei
TEH/JCHLIUU B Pa3BUTHHU COBPEMEHHOW MHUKPOIJIEK-
TpoHUKU. [Tpn 3TOM, yMEHBIIIEHHE MacChl COBPEMEH-
HBIX MUHHATIOPHBIX KA, HECMOTpSl HAa yMEHbIICHUE
pasmepoB KA, mpuBoIUT K pocTy OaJUTHCTHUECKOTO
ko3 duimenTa, KOTOPbII XapaKTepu3yeT TOPMOXKe-
nue KA. C pocrom maccel KA ymeHnsIimaercss gyB-
CTBUTEJIBHOCTh TOPMOXKEHHUS K BapUalUsAM IJIOTHO-
ctu atMocdepsl. [ nérkoro xkyouka mim chepsl,
tuna HaHoKA 1 MeHee, adpoiMHaMUYECKHE yCKope-
HUS OKa3bIBAIOTCA Ha JIBA MOPsIIKa OOJIbIIIE, 10 CPaB-
HEHHIO C aHaJIOTUIHOW (OpMOH, pazMep KOTOpOi

Ha TIOPSIOK OOJbIle, TPU OJWHAKOBON BEIMYHHE
3amaca craruueckoil ycrouuBocTu. Ilpu ymenbiie-
Huu pasmepoB KA U oauHAKOBOW IIOTHOCTH KOC-
MHYECKUX OOBEKTOB UX k, OymeT oOpaTHO mpomop-
[IMOHAJICH KyOy TpaHu WIH pagnyca, a IUIoIaab MO-
ITyJsl TIPOTIOPIIMOHATbHA KBAJpary STHX Pa3MepOB.
[TonTBepxaeHUEM 3TOrO SBISAIOTCS OLUEHKH B [12]
MoTeph BBICOTHI JiJist TPEX KA, 3aImyIieHHbIX MPaKTH-
yecku opHoBpeMeHHo 28.04.2016 . ¢ xocMoapoma
BocTouHblil Ha OKOJIO3EMHYI0 OPOUTY (PUCYHOK 1).
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Pucynok 1 — M3MeHeHre BBICOTHI OPOUTH KOCMHYECKUX
anmaparoB: 1 — «JlomonocoBy»; 2 — «Auct-2[1»; 3 — nér-
KU HaHOCTTYTHUK [12]

Figure 1 — The height of the spacecraft orbit: 1 —"Lo-
monosov"; 2 — "AIST-2D"; 3 — light nanosatellite [12]

beicTpee Bcero BBICOTY Tepsul JETKUN HAHO-
KA SamSat-218D c maccoit menee 9 kr. OH umen
¢dopmy mnapamienenunegaa. Macca KA «JlomoHo-
coB» (MVL-300) npeBsiana ero maccy 0oJiee 4eM
B 70 pa3 (mpumepHo 645 Kr, B TOM UYHCIE HAYYHOUH
armmaparypsl 160170 kr). Manslif cimyTHUK TUCTaH-
LIMOHHOTO 30HAUPOBaHUS 3eMin «Auct-2/1» umen
Maccy okoJio 531 kxr, B TOM 4ucie Hay4HOH ammapa-
TypbI 0K0J10 250 K.

3amyck ykazanHbix KA Obul mpou3BenéH
Ha CMaJIaloliell  BETBU  COJIHEYHOW aKTHBHOCTH
C HU3KUMH YPOBHSIMU COJTHEYHOTO PaINOH3ITyYCHUSI.

MuHHnaTiopHble MHOTOYAaCTOTHBIE OOPTOBEIE
HABUTAIMOHHBIE TPUEMHUKHU TIO3BOJISIOT TTOBBICHTH
OIEePaTUBHOCTH OTPEICIICHHsI XapaKTePUCTUK OpOu-
ThI Ha OCHOBE TIPSIMBIX H3MEPEHHUI BBICOTHI U CKOPO-
ctu KA. [IpuéMOBBIYUCIIUTENIN COBPEMEHHBIX OOp-
TOBBIX HABHTaI[MOHHBIX TpuEMHUKOB KA mocturiu
TOYHOCTH OTIEPATUBHOTO OIPEJEIICHUST XapaKTepH-
ctuk opbutel KA, mpeBocxoasiieil BO3MOKHOCTH
OOPTOBBIX 3BE3IHBIX TATYMKOB, HA3EMHBIX PaINOTEX-
HUYECKUX M ONTHYECKUX CPEJCTB, HCIOJIB3YyEeMbIX
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B HAONIONEHHUSAX 32 OpOUTATHHBIMH XapaKTCPHUCTH-
KaMH{ JBW)KEHUS KOCMUYECKHX aIllaparoB. JTo 00-
YCIIOBIIGHO peaimn3aneil (QyHKIUH MHOTOYacTOT-
HBIX W3MEpeHHNH, (YHKINOHHUPOBAHUEM CHCTEMBI
nrddepeHnInanTbsHON KOPPEKITMH W MOHHTOPHHTA
LEJOCTHOCTH TPYNIIMPOBKM HaBUTAIMOHHBIX KA
I'HCC. TogHOCTh MTHOBEHHOTO OIIPEACIICHUS KOOP-
JIUHAT IS CITyTHUKOBOTO HABWUTAIIMOHHOTO TMPUEM-
Huka HaHOKA SamSat (Camapa), mpeaHa3Hau9eHHOTO
JUTSL OTPaOOTKHA aJTOPUTMOB YIIPABICHUS OpHEH-
TalMe HAaHOCIIYTHUKOB, 3asBJIcHa He Xyxke 10 M u
2—-5 m/c 1o ckopocTH [12], 9TO COOTBETCTBYET BO3-
mokHOCTsM HazeMHbIX PJIC CKKII u muHHIMyMmYy
CYTOYHBIX ITOTEPH BBICOTHI OPOUTHI MAJIBIX HU3KOOP-
outanpHBIX KA, HCITONIb30BaHHBIX B pacuérax [1, 2].
Ho m3roroBnenne 60pTOBOr0 HABUTAIMOHHOTO IIPH-
émHuka KA ¢ yka3aHHBIMH BO3MOXHOCTSIMU BCE
emé ocrtaércs mpodiaemoit. Mcmons3oBanue 60pTo-
BOTO pajimoMapKepa Ui BBIUYMCICHUS OpPOWUTHI MH-
HuatiopHoro KA He MoxeT OBITh aJBTEPHATHBOMN
00pPTOBOMY HAaBHUTAIIMOHHOMY NMPUEMHUKY, KOTOPBIH
MOJKET pelaTh U 3a7a4y BbIIauid METOK BPEMEHHU.

Emé omna BO3MOXXHOCTH TEXHHYECKHX pelie-
HAW 1711 TUATHOCTHKH TopMokeHUsT KA cBs3aHa
C MUKpPOAKCEIepOMETPaMH, KOTOpPbIe pa3padOTaHBI
u J1s MuHuatiopasix KA. VX paspemaromas crio-
COOHOCTB CyIIIECTBEHHO BBIIIIE, YeM JIJISl YCKOPEHHIA,
pacCUMTaHHBIX Ha OCHOBE OOPTOBBIX HaBUTAIlU-
oHHBIX TpuémHNKOB curHagoB 'HCC (GPS/TJIO-
HACC/Beidou n mp.).

Cnoco0 30H1poBaHus celicMOOPONTAIBLHBIX
3¢ppexToB

Bo3morkHas cxema 30HAMPOBAaHUS BapHallnii op-
outsl KA ¢ ucnosip3oBanreM GOpPTOBOTO HaBHTallU-
OHHOT'0 000pPYyI0BaHHS NPEICTABICHA HA PUCYHKE 2.

Bosmymenuss B armocdepe, BO3HHKAOLIME
IIPU HBOJIIOLUUA CEHMCMOTEKTOHMUYECKON aHOMaJluH,
3a CY€T aKyCTHUKO-TPaBUTALIMOHHBIX BOJIH U CEHCMO-
JNEKTPOMArHUTHBIX 3P(PEKTOB MPOSIBIAIOTCS B BUIE
ceificmoopOutanbHbix dpdekroB KA. Ilpu stom
JUISL OTIEPAaTHBHOM JMAarHOCTUKU CEeHCMOOpOUTANb-
HBIX 3(QEeKTOB TpemTaraeTcs WCIONb30BATh IPHU-
émoBbIuncanTens 0OopToBoro (Ha KA) HaBuramumosn-
Horo npuémuuka curHanoB ['HCC, nmo3Bomstomiero
C BBICOKOH TOYHOCTBIO IOJIy4aTh KOOPAUHATHI, CKO-
pocth nBrkeHUs U yckopeHust KA Ha opoute. Boi-
SBJICHUE aHOMAaJILHBIX 30H B OLIEHKaX TOPMOXKCHUS
KA wncnonp3yercst ansi AMarHOCTUKU CEHCMOOPOH-
TaJbHBIX YPPEKTOB, UCTIONB3YEMBIX TPH MPOTHO3H-
POBaHHMH MMOTEHIMAIBHBIX CHIIBHBIX 3€MIICTPSCCHUI

cymu. Pe3ynbratel uamepenuii Mukpoyckopenuit KA
OOPTOBBIMH MHKPOAKCEIEPOMETPAMU MOXKET TTOBBI-
CUThb KaueCTBO JUATHOCTHKH CEHCMOOPOUTAIBHBIX
3¢ EeKTOB U TUNIOTHOCTH BEpXHEH atMOC(hephI.

Pucynok 2 — Cxemarudeckoe NpeJCcTaBlIeHUE BapUalMii
OpOUTHI KOCMHYECKOTO anrapara Haj CeHCMOTEKTOHUYE-
CKOM aHOMaJueil B 3eMHOI1 Kope: 1'u1’- CpaHULBI IPO-
sIBJICHHSI B aTMOC(epe CeHCMOTEKTOHMYCCKON aHOMAITUH;
2 — opbuta; 3 — KOCMUYECKUi armmapar ¢ OOpTOBOW Ha-
BUTALIMOHHOW ammapatypoil; 4 — KOCMMYECKHI ammapar
['moGanbHOM HABUTAITMOHHON CIYTHUKOBOH CHCTEMBI;
5 —Ha3eMHBIH MyHKT npuéMa, 0OpabOTKH W XpaHCHHUS
nHpOpPMALIUT

Figure 2 — Scheme of variations in the orbit of a spacecraft
over a seismotectonic anomaly in the earth's crust: 1' and
17 — boundaries of manifestation in the atmosphere of a
seismotectonic anomaly; 2 — orbit; 3 — spacecraft with
onboard navigation equipment; 4 — spacecraft of the
Global navigation satellite system; 5 — ground point for
receiving, processing and storing information

C nomortipto 60pTOBOTO HABHIAIIMOHHOTO TPH-
EMHHUKA OIpPENENIOTCS TeKyllee ICEeBIOMO3UINO-
HUPOBaHHE M BEKTOP IICEBIOCKOPOCTH JBUKEHUS
KA. OTu xapakTepuCTHUKU UCIIONb3YIOTCS IS Tua-
THOCTUKHM aHOMaJIbHBIX yckopeHuil KA nHa opOwute,
npuaéM Uit KyOndeckol nim ceprdeckoil GopMel
MuHHaTIOpHBIX KA 6e3 pacuéTroB OarmMcTHYECKOTO
Kod(ppuIreHTa, B OTIIMUKE OT cxeMbl [2]. B ciryuae
CJIOKHOH (OpMBI MUHHATIOPHBIX KA ¥ MpH UCTIONB-
30BaHUU UX JIBUTATEJIbHON YCTAaHOBKH Pacu€Thl aHO-
MaJIbHBIX YCKOPEHUI TOJI’KHBI IPOBOAUTHCS Ha MPO-
JTOJDKUTENBHBIX BPEMEHHBIX MHTEpBaJIax.
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Jnst  TpaeKTOPHBIX HW3MEPCHHH  JIBHIKCHUS
HEe MeHee OAHOro HuskoopoutampHoro KA (3 Ha
pucyHke 2) Ha aTMoc(epHOM y4acTKe IMacCHBHOTO
monéra (IUHUSA 2 Ha pUCYHKe 2) mo curHaimam KA
I'HCC (4 na pucyHke 2) mpejaraercss pacCUMuThI-
BaTh C TIOMOULIBIO OOPTOBBIX MPUEMOBBIYHCIHTENCH
B K&)KJIOM TaKTe U3MEpeHUH nceBaokoopanHaTsl KA
HaJ[ 3eMHBIM SJUTUTICOMIOM, BEKTOP OTHOCHUTEIHFHOM
TICEBJIOCKOPOCTH JBHIKEHHUSI, B TOM YHCIIC B CPaBHE-
HUU C MPEABUIYIIUMU TaKTaMH U3MEPEHU, BEKTOP
niceBaoyckopenust KA.

[Ipu 00paboTKe MONYYEHHBIX PE3yJIbTATOB H3-
MEpEHUI:

— IMaTHOCTUPYIOTCS. aHOMAJUH  IOJYyYEHHBIX
PSI0OB M3MEPEHUI ¢ MOMOIIBIO METOJa KOHTPOJIb-
HBIX KapT U CIIEKTPAIBHOTO aHaJIN3a;

— aHAJTM3HUPYETCS IBOIIOIHS BBIIBICHHBIX MOP-
(oNoruYecKrX aHOMAIWH aHAM3UPYEMbIX Xapak-
TEPUCTUK HA COOTBETCTBUE YCTAHOBIICHHBIM 3aKO-
HOMEpHOCTSIM TIPOSIBIICHUSI CEHCMOOPOHUTATBHBIX
3 PEeKTOB M X KITUMATHICCKUM OCOOCHHOCTSIM;

— YTOYHSIETCSI TIOJIOKEHHE CEHCMOONACHBIX pe-
THOHOB;

— YTOUHSIOTCS] KJIMMaTUYEeCKHE KapThl aHATTNU3H-
PYEMBIX XapaKTEePHUCTHUK;

— pacCcUMTHIBAIOTCS BaphalMy TNIOTHOCTH MEX-
Jly TAKTaM{ U3MEPEHUI WK Ha ydacTKax opOuThl KA;

— paccUMTHIBAETCS OLIEHKA IUIOTHOCTH aTMOC-
(hepbl Ha OTHENBHBIX yUacTKax opOUTH KA;

— TIOJTy9€HHBIE PE3YIIbTATHI IEPEJAIOTCS B LIEHTP
npuéma, 00paboTKH U XpaHeHus: uHpopmanuu (5 Ha
pHUCYHKE 2).

Jis Banmpanu 1 BepuUQUKAIMKA B 5 Ha PHCYH-
Ke 2 MOXET UCIIONIh30BaThCS CPaBHEHHE C JaHHBIMH
MOJICIMPOBAHUS OPOUT U JTAHHBIMH, TIOJyYEHHBIMH C
KA, KoTopble MOTYT KOHTPOJIUPOBATHCS CPENICTBAMHU
CKKII Ha ocHoBe PJIC xoHTpOIs KOCMHUYECKOTO MPO-
CTPaHCTBa, CTAHIIMH JIa3epHOM JaTbHOMETPUN U Ap.,
JUTSl KOTOPBIX TI0 CPEAHECYTOYHBIM JaHHBIM O Bapua-
musix opoutsl KA [3] MOXXHO 3a051aroBpeMeHHO OI1e-
HHTb YPOBEHb OMACHOCTH CHIIBHBIX KOPOBBIX 3eMJIETPS-
CeHHWI B TEUYEHHE IOCIEIYIOIINX HECKOIBKUX (OOBIY-
HO 2-3) cyToK. [10 BHYTPHUCYTOUHBIM BapHAITHSIM YTOU-
HSICTCSL 9BOJIFOIUS CEHCMOOPOUTATBHBIX 3(D(EKTOB.
IIpu mocTarouHO BBICOKOM YACTOTE 30HIMPOBAHUS
MOYKHO JIMarHOCTHPOBATh TPAHUIIBI CEHCMOOIACHBIX
PaifOHOB, OTIPEETSITh UX TEOMETPUIECKHE IIEHTPEI.

PeHTabembHOCTE 30HIUPOBAHUS CEUCMOOPOU-
TaNbHBIX d((QEKTOB M IUIOTHOCTH BEpXHEH armoc-
(epsl ¢ momoupio MUHHATIOpHBIX KA obOecnieunBa-
ercsa ux nemesusHon (http://spaceresearch.ssau.ru/
ru/subsystems, https://db.satnogs.org/), omeparuBHO-

CTBIO MOJIYUCHHA JaHHBIX O BapualudaX TOPMOKCHU
Ha opoOwure.

3akjaouyeHue

Munnatiopu3anysi KOCMUYECKHX amllapaToB H
COBpPEMEHHAss MHUKPOIJIEKTPOHUKA ITO3BOJISIOT II0-
BBICHTH PEHTA0CIBHOCTh HCIIOIB30BAHMS «METO/a
najaronmx chepy IS 30HIUPOBAHMS BapHAIMHA
TUIOTHOCTH BepxHel atMocdepsl. 3a c4éT yMeHbIIIe-
HHSI MacChl COBPEMEHHBIX MUHHATIOPHBIX KOCMHUYE-
CKHUX aIllapaToB YBEIWYHBACTCS PACCUUTHIBACMBIN
Oammctudecknii  KOd((UITUEHT, HCIOIB3yeMbIi
IpU OICHUBAHUH TOPMOXKCHHS KOCMHYECKOTO aI-
mapara, 4To TOBBIIIAET BO3MOXKHOCTD JETaTH3AIIH
Mopdonornu mIoTHOCTH atMocdepsl. Tsokénble an-
naparsl ¢1abo pearupyroT Ha BO3MYIICHHUS TIOTHO-
CTH BepXHeW aTMOoc(ephl.

Vcronp30BaHNe HaBUTAMOHHOTO 00OpYJIOBa-
HHUS Ha MUHHMATIOPHBIX KOCMHYECKHX armaparax M
MHKPOAKCEIEPOMETPOB TTO3BOJIUT TOBBICHTH OIlepa-
THUBHOCTB PAacu€TOB INIOTHOCTH BEpXHEH aTMOChephI
1 celicMOOpOUTANBHBIX APPEKTOB.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B DPEJAKIMIO JKypHala, JODKHBI YHIOBIETBOPATH TpeOoBaHMsAM «MHCTPYKLIMM O MOpsiIKe
odopmiieHnst KBaTH(PUKAIIMOHHON HaydHOH paboThI (HccepTanui). ..», yreepxaennon [locranosinennem BAK Pb
or 28.02.2014 1. Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe rojycienoe pereHsupoBanne. OCHOBHBIE KPUTEPUU
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
TUKH, HTHOOPMATHBHOCTh, HAYYHAs! HOBH3HA.

4. Ctarbs MpeACTABISAETCS B pacriedaTaHHOM U B DJIEK-
TpOHHOM BHzE B (hopmare TekcToBoro pemakropa Word for
Windows. O0bEM cTaTbu HE JODKEH MpeBBIaTh 14 cTpa-
HUI, BKIodas TekeT (mpudt Times New Roman, pazmep
12 ., waTepBan 1,5), Tabmumpl, rpadudeckuii MaTepual,
BCIO HEOOXOMMYI0 HH(OPMAITHIO Ha aHIIIMHCKOM SI3bIKE.

5. Ha nepBoii cTpaHHIe CTaThH YKa3bIBAIOTCS: HHIIEKC
VJIK, HazBanue crarbu, GpaMuiaud aBTopoB (pamuius aB-
TOpa, C KOTOPBIM CIIEAyeT BECTH MEPErnHCcKy, OTMEUaeTcs
3BE3JJ0YKOM U YKAa3bIBAETCsl €ro aJpec JIEKTPOHHOU I104-
ThI), Ha3BaHUS W MOUYTOBBIE agpeca opraHu3auil (ynuia,
HOMED JI0Ma, HH/IEKC, TOPOJI, CTpaHa), B KOTOPHIX paboTaroT
aBTOPBI, HA PyCCKOM U aHIIMHACKOM si3bIKax. CTaThs BKIIIO-
yaeT: aHHOTaIuio (B mpenenax 200-250 cioB); KIIIOUYEBEIC
cioBa (He Oonee 5); BBeleHHE, B KOTOPOM JIEIAETCs KpaT-
KMt 0030p CIIETaHHOTO B MUPE M KOHKPETHO (hOpMyIHpyeT-
Cs 11e7Tb pabO0ThI; OCHOBHYIO YaCTh; 3aKIIFOYCHHUE, B KOTOPOM
B CXXAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIC TIOJyYCHHBIC
pe3yabTaThl ¢ yKa3aHHEM WX HOBM3HBI, NMPEUMYILIECTB U
BO3MOYKHOCTEH TNPUMEHEHUsSI; CIHCOK HCIIOJIb30BAHHBIX
HCTOYHUKOB. AHHOTAlMs, KJIIOYEBBIC CIIOBA, CITMCOK HC-
MOJIb30BaHHBIX MCTOYHUKOB TPEJCTABISIOTCS HA PYCCKOM
Y aHIJIMHCKOM SI3bIKaXx.

6. AHHOTaMs JOJDKHA OBITh MH(OpPMATHUBHOU (CO-
JIep’KaTh «BBDKUMKY» U3 BCEX PA3/eNIOB CTATbU — BBEJCHUS
C yKa3aHHEM LieJIM PabOThI, METOIUKH, OCHOBHOH YacTH H
3aKITFOUCHU ).

7. I'paduuecknii MaTepuan JAOIKEH OBITh KOHTPACT-
HBIM W 4€TKUM. HeoOxomamMmo mpuaepKuBaThesi €INHOO-
Opasus TEXHUKH MCTIOIHEHUS OTHOTHITHBIX WILTIOCTPAIHH.
W300pa3utenbHblil MaTepHrai BCTABISETCSI B TEKCT CTAThH,
a Taxke Jaércs B BHUJIC OTHCNBHBEIX (aitmoB (popmar tif,
jpg, paspeuienne He menee 300 dpi). Texct Ha pucyHKax
HAOMPAETCsl OCHOBHOI rapHUTYPOIL; pa3Mep Keris COM3Me-
PHM C pa3MepoM pHUCYHKa (»kelaTelpHO 8 MyHKTOB). Bee
PHCYHKH HYMEPYIOTCS U COIPOBOXJIAIOTCSI MOAPUCYHOU-
HBIMH HOANMUCAMH. DparMeHThl PUCYHKAa O0003HAYAIOTCS
CTPOYHBIMH KYPCHBHBIMHU JIATHHCKUMH OyKBaMH — «a»,
«b» uT. 1. Hagmucn Ha puUCYHKax M TOANKMCH K PUCYH-
KaM JIaloTCs Ha PYyCCKOM M aHIIIMMCKOM si3bIkax. Bce co-
KpamieHns: n 00O3HaueHMs] MOIDKHBI OBITH pacmmppoBa-
HBl B ITOJAPHCYHOYHONW TOMNMCH. PHCYHKH >KenarelbHO

MIPEOCTaBIATh B I[BeTe. Ha prcyHKax MOKHBI OBITH yKa-
3aHBl OCH ¢ 0003HaYEHUEM TPHBOIUMBIX BEIMYMH M Mac-
mraboB. Ha rpadukax He HYXKHO J1aBaTh KOOPIMHATHYIO
CETKY, €CJIM 3TO HE OCIMIIIOrpaMma.

8.IlomyronoBbie (ororpadun mpudOOPOB MM HX Ya-
CTEH NPEICTABIAIOTCS NP MyONMKAUUK B TEX CIIydasx,
KOIJIa OHM HECYT CYIIECTBEHHYIO MH(pOPMAIINIO, KOTOPYIO
HeJlb3s1 BBIPA3UTh UHBIM criocobom. dororpaduu JOIKHEI
OBITh BBHICOKOKAQUECTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3TMYNMBIMH JETATISIMH.

9. Tabnuip! He TOHKHBI AyOIHpOoBaTh Tpaduku. Kax-
nast TabrIla UMeeT 3arojoBoK. Ha Bce TaOiHIIbl M pUCYHKH
CIeyeT IaBaTh CCBUIKU B TeKCTe. Ha3BaHMe U comepkaHme
TaOIUI] TPENICTABIIACTCS HA PYCCKOM H aHTTHACKOM SI3bIKAX.

10. OOo3HaueHMs1 U COKpAILCHHUS, NPUHATHIE B CTa-
The, PaCIIU(POBHIBAIOTCS HEITOCPEICTBEHHO B TEKCTE.

11. Pa3mMepHOCTb BCeX BEJIMYUH, MPUHSTHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATH MEXIlyHApOJHOH CHCTEME €M~
uun uzmepennii (CH).

12. MHorocTpouHble (hOpMYIBI JOIKHBI OBITH HaOpa-
Hbl B penakrope MathType, Homepa dhopmy:t — 1o npaBo-
My Kpato. HymepytoTcst mummb popMyIIsl, Ha KOTOPBIE €CTh
CCBUIKH B TeKcTe. OTIEeNbHBIe CTPOYHBIC OYKBBI M CITCITH-
aJbHBIC CHMBOJIBI HAOMPAIOTCS B TEKCTE TAPHUATYPOi Sym-
bol 6e3 mcmoap3oBanus penaxrtopa dopmyra. [Ipu Ha-
Ooope QGopMmyn U OyKBCHHBIX 0003HAYCHHU HEOOXOIUMO
YYHTBIBaTh CICAYIONIAE TMpaBIJIA: PYCCKHl aadaBuT
He NCMOIb3yeTcsl; Tpedeckue OyKBBI, MareMaTHdecKue
cumBodbl (grad, div, In, min, max u ap.), CHMBOJIBI XUMH-
YECKHUX IEMEHTOB (B T. 4. B HH/IEKCE) HAOUPAIOTCS MPSIMO;
JIATHHCKUE OYKBBI — IIEPEMEHHBIE ¥ CUMBOJIBI (DU3UUECKUX
BeJIMYMH (B T. 4. B HHACKCE) HAOUPAIOTCS KYPCUBOM; BEK-
TOPBI — XXUPHBIM HIPU(TOM (CTPEJIKH BBEPXY HE CTABSTCSI).

13. Cnmcok UCIoIb30BaHHBIX NCTOYHMKOB COCTABIIS-
eTCsl B MOPSAKES YIOMHHAHHUS CCBUIOK IO TEKCTY, HOJDKCH
coJIep KaTh MOTHBIC OHOMMOoTrpaduIecKre TaHHbIC ¥ IPUBO-
UTCSI B KOHIIE cTarbu. He pexoMeHayeTcs naBaTh CChHUI-
KM Ha MaTepHaiibl KOH(EPEHIIHA, CTaThH U3 AIICKTPOHHBIX
KypHanoB 0e3 uaeHtndukaropa DOI, yue6ubie ocodwus,
nuHTepHeT-pecypchl. CChUIKM Ha HEOIyOJIIMKOBaHHBIE pa-
00TbI He jpomyckatoTcs. JKenareabHO, YTOOBI KOJMYECTBO
CChUIOK ObLIO He MeHee 10; camonuTHpoBaHue — HE Oosiee
20 %.

14. ABTOpBI Ha OTIENBHON CTPAHUIIE TTPETOCTABIISIFOT
0 cebe cremyrommue CBeneHHs: (haMmins, UMsA, OTYECTBO,
ydeHasl CTeTeHb W 3BaHHWEe, MECTO paboTHl W 3aHWMaemas
JIOJDKHOCTB, aJipec AEKTPOHHOH CBA3M.

15. Crarby, W3mararomme pe3yiabTaThl HUCCIICIOBAHUH,
BBITTOTHEHHBIX B YUPESIKICHUSX, JIOTDKHBI IMETh COOTBETCTBY-
I0IIee pa3pelieHe Ha OIyOJIMKOBAaHHE B OTKPBITON IEYaTH.




MMPABUJIA O®OPMJIEHUSA CTATEN

16. IIpn HE0OXOAMMOCTH B KOHIIC OCHOBHOTO TEK-
CTa YKa3bIBalOTCS HAaWMCHOBaHWE (OHIA, OKa3aBIIECTO
(hMHAHCOBYIO TOIJICPIKKY, WIH YPOBCHb WU HAUMCHOBAHUC
MpOrpaMMbI, B paMKaX KOTOPOH BBINIONHEHA padoTa,
Ha PYCCKOM U aHIJIUHCKOM SI3bIKaX.

17. ABTOpBl HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHUE B PSIAKIUIO CTAaTel, paHee YXKe OITyOIMKOBAHHBIX WU
MPUHATHIX K TIeYaTH JPyTUMHU U3JaHUSIMHU.

18. Crarbu, HE COOTBETCTBYIOIIHME NEPEUUCICHHBIM
TpeOOBaHUSIM, K PACCMOTPCHHIO HE IPUHUMAIOTCS U BO3-

BpamaroTcs aBTopaM. JlaToil MOCTYIUICHWS CUHMTACTCS
JICHb TTOJTyYEHHsI pelaKIneil IepBOHAYAIbHOTO BapHAHTA
TEKCTa.

19. Pemakuust mpe1ocTaBiIsieT BO3MOXKHOCTB ITEPBOOYE-
PEAHOTO OMyOIMKOBAHMUS CTATEH JINIAM, OCYIIECTBISIOIINM
TIOCJICBY30BCKOE OOydYeHHE (acrMpaHTypa, JOKTOpaHTypa,
COHMCKAaTeIIbCTBO), B TOA 3aBEPIICHHS 00yUIEHHS; HE B3UMACT
TUTaTy C aBTOPOB 3a OIyOJIMKOBaHUE HAyYHBIX CTATEH; OCTaB-
JsieT 3a co0O# MPaBO NMPOM3BOANTH PENAKTOPCKUE MPABKH,
HE MCKa)KafoINe OCHOBHOE COZICP)KaHNE CTATBH.
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2. An article should be submitted in Russian or Eng-
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viewed by 2 specialists. The main criteria of acceptance are
theme actuality, information value, and scientific novelty.
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6. The abstract should be informative (contain
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stating the purpose of the work, methods, main part and
conclusion).

7. Figures should be black-and-white, represented
in graphical formats tif, attached with Excel or MS Graph
and added with captions. All symbols in figures should be
descripted.

8. Tables should be placed directly in the article
body. Diagrams and tables should not contain the same in-
formation. Each table should have the title. All tables, dia-
grams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article
should correspond to International System of Units.

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end
of the article with full bibliographic information. Or-
der of references should correspond to the order of their
occurrence in the text. It is not recommended to refer
to conference proceedings, papers from electronic jour-
nals without DOI number, textbooks, internet resources.
References on unpublished works are prohibited. It is
recommended to refer to not less than 10 references,
self-citations — not more than 20 %/
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thor should be presented: family name, first name, pat-
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degree and title, organization and position, full address
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bile phone numbers, fax, e-mail.

14. Articles containing investigation results ob-
tained in organizations should have a corresponding
permission for publication.

15. Names of Foundations or Programs financially
granted the research may be acknowledged in the end
of the text.

16. Authors are responsible for submitting articles
previously published or accepted by other publisher.

17. Articles not meeting the requirements of the
Editorial Board would not be accepted and may be re-
turned to the authors. The date of receipt is considered
to be the day when the Editorial Board receives the au-
thor’s original paper.

18. Authors conducting postgraduate (graduate
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thors do not pay for publishing scientific articles. The
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