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Abstract

Compact actively Q-switched diode-pumped lasers based on Yb**-materials are of practical importance
for wide range of scientific, industrial and biomedical applications. The aim of this work was to study the
Yb*":LuAlO, actively Q-switched laser.

One of the most promising crystalline hosts for rare-earth ions are Perovskite-like aluminate crystals.
Yttrium aluminate crystal YAIO, (YAP) is a well-known host with good thermal and mechanical properties
(thermal conductivity for undoped crystal is about 11 W/m-K and about 8 W/m-K for Yb(5 at.%):YAP)
similar to those of YAG. The reduction in the thermal conductivity of doped laser crystal in comparison with
host materials is small in the case of ions with close atomic mass and ionic radii such as for Yb*" and Lu*".
This feature makes LuAlO, (LuAP) more promising host crystal for doping by Yb’* ions in contrast to YAP
especially for high output power laser systems.

In our work, for the first time to the best of our knowledge actively Q-switching laser operation of
Yb**:LuAP single crystal was demonstrated. The maximum average output power of 4.9 W at 50 kHz pulse
repetition frequency (PRF) with opt.-to-opt. efficiency of 21 % was obtained with 30 % OC transmittance.
Output power as high as 3.3 W with 333 pJ-laser pulses with duration of about 11.5 ns was demonstrated at
10 kHz PRF the corresponding pulse peak power was 29 kW. 97 pJ second harmonic pulses obtained with
29 % conversion efficiency at 10 kHz PRF.

Performed investigations show high potential of Yb*":LuAP crystals as active elements of compact
diode pumped actively Q-switched lasers due to high stimulated emission cross-section (~3.74:10%° cm?)
at 999.6 nm wavelength and significant reduction of heat load on the active element when pumping around
980 nm and generation around 999 nm.

Keywords: Q-switched laser, ytterbium ions, diode pumping, lutetium aluminate crystals, second harmonic
generation.
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KomnakTtHele na3epsl ¢ aKTUBHON MOAYJISIIMEH TOOPOTHOCTH pe30HaTopa, IOCTPOSHHBIE Ha MaTepHraax,
JIETHPOBAHHBIX MOHaMU YDb®*, IPENCTaBISAIOT MPAaKTHYECKUI MHTEpEC /I MIMPOKOTO psijia HayuHbBIX, MPO-
MBILIIJICHHBIX 1 OMOMEINIMHCKUAX MpuMeHeHuH. Llenbio nanHoi paboThl SBISUIOCH UCCIIEIOBAHUE PEKUMA
aKTMBHOM MO/ LMK T0OPOTHOCTH Pe30HaTOpa Jasepa Ha kpuctamie Yb* :LuAlO,.

Opnumu 13 HauboJee MEPCHEKTHBHBIX MAaTpPUL AJsl JISTUPOBAHUS MOHAMH PEIKO3EMENbHBIX dlie-
MEHTOB SIBJISIFOTCS KPUCTAJIIBI AIOMHUHATOB CO CTPYKTYpOH mepoBckHTa. Kpucramiel UTTpHEBOTO aro-
munara YAIO, (YAP) mmpoko WM3BECTHBI B KauyeCTBE MaTpuIl OJiarofaps XOpOIIMM TEPMOMEXaHHYe-
CKUM CBOIcTBaM (TEIUIONPOBOIHOCTh HEJIETHpOBaHHOTrO Kpuctamia okono 11 Br/m-K u okono 8 Br/m-K
st Yb(5 a1.%):YAP), 6nu3kum k kpuctaiuiam YAG. CHUKEHUE TETUTONPOBOIHOCTH JIA3EPHOTO KpUCTAILIA
MIPH JIETUPOBAHUM 110 CPAaBHEHMIO C YMCTOM MaTPUIEH Majlo B Cllydyae HE3HAUUTEIbHO OTIIMYAIOIINXCS aTOM-
HBIX MacC M MOHHBIX PaJyCoOB KaK B cilydae ¢ HoHaMH Yb*" u Lu’". JlaHHas 0COOEHHOCTD AenaeT KpucTasul
LuAlO, (LuAP) 3nauntenbHO Oosee MepeneKTUBHOM MaTpuIei 1y noHoB Yb*' no cpasuenuto ¢ YAP oco-
OCHHO B CiIyYae JIa3ePHBIX CUCTEM C BBICOKOH CpeHEl BBIXOAHON MOIITHOCTBIO.

Pexxnm akTMBHOM MOZTYIISIK TOOPOTHOCTH J1a3epa Ha kprcTtawie Yb* :LuAP nuccrenoBan BriepBbIe B HaIlICH
pabote. MakcuMaibHasi CpeiHsIsl BBIXOIHAsE MOLIHOCTG 4,9 BT monmyyeHa mpu 4actoTe ciefoBaHus HMITYJIbCOB
50 xI'y m ontrueckoit adpdexruBrocTH 21 % ¢ MprMeHeHHeM BBIXOIHOTO 3epkaiia nponyckanueM 30 %. Berxos-
Hasi MOIHOCTH 3,3 BT, anmurensHOCTS MMIysbea 11,5 He MoTydeHs! pU 4acToTe cliefoBaHus uMIyibeoB 10 kI,
SHEpryst UMIyJbca cocTaBmuia 333 mk/x, mukoBas MoHOCTh 29 KBT. mmynbce! sHeprueit 97 Mkl npu ya-
crote ciemoBanus 10 k' momy4eHbI Ha YacTOTE BTOPOH TapMOHUKH € 3G PEKTUBHOCTHIO peodpazoBanust 29 %.

[IpoBeneHHbIe UCCIENOBaHUS MOKA3bIBAIOT, YTO OJaroaapsi BHICOKOMY MOIEPEYHOMY CEUCHHUIO CTUMY-
JTUpOBaHHOTO M3nydeHus (= 3,74:102° cm?) Ha anviHe BOTHBI 999,6 HM, a TakKe CYNIECTBEHHOMY CHIDKCHHUIO
TEIUIOBOI HArpy3Ky Ha aKTUBHBIN 3JIEMEHT NMpH Hakauke B oOmactu 980 HM u reHepanuu B obnactu 999 Hwm,
kpucTauisl Yb* :LuAP BechMa mepcrieKTHBHBI B KaUSCTBE aKTUBHBIX JIEMEHTOB KOMIAKTHBIX TBEPIOTEIb-
HBIX JIa3epOB C TUOAHON HAKaYKOW, pabOTaIOMIMX B PEKUME aKTHBHOW MOAYJISIIMU TOOPOTHOCTH.
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AJIIOMUHATa, reHepanus BTOpOﬁ TapMOHUKHU.
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Introduction

Compact diode-pumped Q-switched lasers with
pulse repetition rate of tens kilohertz are of practical
importance for materials processing, spectroscopy,
range finding applications. The increasing demand
for laser in materials processing can be attributed to
several unique advantages like high processing speed,
the ability of automation technological process,
non-contact processing, elimination of subsequent
finishing operation, reduced processing or operational
cost, improved product quality, greater material
utilization, and minimum heat affected zone [1-4].

Currently the most popular active media for such
commercial systems are Nd**-doped crystals (YAG,
YVO, or YLF). Neodymium doped media have
a number of advantages like 4-level laser scheme
and high stimulated emission (SE) cross section
(~10" cm?) that allow efficient laser action with
comparatively low pump and laser beam intracavity
intensities [5]. These systems can provide high single
pulse energy [6] without damage of the intracavity
optics but high quantum defect of Nd** ions leads to
significant thermo-optic aberrations [7] that restrict
the possibilities of power scaling, especially at
high repetition rates. In order to obtain relatively
high output powers, sophisticated cooling systems
and powerful 808 nm AlGaAs diodes are used [8],
which results in the drop of the cost efficiency. In
contrast, Yb**-based laser system have 3-level laser
scheme and lower SE cross section [9] that result
in a comparatively high pump and intracavity laser
beam intensities for efficient laser operation. But
this disadvantages almost zeroing when we operate
with high pulse repetition frequency (PRF) and
thus with reduced single pulse energy. Moreover,
the utilization of Yb-doped material could improve
the performance and cost of Q-switched laser
system because of the substantial reduction of the
thermal effects due to low quantum defect and high
availability of InGaAs diodes.

It is evident that the issue of development of
laser media with advanced thermo-optical properties
and lasing performances remains relevant. One of
the most promising crystalline hosts for satisfying
these conditions are Perovskite-like aluminate
crystals. Yttrium aluminate crystal YAIO, (YAP)
is a well-known host for rare-earth ions [10-17].
The wide interest to YAP crystal is explained by
its good thermal and mechanical properties similar
to those of YAG [18]. Previously investigated
Yb**-doped yttrium aluminate crystal demonstrate

high termooptical properties (thermal conductivity
for undoped crystal is about 11 W/m-K and about
8 W/m-K for Yb(5 at.%):YAP [18, 19]) and wide
absorption and stimulated emission cross-section
spectra [20] that makes this crystal a promising
material for high power lasers and amplifiers emitting
in the 1pum-spectral range.

The reduction in the thermal conductivity of
doped laser crystal in comparison with host materials
is small in the case of ions with close atomic mass
and ionic radii such as for Yb*" and Lu*" [21-23].
This feature makes LuAP more promising host
crystal for doping by Yb** ions in contrast to YAP
especially for high output power laser systems.

Here we report on the crystal growth,
spectroscopy, CW and Q-switched laser operation of
the Yb**-doped isostructural LuAlO, single crystal
as a novel promising material for high power diode-
pumped actively Q-switched lasers for the first time
to the best of our knowledge.

Crystal growth

LuAP is a biaxial crystal of the “distorted
perovskite” type (space group D, '*-Pbnm). Unlike
the stable aluminates based on large-size rare-earths
(RAIO,, R = Gd-Er), the end-member orthorhombic
aluminates of smaller-size rare-earths (RAIO,,
R=Tm, Yb, Lu) are considered as metastable
compounds, i. e., they have no stability regions in
the subsolidus and cannot be sintered employing
traditional solid state reaction techniques. In the
flux growth, TmAIO, and YbAIO, phases have
been observed together with the corresponding
garnet phases, while LuAlO, could not be obtained;
instead of this, Lu,Al,O, and Lu,O, phases have
been recognized [24]. The first reported LuAlO,
single crystals were grown from the melt by
Czochralski method [25]. Phase equilibria studies
in the Lu,0,-ALO, system [26-29] have shown
that the range of stability of the perovskite phase is
quite narrow and its nucleation may occur only on
cooling from the molten state, from temperatures
well above the liquidus temperature. Based on
solidification behavior of the LuAP melts, the
schemes were developed for single crystal growth,
the details of which can be found in [34]. LuAP:Yb
single crystals for the present studies were grown
by the vertical Bridgman method (or vertical
directional crystallization) [30, 31] under Ar/H,
atmosphere (5 vol% of H,) using molybdenum
containers 14 mm in diameter. Hugh purity Lu,O,,
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Yb,0, and crystalline Al,O, were used as starting
components; the selected concentrations of Yb
were 2, 5 and 10 at.%. Due to a very small size
mismatch  between Yb* (r,,, =0.985A) and
Lu** (r,,, = 0.977 A) ions [32] (around 0.8 % with
respect to Lu*"), the distribution coefficient of Yb**
ions in LuAlO, is close to unit and practically
all Yb ions amount added to the melts is being
incorporated into the lattice.

Spectroscopy

Polarized absorption spectra of Yb**(2 at.%):LuAP
(corresponding  ytterbium  concentration = was
4.02 x 10% cm3) atroom temperature were registered
by a Varian CARY-5000 spectrophotometer.
Absorption cross-section spectra for three light
polarizations parallel to the a, b and ¢ crystallographic
axes are shown in Figure 1.

E//a
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G pps Ogpr 7107 cm

N A O

Absorption coefficient o, cm”

Ellc

— — Absorption
—— Stimulated emission

960 980 1000 1020 1040
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Figure 1 — Polarized absorption and stimulated emission

cross-section spectra of Yb*":LuAlO, crystal (the spectra
were obtained for Yb**(2 at.%):LuAlO,)

Strong absorption is found for E//c light
polarization with the peak absorption cross-section
at 978.5 nm of about 6.6 x 102 cm? and spectral
bandwidth FWHM of 4 nm.

It is well known that radiation trapping
strongly affects the measured lifetime of Yb-
doped materials because of significant overlap of

the absorption and emission bands [33, 34]. The
comparatively high index of refraction of LuAP
(n,=1.923) also increases the probability of
reabsorption even in optically thin samples because
of the total internal reflection. Thus the special
methods discussed in the literature [33, 34] should
be used to determine the luminescence lifetime
accurately. In our experiments we used a fine
powder of Yb:LuAP crystal immersed in glycerin.
The diameter of the powder particles was measured
to be approximately 30-40 pum, several times lower
than absorption length of the most heavily doped
Yb3*(10 at.%):LuAP crystal (75 um at 978.5 nm).
The Yb ions contents in the samples were 2, 5
and 10 at.%. The samples were excited by 20 ns
pulses at 978.5 nm and luminescence kinetics was
registered with the use of a 0.3-m monochromator,
fast Ge-photodiode with a rise time of <20 ns
and a 500 MHz digital storage oscilloscope. All
the samples exhibited single exponential decays
(see Figure 2b). Starting from certain powder
content, the lifetime remained constant despite
further dilution (Figure 2a), thus indicating that
reabsorption effects became negligible. Emission
lifetime for 10, 5, and 2 at.% Yb-doped crystals
was measured to be 31010 ps, 380+ 10 pus and
475+ 10 us, respectively (see Figure 2¢). Taking
into account that similar concentration quenching
was observed for Yb:YAP starting from about
4 at.% of Yb doping concentration [35], we
believe that the measured value of (475+£5) pus
corresponds to the radiative lifetime of Yb*'-ions
in LuAP.

The stimulated-emission cross sections were
calculated by use of the modified reciprocity
method in which it is not necessary to know the
Stark level structure of the Yb** manifolds (°F,,
and °F_ ) [36]:

3-exp(=he (kTL))

o o
og(M)= o nc(Mh (1
” sma’t d-c-%jx“‘cgm(mexp(-hc,(m))dx 485 (1)
where 1t 1s the radiation lifetime of an active

rad
center; c is the light velocity; 4 and k are Planck and

Boltzmann constants, respectively; 7 is the crystal
temperature; 7 is the refractive index of a crystal; o
and B denote the polarization state; and o, is the
ground-state absorption cross section.

The stimulated-emission cross section spectra
calculated with this method are presented in
Figure 1.
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Figure 2 — Measured lifetime for different weight content
of Yb(2 at.%):LuAP crystalline powder in glycerin
suspension (a). Kinetics of luminescence decay (b) and
measured Yb excited state lifetime for LuAP with different
concentrations (¢)

The most intensive stimulated emission (SE)
cross-section band at 999.6 nm has peak value of
about 3.74x 10 cm? for E//c-polarization. Such
a high SE cross-section value is very suitable for
actively Q-switched laser operation.

Continuous wave laser experiment

For laser operation the most interesting
polarization states in the crystal are E//c and
E//b (c and b are crystallographic axes) due to

high stimulated-emission cross sections values.
In comparison with Yb-doped YAP, the crystal
of Yb:LuAP exhibits slightly higher stimulated-
emission cross section, a close radiative
lifetime and a comparable stimulated emission
bandwidth [20].

For a CW laser experiments a set up with
X-folded cavity design was used (see Figure 3). It
consisted of two curved mirrors M1 and M2 and two
plane mirrors: OC and HR.

Cavity mode Pump beam
avi yZmo e Ml;jgs

/M ~1.1
Active element

Pump focusing optics

Figure 3 — Experimental setup of continuous wave diode-
pumped Yb:LuAP laser: HR-highly reflective mirror, M1,
M2-concave mirrors, OC-output coupler, LD-laser diode

The calculated TEM_, mode diameter in the
crystal was about 180 um. As a pump source, a
multiple single emitter InGaAs fiber-coupled laser
diode (@105 um, NA =0.15) with a maximum
output power of about 25 W was used. An “off-
axis” pump layout was used for longitudinal
pumping of the active element (see Figure 3). This
pump arrangement was successfully tested in our
previous work [36-39] and the main advantage of
such a pump scheme is that all the cavity mirrors
have highly reflecting coating at 900—1100 nm. The
pump light was formed by a set of lenses into the spot
with a diameter of about 180 pum (1%?). A 2 mm long
Yb(2 at.%):LuAlO, crystal was used as a gain
medium. The crystal was a-cut to provide E//b
and E//c polarized laser output. It was a slab
with dimensions 2(a) x 5(b) x 1.5(c) mm?; both
5x2 mm? lateral faces were maintained at 15°C
by means of copper plates (indium foil was used
to improve thermal contact) and thermo-electrical
cooling elements with water-cooled heat sink,
while 1.5 x 5 mm? working faces were antireflection
coated for pump and laser radiation.

The dependencies of the laser output power
on the absorbed pump power for E//b— and E//c—
polarized outputs and different OCs are shown in
Figure 4. Absorbed pump power was real-time
measured during the laser action.
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Figure 4 - CW laser performance of Yb:LuAP
crystal for different polarizations and output coupler
transmittances

The maximum CW output power of 9.6 W
at absorbed pump power of 15.2 W with slope
efficiency of 73.5 % was demonstrated for E//b
polarization with 5% OC transmittance. With
output coupler transmission of 10 % and 20 %
the laser output power slightly decreased to 8.6 W
and 6.6 W, respectively, while the corresponding
slope efficiencies increased to 76.4 % and 84.5 %.
Similar output powers were demonstrated for
E//c laser output. With 10 % output coupler
transmittance 9.1 W of output power was obtained
at 14.5 W of absorbed pump power with 77.9 %
slope efficiency. Output powers of 8.3 W and
7.2 W with slope efficiencies of 62.5% and
73.6 % were obtained for 5% and 20 % OCs,
respectively.

Actively Q-switched laser experiment

For actively Q-switched laser experiments a
3-mirror laser cavity was used (Figure 5) consisted
of curved mirror and two plane mirrors, Pockels
cell, Thin film polirizer and short wave filter. The
calculated TEM | mode diameter in the crystal
was about 180 um. As a pump source, a multiple
single emitter InGaAs fiber-coupled laser diode
(25 W, @105 um, NA=0.15) was used.

For Q-switched laser experiments was used
the same active element as for CW experiments.
First we study CW performance with “short” laser
cavity (Figure 5). To reduce intracavity energy

density in Q-switched regime 20 % and 30 %
output couplers were used. The dependencies of
the CW output power versus incident pump power
are shown in Figure 6.

cM AE SW-filter

LD 25W

NA~0.15
105mkm

Output

Figure 5 — Experimental setup of actively Q-switched
diode-pumped Yb:LuAP laser: CM — concave mirror;
AE — active element; SW — short wave filter; TFP —
thin film polarizer; PC — Pockels cell; OC — output
coupler; LD — laser diode
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Figure 6 — Dependencies of CW output power versus
incident pump power for Yb:LuAP laser (with “short”
cavity)

Maximum CW output powers of 6.2 and
5.6 W obtained at 23.3 W of incident pump
power for 20 % and 30 % OC transmittances,
correspondingly.

The dependencies of the average output
power and pulse duration (in actively Q-switched
regime) on pulse repetition frequency (PRF) for
E//c-polarized output and 30% output
coupler (OC) are shown in Figure 7.
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Figure 7 — Average output power and pulse duration
vs PRF for actively Q-switched Yb**:LuAP laser
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The maximum average output power of 4.9 W
at 50 kHz PRF with opt.-to-opt. efficiency of 21 %
was demonstrated with 30 % OC transmittance.
Output power as high as 3.3 W with pulse duration
of about 11.5 ns was demonstrated at 10 kHz PRF
with pulse energy of 333 pJ and peak power of
29 kW.

Second harmonic generation experiment

Second harmonic (SH) generation was
investigated at low PRF by using 15 mm long
LBO (Type I, 6=90° ¢=13°) nonlinear crystal.
Maximum pulse energy of 97 uJ was obtained at
10 kHz PRF. Dependency of SH average power
on PRF are shown in Figure 7 for PRF range
10-20 kHz. Fundamental and SH wave spectra
shown in Figure 8.

1,04
Fundamental

spectrum
2,=999.6nm

0,8

0,64

. SH spectrum
2,=499.8nm

0,44

Intensity, arb.unit.

0,2

0,0+ f T T T T 1
497 498 499 500 501 997 998 999 1000 1001 1002

Wavelength, nm

Figure 8 — Fundamental and SH spectra of actively
Q-switched and frequency doubled Yb*:LuAP laser

Conclusion

In conclusion, for the first time to the best of
our knowledge actively Q-switched laser operation
with Yb*":LuAP single crystal was demonstrated.
The maximum average output power of 4.9 W at
50 kHz PRF with opt.-to-opt. efficiency of 21 % was
demonstrated with 30 % OC transmittance. Output
power as high as 3.3 W with pulse duration of about
11.5 ns was demonstrated at 10 kHz PRF with pulse
energy of 333 nJ and peak power of 29 kW. 97 uJ
second harmonic pulses at 10 kHz PRF obtained
with 29 % conversion efficiency.

Performed investigations show high potential
of Yb’":LuAP crystals as active elements of
compact diode pumped actively Q-switched lasers
due to high stimulated emission cross-section
(=3.74-102° cm?) at 999.6 nm wavelength, which
also reduces heat load on the active element taking
into account low quantum defect for pumping
around 980 nm.
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W3mepeHre MOIIHOCTH /103l HA YPOBHE €CTECTBEHHOTO PAJAUAIIMOHHOTO (pOHA SIBISETCS BaKHBIM dJIe-
MEHTOM paJHallMOHHOTO MOHHUTOPHHIra OKpy»Karomiew cpefbl. [IpoBepka sHepreTuueckoil 3aBHUCHUMOCTH
[MOKa3aHUI BBICOKOYYBCTBUTENBHBIX JO3MMETPUUECKUX CPEJICTB M3MEPEHUH Ha OCHOBE HEOPraHMYECKHX
CHMHTHUIALIMOHHBIX AETEKTOPOB B 00JaCTH HU3KUX YHEPTUH BO3MOXKHA NPU CO3AaHUM ATAJOHHBIX TOJEH
PEHTT€HOBCKOT'O M3IIyUeHHS ¢ HU3KUMH YPOBHSIMU MOLTHOCTH A03bI (10 5 MK3B/4). Llenbio nanHoi paboTh
SIBJIAJIOCH CO3JIaHHE U HCCIIEIOBAHNE TAJIOHHBIX MOJIEH PEHTI€HOBCKOIO M3IYUYEHHs C HU3KOM MOIIHOCTBIO
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Jns onpeneneHusi OCHOBHBIX XapaKTEPUCTHK CO3JIaHHBIX TMOJIEH PEHTI€HOBCKOTO M3JTyUeHUs MCIIOJb-
3oBasnCh paspadoTtanubie B YII «K ATOMTEX» BbICOKOUYBCTBUTENBHBIE OJIOKH-KOMIAPATOphl (POTOHHOTO
n3nydeHus: Ha ocHoBe cMHTHILIAIMOHHBIX Nal(Tl) nerekropos. IIpoBepka sHEepreTHYECKON 3aBUCUMOCTH
0JI0Ka-KOMITapaTopa OCYIIECTBIISUIACH C TIOMOIILI0 ATaIOHHOTO jo3uMeTpa JIKC-AT5350/1 u nonusanuox-
Ho# kamepsl TM32003 ¢ uyBcTBHUTENIBHBIM 00BbeMoM 10000 cm?.

HccnenoBanbl XapakTepUCTUKU MOJIEH pEHTTEHOBCKOI'O U3Ty4YeHHs, TIOJIy4YeHHbIe Ha TOBEPOYHOM ycTa-
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B ITyYKaxX PEHTT€HOBCKOI'O M3TYUYEeHMUS.
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Abstract

Near background low dose rate measurements are important part of the environmental radiation
monitoring. It is possible to fulfill energy response verification for the high sensitive dosimeters based
on inorganic scintillation detectors in low energy region when creating reference X-ray fields with dose
rates up to 5 uSv/h. The aim of this work was to create and study reference X-ray fields with low dose rate
and narrow spectrum in the energy range from 15 to 250 keV using high-purity metal filters as a part of
X-ray irradiator of AT300 X-ray calibration facility.

To determine the main characteristics of created X-ray fields highly sensitive comparators of
photon radiation based on Nal(TI) scintillation detectors was used. The comparators were developed in
“ATOMTEX”. To verify comparators energy response the reference AT5350/1 dosimeter and ionization
chamber TM32003 with sensitive volume 10000 cm® were used.

Characteristics of X-ray fields that were created on the AT300 X-ray calibration facility to verify
the energy response of high sensitive dosimeters based on scintillation detectors were investigated.
The possibility to calibrate high sensitive dosimetric measuring instruments based on scintillation detectors
in the energy range up to 250 keV in X-ray beams was shown.

Keywords: dose rate, comparator, scintillation detector, energy response, X-ray tube.
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BBenenue

W3mepenue MOIIHOCTH 03Bl Ha YpOBHE ecTe-
CTBEHHOTO PaJMAIMOHHOTO (hOHA SIBISAETCS BayKHBIM
JJIEMEHTOM paJUalliOHHOTO MOHUTOPHUHIA OKpY’Ka-
roreit cpenbl. [Ipu 3ToM HEOOXOAMMO TOIY4aTh UH-
(hopmaruio 0 MasieiieM NpeBbILIEHUN TEXHOTEHHOTO
panuauuoHHOro ()oHa MO0 OTHOIICHHIO K €CTECTBEH-
HOMY paauauoHHOMy QoHy. [IpuMeneHue cruH-
THUUISIHOHHBIX OJIOKOB JIETEKTUPOBAHMS B KaUueCTBE
JIO3UMETPUYECKUX CpPEeACTB M3MEpEeHuH Ui 3ajad
paIualMoHHOTO MOHUTOpPHUHTA SIBJsieTcsl HamOosee
MIPUEMIIEMBIM T10 IPUYNHE UX BHICOKOH YyBCTBUTEIb-
HOCTH ¥ BBICOKOI BPEMEHHOH CTaOMIILHOCTH.

Jia perieHus 3aiad pajgdalliOHHOTO MOHMTO-
pUHra HEOOXOJMMO HCIONB30BaTh AO3UMETpHYEC-
KHE CpelICTBa U3MEPEHUI ¢ M3BECTHOM J1030BOM Xa-
PAaKTEpUCTUKONH M SHEPreTUYECKON 3aBUCHUMOCTBIO
gyyBcTBUTENbHOCTH'. MccnenoBanue sHepreTuvec-
KOM 3aBUCUMOCTH YYBCTBUTEJIBHOCTH J03UMETpHUYE-
CKHX CPEJCTB M3MEPEHUH NMpH UX MPOU3BOJICTBE U
HacTpOiKe MoJpa3yMeBaeT HCIOJNb30BAHNE HCTOY-
HUKOB PEHTT€HOBCKOTIO U raMMma-u3Jy4yeHHs B ILIH-
pPOKOM amana3oHe >Hepruil (Hampumep, ot 40 k3B
10 3 MaB). Kak npaBuio, 103uMeTpudecKue cpe-
CTBa HW3MEpPEHH KaluOpyIOTCsS WU TOBEPSIOTCS
Ha 3TaJIOHHBIX JO3MMETPUYECKUX YCTAaHOBKaX C UC-
MOJIb30BAHUEM HCTOYHHUKOB TamMma-u3nydeHus [1].
Habop ramMma-uCTOYHHMKOB, BXOJSIIUHA B COCTaB
STAJIOHHBIX YCTAHOBOK, OIPaHHUYE€H CTOMMOCTBIO
WM MIEPUOAOM pacraia pajuoHykianaoB. Ha mpak-
TUKE B OOJIBIIMHCTBE CIy4aeB B COCTAB 3TAJIOHHBIX
JIO3UMETPUUECKUX YCTAaHOBOK BXOJAT TaKHe HC-
TOYHUKH TamMma-u3iydenus, kak: *'Am (59,6 kaB),
S1Co (122 x3B), B7Cs (662 x3B) u “Co (1173 wu
1333 k3B). YuuThIiBasi CIOXKHYIO SHEPreTHUYECKYIO
3aBUCUMOCTh YYBCTBUTEIBHOCTH CHUHTHIUISLIMOH-
HBIX OJIOKOB JICTCKTHUPOBAHHMS, HEOOXOAMMO TIPOBE-
JIEHUE JIOTIOJHMUTENbHBIX MCCIEeI0BaHUN 3HEpreTH-
YeCcKOH 3aBUCHMOCTH OJIOKOB JIeTeKTHpOoBaHHs. He-
penKH ciydau, Korja KaauOpoBKa AO3UMETpHYec-
KHX CpEJICTB M3MEPEHHI Ha OCHOBE CLIMHTHIIIALM-
OHHBIX OJIOKOB JETEKTUPOBAHUS MPOBOAMUTCS TOJIb-
KO C HCIIOJIb30BAHNEM HCTOYHUKOB IaMMa-U3JIyde-
Hust *Y'Am u ’Cs, 4T0 NPUBOAMT K OMIMOOYHBIM
pe3yabpTaTam u3Mepenuii B amamazonax 40-60 xk»B
u 80-300 xk»B. CTaHOBUTCS OYEBHIHBIM, YTO HEOO-
XOJUMO HCIIOJIb30BaTh 3TAJIOHHBIE PEHTTEHOBCKHE
YCTAHOBKH, HMEIOIIUE IIUPOKUA Ha0Op KadecTB

'CpezicTBa M3MEPEHUN HMOHU3UPYIONIMX H3JTyUYCHHH.
Oo6mue Texauueckue ycnosust: [OCT 27451-87

M3ITyYeHUH B qUamma3oHe OT €IUHUI] KHIIOIJIEKTPOH-
BoisT 10 300 k3B [2, 3]. Omnako ompenencHue
SHEPreTUYECKOW 3aBUCHMOCTH YYyBCTBUTEIBHOCTH
CIUHTHUIAIIMOHHBIX OJIOKOB JAETEKTHPOBAHUS C HC-
MOJIb30BAaHUEM JTAJIOHHBIX PEHTTCHOBCKHUX YCTa-
HOBOK SIBJISIETCSI HETPUBHAJIBHOM 3ajaueil, Tak Kak
MIPH UX BBICOKOW YYBCTBUTEIBHOCTH K PEHTTEHOB-
CKOMY M3JTYYCHHIO OTPAaHWYMBACTCS TUHAMUYECKHUN
JTNaTia30H U3MEPEHHS MOIITHOCTH JI03bI.

TIpoBepka sHepreTHYECKON 3aBUCUMOCTH TOKa-
3aHUMN JJO3UMETPUUYECKUX CPEJCTB UBMEPEHUH Ha OC-
HOBE CHHUHTWUISAIMOHHBIX OJOKOB JETEKTHPOBAHUS
B JMana3oHe HU3KHUX SHEPruil BO3MOXKHA HA PEHT-
TeHOBCKHX MTOBEPOYHBIX YCTAHOBKAX MPHU CO3IaHUU
KadeCTB M3TyICHUH C HU3KOW MOIITHOCTHIO 03B (Ha-
mpumep, 0,1-5 mx38/4). 11 3TOr0 HEOOXOIUMO BBI-
MTOJTHUTH CTEIMAIbHBIC FICCIIETOBAHUS CO3aBaEMbIX
MoJiel M3Ny4eHU M UMETh BHICOKOUIYBCTBUTEIHLHOE
CPEICTBO M3MEPEHUH, OTKATHOPOBAaHHOE B ITOI00-
HBIX mToNsX. [IpuMeHeHWe STaloOHHOTO CpeacTBa
M3MEpPEeHMI Ha JTaJOHHBIX PEHTI'CHOBCKUX YCTa-
HOBKaX METOJIOM 3aMeIleHHs TTO3BOJHUT ITPOBOANTH
WCCIIEJIOBAHUS DHEPTEeTHYECKON 3aBUCUMOCTH BBI-
COKOYYBCTBHUTEIBHBIX JIOBUMETPUYECKUX CPEJICTB
M3MEpEeHH Ha OCHOBE CIIMHTHIUISIIUOHHBIX OJOKOB
JIETeKTUPOBAHMSL.

Ilemb10 pabOTEHI ABISLIACH pa3pabOTKa U CO3MAHUE
MOJIEN PEHTT€HOBCKOI0 U3yYEHHUsI C MaJIOM MOIIHO-
CTBIO JIO3BI JUISl MCCIEOBAaHUS DHEPTETHUECKON 3a-
BHCUMOCTH JO3UMETPHUYECKUX CPEACTB H3MEPEHHN
Ha OCHOBE CIMHTHJUIAIMOHHBIX OJOKOB JETEKTHPO-
BaHUS C IPUMEHEHUEM OJIOKOB-KOMITAPATOPOB.

IIpodsemaTuka

CranpapTHble 3TaJOHHBIE CEPUM KayecTB (puiib-
TPOBAaHHOT'O PEHTTCHOBCKOI'O HM3JTy4YCHHS, ONMCAHHBIC
BrocyaapcteenHoM craraapte CTh NCO?, mo3BoisioT
CO3/1aBaTh MHUHUMAJIBHYIO MOIIHOCTB JI03bI TIOpSIIKa
190 mx3B/4 Ha paccrostnun 1000 MM OT oKyca peHT-
TeHOBCKOW TpyOKku. JlaHHasi MOIIHOCTb JIO3bI SIBJISICT-
Csl CIMIIKOM BBICOKOW IJIsl TIPOBEPKH SHEpreTuyec-
KO 3aBUCHMOCTH OJIOKOB JICTEKTHPOBAHHS HA OCHOBE
HEOPTraHUYECKUX CHUHTHULILHOHHBIX JETEKTOPOB.
[IpoBenenne m3MepeHUid HA OOJBIIMX PACCTOSHUSIX
oT (oKyca peHTTEHOBCKOW TPpyOKH NpHBENET K HCKa-
JKEHHIO SHEPreTHYECKOro CHEKTpa M3-3a MOIIIOMICHHUS
W3IIydeHHs] B BO3JyXe, U KaK CIICJICTBHE, MPUBEACT
K OIIMOKaM MPU pacyeTe MOIIHOCTH JI03bI M3TyUCHHSL.

TocynapcTBeHHblid crangapt Pecnybnukn Benapychk
CTb UCO 4037-1:2014
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CUMHTWIISIIMOHHBIE JIETEKTOPBI, TaKWe Kak
Nal(Tl), mmeror BecbMa 3HAYHUTENBHYIO 3aBUCH-
MOCTb YyBCTBUTEIHHOCTH OT DHEPTUU HW3IYUCHUS.
Ha pucynke 1 npencraBieHa noiayyeHHass HaMu 3a-
BHCHUMOCTb YyYBCTBUTEIBHOCTH CHUHTHIIISIIIHOHHOTO
Nal(Tl) merexropa pazmepamu @40 mm, i = 40 MMm.
[TosTOMYy nJIi IPOBEPKH SHEPreTUUYECKON 3aBUCH-
MOCTH OJIOKOB JETEKTHPOBAaHWS Ha OCHOBE HEOp-
TaHWYECKUX CIUHTWIISIIMOHHBIX JETEKTOPOB Cle-
JIyeT WCIIOJIb30BaTh KauecTBa M3IydeHHs OJIM3KHE
K MOHO3HEpPreTU4ecKoMy. 13-3a BBICOKOM UyBCTBU-
TEIHHOCTH HEOPTaHWYECKUX CIUHTHIUIAIINOHHBIX
JIETEKTOPOB K ()OTOHHOMY HM3JIy4YE€HHUIO KauyecTBa U3-
Jy4eHHs TOJDKHBI 00J1a/laTh KaK MOYKHO MEHBIIeH
MOTITHOCTHIO JI036I.

10000 o
1000 5
100

10

Detector sensitivity, (cps)/(uSv/h)

T T
100 1000
Dueprus uznydenus, k3B / Radiation energy, keV

YyBCTBUTEIBLHOCTb AETEKTOpa, (UMI1/c)/(MK3B/4)

Pucynok 1 — 3aBucumocts vyBcTBUTETbHOCTH Nal(Tl)
nerexropa (D40 mm, & =40 MM) OT SHEpruM POTOHOB

Figure 1 — The Nal(TI) detector (@40 mm, /4 =40 mm)
sensitivity as a function of photon energy

OcHOBHOH 3a/iaueil mpu GOPMUPOBAHUU CEPHH
Ka4eCcTB M3JIYyYCHHS] C HU3KOW MOIIHOCTBIO JIO3bI
SBISUIOCH TIOJy4YeHUE HaOopa KadecTB H3IYUYCHUS
CO 3HAYCHUSMHU MOIIHOCTH J03bI MopsijKa 1 MK3B/4
Ha paccrossaun 1000 MM 0T oKyca peHTI€HOBCKOI
TPYOKH M DHEPreTHYECKHM pa3pellieHHeM B Mpeie-
nax 20 % B nuanazone 3G HEeKTUBHBIX SHEPTHI OT 15
10 250 x3B.

BJ’IOKI/I-KOMHapaTOPBI PEHTI€HOBCKOI'0O "
raMmma-usJjay4ecHus

Jns  mpoBeneHHs KaauOpPOBKM — 3TAJOHHBIX
MOJIe PEHTTEHOBCKOIO M TaMMa-H3JIyueHHs 3Ta-
JIOHHBIX JO3UMETPUUYECKHX YCTaHOBOK ObUIM pa3-
paboTaHbl BBICOKOUYBCTBUTENIBHBIC OJIOKH-KOMIIA-
paTopsl poToOHHOTO U3MydeHus [4] Ha Oaze cepuiiHO
BBIITYCKAEMBIX CHUHTHIIISIIMOHHBIX OJIOKOB AETEK-
TUPOBAHUSl PEHTTEHOBCKOI'O M TaMMa-HU3JIydCeHUs
co cuuaTHssnuoHHeIMA  Nal(TI) nerexTtopamu

B paMKax Hay4YHO-HCCIIEIOBATEIILCKUX M OMBITHO-
KOHCTPYKTOPCKHUX PadoT.

Hakorutennass mpu peructpammu (HOTOHHOTO
n3nydeHust nHpopMaIs oopabaTeiBaeTCs COOTBET-
CTBYIOIIIUM IPOTPAaMMHBIM 00€CIieYeHnEM U BBIBO-
JIUTCST HA 2KpaH MepcoHanbHOro kommeiorepa (I1K)
B BHJIE MOIIHOCTH JI03BI U allllapaTypHBIX CHEKTPOB
(hOTOHHOTO M3ITYUYESHHUS.

[Ipu m3MepeHnu MOIITHOCTH 03Bl HCIOIB30-
BaH CIEKTPOMETPUYECKHA METOJ MpeoOpa3oBaHUs
anmapaTypHBIX CIIEKTPOB HETIOCPEICTBEHHO B MOIII-
HOCTB JI03bI C TTOMOIMIBIO (PYHKINU PagHaiiOHHOTO
OTKJINKA, 3HAYEHUS KOTOPOH 3aBUCAT OT aMILTUTYIbI
PEruCTpUPYEMBIX UMITYJILCOB [5, 6].

AnroputM paboTel OJ0Ka-KoMIaparopa ooe-
CIIEYMBaeT HENPEPHIBHOCTH IPOIecca W3MEPEeHHs,
BBIUMCIICHNE 3HAYEHWH MOIIHOCTH 03Bl M Olepa-
THBHOE OTOOpakKeHHE IoydaeMoil WH(OpMaIH
Ha okpane [1K, ctatnctudeckyio 00paboTKy pe3yib-
TATOB W3MEPEHWH, COXpaHEHHE pPe3yJIbTaTOB H3-
MEPEeHUH MOITHOCTH 103bI (DOTOHHOTO W3IYUYCHHS.
brioxu-xoMIapatopsl MMO3BOJISAIOT HM3MEPATH BO3-
IYITHYI0 KepMY, aMOMEHTHBI SKBUBAJICHT 03Bl H
9KCITO3UIOHHYIO JI03Y.

KammbpoBka OJ0KOB-KOMIIapaToOpoOB  BEITIOJ-
HeHa BO BcecorosHOM HaydHO-MCCIIe0BaTEIbCKOM
uHctutyte umenu [[.U. MenneneeBa Ha rocynpap-
CTBEHHBIX ATajoHax Poccuiickoit deaepaiuu, B ToM
YHUClle Ha TOCYIapCTBEHHOM IIEPBUYHOM JTAIIOHE
€IMHUI] KEPMBI B BO3/[yX€, MOIIIHOCTH KEPMBI B BO3-
JTyXe, 9KCTIO3UITHOHHON JT03bI, MOIIIHOCTH HKCITO3H-
IIUOHHOW JTO3BI U TIOTOKA PHEPTHH PEHTTEHOBCKOTO
u raMmma-usnydenuit '9T 8-2011 B nuanazone sHep-
ruii ot 8 110 222 k9B [4].

HcciienoBanue XapakTepuCTUK MOJIeH
PEHTIeHOBCKOI0 M3J1yYeHHs

[lons peHTreHOBCKOTO H3IY4YEHHs] C HHU3KOU
MOIIIHOCTBIO JI03bI CO3/1aBAJINCh HA YCTAHOBKE IIOBE-
pouHoil peHTreHoBckoro mzmyueHus YIIP-AT300.
Ha paccrostauu 1000 MM oT (hoKyca peHTT€HOBCKOM
TpyOkH Ha paboueM CToJIe OJBMKHON MIaT(OPMBI
CUCTEMBI TIO3MLIMOHMPOBAHHS Ha LIEHTPAIbHON ocH
My4Ka U3JIy4eHHs pacrosarajics OJOK-KOMIapaTop
BKMP-AT1104 wunu Onok-xommnapatop BKMI'-
AT1102. C nomouipto popmupoBaresns mojsi peHt-
TEHOBCKOI'O M3JyYEeHHUs! YCTaHABIMBAIACH (DUIIBTpa-
s U1 KaKIO0ro KauecTBa M3iMydeHus. i momy-
YeHHUs HU3KHUX YPOBHEH MOIIHOCTH J03bI MPUMEHS-
JIMCh IOTIOJTHUTENIbHBIE (PUIIBTPBI, KOTOPBIE YCTaHaB-
JMBAJIKCh B CIEUUAIBHBIA OTCEK (OpPMHpOBATENS
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moJii W OCHabisulM MHTEHCHUBHOCTH HCXOJHOTO
Iy4YKa 10 Hy>)KHOTO ypoBHs. Hampspkenue Ha peHT-
TeHOBCKOH TpyOKe M TOK KaTofa 3aJaBaJluCh ¢ I0-
MOILBIO MyJIbTA YNPaBICHUS BHICOKOBOJIBTHOTO T'e-
Heparopa.

g nonydeHus TpedyeMbIX MOIIHOCTH 03Bl U
JHEPreTHYECKOr0 PAa3pEeLICHHUs AJIsl KAaUeCTB ¢ YHEp-
rusmu ot 15 no 100 k3B [7] mpumensnuce Me-
tajummdeckne QuibTpel pazmepamu 100 X 100 MM
13 0CO00 YHCTBIX 0JIOBA, MEAM W ATIOMUHHS pas-
JUYHOM TommMHBL. JlJIs TPOBEPKHM OCHOBHBIX
XapaKTepUCTUK KayecTB HU3IY4YCHHUs] B JTaHHOM
JHEPreTHYECKOM JHara3oHe NpUMEHsuIcS OJI0K-
komnapatop BKMP-AT1104 Ha ocHOBE CUMHTHII-
nsuronHoro Nal(Tl) merexTopa ¢ OepHIUTHEBBIM
OKHOM (D 9 MM, /& =2 mm). st popmupoBanus Ka-
YEeCTB U3IyuyeHus ¢ 3Heprusimu ot 150 no 250 xaB
MPUMEHSIJIMNCh MeTajulndeckue (QMIbTPBl U3 0c000
YUCTBIX CBHHIA, OJOBAa, MEIW M aAJIIOMHHUS.
Jist IpOBEPKH OCHOBHBIX XapaKTEPUCTHK KAayeCTB

Xapakrepuctuku cepun kadyects AT-XL
Characteristics of AT-XL series

W3Iy4YCHHs] B JAHHOM SHEPreTHYECKOM AHaIla3oHe
npuMeHsuicst  Onok-kommapatop BKMI-AT1102
Ha ocHoBe cruHTIWLIAIIHOHHOTO Nal(Tl) nerexropa
(040 mm, 7 =40 Mm).

O dexTuBHAS HEPrHUsT M3IIyUYCHHUS ONpPEAes-
Jachk Mo cioto noioBuHHOTO ocnabnenus (CIIO).
CyxeHHMe CIIeKTpa M3JIY4YEeHUs! OCYIIECTBIISIIOCH
YMCHBIICHUEM HaNpsDKEHUsT Ha PEHTICHOBCKON
TpyOKe M yBenuueHHEeM (QUIbTpAlMU s MOTyde-
HUS He00X0IUMOM 3((HEKTUBHON SHEPTHH.

OHEepreTH4ecKoe paspelieHue ONpeaessioch
10 YHUCIIOBBIM JAaHHBIM CHEKTPOB M0 (opmyie:
R, 2&-100%, (1)

E
rae AE — IUpHHA CIIEKTPpa Ha MTOJIOBUHE MaKCUMallb-
HOW OpAMHATHI CIEKTpa; £ — sHeprus nuka Crekrpa
W3ITy4CHUS.

OcHoBHbIe xapaktepucTuku KauecTB AT-XL
CepuH MpeaCcTaBIeHbl B Tabnuie 1.

Tabnuya 1/Table 1

KauecTtBO

DunbTpanus, MM

U3JTyYEeHUs] SHEEEF}M’ Filtration, mm CIIO, MM Paspewenue, %
Radi.ation Energy, keV Al cu Sn Pb HVL, mm Resolution, %
quality

AT-XL15 15 2,184 0,048 — - 0,33 Al 23
AT-XL20 21 2,184 0,256 — - 0,86 Al 23,8
AT-XL30 29 2,184 0,759 - - 2,1 Al 20
AT-XL40 39 5,972 1,512 - - 4,25 Al 17,1
AT-XL55 54,5 2,184 4,47 — — 0,38 Cu 15
AT-XL70 69,7 3,67 8,988 - — 0,72 Cu 16
AT-XL100 99,8 4,991 18,006 1,031 - 1,71 Cu 19
AT-XL150 150 4,991 20,037 13,126 — 3,98 Cu 18,1
AT-XL200 200 21 12,04 13,99 3,065 5,4 Cu 19
AT-XL250 250 21 12,04 15,164 4,99 6,24 Cu 23,9

Jlnst mpoBepku 3HAYEHU MOIHOCTH 03Bl HC-
CIIeyeMbIX KayecTB H3IJIyYeHHUs, ITOJyYSHHBIX
C TIOMOIIBI0  OJOKOB-KOMITAPaTOpPOB,  MPOBOJIH-
JIUCh CPaBHEHUS WX TIOKAa3aHHWH METOJIOM Hero-
CPEICTBEHHOTO CIIMYCHHUsS C TOKAa3aHHUSIMHU DTAJIOH-
Horo nosumerpa JKC-ATS5350/1 ¢ woHHM3amm-
onHoi kamepoir TM32003 ¢ BBICOKOH CTEIEHBIO
nuHeHocTH (10 3 %) B JAMama3oHe SHEPruil Ot
0,025 mo 1,3 MaB. Pabounii o6bem cdepudeckoit

noHuzaunoHHo kamepsl TM32003 cocraBusier
10 n, BHemHMI quameTp paBeH 276 mm [8].
[IpenBapurensHO HOHM3ALMOHHAs Kamepa
TM32003 Obuta oTKaTMOpOBaHa B MOJSX PEHT-
I€HOBCKOTO M3JyYEHHsS B JAMANa30HE 3HEPIruil
oT 30 no 263 k3B. KauecTBa u3nyueHus s Ka-
JTUOPOBKY MOHM3ALMOHHONW KaMephl MOA0UPAIUCh
TakuM o00pa3oM, 4TOOBl A(PeKTHUBHASs IHEPTHS
HAaXO0JUIach MaKCHUMaJbHO OJIM3KO K 3HAYCHMSIM
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3} PeKTUBHBIX JHEPTHil HCCIEAYyEeMBIX KadecTB.
BriOpannble kauecTBa M3JIy4Y€HHUS COOTBETCTBO-
Balld HTAJOHHBIM KauyecTBaM (QUIbTPOBAHHOTO
PEHTIEHOBCKOTO H3JIy4eHHUS C HHU3KOH MOIIHO-
CThIO KEpMBI B BO3JYyX€ M C Y3KUM DHEpreTuye-
ckuM paspeweHueM. [Ipu onpenenenun kaanodpo-
BOYHBIX KOX(P(OULIHMEHTOB IS MOHHU3ALUOHHOM
kamepsl TM32003 mccimemyemMbIX KadecTB U3IY-
YEHUsl TPUMEHSJICS METOJ MHTEPIOJSLHUU 1O U3-
BECTHBIM 3HAYCHUSM KaJUOPOBOYHBIX K0Oddu-
LMEHTOB JJIsl JAHHON KaMepbl, MOJyYCHHBIX MPHU
U3BECTHBIX JHEPIUAX ITAJOHHBIX KauyecTB HU3JYy-
YeHUs. 3HAYCHHS KaTuOpOBOYHBIX KO3 duIineH-
TOB IIpEACTaBICHBI B Ta0IHLE 2.

W3mepenns MOIIHOCTH [03bI MPOBOJUIIUCH
Ha paccTogHun 2500 MM OT (oKyca PEHTTEeHOB-
CKOH TpYyOKM C MCIOJIb30BaHHEM BOJIb()PaMOBOM
nuagpparmel quametpoM 51 mm. Takum oOpaszowm,
(hopMHPOBANIOCH ATAJIOHHOE PaBHOMEPHOE PEHT-
TE€HOBCKOE TmoJjie u3iydeHus auamerpom 300 Mm,
YTO OBLIO HEOOXOJUMO JIJIsl IOJTHOTO U PaBHOMEP-

kamepsl. IIpoBOOMINCE M3MEPEHHS] MOLIHOCTH
JI03bl Ha pa3HBIX KauyecTBaX M3JIyUYEeHHUs U OIpe-
JeJAIUCh OTKJIOHEHUS MOKa3aHUN OJ0Ka-KoMIa-
patopa OT MOHM3AI[MOHHOW KaMephl. 3HA4YEHUS
MOIITHOCTH J03bl CUHUTHIBAJINCH C OJIOKa-KOMIIa-
paTopa ¢ MOMOIIbIO CHELUATU3UPOBAHHON Mpo-
rpaMMbl Ha KomneloTepe. [lokazanus noHu3anu-
OHHOM KaMepbl CUMTBHIBAIINCH C U3MEPUTEIBHOIO
onoka JIKC-AT5350/1. B Tabnuue 3 mpencras-
JIGHBl pe3yJbTaThl CIWYECHUS WOHU3AIMOHHON
kamepsl TM32003 u 6i1oka-kommnaparopa BKMI -
ATI1102.

Tabnuya 2/Table 2

3HavyeHNs KaJMOPOBOYHBIX KO03¢PuIHeHToB
JJIs1 HOHU3AIUOHHOH Kkamepsl TM32003 aas
HcceeIyeMbIX Ka4ecTB H3J1yYeHHs

The calibration factor values of ionization
chamber TM32003 for studied qualities

KauecTBo OHeprus KanuGpoBounsblit
HOTO OOJYYEHHS! BCEro UyBCTBUTEJIBHOTO 00beMa
. U3ITy4CHUSI W3ITy4CHUS, k03 urmenrt,

HOHU3AIMOHHON KaMmepsl [9]. o B To/Kon

Ha paGouem crone cucTemb mosummonmpo- — Radiation K3 . .p .
BaHUS pacIojiarajich HOHHU3AIMOHHAS Kamepa quality Radiation Calibration
TM32003 u Gok-KoMIapaTop Ha paBHBIX PACCTOs- energy, keV factor, Gy/C
HHSX OT (POKyca PeHTTEHOBCKOH TPYOKH. AT-XL40 39 3,084-10°

Ha paccrosnum 1000 MM oT dokyca peHT-  AT-XL55 54,5 3,074-10°
T€HOBCKOM pr6KI/I IIpoOBOAUJTIACH JIa3€pHasd MpPHU- AT-XL70 69,7 3,095-10°
Bsi3Ka MO3HIUM LEHTPOB JETEKTOPOB. Jlamee pa- A 1.x 100 99.8 3113-10°
0ounii CTOJI ¢ TOMOIIBIO MYyJIbTa yIPaBICHUS TIe- AT-XL150 150 3.122-10°
pensuraics Ha paccrosaue 2500 mMm ot doxyca

o AT-XL200 200 3,141-10°
PEHTTEHOBCKOH TpYOKH 151 0OecriedeHus: paBHO- .
MEPHOTO TOJsl M3JTYyYCHHs JUIsl WOHU3AIMOHHOM AT-XL250 250 3,162-10°
Tabnuya 3/Table 3

Pe3ynbTaThl H3MepeHuii MOIHOCTH /103bI
Dose rate measurement results
KauecTBo O dexTuBHas H*(10), mx3B/4 OTHOCUTENBHOE
U3ITy4CHUSI sHeprus, k3B H*(10), uSv/h OTKJIOHEHHE, %o
Radiation Effective Relative deviation,

. BKMTI'-AT1102 TM32003 N
quality energy, keV %0
AT-XL55 54,5 3,247 3,297 1,54
AT-XL70 69,7 2,52 2,519 -0,04
AT-XL100 99,8 7,052 7,213 2,28
AT-XL150 150 6,828 6,7 -1,87
AT-XL200 200 9,821 10,17 3,55
AT-XL250 250 20,323 21,638 6,47
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AHaJli3 NOJIy4EHHBIX PE3yJIbTaTOB yKa3blBa-
€T Ha XOPOULIYI0O CXOAMMOCTb 3HAYEHUU A HO-
Hu3anuoHHOH Kamepbl TM32003 u 6moka-kommna-
patopa BKMI'-AT1102 B ucciaenyemoMm nmarna-
30HE YHEPIuil, UTO XapaKTePHU3yeT aAeKBaTHOCTh
HCIIOJB30BaHUsl OJ0OKa-KoMIapaTopa A Kalu-
OpOBKHM IaHHBIX MOJEH U3ITYUYEHHsS MO MOUIHOCTH
JTO3BI.

OueHka HeonmpeaeJJeHHOCTH U3MePeHuit
0KO0JIO(DOHOBBIX 110.1€il (POTOHHOIO
U3JIy4eHHs 110 MOIITHOCTH J103bl

€ MCII0JIb30BAHHUEM 3TAJIOHHOI0 CPEACTBA
U3MepeHnH

3a HeEOmpedeNIeHHOCTh pe3ysbTaTra KajH-
OpoBKH OKOJO(QOHOBBIX TOJEH, (HOPMHUPYEMBIX
C HCIOJB30BAaHWEM PEHTTEHOBCKOI'O0 HU3Iy4YEeHUS,
[IPUHUMACETCS] OTHOCUTEIbHAsl PAaCUIMPEHHAas HEO-
npeneneHHocTs U, %, — OTHOCUTENbHAs CyMMap-
Hasi CTaHJapTHAas HEOTIPEIEIEHHOCTS U, C KOd(pu-
LIHEHTOM 0XBaTa k = 2, KOTOPHIN IPHU HOPMAIHHOM
pacupeneneHud COOTBETCTBYET JOBEPUTEIbHON
BEPOATHOCTH 95 %.

Pacuer pacuimpeHHON HEoIpeeleHHOCTH Ipo-
W3BOJIUTCS B COOTBETCTBHUHU C BBIPAKEHUEM:

U=k-u, )
T U, — OTHOCHUTENbHAs CTaHIapTHas HEONPEIENEH-
HOCTh U3MEPEHHUST MOIIHOCTH JI03bI [T 3TAJIOHHOTO
cpencTsa usMepeHuit, %o.

OTHOCUTEeNbHAS CTaHAApTHAs HEOIpeaeeH-

HOCTb UBMEPCHUA MOIIHOCTH 03bI PACCUUTHIBACTCA
B COOTBCTCTBHU C BbIPAKCHUECM!

Ju

e U

2
(H,,~Hy)

u,= (€))

c

2 2, .2 2
tu, tu tu, tu,,

OTHOCHTCIJIbHAA HCOIIPECACIICH-

(H,-Hy)
HOCTb I/I3MepeHI/I$I MOIIITHOCTU HO3bI (OTHOCI/I-
TE€JIbHO ITIOKA3aHUU DTAJIOHHOTO Ccpe€acTBa HU3ME-
peHMH); u  — HEONPENEJIEHHOCTh OJ0Ka-KOMIIa-
paTtopa, CBsA3aHHAas C OCHOBHOM IOTPELIHOCTHIO
3TAJIOHHOTO CPEJICTBA M3MEPEHHH; u, — HEolpe-
OCJICHHOCTh, CBsA3aHHas C OIPECACICHUEM pac-
CTOSAHUA «UCTOYHHK-ACTCKTOP», ung— Heompeac-
JICHHOCTB, CBs3aHHasA C HeCTa6I/IJII)HOCTLIO rpa-
JYMPOBOYHON  XapakTEepPHCTHKU IpeoOdpa3oBa-
HHUSI 3TAJIOHHOTO CpEJICTBa M3MEPEHUH 3a BpeMms
HENPEPBHIBHON PabOTHI; # , — HEONPEJICIEHHOCTD,
CBsI3aHHAas C HCCTa6I/IHI>HOCTI>}O HMOKa3aHuu

STAJIOHHOTO Cpe/ICTBA M3MEPEHUN IpHU H3Mepe-
HHUHM MOIIHOCTH JI03bI 32 BpeMsl HEMPEPhIBHON pa-
OOTHI.

PesynpraTel ciaumueHust OJoKa-KoMmaparopa
C MOHHU3AIIMOHHOM KaMePOM MOKa3bIBAKOT, UTO B UC-
clielyeMOM Juarna3oHe SHEepruil M3MEHEHHUE CIIeK-
TpaJbHOM XapaKTepUCTUKU U3TyUCHHS ITPU O/IMHA-
KOBBIX 3arpy3kax He BJIMSET CYIIECTBEHHO Ha I0-
Ka3zaHus Oyioka-koMmmaparopa. Takum oOpaszom,
OTHOCHUTENIbHAS CTaHJAapTHAas HEOIPeJeIeHHOCTD
W3MEpPEHUs MOIIHOCTH JO03bI C HCIOJIb30BAaHHEM
0JIOKa-KOMITapaTopa pacCUMUTHIBAETCS Ha OCHOBA-
HUU pacUIMPEHHON HeonpeeJIeHHOCTH U3MEPEHUS
MOIIIHOCTH 103kl U KO3 duiiueHTa oxsara k=2
COTJIAaCHO CBHJICTEIBCTBY O KaJTUOPOBKE OJIOKa-
KoMIaparopa.

Heomnpenenennocts, cBsi3aHHAsl C OMpejaelie-
HUEM DaCCTOSIHUSI «HCTOYHUK—IIETEKTOpP», pac-
CUUTHIBAETCS B COOTBETCTBHHM C PYKOBOJICTBOM
no skcmryatauuun ycraHosku YIIP-AT300. Co-
[JIaCHO JaHHOMY pPYKOBOACTBY HOTPELIHOCTH
OTpEeNeNIeHHs] PAaCCTOSHHUS OT aHOJa PEHTTCHOB-
CKO#l TpyOKHM 1O LIEHTpa IETEKTOpa COCTaBISET
+0,2 %. Ilpn u3MepeHNHn MHUHUMAaJIbHBIX 3Hade-
HAW MOLIHOCTH A03bI OJOK-KOMIapaTop ycTa-
HaBiuBascs Ha pacctogHun 1000 MM oT aHOna
peHTreHoBckoi TpyOkm. Takum oOpasom, mo-
TPEITHOCTD OTPEIEIeHUS PACCTOSHUS COCTaBHIIA
+2 MM.

CornacHo mMacmopTHBIM JaHHBIM Ha OJIOK-
KOMITIapaTop, MOTPEIIHOCTh HECTAOMIBHOCTH Tpa-
TyUPOBOYHOH XapaKTePUCTHKH MPeoOpa3soBaHUS
OJIOK-KOMITapaTopa 3a BpeMsl HENpPEephIBHOW pa-
6otel cocraBmsier +0,5 %. Ilockonpky xapakTep
pacmpesiefieHus] MOTPEUIHOCTH SIBJISIETCSl PaBHO-
BEPOSITHBIM (TIPAMOYTOJBHEIM), TO OTHOCHTEIb-
Hasi CTaHJapTHas HEONpeaeIeHHOCTh OyeT paBHa
0,5/43=10,29 %.

CoriacHo MacrnopTHBIM JaHHBIM OJI0Ka-KOM-
rmaparopa, MOTPEIHOCTh HECTAOMIBHOCTH ITOKa-
3aHUU KOMITapaTtopa MpH HU3MEPEHUHW MOIIHOCTH
J03bl TAMMa-HM3JIyYCHHS 32 BpEMsi HENPEPBIBHON
paboThl Osioka-kommapaTopa cocrasiser £ 1,0 %.
[MockonbKy XapakTep paclpeeieHus] TOorpel-
HOCTH TaKXe MPUHUMAeM 3a MPSMOYTOIbHBIHN, TO
OTHOCHUTEJIbHASl CTaHAApTHAas HEOIPEAeIeHHOCTD
Oyner paBHa 1,0A3=0,58 %.

Paciupennas HeonpeeNieHHOCTh € yYeTOM Ka-
TUOPOBOYHOTO K03 duImenTa 11 O10Ka-KoMIapa-
TOpa TpeAcTaBiIeHa B Tadbmulle 4.
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Tabauya 4/Table 4

3HavyeHUs] OTHOCUTEbHOM CTAHIAPTHON M paclIMpPeHHOIl HeonpeaeJeHHOCTel
Relative standard and extended uncertainty values

KauectBo H (10), M8/ . KannbpoBounsrii UI—}* ((10)). Mx38/a
W3y YCHUS . Un'( (10)), % ko urment .

Radiation quality #1(10), pSv/h Calibration factor Ur'((10)), pSvih
AT-XL55 1,051 6,23 0,995 0,065
AT-XL70 0,985 6,74 0,98 0,065
AT-XL100 1,104 6,62 0,98 0,071
AT-XL150 0,584 6,66 0,993 0,038
AT-XL200 1,641 6,17 1,005 0,102
AT-XL250 18,08 6,208 1,015 1,139

AHaNHU3 TOJXYYCHHBIX PEe3yJIbTaTOB MOKAa3bIBa- 100000 ‘ ‘
€T, YTO 3HAYCHUS PACIIMPECHHOM HeonpeaeleHHO- ‘\ A
CTH HE TIPEBBIMAIOT 7 % IS KCCIIeyeMbIX KauecTB 80000 I [
nsznydeHus. OCHOBHOM BKJIaJ B pPaCIIUPEHHYIO |
HEOMPE/ICJICHHOCTh BHOCHT HEOIPE/ICIEHHOCTb,
CBs3aHHAs C OCHOBHOH TIOIPENIHOCTHIO OJIOK-
KoMmIaparopa.

—AT-XL15
— AT-XL20
—AT-XL30
AT-XL40
AT.XLSS
—AT-XL70
— AT-XL100|
AT-XL150
— AT-XL200
AT-XL250

=N
1=}
=3
=3
S

40000

20000

Orcuernl / Counts

Pe3yabTaTsl U HX 00Ccy:KIeHHE e -
0 50 100 150 200 250 300

. DHeprid m3mydeHis, k3B / Radiation energy, keV
PesynbpTaThl u3MepeHUs] HU3KUX YPOBHEU MOIII-

HOCTH J103bI Ha paccTostarn 1000 MM OT aHO/1a PEHT- a

TEHOBCKOU TPYOKH C YIETOM pacIIUpEeHHON HEOTpe-

JCIICHHOCTHU I/I3MepeHHﬁ MMpEeACTAaBJICHBI B Ta6n1/1ue 5.

Tabnuya 5/Table 5

100000

80000

3HaueHHs] MOLIHOCTH J03bI C Y4ETOM § 60000
paclIMpPeHHOH HeonpeaeJIeHHOCTH = oo
Dose rate given with expanded uncertainty 5
£ 20000
KauectBo nsnyuenus MoIHOCTb 10361, MK3B/4 ~
Radiation quality Dose rate, uSv/h ° 30 o 300
AT-XL55 1.051 + 0,065 DHeprus nsﬂyqemml; k3B / Radiation energy, keV
AT-XL70 0,985 + 0,065
AT-XL.100 1,104 + 0,071 PucyHok 2 — AnmapaTypHble CHEKTpbl ISl CEpUHM Ka-
AT-XL150 0.584 + 0.038 yectB AT-XL, u3MepeHHble OJ0KaMH-KOMIIapaTopaMmu
’ ' BKMP-AT1104 u BKMI-AT1102 i
AT-XL200 1,641 0,102 04 m 02 5 muncisom (a) u
B Jorapudmuaeckom mMacmraoe (b)
AT-XL250 18,08 £ 1,015

Figure 2 — Instrumental spectra of the AT-XL radiation
ATmapaTypHbIe CIEKTPbI M3TYYCHHs MOIYYe-  qualities, measured with BKMR-AT1104 and BKMG-

HBI C MOMOIIBIO OJIOKOB-KOMIIAPATOPOB PEHTTEHOB-  AT1102 comparators in linear scale () and logarithmic
CKOTrO M ramMMa-u3inydeHuil (pucyHok 2a). CriekTpel  scale (b)

W3ITydeHUs], TIPECTaBIIEHHBIE B JIOTapU()MUIECKOM

Macumitabe, MO3BOJSIOT BH3yalbHO OLIEHHTh CXO- M3 ananu3a moiy4yeHHbIX JAHHBIX CIEIYeT, YTO
’KECTb YHEPreTUUECKOI0 Pa3pelleHNs CEpHU KaUeCTB  DHEPreTHYECKOE paspelleHHe MOTy4YEHHBIX KauyeCTB
(pucyHok 2b). HAaXOJMTCS B Ipefenax ot 15 no 24 %.
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3akJjroueHue

[ToBepounasi ycTaHOBKa PEHTI€HOBCKOTO H3IIY-
yennst YIIP-AT300 ¢ npumenennem Habopa (uib-
TPOB U3 0CO00 YHCTHIX CBUHIIA, OJIOBA, MEJIH U AJT0-
MUHUS TI03BOJISIET C(HOPMUPOBATH TO3UMETPUIECKHE
T10JIs1 ¢ HU3KUMH YPOBHSAMHU MOIIHOCTH JIO3bI U Y3KHM
CIIEKTPOM U 00eCTeUnTh UCCIIEIOBAHNS U TIPOBEPKU
SHEPreTHYECKOW 3aBUCHUMOCTH YYBCTBHTEIHHOCTH
JO3UMETPUUECKUX CPEJICTB M3MEPEHUIl Ha OCHOBE
CHMHTHJUIAIMOHHBIX U IPYTHX BHICOKOYYBCTBUTEh-
HBIX JIETEKTOPOB.

3HadeHne MOITHOCTH J03bI IS Ka4eCcTBa H3IIy-
yeHus ¢ sHeprueit 250 k3B na paccrosHumn 1000 MM
OT aHOJ/la PEHTI'€HOBCKON TPYyOKH MOIy4YHIIOCH 3Ha-
gyuTeabHO Bhine 1 Mk3B/4. OQHAKO HOCTHYL MEHB-
LIer0 3HAYE€HUSI MOIIHOCTH JI03bI MOKHO TIEPEMECTHB
nerexktop Ha paccrosiaue 2500 mM. [TockonbKy 3HEp-
TS M3JIy4EHUs JOCTAaTOYHO BBICOKAs, MEpEMEIIEHHE
Ha OoJiplllee PACCTOSIHWE HE MPHUBEICT K OIMIHMOKaM
onpeneneHus dH(HEKTUBHON SHEPTUU W MOIIHOCTH
JI03bI M3-32 HE3HAUUTEIHHOTO OclalieHus] u3iyde-
HUS B BO3/IyXe.

Co3znaHHble TMOJIA PEHTIEHOBCKOIO M3IIy4eHHUs
MTO3BOJIAIOT TIPOBOWTH HMCCIIEOBAHHS BBICOKOUYB-
CTBUTEINIFHBIX CIMHTWUISIIUOHHBIX JIO3UMETpUYE-
CKHX CPEJCTB n3MepeHuit Ha paccrostausx 1000 MM
n 2500 MM oT ¢oKyca PEHTTEHOBCKOW TpPyOKH
MIPY MOIIHOCTH O3Bl B TIpeenax eAWHUI MK3B/4
B IWamnaszoHe »Hepruit ot 55 mo 250 k3B, uTo oxBa-
ThIBaeT paOOuYMil Juana3oH dHEPruil OOJBIIMHCTBA
JIO3UMETPUUECKUX ITPHOOPOB HA OCHOBE CIIMHTHIIIIS-
[IMOHHBIX OJIOKOB JIETEKTHPOBAHMSL.

KauecTBa peHTreHOBCKOro M3Iy4yeHHUs C HU3-
KO MOIIIHOCTBIO JIO3bl B IMANIa30HE dHEPTH OT 15
10 40 k3B TpeOyrT NpoBeCHUS JOTOIHUTEIbHBIX
WCCIEOBAHNNA C TPUMEHEHHEeM OJI0Ka-KoMIlapa-
Topa peHtreHoBckoro usnyuenuss bBKMP-AT1104.
Hns nmoatrBepxkaeHUsT JIOCTOBEPHOCTH TOKAa3aHUM
0Jioka-koMITapaTopa TpeOyeTcs MPOBECTH CIUYe-
HUS C MOKa3aHUSMH MOHU3AI[MOHHON KaMephl C U3-
BECTHBIM OTKJIMKOM B JIAaHHOM JIMalla30HE JHEp-
ruii. OfHAaKO HIKHSS TpaHuLa pabodero auama-
30Ha JHEPTHH s OOJIBIIMHCTBA MOHMU3AIIMOHHBIX
kamep cootBercTByeT 50 k3B. Takum o6paszowm,
JUISL cIUYeHusl OJjoka-KoMmIapaTtopa ¢ MOHM3alH-
OHHOM KaMmepoWl B Juala3oHe HU3KUX HSHEPrui,
MpeBAPUTEIHLHO Tpedyercs O0TKaJIMOpOBaTh
noHm3anroHuyto kamepy TM32003 B muama3oHe ot
15 no 40 k3B u npoBecTH aHaJOTUYHBIE MCCIIEO-
BaHMUS.

CnucoK HCIOJb30BAHHBIX HCTOYHHKOB

1. losumeTpryeckas yCTaHOBKa TraMMa-H3Ty4YeHHS
YAT-AT110 [OnexTpoHHBIH pecype]. — Pexxum goctyna:
http://atomtex.com/sites/default/files/catalogue ru.pdf —
Hara nocryna: 25.01.2019.

2. HanimoHaNbHBIN 3TajI0OH €UHUI] KEPMBI U MOIITHO-
CTH KepMbI B BO3Jyxe [DneKTpoHHbIN pecypc]. — Pexum
mocrtyma: http://www.belgim.by/1431 — Jlata moctyma:
25.01.2019.

3. YcraHOBKa MTOBEPOUYHAsl PEHTITE€HOBCKOIO U3JIy4e-
Hus YIIP-AT300 [DmnexkrponHBIH pecypc]. — Pexxum mo-
cryma:  http://atomtex.com/sites/default/files/catalogue
ru.pdf — Jlata nocryna: 25.01.2019.

4. Jlykaweeuy, P.B. COMHTWUISIIAOHHBIC  OJOKH-
KOMIApaTopbl JUIsi U3MEPEHUIT MOIIHOCTH KEPMbI B BO3-
nyxe B auamnasone ot 0,03 ul'p/c no 50 ul'p/c. / P.B. Jly-
KameBud [u ap.] // MeTrpomorus u mpuOOPOCTPOCHHUE. —
2017.-T.75,Ne 1. - C. 33-37.

5. JIykaweeuy, P.B. TIpuMeHeHHe CIeKTpoMeTpuye-
CKOT'0 METOJIa pacyeTa MOLIHOCTH J03bI JJI CO3JaHUS BbI-
COKOUYYBCTBHUTEJILHBIX OOpa3IOBBIX CPEICTB HM3MEPEHHs
Ha 0a3e CUMHTWIUISLMOHHBIX OJIOKOB JIETEKTHPOBAHMS /
P.B. Jlykamesu4, I'.A. ®oxoB // [IpuOGOpsI 1 METOIBI U3-
mepennit. —2017. —T. 8, Ne 3. — C. 246-253.

DOI: 10.21122/2220-9506-2017-8-3-246-253

6. Moriuchi, S. Development of a dosimetric system
using spectrometric technique suitable for operational
radiation dose measurements and evaluation/
S. Moriuchi, M. Tsutsumi, K. Saito // 10-th Intern.
congress of the International Radiation Protection
Association IRPA-10 : proc. congress, Hiroshima, 14—
19 May 2000 / Japan Health Physics Society. — Tokyo,
2000. — P-3b-197.

7. Behrens, R. The influence of the air density on the
spectral properties of X-ray radiation qualities with mean
energies from 6 keV to 90 keV. / R. Behrens // Rad. Prot.
Dos. —1999. — Vol. 86, no. 2. —P. 123-128.

DOI: 10.1093/oxfordjournals.rpd.a032931

8. lonizing radiation. Detectors. Including code of
practice / PTW — Freiburg. —2018. — 49 p.

9. Implementation of the International Code of
Practice on dosimetry in diagnostic radiology. — Vienna :
International Atomic Energy Agency, 2011.

References

1. Dozimetricheskaya ustanovka gamma-izlucheniya
UDG-ATI110 [AT110 Gamma radiation dosimetry unit].
Available at: http://atomtex.com/sites/default/files/cata-
logue ru.pdf (accessed 25.01.2019).

2. National standard of kerma units and air kerma rate.
Auvailable at: http://www.belgim.by/1431 (accessed 25.01.2019).

3. Ustanovka poverochnaya rentgenovskogo
izlucheniya UPR-AT300 [AT300 X-Ray calibration

136



IIpubopsi u memoowl usmepeHuil
2019.—T. 10, Ne 2. — C. 128-137
A.B. Hosuuenko u op.

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 128-137
A.V. Novichenko et al.

facility]. Available at: http://atomtex.com/sites/default/
files/catalogue ru.pdf (accessed 25.01.2019).

4. Lukashevich R., Guzov V.D., Kozhemyakin V.A.,
Oborin A.V. [Scintillation comparators for measuring air
kerma rate in the range from 0,03 to 50 nGy/s]. Metrologi-
ya i priborostroenie [Metrology and instrumentation],
2017, vol. 75, no. 1, pp. 33—37 (in Russian).

5. Lukashevich R., Fokov G. [Application of the
spectrometric method for calculating the dose rate for
creating calibration highly sensitive instruments based
on scintillation detection units]. Devices and Methods of
Measurements, 2017, vol. 3, no. 8, pp. 246-253 (in Rus-
sian).

DOI: 10.21122/2220-9506-2017-8-3-246-253

6. Moriuchi S., Tsutsumi M., Saito K. Devel-

opment of a dosimetric system using spectrometric

technique suitable for operational radiation dose mea-
surements and evaluation. 10-th Intern. congress of
the International Radiation Protection Association
IRPA-10 : proc. congress, Hiroshima, 14-19 May
2000 / Japan Health Physics Society, Tokyo, 2000,
pp. 3b—197.

7. Behrens R. The influence of the air density on the
spectral properties of X-ray radiation qualities with mean
energies from 6 keV to 90 keV. Rad. Prot. Dos., 1999,
vol. 86, no. 2, pp. 123—128.

DOI: 10.1093/oxfordjournals.rpd.a032931

8. Ionizing radiation. Detectors. Including code of
practice / PTW — Freiburg. —2018. — 49 p.

9. Implementation of the International Code of Prac-
tice on dosimetry in diagnostic radiology. — Vienna: Inter-
national Atomic Energy Agency, 2011.

137



IIpuboper u memoowl usmepeHuil
2019.—T. 10, Ne 2. — C. 138150
J1.B. Aoamuyk, B.K. Kcenesuu

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 138-150
D.V. Adamchuck, V.K. Ksenevich

VIIK 539.23

anaB.ﬂeHne 3J'IeKTpI/I‘IeCKI/IMI/I H OIITUYECKUMMU napaMeTpaMn
AKTUBHBIX 3JICMCHTOB JATYUKOB BJIA’KHOCTH HA OCHOBC
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Lenb paboTel — pa3paboTKa METOJUKH CHHTE3a TUIEHOK OKCHJIOB OJIOBA Pa3INYHOrO CTEXHOMETpUYec-
KOTO COCTaBa, XapaKTEPHU3YIOLIMXCS BBICOKUMH DIIEKTPONPOBOIHOCTHIO U KOI(D(UIIMEHTOM MPOIYCKaHHS
cBera B Y®- 1 BUAMMOM JIMana3oHe 3JIeKTPOMAarHUTHOTO CIEKTPa, AU NAIbHEHIero nX NpUuMEeHEHUs B Ka-
YecTBE JIATUYMKOB BJIAKHOCTH M Ta30B, a TAKXKe DIIEKTPOJOB ISl DJIEKTPO- U (POTOKATATUTHYECKUX TPEO0-
pa3oBatenei.

Hecrexnomerpuueckue mienku SnO/SnO,/SnO, _; GbUIM CHHTE3MPOBAaHbI METOIOM PEAKTHMBHOTO MarHe-
TPOHHOTO PACIBUICHUS 0JIOBA Ha CTEKJIIHHBIE MTOJIOKKH B IJIa3Me aproHa ¢ 100aBIeHHeM KUCIOopOa U Mo-
CIICAYIOIINM TEPMHUYECKHM OKUCIIEHHEM (OPMHUPYEMBIX CIIOEB Ha Bo3ayxe. JJisi H3MEHEHUsI CTPYKTYPHBIX,
OINTHYECKUX U DJCKTPHUUECKUX CBOWCTB IJICHOK M MOJ0Opa ONTHUMAaJbHBIX MapamMeTpoB CHHTE3a BapbHPO-
BaJICh COJIEpKaHUE KUCIIOPO/ia B MpOIlecce HalbICHHUs U TeMIlepaTypa OTXKHUra Ha BO3JyXe B Juana3oHax
0-200.% u 200—450 °C coOTBETCTBEHHO. XapaKTepu3alus TUIEHOK POBOWIACH C MCIIOJIb30BaHUEM 4-X
30H/I0BOT'O METO/Ia H3MEPEHUH AJIEKTPUIECKOTO CONPOTUBIICHUS, PEHTTEHOBCKOM TU(PPAKLIUHU U ONITUIECKON
CHEKTPOCKOINHU MIPOIYCKAHUS CBETa.

B pesynbraTe KOMIUIEKCHOTO aHANM3a CTPYKTYPHBIX, ONTHYECKUX U JICKTPHUUECKHX CBOMCTB IIIEHOK
YCTaHOBJICHO, YTO JUIS MOJyYeHHsl HauboJiee PO3PavyHbIX U MPOBOISIINX MOKPHITHH, MEPCIIEKTUBHBIX IS
WCTIONb30BaHMs B KauecTBE JaTYMKOB BJIKHOCTH M Ta3oB, a TaKkKe B (DOTODIEKTPUUECKUX yCTPOHCTBaX,
ONTHMAJIbHBIMH NTapaMeTpaMu CUHTE3a SIBJIAIOTCA: COJIepyKaHue KUCIOpOAa B aproHOBOM IjIa3Me B Ipoliecce
HanbiieHus ~0,8—1,2 00. %, TemnepaTypa orxkura Ha Bozayxe ~350-375 °C. IIpu stoMm opmupyercs rmo-
JMKpUCTANTNUECKas TUICHKa, B KOTOpol mpeobnagaer (aza JUOKCHAA OJIOBA, COAEpiKallas CTPYKTYpHBIC
ne(eKThl (KUCIOpOIHbIE BAKAHCHH), 00ECTICUMBAIOIINE COUETAHNE BBICOKHX DJIEKTPOIPOBOTHOCTH H KOA(]-
(unmeHTa npommycKkanus B BUIUMON 1 Y D-0011acTh 3JIEKTPOMArHUTHOTO CIIEKTpa.

KiioueBble cii0Ba: peakTHBHOE MAarHETPOHHOE PACIBIICHHE, OKCHJ OJIOBA, CTEXMOMETPHYECKHI COCTaB,
CIIEKTPHI MPOITYCKAHWS, dJICKTPOIIPOBOTHOCTb.
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Abstract

The aim of this work is development of technique for synthesis of tin oxides films with various
stoichiometric composition, characterized by high electrical conductivity and light transmittance in the UV
and visible range of the electromagnetic spectrum, for their further application as humidity and gas sensors,
as well as electrodes for electro-and photocatalytic converters.

Nonstoichiometric SnO/Sn0O,/SnO, ; films were synthesized by reactive magnetron sputtering of tin onto
glass substrates in argon plasma with oxygen addition and with subsequent thermal oxidation of the formed
layers in air. To change the structural, optical, and electrical properties of the films and to find out the optimal
synthesis parameters, the oxygen content during the deposition process and the annealing temperature in air
were varied in the range of 0-2 vol. % and of 200-450 °C, respectively. The characterization of the films
was carried out using a 4-probe method for measuring the electrical resistance, X-ray diffraction, and optical
spectroscopy of light transmission.

As a result of a comprehensive analysis of the structural, optical and electrical properties of the films,
it was found that the optimal synthesis parameters to obtain the most transparent and conductive coatings
promising for use as humidity, gas sensors and in photovoltaic devices are the following: oxygen content in
argon plasma during sputtering process is ~0,8—1,2 vol. %, the annealing temperature in air is ~350-375 °C.
In this case a polycrystalline film with high electrical conductivity and high transmittance in the visible and
UV regions of the electromagnetic spectrum with prevailing of tin dioxide phase with structural defects
(oxygen vacancies) is formed.

Keywords: reactive magnetron sputtering, tin oxide, stoichiometric composition, transmission spectra,
electrical conductivity.
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BBenenue

[lepcneKTHBHOCTH M3Yy4EHUsI MTPO3PAUYHBIX MPO-
BOJSIIMX METAJUIOOKCHIHBIX MOJTYIPOBOTHHKOB
00yCllaBINBaeTCsS BO3MOXKHOCTBIO HX IpaKTH4e-
CKOTO MPUMEHEHHUS! B COBPEMEHHOM AIIEKTPOHUKE H
OIITORJIEKTPOHUKE JJIsl CO3MaHMs TMOKUX AMCIUICEB,
CEHCOPHBIX MaHeJNeH, MPO3pauHbIX MPOBOISIIIX IO~
KPBITHIA, SHEprocoeperaromux okoH u ap. [1]. B co-
EIMHEHUSAX C KHCIOPOIOM OJIOBO TIPOSIBISIET IBE
CTENeHU OKUCIeHUs (+2 u +4), MoATOMY CyIECTBY-
IOT JIB€ YCTOHYMBBIC OKCHAHBIC (ha3bl: MOHOOKCH]
onosa (SnO) u auokcun onosa (SnO,). SnO, mwupo-
KO HMCIIOJIb3YETCs B PA3IMYHBIX YCTPOUCTBAX, HAIIPHU-
Mep B Ka4yeCTBe aKTMBHOTO MaTepualia razoaHainza-
TOpOB [2, 3], maTYNKOB BIaXKHOCTHU [4], KaTaau3aTo-
pOB [5], 27EKTPOAOB TUTUH-UOHHBIX [6—8] U HATpHii-
HOHHBIX [9] aKKyMyJISTOPOB U CYTIEPKOHICHCATOPOB
[11], onTuyeckux ceHcopoB [12] M ONTHKO-dIIEK-
TPOHHBIX yCTPOHCTB [13], mpo3padHbIX MPOBOASIIINX
anexTpoaoB [15, 16]. CtexuomMeTpruuecKuil AMOKCH]T
0JI0Ba SIBIISICTCS LIMPOKO30HHBIM MOTYPOBOIHUKOM
(Egz 3,54 5B) u no BenMuUHE IEKTPOINPOBOIHO-
CTH OJMU30K K JUDIEKTPUKAM. DJIEeKTpHUecKas Mpo-
BOJMMOCTb HECTEXHOMETPHYECKOTO TMOKCH 1A OJI0Ba
CYIIECTBEHHBIM 00Pa30M 3aBUCHUT OT KOHIICHTPALIUH
TOYEYHBIX J1e(DEeKTOB (KHCIOPOIHBIX BaKAHCHIA U Ba-
KaHCHIi B TOJIPEIETKE 0JI0Ba), KOTOPbIE BBHICTYMAIOT
B Ka4eCTBE JIOHOPOB WJIM aKIenTopoB. B vactHoCTH,
BBICOKAss KOHIIGHTPALUsl KHCIOPOJHBIX BaKaHCHH
MIPUBOJUT K BBICOKOM 3JEKTPUYECKON ITPOBOAMMO-
CTH 1-THTIA HECTEXHOMETPUIECKOTO AUOKCH A OJI0Ba
[15-17]. Kpome Toro, OTKIOHEHUE OT CTEXHUOMETPH-
YECKOT0 COCTaBa IO KHCIOPOAY Ha IMOBEPXHOCTH
auokcuza onosa (SnO, ;) NPUBOJUT K BO3MOXKHOCTH
a7IcopOMpOBaHMs MOJSIPHBIX MOJIEKYIT C 0Opa3oBa-
HUEM CJIa0bIX CBSI3€H, TOCPEACTBOM KOTOPBIX BO3-
MOXEH MEepEeHOC AJIEKTPOHOB K aJCcOpPOHMpPOBaHHBIM
KomIuiekcam [18].

[lepeuncieHnble  XapakTEPUCTHKH  MO3BOJIS-
IOT HCIIOJNB30BaTh HECTEXUOMETPUUCCKUI JUOKCH]
0JI0Ba B Ka4eCTBE EKTPOAOB AJIsI AJIEKTpo- U (oTo-
KaTaJUTHYECKUX MpeoOpaszoBareneil. Cneqyer oTMme-
THUTh, 4YTO 3PPEKTUBHOCTH MPOIiecca aHOAHOTO OKHC-
JICHUsI KaK OpPraHMYeCcKuX, TaK 1 HEOPraHW4ECKUX Be-
LIECTB, PACTBOPEHHBIX B BOAC HA HEMETAJUTMUECKHX
(okcHIHBIX) aHOMaX, Bcerna Bbilie dGEKTHBHOCTU
AQHOJHOTO OKHCJICHHMS Ha METAUIMYSCKUX aHOAax
[19]. D10 00ycioBieHO (hopMUPOBAHUEM HA ITOBEPX-
HOCTH OKCHJTHOTO TIONYMPOBOJHUKA OapbepHBIX aji-
COPOLIMOHHBIX CJIOEB, COCTOSIINX M3 aJICOPOMPOBAH-
HBIX MOHOTHPATHBIX LIEHTPOB U MOJIEKYI BojbI [20],

YBEITMYUBAIOMINX dPPEKTUBHOCTD MPOTEKAHMUS OKHC-
JUTETHHO-BOCCTAHOBUTEIHHBIX PEaKITHA.

Jlns psina mpakTUYeCcKUX MPUMEHEHUN TepCrek-
TUBHBIM SIBJISIETCSI HCTIOJIF30BAHNE CMEIIaHHBIX OKCH/I-
HbIX Marepuanos SnO/Sn0O,. B yactHoCTH, CTPYKTYpBI
Ha OCHOBE p—7-TIEpexofia MeXIy IByMs (a3aMu OK-
CHJia OJIOBa TIPE/IJIOKEHO MCIOIB30BaTh ISl CO3/IaHMs
JTATINKOB Temneparypsl [17], a Taroke (hoTokaTraiuTu-
Yyecknux mpeoOpazoBarenei [21]. Crnemyer OoTMETHTH,
910 (ha3oBBIil TIEPEX0] MOHOOKCHIA OJI0BA B JHOKCH]T
0JIOBA €IIIE HE TIOCTATOYHO XOporro n3ydeH [22]. [ToaTo-
My pa3paboTka METOZIOB CHHTE3a TICHOK CMEIIaHHOTO
cocrasa SnO/SnO, 1 MCCIENOBAHKE UX CTPYKTYPHBIX,
ANMEKTPUIECKUX W ONTHYECKIX CBOMCTB MPEICTABIISET
MHTEpEeC Kak ISl MPaKTHYECKUX TMPUMEHEHHH, TaKk U
st u3ydenus (haszosoro nepexona SnO—Sn0O,.

CymectByeT OONBIIOE KOTUYECTBO METOIUK
CHHTE3a JITUPOBAHHBIX U HEJIETHPOBAHHBIX TOHKUX
TUICHOK M3 OKCHJIOB 0J0Ba. TakK, M3BECTHBI METO/bI
pacIbUIATEIHLHOTO THpon3a [23], 30b-TelIh METO-
IIUKH [24], IMEIOITHEe B CBOCH cXeMe, KakK IpaBuilo,
CTaJINH Pa3JIOKEHUSI TEPMUYECKN HECTAOMIIBHBIX CO-
eIVHEHWI 0JI0Ba, METOJ] XUMHUYECKOTO OCAXKICHUS
3 razoBoit ¢asel (CVD), mazepnas admsamus [25],
TBepaodas3ueIii cuaTe3 [26], MarHeTpoHHOE [24, 25]
1 3JEKTPOHHO-IIy4YeBoe [28] pacmbuicHue. ToHKHE
IUIGHKH OKCHJA OJIOBa Yallle BCEro CHHTE3HPYIOT
B onHol 3 ¢az SnO wu/umm SnO, [29]. Anbrep-
HATHBHBIM METOJIOM IIOJy4€HHUs TIEHOK SnO, sB-
JAeTCsl TEPMHUYECKOE OKHCIIEHWE TOHKHX IIJICHOK
HambpieHHOTO MeTauta [30, 31]. DToT MeTom OT-
JUYaeTcs MPOCTOTON MPoIlecca NCITapeHUs MeTal-
JIMYECKOTO 0JI0Ba Oirarofapsi HU3KOH TeMIieparype
MJIABJICHUS W IOCTATOYHO JIETKOTO TTOCIIETYIOIIEro
OKHCIICHHS.

Lens paboTel — pa3paboTka METOIUKH CHHTE3a
TUICHOK OKCHJIOB OJIOBA PA3IMYHOTO CTEXHOMETPH-
YECKOTO COCTaBa, XapaKTEPHU3YIOUIUXCS BBICOKHMH
AIIEKTPOITPOBOTHOCTHIO M KOA(PPUIIMEHTOM ITPOITY-
CKaHMsl cBeTa B Y- U BUAMMOM [IMAIla30HE 3JEK-
TPOMArHUTHOTO CTIEKTPA, JUTS JaIbHEHIIEero X MpH-
MEHEHHsI B KaueCTBE JIATYUKOB BIAXXHOCTH H Ta30B,
a TaxoKe AIIEKTPOIOB IS AJEKTPO- U (POTOKATATIUTH-
YeCKHX TIpeodpa3oBarecii.

MeToauKu CHHTe3a IVICHOK U U3MEpeHuH ux
napamMeTpoB

IIpemmaraemas B HacTosmiel paboTe METOmU-
Ka, TTO3BOJISIONIAsi CHHTE3UPOBATh TUIEHKH OKCHIOB
onoBa cMmemanHoro cocrasa (SnO/Sn0O,), cocrout
13 HECKOJIbKUX JTAIOB:
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1) peakTHBHOE MarHETPOHHOE HAITBUIEHUE TOH-
KO TUICHKH, COCTOSIIEH U3 METAUIMYECKOro 0JI0Ba
Y OKCHJIOB OJIOBA;

2) mpoBezicHHe
Ha BO3/yXe.

B xagectBe pabodero rasza HCIIONB30BAJHCH
aprod MO0 CMech aproHa ¢ KHCJIOPOJIOM, COJIep-
JKQHUE KOTOPOro BapbUpPOBAJIOCH B JUANa30HE
0,4-2 00. %. B kauecTBe MUIICHU HCIOJIH30BAJIOCh
METaJUINYECKOE 0JIOBO YHMCTOTOU He MeHee 99,99 %.
B npouecce pacnbuieHUs] aTOMBI 0JIOBAa PEAarupyroT
C KHUCIOpPOJOM, YTO NPUBOJUT K 0Opa30BaHHIO
Ha MOJJIOKKE IJIEHKH W3 METaUIOOKCUIHBIX CO-
equHeHuil. MeTon peakTUBHOTO MAarHETPOHHOTO
pacmbUIeHHsT XapaKTepu3yeTcs BBICOKOH CKOpo-
CTBIO OCaXICHUS U XOpOUIeH aare3neil MIeHOK.
W3menenue ¢a3zoBoro cocraBa, KpPHCTAITMYECKOM
CTPYKTYPBl M TOJILMHBI IJIEHOK MOXET OCYIIECT-
BIISITbCA TOCPEACTBOM BapbUPOBAHUS MOTEHIIMAA
CMEIIeHNs], JAaBIIEHUS M COCTaBa Ta30BOH CPEIBI,
a Takke BpeMeHM pacnbuieHus [32]. OgHum u3
TJIABHBIX JIOCTOMHCTB PEAKTHUBHOTO MAarHETPOH-
HOTO pacHbUICHUS SIBISIETCSI BO3MOXHOCTb HH3-
KOTEMIIepaTypHOTO OCaXKJIEHHs. OTO IO3BOJISIET
(opMUpPOBATH HECTEXHMOMETPHUYECKHE  TOJIHKPHU-
CTAJNIMYECKHUE CJIOM Ha Pa3IUYHBIX MOJJIOKKAX.
Jls1 HambUIeHUsT MCTIONB30BAICS BAaKYyyMHBIA YHH-
BepcanbHblil noct BYII-5M. Hanbinenue npoBoau-
JIOCh Ha MOCTOSIHHOM TOKE TIPH JaBJICHUH Pabovero
raza 5—7 I[la u HanpsiKEHUU TTOCTOSTHHOT'O CMEIICHUS
200 B. Paccrostaue Mexmy MUIICHBIO U MOJIOKKOM
coctaBisuio 3 cM. TonmuHa HaMBUIAEMBIX TUICHOY-
HBIX MOKPBITUH pEryJupoBajach IIUTEIbHOCTHIO
npoliecca pacnbuleHHs Mpu (UKCHPOBAHHOM 3Ha-
YEHUM MOJABAEMOIr0 HaNpsDKEHHsI cMelleHus. Mar-
HUTHas cucreMa maruerpona BYII-5M koHueHTpu-
pyeT Iuia3My TICIOMIETO pa3psla B OCHOBHOM BHE
LIEHTPa MUIICHU, HAJ KOTOPBIM pa3MelaeTcs MoJ-
noxkka [32]. OT0 MO3BOJSIET YMEHBIITUTH PacIbLIe-
HUE aTOMOB C MOBEPXHOCTU PACTyLICH MJICHKHU, OJl-
HaKO OCOOCHHOCTBIO (DYHKUMOHHPOBAHMS JaHHOM
CHUCTEMBI ABIISIETCA ee TpeOOBaTeIbHOCTh K YHCTOTE
pabouero rasza, KOTOPBIH U3-3a PACIIONIOKCHHS T1J1a3-
MBI BHE IICHTpa MUIICHU OOJBIIEEe BpEMs B3amMO-
JIEUCTBYET ¢ pachbUisieMbiM Matepuanom. Crenyer
OTMETHUTb, YTO CKOPOCTh OCAKJCHHS B CIIydae peak-
TUBHOTO HAITBIJICHUS CYIIECTBEHHO YMEHBINAETCA (OT
25 HM/MHH TIPY HaIBUICHUH B CPEJIE YUCTOTO aproHa
110 10 HM/MuH ripu nobasieHun 2 00. % KUCIOpoaa).

Hnst  ganpHEHIIero OKUCIEHHUS TOJYyYEHHBIX
IJIEHOK MPOBOJMJICA JABYXCTAJUUHBIA OTKHUI Ha

OKHCJIHUTECIIBHOTO OTXXHUra

Bo3ayxe. IlepBas cramus BKIIOYaiga HarpeB IUIEHKU
10 200 °C (BOnu3u TeMmneparypsl IUIaBICHUS Sn) U
M30TEPMHUUYECKUI OTXKHT Ha MPOTsDKEeHUH 2 4. Bropas
CTaJMsl 3aKJI0YaIach B Harpese A0 temnepatyp 300—
450 °C 1 U30TEepPMUYECKOM OTKHUTE B TeueHue 1 4.

W3menenue u KOHTPOJIb TEMIIEPaTypPhI U BpeMe-
HU OKHUCJIEHUS MJIEHOK MO03BOJISIET BOCIIPOU3BOAMMO
BapbHpPOBATh COJIEPIKAaHUE KHUCIIOpOJa B CHCTEME
Sn—O (cTeneHp HECTEXMOMETPUYHOCTH 110 KHCIIOPO-
1ly), Tak Kak B MPOIIEcCEe OKUCIEHUS MPOXOIAT BCe
BO3MOXHbIE (Da30BbIE NPEBPAILECHUS OT METaUId-
YECKOT'0 0JIOBA JI0 BBICIIMX OKCHAOB C pPa3iIMYHOU
CTETICHBIO JIEPEKTHOCTH IO CTEXHOMETPHUUECKOMY
cocraBy [33].

Perucrpanust onTu4ecKUx CHEKTPOB MPOITyCKa-
HUSI M OTPa’KEHUsI IVIEHOK, HAHECEHHBIX Ha CTEKIISH-
HBbI€ TOJUIOKKH, MPOBOAMIACH C HCIOIb30BAHHEM
criekrpodoromerpa PHOTON RT B CHIEKTpaTbHOM
quanasone 200-3000 M. CriexTpanpHOE paspelie-
HHe npubopa coctasisieT 1,2 HM, TOTPEIIHOCTh U3-
mepenns < 0,05 %.

OO6paboTka CHEKTPOB MPOMYCKaHHUS IPOBO-
JIWITach C MCTIOJIB30BAHUEM KOHBEPTHON METOAMKH,
onucaHHod B [34-36]. JlaHHas MmeTonMKa IMpUMe-
HSETCS TP YCIIOBUH €JIa00T0 MOTJIOMIEHUST TOHKON
IUIEHKOW ¥ BBICOKOW MPO3PAaYHOCTH I10JUIOKKH, TOJI-
HIMHA KOTOPOH HAMHOTO OOJIbIIIE TONIIMHBI TUICHKH.
[To u3MepeHHBIM CHEKTpaM MPOITyCKaHuUs ObLIN IO-
cTpoeHbl KonBepTHble Kpubble T, (M) u T (1) myTem
IKCTPANOJISIUY  SKCHEPUMEHTAIbHBIX  3HAYCHUH
UHTEPPEPCHIUOHHBIX MAaKCUMyMOB U MHHHUMYMOB
Ha CIEKTpax IpPOIyCKaHWsA. 3aBHCUMOCTb IIOKa3a-
TeJIsl IPEJIOMIICHUS! OT JUIMHBI BOJIHBI 71(A) HcCeny-
€MBIX TOHKHX TUIEHOK OMpEeNsAach U3 COOTHOIIIE-
Hus [34, 35]:

(20,0, ()=T,() 0l +1
LOL0) 2

n(h)= > (1)
2n(T, () -T,0) , w41} _

T, (M, (M) 2 '

B dopmyie (1) n, — mokasarens npenomiaeHus
MOJITIOKKY, KOTOPBIH OMNpejeNseTcs W3 ypaBHe-
HUS:

2

rae T — K03 pUIMEeHT NpomyCKaHus MOI0KKH.
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JIisi  CTEKJISIHHBIX  TOJUIOXKEK, HCIIOIbh30BaH-
HBIX B JaHHOH pabore, T, =0,9. Takum oOpasom,
u3 ypaBHenus (2) mnomywaercs, 4uro n = 1,595.
ITo paccunTaHHBIM 3aBUCHMOCTSIM TIOKa3arels mpe-
JIOMJICHHSI TIOJTyYEHBI CLIEKTPBI MTOTIONICHUS 10 Gop-
myae [35, 36]:

T M (7\’) )1/ 2 + 1
T, (A

Ty (7"))1/2 _1
T,

(n(M)=D(n(A)—n,)

a)="L1n 3)

(n()+D(n(X) +n)| (

Jls1 onpeienieHrs TOJMMHBI UCCIIETyEMBbIX T1j1e-
HOK HCITOJIb30BaJIOCh ypaBHEeHHE [34]:

ak A,
d= :
2[n(A )X, —n(A)A, |

“4)

riae A, M A, — JUIMHBI BOJIH, KOTOPIE COOTBETCTBYIOT
COCEIHUM JKCTPEMAIILHBIM TOYKaM Ha CIIEKTPE Mpo-
ITyCKaHUsI.

KoaddunmeHT nomonieHus o BbIpakaeTcst Kak
(byHKIMs SHEpruy najaromero ¢portona v [37]:

B A(hv-E,)
‘= hv ’

r1e A U n — IOCTOSHHBIE; Eg — [IMPUHA 3aIPEIIEHHON
30HBIL. A = 1 [J1s ABYX COCETHMX IKCTPEMYMOB OIHO-
ro tuna (max — max, min —min) u 4 = 0,5 s AByx
COCETHUX JIKCTPEMYMOB IPOTHBOIOJIOKHOIO THIIA
(max — min, min — max).

Jst mpsimbIx mepexonoB n = 1/2 wnu n=2/3, a
JUTS. HENIPSIMBIX TIEPEXOI0B 77 = 2 WK 3, B 3aBHCHMO-
CTH OT TOTO, Pa3peLIeHbl OHU WX 3alIPELIeHBbI COOT-
BETCTBEHHO. SnO, ABJIACTCSA MATEPUATIOM C MPSAMOM
3anpenieHHo! 30H01. [IIupuna 3anpeneHHoi 30Hbl
MOXET OBITh IOJIyueHa ITOCPEACTBOM JIMHEHHOM arl-
MIPOKCUMAIIMK Kpasi TOJOCHI MPOITyCKaHWS Ha Tpa-
¢uxke 3aBucumocTu (ahv)? ot sHepruu dotoHa (hv).

PeHTreHOCTpYKTYpHBIM aHalu3 IUICHOK JHUOK-
CH/Ia 0JIOBA MPOBEJIEH C MOMOIIBIO PEHTTEHOBCKOTO
mudpaxromerpa Ultima IV RIGAKU B xoH(purypa-
LMY TApaJUIEIbHOTO MyYKa C HUCIOJIB30BAHUEM MO-
HOXpOMaTU3MpPOBaHHOTO MenHoro u3nydeHus CuKa
(0,15406 aM) 1 BBICOKOCKOPOCTHOTO PEHTTEHOBCKO-
ro getexTopa D/teX.

©)

O0cyxkaeHne IKCIIEPUMEHTAJIbHbBIX
pe3yJ1bTaToB

B xone pa3pa®oTKku METOJMKH CHHTE3a TNICHOK
OKCHJIOB 0JIOBA PA3JIMYHOIO CTEXMOMETPUUYECKOIO U
(hazoBoro cocraBa METOJOM MarHETPOHHOI'O PACIIbI-
JICHUSI C TTOCIEAYIONINM OTKHTOM Ha BO3AyXe HAMH

00HapyKeHO, YTO OJTHAM M3 YTO OJHUM H3 Haubosee
KPUTHYHBIX [TapaMeTPOB, IMMO3BOJIAIONINX YIIPABIATH
BEITMIMHON DJIEKTPOIPOBOTHOCTH U KO PHUITHEHTA
MPOIYCKAaHHUsI B BUAMMOM MU YD-nuanazoHe 3ieK-
TPOMarHUTHOTO CHEKTpa B IIMPOKOM JHAaIla30HE,
SIBIIIETCSl BEITMYMHA OOBEMHOTO COJIEpKaHHUS KHC-
JIopoJia B aprOH-KHCIOPOAHON IUIa3Me B Ipollecce
HambUIeHus. Tak, Py pacIbICHHH 0J0Ba B TIA3Me
aprona (06e3 g00aBJIeHUS KHUCIOPOA) COMPOTHUBIIC-
HUE TJICHOK HeCYIIECTBEHHO 3aBUCHT OT TeMIIEpaTy-
PBI TIOCTIETYIOIIETO OT)KUTA Ha BO3IYXeE, KaK BHJIHO
U3 pUCyHKa 1, HA KOTOPOM ITOKa3aHbl 3aBHCHMOCTH
MMOBEPXHOCTHOTO COTPOTHBIICHUS CHHTE3HPOBAH-
HBIX TUICHOK OKCHJIOB OJIOBA OT TeMIIEPaTyPhl OKHC-
JUTETFHOTO OT)KWTa Ha Bo3ayxe. Ha manHom pwm-
CyHKe TIOKa3aHbl 3HaYeHUs TIOBEPXHOCTHOTO COTIPO-
TUBJICHUS CHHTE3WPOBAHHBIX TUICHOK, MOJIYyYEHHBIX
MarHeTpoOHHBIM HaIbUIEHHEM B aTMocdepe aprona
(xpuBas 1) 1 peakTUBHBIM MarHETPOHHBIM HarlbLIe-
HUeM (Tipu 100aBIeHNU B HHEPTHYIO cpeny 1 06. %
1 2 00. % Kucimopoia — KpuBbIe 2 M 3 COOTBETCTBEH-
HO). BunHo, 4Tt0o moGaBneHue B mia3My aproHa He-
Oompiioro kommyecTa kuciopoya (=0,8-1,2 06. %)
MO3BOJISIET ~ MOA0OpaTh  TEMIEpaTypy  OT)KHTa
Ha BTOpou cramuu (=350-375 °C), obecneunBaro-
IIyI0 TONydeHHe HamOoyiee MPOBOJSAIINX TUICHOK.
[Ipu nanpHelIeM YBETUYEHUH COIAEPKAHUS KUCIIO-
poza B aproH-KUCIOPOJHOH IUIa3Me MOCIEAYONN
OT)KUT Ha BO3[yXe HE TO3BOJISIET MOTy4aTh BHICOKO-
MIPOBOJIAIINE OKCHIHBIE TUIEHKH.

1010 Y
10° - 1= 0 % vol. oxygen /
¢ 2-® 1% vol. oxygen /
0 10° = 3-& 2%vol. oxygen )/
g 107 )/
= ’
S 10°F a3 Ay
< 10° |-
1 _-m--- -
Ll - e ¢
10° - 2 e e
102 | | | |
300 350 400 450

Annealing temperature, °C

Pucynok 1 — 3aBHCHMOCTE TTOBEPXHOCTHOTO COITPOTHB-
JIEHHs TUICHOK, CHHTE3MPOBAHHBIX B aproOHOBOM IUIa3-
Me TP Pa3IndHOM COJICPIKAHUU KUCIOPOJA, OT TeMIie-
patypsl OKHUCIHUTEILHOTO OT)KHra HA BTOPOM CTajUH:
1 -0 06.% xucnopona, 2 — 1 06.% kucnopona, 3 — 2 00.%
KHCIIOpO/Ia

Figure 1 — Dependence of surface resistivity films
synthesized in argon plasma with different oxygen content
on the second stage annealing temperature: / —0 % vol.
oxygen, 2 — 1 % vol. oxygen, 3 — 2 % vol. oxygen
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[Tomy4eHHbIe HAMU PE3YIBTATHI CBA3AHBI C 0CO-
OCHHOCTSIMH OKHCJIHTEIBLHOTO TIpoliecca B TUICH-
Kax. B pe3ynbTate TEPMHUECKOTr0 HarpeBa TOHKOH
METAJUTHYECKOW TUIEHKH BO3MOJKHO IIPOTEKaHHE
HECKOJIBKUX OJHOBPEMEHHBIX MPOIECCOB, HAaHOO-
Jiee BOXXHBIMH M3 KOTOPBIX SBJISIOTCS HM3MEHCHHS
(ha30BOTO CcOCTaBa TUIEHOK W KOHIIEHTPAIIMH TOYeU-
HBIX 1e(PEKTOB (B YaCTHOCTH, KUCIOPOIHBIX BaKaH-
cuit). CriesryetT OTMETHUTB, YTO IJIOTHOCTh OKCHTHON
TUICHKU OTJIMYAETCs OT IUIOTHOCTH OJIoBa He Ooiee
gem Ha 10 %, T. €. He TPOUCXOINT ee CYIECTBEHHON
nedopMalii u3-32 BO3HHUKAIOMINX MEXaHHYECKUX
HallpsDKEHUN B pesysbTaTe okucieHus. Ilpu stom
00pa3yromuiicss OKCHIHBIN CIIOH Ha MOBEPXHOCTH
KPUCTAITUTOB TIPETSATCTBYET JalbHEHIIEeMY OKFHC-
nenuto metaina [33]. B pesynbrare auddy3unonno-
T'0 OKHCIICHHS ITPOUCXOTUT 00pa30BaHHUE CTPYKTYP-
HBIX Je(QEeKTOB, B TMEPBYIO OUEpe/b KHCIOPOIHBIX
BakaHcuii. C yBeTUUCHUEM TEMIIEPATYPbI YBEITUIH-
BaeTCs CKOPOCTh MU(D(PYy3MOHHOTO IBMKEHHS aTO-
MOB, YTO TIPUBOJUT K POCTY KOJIMYECTBA J€(PEKTOB.
[Ipn yBenwdeHWH BpeMEHH OT)KHTa MPOUCXOIHT
MTOCTETICHHOE BOCCTAHOBIICHUIO CTEXHOMETPHH TLJIe-
HOK TI0 KHCIIOPOJTY.

B pabote [33] paboT moka3aHo, 4TO B IIPOIIECCe
omkura Tpyu 7 MEHBIINX TEMIIEpaTyphl IUIABICHUS
Sn Ha MOBEPXHOCTH METALUTUYECKUX KPHUCTAIIHUTOB
(opmupyeTcsi BBICOKOOMHAs OKCHIHas 000J04-
ka. [Ipu Temneparypax omxwura Bbie 250-300 °C
OKHUCITUTENHHBIN MPOIEcC MPOXOIUT B OCHOBHOM IO
muddy3noHHOMY MexaHn3My. OcoOeHHOCTHIO TOTO
MeXaHu3Ma SBJISIETCS TPeuMyIieCTBeHHAs AU Py3us
MOHOB 0JIOBA Yepe3 OKCHUAHYIO 000I0UKY K ITOBEpPX-
HOCTH KPUCTAQJUIUTOB, TJIE OJIOBO B3aWMOJIEHCTBYET
¢ KucnoposioM. B pesynbraTe 3TOr0 mporecca Hapy-
Ia€TCs CTEXUOMETPHS OKCHIHON 000I0YKH, BO3pac-
TaeT YUCIIO KUCIOPOTHBIX BaKaHCHUH, KOTOPHIE SBIIS-
FOTCSl OCHOBHBIM THIIOM JIe()€KTOB B TAKMX TUICHKAX
OKCHJIa OJIOBA, W, KaK CIEJCTBHE, DJIEKTPOIPOBOJ-
HOCTh TUICHKH yBennumBaercs. B pabore [10] mo-
KazaHo, uyTo npu Temuneparype 600 °C npoucxonut
OKHUCIIEHHE METaJUIMYeCKOTO 0JIOBa Sn B JAMOKCH]L
onosa SnO,. Ilpu sTOM COOOIIAETCSA, YTO HE OBLIO
00HapyKEHO HUKAKHUX IMPOMEXKYTOUYHBIX (ha3, Takux
kak SnO u Sn,O,. B crarbe [38] npusoaurcs mexa-

HH3M OKHCJICHUA MCTAJUIMYCCKOI'O OJIOBA:
573K 673K

B—Sn - B-Sn+a—SnO+B—-SnO —

673 K 773K

— B-Sn+0—SnO+B-SnO+8Sn,0, +Sn0O, —

773K 873K

— B-Sn+B-SnO+Sn,0, +Sn0O, — SnO,.

B pabote [39] yka3siBaeTcs, 4TO TEPMHUECKOE
OKHCIICHUE IIJICHOK SN MOXKET JaBaTh pa3Hble (a3bl
OKCH/JIOB 0JI0Ba B 3aBUCHUMOCTH OT YCIIOBHH OKHCIIE-
Husi. @aza SnO MoxeT ObITH MOJyueHa MyTeM Tep-
MUYECKOTo OKucienuss npu Temmeparype 210 °C,
¢aza SnO, — TEPMUYECKUM OKHMCIICHUEM TIPU TEM-
neparype 500 °C mocie oOpazoBaHus (pa3sl MOHO-
okcuaa SnO U ee mocnenyrouiero okuciaeHus. Tep-
MHUYECKOE OKHCJICHHE B JUala3oHe TEeMIIepaTryp
200-500 °C mocne mpeaBapuTeIbLHOTO OTXKHUTA MPU
temreparype Bomu3u 200 °C mo3BossieT chopMHupo-
BaTh MHOTO()A3HYIO IJICHKY U3 OKCHAOB oJioBa (SnO,
Sn,0O,, SnO,) nmpu KO0CTATOYHO HU3KOM TEMIEPaType
okuciutenbHoro orkura (<450 °C). Ilnenku mpe-
MMYILIECTBEHHO U3 O1HOM (a3el SnO, hopMupyrorcs
npu Oosiee BhICOKUX TeMmIieparypax (=480-500 °C).

Ha pucynke 2 npeacTaBieHbl peHTTEHOTPaMMBI
TUICHOK, TOJYYEHHBIX TPH DPA3IUYHOM COAEpIKa-
HUHM KHUCIIOpOJia B IIa3Me B IPOIECCE HAIBUICHUS
U TIpH Pa3IMYHBIX TEMIIeparypax MOCIeAYIONIero
OKHCJIMTEIBHOTO OT)KUTa. Ha peHTreHOBCKHX CIeK-
Tpax oOHapyXEHbI COBOKYIHOCTH AM(PAKIIMOHHBIX
peekcoB, COOTBETCTBYIOIIMX KaK MOHOOKCHILY
omoBa SnO TeTparoHaIbHON CTPYKTYpHI, TaK U -
okcuy osnoBa SnO, TeTparoHaabHOW CTPYKTYPBI
tuna pytuna [40-43], cooTBeTCTBYIONIHE PEIICKCHI
MOKa3aHbl Ha BCTABKE K PUCYHKY.

Pasmep obnacTeli KOTepeHTHOTO paccesiHus (Kpu-
CTAJUIUTOB) B HECTEXMOMETPHUECKUX IUIEHKaX SnO,
0e3 yueTa BHYTPEHHHMX MHUKPOHANPSHKEHHH OIICHHU-
Bajics 1o cootHomrenuto Jebas—Illeppepa [40]:

KA

" PBeos6’ (©)
rae A — JUIMHA BOJIHBI PEHTT€HOBCKOTO HM3ITYYEHUS;
B — momHas muprHa TUPAKIIMOHHON JIMHUN Ha BHI-
CoTe MOJIOBUHHON WHTEHCUBHOCTH (B pajnaHax); 0 —
YIJIOBOE MOJOKEHHE AU(PPAKIUOHHOTO MAKCUMYyMa,
kodppunment K = 0,94.

C moOMOIIBIO MPUBEZICHHOTO BHIIIE COOTHOIICHHUS
OBLT OLIEHEH pa3Mep KPHCTALINTOB JHOKCH/A OJI0BA
B IUJICHKaX, KOTOPBIA okazazicst paBeH 10—15 uM s
00pa31oB, MOTYYEHHBIX HAMBLUICHUEM B ITIa3Me apro-
Ha. Pa3Mep KpHUCTaITUTOB MPH 3TOM HECYILIECTBEHHO
pacrter Ipu yBEeJIMYECHUH TeMreparypsl omxura. O0-
pasIipl, OTyYeHHbIe B IJIa3Me aproHa ¢ CoAep KaHu-
em kuciopoaa 1 %, mocie oTKUra Ipu TeMIeparype
300 °C umeror aMOphHYIO CTPYKTYpY, TPH yBEJIH-
YCHUU TEMIIEPaTyphl MPOUCXOMUT KPUCTAILUIA3AIHS,
pa3Mep KpUCTAJUIUTOB TPU 3TOM COCTAaBIISIET II0-
psanaka 5—7 HM. YBelMuYeHUE CONEp KaHMs KUCIOpoJia
B IDIa3Me TPHUBOAUT K (POPMHPOBAHMIO aMOp(HOI
TUIEHKH BHE 3aBUCHMOCTH OT TEMIIEPATyPhl OTXKHTA.
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PucyHok 2 — PEeHTTeHOCTPYKTYpHbIE CIEKTPHI IUICHOK,
CHHTE3MPOBAHHBIX B [JIa3Me apTOHA C PA3IMYHBIM COJEP-
aHueM kuciopoxaa (06. %): a—0, b—1, ¢ — 2, npu pas-
JTUYHBIX TemmepaTypax omxkura (°C) Ha BTOPOH CTaauH:
1-300,2-375,3—-450

Figure 2 — X-ray diffraction patterns for films samples
synthesized in argon plasma with different oxygen content
(vol. %): a—0,b—1, c—2, and at different second stage
annealing temperature (°C): / — 300, 2 — 375, 3 - 450

Kpucrannuueckas CTpyKTypa CHHTE3MPOBaH-
HOW TUICHKH TaKKe OKa3bIBAET HEMOCPEICTBEHHOE
BJIMSIHUEC Ha OIITHYCCKHUEC XapaKTCPUCTUKHU I10JIYy-
YEHHBIX IUICHOK CMEMIAaHHOTO (ha30BOTO COCTaBa.
Ha pucynke 3 noka3zaHbl THIIMYHBIE CIIEKTPHI MTOTJIO-
IICHHUS TUICHOK, MOJIyUYEHHBIX B aTMOcdepe aprota u
IOABEPTHYTHIX OTXKUIY IIPU Pa3IUYHBIX TEMIIEPATY-
pax Ha BTOPOH CTaJiuH.

B pesynbrare TepMUYECKOTO OTXKHUTA Ha BO3yXE
IJICHOK, TOJIYYCHHBIX B TUIa3Me aproHa, GopMupy-
I0TCSl TIOJIMKPUCTAJUINYECKHE TNICHKH HECTEXHOMe-
TPUYECKOTO JHOKCHA OJIOBA, B COCTaBE KOTOPBIX
MIPUCYTCTBYIOT (ha3bl MOHOOKCHJA OJIOBA U CTPYK-
TypHBIE 1e(DEeKThI, MPEUMYIIIECTBEHHO KUCIOPOIHBIC
BaKaHCHH, KOTOPBIE 00ECIIEUNBAIOT IEKTPOIPOBOI-
HOCTh 00pa3uoB. B mienke, moay4eHHOH mocie oT-
xura mpu Temmeparype 300 °C, oOHapy>KeHBI BBICO-
KOWHTECHCUBHBIE Pe(IIeKChl, COOTBETCTBYIOIIHUE (a3e
MOHOOKCHJIa OJI0Ba. BwIcoKoe copmepikanne Qa3bl

MOHOOKCH/Ia 0JIOBA B TJIEHKE PUBOJUT K PE3YIIbTH-
pylomiell BeIMYMHE HMIMPHUHBI 3alPEIIEHHON 30HHI,
XapaKTepHOW I KPUCTAJUINYECKOT0 MOHOOKCH/IA
onoBa. C yBelIMUEHHEM TeMIIepaTypbl OTXKUTa Ha-
OrofaeTcsl yBeJIMueHUE HHTEHCUBHOCTH ITUKOB, CO-
OTBETCTBYIOIMX (ha3e nuokcuaa ojosa. [Ipu stom
HaOmoaeTcsl yBEeIMYCHNE MIMPHUHBI 3alpeIleHHOM
30HBI U YMEHbIIIeHHE KO3 HUITMEHTA TTOTIIONCHNSI.

15+ :% 1—300°C |3
E
=
TE 1.0 é
=
3
05F
| | | | |
00705 10 15 20 25
hv, eV

Pucynok 3 — CriekTpsl MOTJIONMICHHS IUICHOK, CHHTE3U-
POBaHHBIX B IJIa3M€ aprOHA M IOJBEPTHYTHIX OTKUIY
IIPU pa3JIMYHBIX TEMIEpaTypax Ha BTOPOH CTaUH

Figure 3 — Adsorbtion spectra for films samples
synthesized in argon plasma at different second stage
annealing temperature

Ha pucynke 4 nmokas3aHbl CHEKTpPbI MOMJIOLIE-
HUS JJIs TUICHOK, TMOJYYEHHBIX IPU HAaIbUICHUU
B arMocepe aproHa ¢ cojaepKaHHeM KHCIOpoja
1 06. %, TpW pa3TUYHBIX TEMIIEpaTypax OKHCIIH-
TEIHFHOTO OT)KHTA.

N% 2000 1—300°C 4|3
o 2—375°C i 3
10k %1000_3—450c 1
>
. 3
g )
=3
3 5k
0 | | | | | | |
05 10 15 20 25 30 35
hv, eV

Pucynok 4 — CiekTpsI IOTJIONICHHUS TUICHOK, CHHTE3HUPO-
BaHHBIX B aproH-KHCIOPOIHON IUIazMe (¢ coleprKaHueM
kucsopozaa 1 00. %), moABEpPrHYTHIX OTXKHUTY TIPH pa3Ind-
HBIX TEMIIepaTypax Ha BTOPOW CTaJnu

Figure 4 — Adsorbtion spectra for films synthesized in
argon-oxygen plasma (with 1 vol. % oxygen content) at
different second stage annealing temperature

144



IIpubopsi u memoowl usmepeHull
2019.—T. 10, Ne 2. — C. 138—150
J.B. Aoamuyx, B.K. Kcenesuu

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 138-150
D.V. Adamchuck, V.K. Ksenevich

TepMuueckuil OTKHUT IUICHOK, IOJXYYEHHBIX
B cpene aprona c¢ goGasienueM 1 % kucimopona,
OPUBOAUT K (OPMHUPOBAHMIO MPHU TEMIIEpary-
pe 300 °C amophHOro MNOKpHITHA. YBEIUYCHUE
TEMIEPATyphl MPUBOJUT K YBEIUYCHUIO HMIMPUHBI
3anpeneHHON 30Hbl, KOTOpasi CTAHOBUTCS MPUOIH-
3UTEJIBHO PaBHOW 3ampelleHHON 30HE KpHCTaIU-
YEeCKOro AMOKCHIA 0JIOBA, YTO TaKXKe CBHUICTEIb-
CTBYET O ITOJIHOM OKHMCJICHUH IIeHKU. [Inenku, mo-
Jy4eHHBIE [TOoCJIe OTXKUra nmpu temmneparype 375 °C,
XapakTepHU3yloTCs MUHUMAJIBHBIM CONPOTHBIICHU-
eM. DTo yKa3blBaeT Ha TO, YTO B HHUX C(HOPMUPO-
BaHO MaKCHMAJbHOE KOJHYECTBO KHCIOPOIHBIX
BakaHcuil. JlanpHeillliee yBennueHne TeMIepaTyphl
OT)KMTa Ha BTOPOH CTaaAMM NPUBOAUT K yBEIHUeE-
HUIO CONPOTUBIICHHS, YTO 00YCIOBICHO YMEHbIIE-
HUEM KOHLEHTPALUN KHUCIOPOIHBIX BAKaHCHH.

Ha pucynke 5 mokaszaHbl CLIEKTPBI TOTJIOLICHUS
JUTS TUICHOK, TI0JTyYEHHBIX IIPH HalbUICHUH B aTMOC-
¢bepe aprona c coxpepkaHueMm Kuciopona 2 06. %,
IpU Pa3IUYHBIX TEeMIIEpaTypax OKHUCIMTEIbHOTO
OTXHra.

30
N% 6000 = 1—300°C
o 2—375°C 23
g 3—450°C
20
- 2
= )
=
=
0 | | | | | | |
05 10 15 20 25 30 35
hv, eV

Pucynok 5 — CriekTpbl MOTIIONICHUS TUICHOK, CHHTE3UPO-
BaHHBIX B aproH-KHCJIOPOJHON Tuiazme (C colepkaHHeM
kucaoponaa 2 06. %), MOJABEPTHYTHIX OTXKHUTY IPU pa3iny-
HBIX TEMIIEpaTypax Ha BTOPOH cTaguu

Figure 5 — Adsorbtion spectra for films synthesized in
argon-oxygen plasma (with 2 vol.% oxygen content) at
different second stage annealing temperature

AHanu3 CeKTPOB MOTJIONICHUS MTO3BOJISICT C/Ie-
JIaTh BBIBOJ, YTO OTXUT IICHOK, MOJYYEHHBIX MPU
cojiepkaHuu Kucioposa 2 060. %, npuBoauT K Ghop-
MHUPOBaHUIO aMOP(HBIX TOKPBITHH, C MUPUHON
3ampelieHHol 30Hbl B nuama3one 2,7—2,9 3B, uto
MEHBbIIIE YeM ISl TICHOK, MOJIYUYECHHBIX HNPU MEHb-
meM COACPKaHUHM KUCIOPOJa B aproH-KUCIOPOI-
HOHM IIa3Me MpU PEaKTUBHOM MAarHETPOHHOM Ha-
ITbUICHHH.

3HaYeHHS IIMPUHBI 3aITPEIEHHON 30HBI U JIEeK-
TPUYECKOH MPOBOJUMOCTH, 00yCIIaBINBaeMble KPH-
CTAJNTMYECKON CTPYKTYpOH, (Da30BbIM U CTEXHOME-
TpHYECKMM cocTaBoM mienkn SnO/SnO,/SnO,
MIPECTaBICHBI B TaOIHIIE.

Tabnuya/Table

OnrTuyeckue U JIEKTPUYECKUE IapaMeTphl
IUICHOK OKCHJIOB 0J10BAa B 3aBHCHMOCTH
OT YCJIOBHI IOJIyYeHHU

Optical and electrical parameters of tin oxides
films in dependence on synthesis conditions

Conepxa- Temneparypa [Mupuna [oBepx-
HHE KHC- OTXKHTa 3amnpe- HOCTHOE
Jopozia Ha BTOPOi cTa-  LICHHOMH compo-
Oxygen qun (°C) 30HbI (3B)  THBINEHME,
content Second stage ~ Band gap KOM/D
annealing (eV) Surface
temperature (°C) resistivity,
kOhm/o
Hambutenne 350 ~2,0 ~ 11,42
B ILIa3sMe 375 =24 =~ 16,04
aproHa
Sputterin
Sputiering 450 ~2.6 ~10,29
in argon
plasma
Conep- 350 ~2,7 ~ 4,46
JKaHHE 375 ~3,0 ~ 0,89
KHUciopoia
1006.%
1 vol.% 450 ~3,2 ~ 13,00
oxygen
content
Conep- 350 ~2,7 ~ 476,57
HAHWC 375 =285 ~ 906,01
KHCIIOpoza
2 00. %
2 vol.% 450 ~29 ~4,53-10¢
oxygen
content

CrietyeT OTMETHTD, YTO Ha TPAHMIE METAJLI-OK-
CHJT aTOMBI OJIOBa TOCTPAUBAIOT KATHOHHYIO MOJpE-
HIETKY, TPEBPAINAsACh B HOHBI Sn™? u Sn™. AHHOHBI
U3 MPUTPAHUYHON 00JACTH KPHCTAIa MePeXOIsT
Ha TIOBEPXHOCTH JUIS 3aBEPILICHUS BHEIIHEH KpH-
CTAITMYECKON IOCKOCTH, TPH 3TOM Ha HX TMPEXK-
HEM MecTe 00pa3yloTcsi BakaHcuu. B pesyibrare
N00aBiieHHsT KUCIIOpPO/a B IUIa3My MpPU  MarHe-
TPOHHOM HAaIBUICHHH B CTPyKType (opmupy-
eMoil IUIeHKH mpeoOnagaer (aza MOHOOKCHIA
0JIOBa, YTO 3aTPYIHSCT IBMKCHHUE AHHOHOB. JTO
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OOBSICHSIETCS COOTHOLICHHEM pPa3MEpOB pajuy-
COB HMOHOB KHUCJIOpOJia W oyioBa (MOHHBIA paju-
yc O?—132nm; Sn™-—71nm; Sn™—93 om).
OxwuciieHrne oJlloBa MPOMUCXOIUT 3a cueT auddy-
3MM HMOHOB OJIOBa W3 00BbeMa K ITOBEPXHOCTH.
B pabore [44] yka3aHO, YTO IUICHKH MOCIE OT-
JKura MOryT HTOOKHCIIATHCA 100 IMoCpeaACTBOM
npoctoro okucienus SnO (mpsmMoil mepexon),
00 dYepe3 MNPOMEKYTOUHBIE ¢a3pl, a HUMCH-
Ho, Sn,O, wm Sn,O, (HenmpsaMoi mnepexon),
B 3aBHCHMOCTH OT ITapaMeTpOB OcCaxkJIeHHs. B pe-
3yAbTaTe OKHCICHHSI TPU HArpeBe IPOMCXOIUT
nepexox woHOB Sn*? B Sn™* u obpa3zoBanue (asbl
nrokcuaa onosa. [Ipu 3TomM 00pa3yroTcst BaKaHCUU
KHCIIOpOJia, 00ECTIeYNBAIOINE BBICOKYIO DJICKTPH-
YECKYIO MPOBOJAUMOCTb.

IToka3anHass BO3MOXKHOCTH YHpaBJICHUA DJICK-
TPOTIPOBOTHOCTBHIO OKCHJIOB OJIOBA MPEICTABISCTCS
OYeHb BAXKHOM JJIA UCIIOJIB30BAaHUS UX B KAYECTBE aK-
TUBHBIX MaT€pruajoB JAaTYMKOB BJIa)XHOCTU U I'a30B.
Kak m3BeCTHO, IMOKCHJI OJIOBA HCIIOJB3YEeTCS Kak
AKTHBHBIN SJIEMEHT CEHCOPHBIX MaTepHajoOB JJIs Ta-
30BbIX JAaTYHUKOB (OT B3PBIBOOMACHBIX U TOKCUYHBIX
ra3oB — HampuMep, MporaHa U yrapHoro rasa, Jio
JaTYUKOB Ka4€CTBa BO3ayXa, JECTCKTUPYIOIINX JICTY-
qre opraHndeckue coeaunenns). OnHon U3 0codeH-
HOCTEH padOThl CEHCOPOB JIAHHOTO THIIA SIBJISICTCS
HCOGXO}II/IMOCTL HX Harpesa, 4TO IHOBLIIIACT SHEPTO-
noTpedsIeHne U CHIDKAeT MoXkapobe30nacHoCTh (MpH
JNETEeKTUPOBAHNHU B3PBIBOOMACHBIX Ta30B). [losTomy
HaMM1 NPCATIOKEHO HCIIOJIb30BaTh aKTUBHBIN Marte-
pUall HA OCHOBE CMENIAHHBIX OKCHUJIOB JIJIsl JaJIbHEH-
IIeTOo MccieoBanus ero 3(p(HEKTUBHOCTH 110 CpaBHE-
HUIO ¢ TUOKCHJIOM oiioBa. [IpenBapurenbHbie H3Me-
PEeHUA MOKa3aJr BbBICOKME 3HAUCHUA YYBCTBUTCIIb-
HOCTU TOHKHX ITJICHOK OKCHUIOB OJIOBA K BOAAHOMY
napy W psay JApPYruxX Ta3o00pasHbix cpen. Takke
O/THUM M3 BO3MOXHBIX NPAKTUYCCKUX HpI/IMeHeHI/Iﬁ
MaTepuaioB Ha OCHOBE CMEIIAaHHBIX OKCHIOB OJI0BA
SABIACTCA HUX HCIIOJIBb30BAHUC B KAa4UE€CTBC (1)0T0- n
ANEKTPOKATAIN3ATOPOB IS MPOBEJICHUST HIU3KOTEM-
IIEpPaTypHOro OKHUCIIEHUS PACTBOPEHHBIX B BOJE Op-
FaHUYECKUX 3arpsi3HEHUN.

3akjaoueHue

IIpeacraBieHa METOAMKA CHUHTE3a IUICHOK
OKCH/IOB OJIOBA PAa3IMIHOTO CTEXHOMETPHUECKO-
ro cocraBa SnO/SnO,/SnO, ;. Tlpennoxeno uc-
MOJIB30BaTh PEAKTHBHOE MATHETPOHHOE PaCIIbI-
JICHHE OJIOBa C TOCICAYIOIIUM JBYXCTaIHHHON
BBICOKOTEMIIEPATYPHOH 00pabOTKOW Ha BO3IyXe

JUTSI TIOTYYeHHUS TICHOK, XapaKTePHU3YIOLIHXCS BBICO-
KAMU 3HAYEHUSIMH DIIEKTPOITPOBOAHOCTH U K03 DHu-
LMEHTAa MPONyCcKaHus cBeta B YO- U BUAUMOM Jua-
Ma30HE AIEKTPOMArHUTHOTO CIIEKTpa.

B pesynbrare mpoBeneHUs] peHTTEHOCTPYKTYp-
HOTO aHajn3a, N3MEPEHUH DIEKTPUIECKUX U ONTH-
YeCKHUX CBOICTB CHHTE3WPOBAaHHBIX IUIEHOK yCTa-
HOBJICHO, 4TO HUX (Pa30BBIA M CTEXHOMETPHUECKUIT
COCTaB, KpPHUCTAJUIMYECKas CTPYKTypa, BEINYHHA
ANEKTPONIPOBOJHOCTH U Kod(dduienTa mporycka-
HUSl B YO- U BUJMMOM JIMaAINla30HE JIEKTPOMArHUT-
HOTO CIIEKTpa MOTYT BapbUPOBATHCS B IIHPOKOM JTHa-
Ma30He MPU N3MEHEHUH COAEP KaHNs KUCIOpoaa IpH
PEaKTUBHOM MarHETPOHHOM pPAacIbUIEHHUH B aproH-
KHCJIOPOAHOM IJIa3Me U TeMIIepaTyphl OT/KUTA B BO3-
JIYIIHOM cpejie. YCTaHOBIIEHO, YTO ONTUMAalbHbIMU
napaMeTpaMu JUIsS TONydeHus] HauOoJiee MpPOBOMIS-
IIUX ¥ TIPO3PavYHbIX MJICHOK SBISIOTCS: COAEpKAHNE
KHCJIOPOZa B apTOH-KUCIOPOTHON TUTa3Me B TIPOIIEC-
ce Hambuienus ~0,8-1,2 06. %, Temneparypa oKuc-
JUTEIHHOTO OTKUTA Ha Bo3myxe ~350-375 °C.

JanbHeiimme uccnenoBanns OynyT HapaBIeHBI
Ha TECTHPOBAaHHWE IUJICHOK JMOKCHA OJ0Ba B Kade-
CTBE aKTHUBHBIX DJIEMEHTOB PE3UCTHUBHBIX TaTYMKOB
BJIQKHOCTH U DJIEKTPOIOB JJIs DJIEKTPO- U (poToKaTa-
JTUTHYECKUX TpeoOpaszoBareneii. Kpome Toro, OymyT
MIPOIOJKEHBI PAOOTHI IO COBEPIIIEHCTBOBAHUIO Me-
TOJMKW CHHTE3a IUIEHOK JHOKCHIA OJI0Ba IS YIyd-
IICHUA UX KPUCTAUIMYECKOW CTPYKTYpPHI, MOBBIIIE-
HUSl 3JICKTPONIPOBOJHOCTH U KO PHIIMEHTA MTPOITY-
CKaHUS B BUAMMOM JHAaIia30He dJIEKTPOMAarHUTHOTO
criektpa. s 3TOro IIaHUPYETCs OIpeneeHne
ONTHUMAJBHBIX PEKUMOB (TEMIEPaTyphl U BPEMEHH)
JIOTIOJTHUTENIFHOTO BBICOKOTEMIIEPATYPHOTO OTKUTA
TUICGHOK B BaKyyMe MU aTMoc(epe HHEPTHOTO rasa.
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IToBbINIEHHE MUKOBOM MOILIIHOCTH MMIIYJIbCHOI'0O HCTOYHHKA
JA3€PHOIo U3J1Yy4€HUA C IPUMCHCHHUEM KOJIbIIEBOM
BOJIOKOHHOM JIMHUH 3aA€PKKHA

B.A. Anekcees, M.P. 3apunos, A.C. [lepmunos, E.A. CutaukoBa, B.I1. ¥Ycoasues, C.U. IOpan

Hboicescuti cocyoapemeaennviti mexuuyeckuti ynugepcumem umenu M.T. Karawnuxosa,
ya. Cmyoenueckas, 7, . Micesck 426069, Poccus
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B Hacrosiiiee BpeMs IIpu CO3aHUK aBTOHOMHBIX JIA3EPHBIX CUCTEM BO3HUKAIOT TPEOOBAHUS B YaCTH T10-
BBIIIEHHUS BBIXOJJHON MOIIHOCTH MCTIOJIb3YEMBIX B UX COCTaBE JIA3€PHBIX NCTOYHUKOB MPU OJHOBPEMEHHOM
CHIDKCHUHU SHEPTONOTPEOSICHHSI CHCTEMbI. ABTOPaMU PacCMOTPEHA BO3MOXKHOCTH YBEJIIMUEHUS BBIXOTHON
MMMKOBON MOIIHOCTH WMITYJIbCHBIX JIa3€PHBIX MCTOYHHMKOB 3a CYET NMPUMEHEHUs MEeTojJa CUHXPOHHOIO He-
KOTE€PEHTHOTO CyMMHPOBAHHS UMITYJIHCOB B KOJIbLIEBOM BOJIOKOHHO-ONTHYECKON JIMHUM 3a/iepKKH. Llenbro
HacTosALIel pabOoTHI SBISUIACH OLIEHKA YHEPreTHYecKoi 3(h(PEeKTHBHOCTH JIa3ePHBIX YCTPOMCTB, MOCTPOSHHBIX
Ha OCHOBE JJaHHOTO METOJA.

Paccmotpen obumii crioco0 MOCTPOSHHS UMITYJIBCHOTO JIa3epHOTO MCTOYHUKA C MPUMEHEHHUEM KOJIb-
LEBOH BOJIOKOHHOH JINHUM 3aJIePKKH, TPEJCTABICHBI €r0 CTPYKTYpHAsi cCXeMa W OOIIMI MPUHINT ACHCTBHS
MOJIOOHBIX JAHHOMY YCTpOMcTBY cucteM. [IpuBeneHs! 1Ba BapuaHTa MCIIOJHEHHS JIa3epHBIX CHUCTEM, IO-
CTPOCHHBIX Ha OCHOBE OIUCBHIBAEMOTO B pab0TE METO/Ia CYMMHPOBAHHS HMITYJILCOB: C ONTUYECKHM CyMMaro-
POM M ONTHYECKUM KOMMYTAaTOPOM; CO CBApKOW BOJIOKOH B3aMEH CyMMAaTopa U ONTHYECKUM KOMMYTaTOPOM.
[onyuensl rpaduku sHEpreTHUECKOi 3PPEKTUBHOCTH CHCTEM TIEPBOTO U BTOPOTO BAPHAHTOB MCIOIHEHHH
B 3aBUCHMOCTH OT YHCJIa 00XOJ0B UMITYJIbCa B KOJIBIIEBOM 3aJICPIKKe.

B pesynbrare aHanm3a paboThl paCCMOTPEHHBIX YCTPOHCTB MOKa3aHO, YTO OHU MO3BOJISIOT YBETUYUTD
MTUKOBYIO MOIITHOCTH JIa3€pHOT0 UMITyJIbca Oe3 MOBBIIICHUS] YHEPTUU MUTAHUS, TIPU 3TOM OombIeit adek-
TUBHOCTBIO 001aJ]aeT cCUCTeMa C IPUMEHEHNEM CBApPEHHBIX BOJIOKOH B3aMEH ONTHYECKOTO CyMMaTopa.

KuroueBble ci10Ba: na3epHblid HCTOYHUK U3IYyUYEHUS, [IMKOBAs MOIIHOCTD, KOJIbLIEBAsl BOJJOKOHHAS JINHUSA 3a-
JIepKKH, dHepreTudeckas 3QHEeKTHBHOCTD, ONITHYECKUE MTOTEPH.
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Abstract

At the present time, developing of autonomous laser systems requires increasing of the output power of
the laser sources used in composition of those systems and at the same time reducing of the energy usage in
the system. The possibility of increasing output peak power of pulsed laser sources by using the method of
synchronous non-coherent beam combining in ring fiber-optic delay line is considered by authors. Objective
of this work was estimating energy effectiveness of laser systems, which based on this method.

General constructing method of the laser pulsed laser source with ring fiber delay line is considered, its
block diagram and the general operating principle of similar systems are presented. Two versions of laser
systems based on the described method of beam combining are presented: using an optical combiner and an
optical switch; using fiber welding instead of a combiner and an optical switch. The graphical dependence
of the energy effectiveness on the number of circulations in ring fiber-optic delay line is obtained for both
versions of laser systems.

As a result of the analysis of the considered devices operation, it was shown that considered systems
allow to obtain increasing the peak power of a laser pulse without increasing the power supply, also the
system, that use welded fibers instead of the optical combiner, has greater efficiency than system with
optical combiner.

Keywords: laser source, peak power, ring fiber-optic delay line, energy effectiveness, optical losses.
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BBenenue

IIpu pa3paboTke M CO30aHMM aBTOHOMHBIX
Ja3epHBIX CHUCTEM, JIa3epHBIX CHCTEM CBSI3H, Jia-
3€pHBIX YCTPOMCTB IITyOOKOBOJHOTO IMOTPYKEHUS,
a TaKKe CIELUATIbHBIX MOOWIBHBIX H3MEpPHUTEIb-
HBIX CHCTEM, JIMapOB, TaJbHOMEPOB M JIOKAIMOH-
HBIX CHCTEM BO3HHUKAET NPO0JeMa IOBBILICHUS BbI-
XOJIHOM MOITHOCTH U BBIXOIHOM YHEPTHU UMITYJIbCA
Ja3epHOTO HW3IyYeHHS 0e3 YBENWYeHHUS SHEPTHH
BHELIHETO MCTOYHHMKA AJICKTPOIUTAHUS WM BKIIIO-
YEHHUST B CHCTEMY JIOTIOJHHUTENBHBIX HCTOYHHUKOB
Ja3€PHOTO U3JIy4CHHUSI.

3a1a4ya MOBBIICHHSI BEIXOAHOW MOITHOCTH Hau-
OoJiee aKTyallpHa IJIsl CUCTEM, IIOCTPOEHHBIX HA OC-
HOBE MMITYJIbCHBIX Ja3€pHBIX MCTOYHUKOB, aMILIU-
Tyla UMIYJIbCa HW3IY4YEHHsS KOTOPBIX OIpeseNseT
OCHOBHBIE XapaKTEPUCTHKH CUCTEMBI:

— CTENEHb BO3/EHCTBUS JIa3€pHOTO H3ITyUYeHUs
Ha UCCIEeTyeMBIH 00BEKT;

— AJIBHOCTh PAcCHpOCTPAHEHUsI JIa3ePHOrO H3-
Jy4eHHS B Pa3IUYHBIX CpeJax.

W3BecTHO, YTO B HACTOSIIEE BPEMsl yBEIMUCHHUS
aMIUTATYZIbl UMITYJIBCOB JIA3€PHOTO M3JIY4EHHUsS J0-
OMBaIOTCs 3a CUET NPUMEHEHNS Pa3InYHbIX METOIOB
KOMITPECCUM JIa3€PHBIX UMIYNIbcoB [1, 2], onTuye-
ckux ycunutenei [3, 4], a Takxke psiia ciocoboB He-
KorepeHTHOro [5—8] u korepeHtHOro [5, 9—11] cym-
MHUPOBaHUS JIA3EPHBIX MTYyYKOB.

ABTOpBI HacTosIILel pabOTHI IpeaIaramT pac-
CMOTpETh COOCTBEHHBIH pa3pabOTaHHBI METOA
MIOBBIIIECHUSI THMKOBOH MOIIHOCTH JIa3€PHBIX HM-
MyJbCOB 3a CYET CHHXPOHHOTO CYMMHPOBaHUS
C IIOMOIIBIO CPEJICTBA KOJIBLEBOM BOJIOKOHHOMU 3a-
JEPKKH.

Lenpio paboThl SBIISIACH OILIGHKA dHEpPreTHYe-
CKOM 3 (PEKTUBHOCTH CHCTEM, ITOCTPOCHHBIX Ha OC-
HOBE JJAHHOT'O METO/a.

MeTo1 HEKOTePEeHTHOT0 CHHXPOHHOTO
CYMMHPOBAaHUS JIa3ePHbIX HMIYJIbCOB
HA KOJIbIIeBOW BOJIOKOHHOM JIMHUHU 3a1eP:KKH

[ns pewieHuss MOCTaBIEHHOM 3ajladyd paHee
IpeJIarajicss MeTOJ| HEKOI'€pEHTHOI0 CyMMHPOBa-
HUS Ja3epHBIX HUMIYJILCOB [8], KOTOPBIN 3aKiio-
4ajcsi B CHUHXPOHHOM CYMMHUPOBAHMM HHEPIUU.
IIpu 3TOM CIIOKEHUE DHEPTUIA UMITYJIBCOB Ja3€PHO-
IO U3Iy4YEHUs IPOUCXOAWIIO 3 CUET UX IIOCIIEN0BaA-
TEJIbHOI'0 HAIPAaBIIEHUS C IIOMOIUBIO N-KaHAIBHOTO
ONTUYECKOr0 KOMMYTaTropa uepe3 N 3JIEMEHTOB
BOJIOKOHHO-ONITHUYECKON 3aJI€PKKU Pa3HOU JUIMHBI

B onTHYeckui cymmarop. Takoit ciocod obecriedn-
Baj (OopMHpPOBAHUE UMITYJIbCA, TTMKOBAsE MOIIHOCTh
KOTOpPOTO paBHA CyMME€ IHKOBBIX MOIIHOCTEH HM-
MyJIbCOB JIa3€PHOT0 W3JIYYCHHS 32 HCKIIOYCHHEM
MOTePb B KOMITOHEHTaX CUCTEMbI CYMMHPOBAHUSI.

VYerpoicTBO, NOCTPOCHHOE HA OCHOBE JAHHOTO
croco0a, MO3BOJMIIO CYIIECTBEHHO MOBBICUThH IH-
KOBYIO MOIITHOCTB M3TYUYEHHSI OJJHOTO UMITYJIHCHOTO
na3epa 0e3 yBEJIMYSHHS ero SHEPIUH IMUTaHUs, CKa-
THS UMITYJIBCOB U3IYUYCHMS IO JUITUTEIBHOCTH WIIH
MIPUMEHEHUS JOMOIHUTEIFHBIX UCTOYHUKOB JIa3ep-
HOTro n3ny4yeHus. Tem He MeHee, BO3pacTaHue Yncia
JTUHUHA 33IeP)KKH BMECTE C YBEIHMUEHHUEM MX JTHHBI
JUISl TIOBBILICHUSI BBIXOJHOW CyMMapHOW MHUKOBOMU
MOIIIHOCTH W3JIY4YeHHS MPHUBOJMIO K YXYIIICHHUIO
MaccorabapUTHBIX XapaKTEPUCTUK U CHIDKEHHUIO Ha-
JISKHOCTH PabOTHI TOAOOHOTO yCTPOICTBA.

B Hacrosimeit pabote paccMaTpuBaeTcsi BIEp-
BbIe ONUCaHHBIA B [12] crioco0 MOBBIMIEHUS TTHKO-
BOI MOIITHOCTH UCTOYHHUKA UMITYJILCHOTO JIA3€PHOTO
M3ITy4eHHs] Ha OCHOBE KOJBIIEBOWH BOJOKOHHO-OTI-
TUYECKON JIMHUM 3a/iepKKU. JleficTBUe ycTpoiicTBa
3aKJIIOYAETCs B TOC/IE0BATEIbHOM CHHXPOHHOM Ha-
JIO’KEHUU JPYT HA APYTa UMITYJIbCOB JA3€PHOIO U3-
Jy4eHHUs], TOCTYNAIOIINX Ha BXOJI KOJIBIIEBOH JTMHUH
3amepkkd. [Ipu sToM momkHO oOecriedynBaThCs Ha-
JI0’KEHHE Havaja MMIYJIbCa, TOCTYTHBIIETO Ha BXOA
CpeJICTBa KOJIBIIEBOM BOJIOKOHHOM 33/1€p)KKH, HA Ha-
9ajuo UMITyJbCa, YK€ COBEPIIMBILETO 00XO0/ B HEM.
C kaxapIM 00XOJIOM ITy4OoK Oy/ieT HaKaruiuBaTh
SHEPIHI0 JIA3E€PHOTO M3IYUYEHHs 332 CUET CYyMMHPO-
BaHus. Ha pucynke 1 mpuBeneHbl HECKOIBKO CXEM
WCTOYHHWKA WMITYJIbCHOTO JIQ3€PHOTO M3ITYYCHUS
C KOJIBLIEBOM BOJIOKOHHOM 33JIEP>KKOM.

YmpoieHHas cxema (pucyHok la) HeoOxomuma
JUTSI TOSICHEHUS CIIeTYIOIEero Jlaee ONMUCaHus PUH-
LUuna JeHUCTBUS pPacCMaTpUBAEMOIrO YCTPOUCTBA.
C 3aparomiero reHeparopa | Ha BXOJ MMITYJILCHOTO
Jazepa 2 moCTymaeT UMITyJIbCHBIN CUTHAIL. DTOT CHUT-
HaJ ympasisieT paboToi 1azepa. Ha cpeacTBo xKoib-
LIEBOM ONTHYECKOW 3aJepKKH 3 uepe3 3aJaHHBINA
MEePUOJ] CIACAOBAHUSA UMITYJIbCOB 1, KOTOPBIM COOT-
BETCTBYET BpEMEHH 00X0J]a HMITYJIbCOM KOJIBIIEBOU
JTUHAA 33JePKKH, MOCTYMA0T WMIYJIBCHl OINTHYe-
CKOTO JTa3€pPHOTO W3ITydeHus. VIMIyJIbC MpOXOoauT
10 OIITOBOJIOKOHHOMY KOJIBILy JI0 MOMEHTa, KOTJa B
JIMHUIO 331€P>KKH TIOCTYIHUT HOBBIM MMITYJIBC J1a3ep-
Horo m3nydeHus. Llukn npopormkaerca A0 ompene-
JIEHHOT0 KONIM4ecTBa N, 00X0/10B, 3aBUCAILETO OT JI0-
ITyCTUMOTO 3aTyXaHH B INHHAHU 33]IepKKu. Ha yrpas-
JIAIONIMK BXOJI KOMMYTHPYIOIIETO ycTpoicTBa 4

153



IIpubopsi u memoowl usmepeHuil
2019.—T. 10, Ne 2. — C. 151-159
B.A. Anexcees u op.

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 151-159
V.A. Alekseev et al.

MOCTYIAIOT AIEKTPUUYECKUE UMITYJIbChl OT CUECTUHKA
UMITYJIbCOB 5 € 4acToTod B N, pa3 MEHbLIE 4acTo-
161 (1/7) MITyTECOB, KOTOpasi BBIpabaThIBaeTCs Te-
HepatopoM. B MOMEHT MOCTYIUICHHSI SJIEKTPUIECKO-
T'0 UMITYJIbCA CO CYETUMKA HA BXOJ] KOMMYTHPYIOIIIE-
ro YCTPOWCTBA MPOMCXOAUT NEPEKIIOUEHUE KaHajla
LUUPKYJSALUUNA ONTUYECKOTO0 U3IYUYCHHS MO CPEICTBY
KOJIBLIEBOM ONTUYECKOM 3a1€P’KKU Ha BHIXOJT KOMMY-
TUPYIOIIETO YCTPOUCTBA, T1e (POPMHUPYETCS UMITYIThC
ONTHUYECKOT0 U3yueHus. [IMKkoBas MOIIHOCTB Cop-
MHPOBAHHOT'O UMITyJIbCa COCTOMT U3 MOLIHOCTEH N,
HUMITYJIbCOB JIA3€PHOTO H3IYUYCHHS], MOCTYIHBIINX
B CPEJICTBO KOJIHIIEBOM ONTHYECKOM 3aJ€PKKH 3a Te-
puoa N, T, C y4eTOM ONITHYECKHUX TTOTEPb.

B paGore [12] UCTOYHMK MMITYJIBCHOTO JIa3ep-
HOTO U3JyYEHHUs], MPEICTABICHHBIN B BUIE CXEMBbI
Ha pucyHKe la, TO3BOJST mpakTudecku B 17 pa3
MOBBICUThH NMHUKOBYI0 MOILIHOCTh MMIYJIbCOB Ja3epa
[IpU NPUMEHEHUM OJHON KOJIbLEBONH BOJOKOHHO-
ONTUYECKOM JIMHUM 3aJ€PKKHU, IIPH 3TOM B CUCTEME
YUYUTBHIBAIUCH JUIIb ONTUYECKUE MOTEPU B BOJIOK-
Hax. [To cpaBHEHHUIO C HUM, YCTPOHCTBO, OITUCAHHOE
B [8], obecrieunBaeT Takoe ke yBEIHMYeHUE TMKOBOU
MOIITHOCTH TIPH HCIOJB30BAHUHN B CBOCH CHCTEME
JIBaJIIaTH BOJIOKOHHO-ONTUYECKHUX JIMHUI 3a0EpK-
KU pa3HOU NITUHBI.

CrnemoBaTenbHO, YCTPOICTBA, peann30BaHHBIC
Ha OCHOBE CXEMBbI, IPUBEICHHON Ha pucyHke la, mo-
3BOJISIIOT MOBBICUTH BBIXOIHYIO TUKOBYIO MOIIIHOCTh
M3ITydeHUsl 03 yBEIHMUCHsI SHEPT K TUTaHus. Bme-
CTE C TeM CH)KCHHE MacCOTa0apUTHBIX MTapaMeTPOB
MOI0OHBIX UCTOYHUKOB JIA3EPHOTO U3ITyUEHUS H T10-
BBIIIEHUE WX HAJEKHOCTU B CPABHEHHUH C YCTPOM-
CTBAMH, PEATU3YIOIIUMU CXeMy paboOThl, TMpei-
CTaBJICHHYIO B [8], 00ecrieunBaeTCs 32 CUET YMCHbB-
LIEHUs YuCla JUHUN 3aJepKeK 10 oaHou. [Tpuuem
Jutst OpMHUPOBaHUS B JJAHHOW CHCTEME Ha BBIXOJIC
MMITYJTECOB BBICOKOW TTMKOBOW MOIIHOCTH HEOOXO-
JIUMO KOMIIAKTHOE YCTPOMCTBO 3JEKTPOIUTAHUS U
Majora0apuTHEIN UCTOYHUK JIA3ePHOTO H3ITYUYCHUS,
YTO TPEJICTABISET OCOOCHHBIH MHTEpEC MPH pa3pa-
00TKE aBTOHOMHBIX JTa3ePHBIX CHCTEM.

IlpakTrueckass peanmu3anusi TMPEIIOKEHHON
CXEMBI BO3MOKHA C TIOMOIIBIO TPEJCTABICHHSI BOJIO-
KOHHOU KOJIbLIEBOH 3aJIEP>KKU B BUJE COBOKYITHOCTH
BOJIOKOHHO-ONTHUYECKOTO CyMMAaTopa C ABYMs OITHU-
YECKUMH BXOJaMHU M OJHUM ONTHUYECKUM BBIXOIOM
(mamee — cymmaropa 2x1), BOJOKOHHO-OIITHYECKO-
ro KOMMyTaTopa (TepeKirodaresisi) ¢ OAHUM OITH-
YECKUM BXOJOM M JIByMsI ONTHYECKUMHU BBIXOJAMU
(manee — kommyTaropa 1%2), BEITOIHSIONIETO TAKKE

(hyHKIIMM KOMMYTHPYIOIIETO YCTPOWCTBA U OTpE3Ka
BOJIOKHA (pUCYyHOK 1b). JlnmuHa 3TOrO OoTpe3ka (ak-
TUYECKH COOTBETCTBYET JIJIMHE PACCMOTPEHHOIO
paHee Ha PUCYHKE |a KOJIBIEBOTO y4acTKa.

Touka CHHXPOHHU3ALUN
Synchronization point

Brixoa cuctemsl

System output

Beixox cucremst
System output

Touka CHHXPOHU3ALUH
Synchronization point

BrIxon cucTeMbt
System output

Touka CHHXPOHU3AUNH
Synchronization point

c

ONTUYECKUI KOHHEKTOP
optical connector

MECTO CBAPKU BOJIOKOH
point of fiber welding

Pucynok 1 — Yopomennas (a), ¢ IpUMEHEHHEM OITH-
YECKOr0 CyMMaTOpa W OMTHYECKOro KoMmMmyTaropa (b) u
C IPUMEHEHHEM ONTHIECKOTO KOMMYTaTOpa ¥ CBAPEHHBIX
BOJIOKOH () cXeMa MCTOYHHKA WMITYIBCHOTO JIA3€PHOTO
M3JTyYCHUs] Ha KOJIBIICBOM BOJIOKOHHOM 3anepkke: 1 —3a-
JIAIOLIMI TeHepaTop; 2 — UMIYJbCHBIA Jiazep; 3 — cpen-
CTBO KOJBLEBOM BOJOKOHHO-ONTUYECKOM  3aJEPKKH
(oTpe3ok BOJIOKHA); 4 — KOMMYTHPYIOIIEE YCTPOWCTBO;
5 — CYEeTYMK UMIYJIBCOB; 6 — ONTHYECKUI CyMMaTop

Figure 1 — Simple (a), with optical combiner and optical
switch (b) and with optical switch and welded fibers (c)
scheme of pulsed laser source with ring fiber-optic delay:
1 — master oscillator; 2 — pulsed laser; 3 — ring fiber-optic
delay device (fiber line); 4 — switching device; 5 — pulse
counter; 6 — optical combiner
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Kak BumHO U3 pucyHka 15, BOTOKOHHBIH BBIXO/T
HAMITYJTHCHOTO JIa3epa 2 MPHU IMOMOIIHA ONTHICCKOTO
KOHHEKTOpa COCAMHEH C IMEPBBIM BXOJOM CyMMa-
Topa 6, yepe3 KOTOPbIM U3JIyUCHHE IIOCTYIAET B CU-
CTEMY KOJIbLIEBOM ONTHYECKOW 3aJepKKU. Bbixon
cyMMaropa 6 COeIMHEH C BXOJOM KoMMyTaropa 4,
IIPH OTOM JIa3€pHOE H3IIyUYeHUE uepe3 TepBhIi
BBIXOJI KOMMYTaTOpa BBOJIUTCS B OTPE30K BOJIOKHA
3aIepKKUA 3, MOJIKIIOUEHHBIH KO BTOPOMY BXOHdY
cymmatopa 6. Takmm o0OpazoM, oOecrieumBacTCs
LUPKYJISIIUS BBOJUMOTO B CHUCTEMY KOJIBIICBOM 3a-
JEPXKKW M3IYYeHUS M €r0 CYMMHPOBaHHE B TOUKE
CUHXPOHHU3AIMU C KaXJbIM CJEAYIOMHUM Ja3ep-
HBIM HMITYJIbCOM, MOCTYHAIOLIUM Yepe3 MepBbII
BX0Jl cymmaropa. [Iporecc HakammuBaHUS U3Iyde-
HUS UOET 0 TEX MOp, MOKa CyMMAapHBIH HMITYJIbC
B «KOJIbIIE» HE Oy/IeT BhIBE/ICH Yepe3 BTOPOl BBIXO/I
KOMMYTaTOpa TP €ro MEePeKIIOUCHUU IO YIIPaB-
JISOIIEMY CUTHAIY CO CYETYHKAa S5, COSIMHEHHOTO
C 3aJaroIINM TeHepaTopoM 1, KOTOPHIN YIIpaBiseT
paboroii n1azepa.

[IpuMeHeHne ONMTHYECKOTO CcymMMaTopa, HMe-
IOIIET0 COOCTBEHHBIC BHYTPEHHUE MOTEPU U CO-
JIEpIKAIIero B CBOEM COCTaBe JBa ONTHYECKUX KOH-
HEKTOpa, MPUBOANT K CHIDKEHHIO 3(()EeKTUBHOCTH
cucteMsbl. [loaToMy B KayecTBe ele OJHOrO Bapu-
aHTa WCIIONHEHMs YCTPOWCTBA Mpearaercs pac-
CMOTPETh CXEMY, B KOTOPOH KOJbIIEBasl JTUHUS 3a-
JEpKKK cOPMHUPOBaHA 32 CUET CBAPHBAHMS KOHIIOB
TpeX BOJIOKOH: BOJIOKOHHOTO BBIXOJa Jlazepa 2, BO-
JIOKOHHOTO AJIEMEHTA KOJIBIICBOM JIMHUU 33JICPKKH 3
U BOJIOKOHHOTO BXOJla ONTHUYECKOrO0 KOMMYTaTO-
pa 4, UCroJIb3yeMOro B KaueCTBE KOMMYTHPYIOLLETO
ycTpoiictBa (pucynok 1c). I[Ipu aToM TOUKa CHHXpO-
HU3AIMU, B KOTOPOM MNPOUCXOJUT CYMMHPOBAHUE
HAMITYJIbCa, COBEPIIUBIIETO 00XO0]], U UMITYJIbCa, BBO-
JUMOTO B JIMHHUIO 3aJICP>KKH, COBIIAJACT C MECTOM
CBapKH BOJIOKOH.

Co3nanne paccMaTpHUBaEMBIX CHCTEM BO3MOKHO
IIPU UCTOJIH30BAHUU B KaYECTBE ONMTHUYECKOIO KOM-
MyTaTopa CEpUMHO M3TOTaBINBACMBIX Agiltron Inc.
BBICOKOCKOPOCTHBIX BOJIOKOHHO-ONTHYECKUX TIepe-
kmouateneit cepunt  NanoSpeed™ 1x2, nipu 5TOM
B POJIK ONTHYECKOTO CYMMAaTOpPa MOTYT MPUMEHSTh-
Csl BOJIOKOHHO-ONTHYeCcKue cymMMmartopsl tuna PSC,
oOecrnieunBarole 00bETUHEHNE U3ITyUYEeHUS OT He-
CKOJIBKMX BOJIOKOHHBIX CBETOBOJIOB B OJIMH OOIIUI
Ha BBIXOJIE.

Cnenyer y4uTbIBaTb, YTO YBEJIMYCHUE YUCIA
00XO0JIOB B BOJIOKOHHOW KOJIBIIEBOM 3aJiepiKKe, He-
OOXOJMMBIX JIIi HAKOIUICHUS W CYMMHPOBaHUS
B HEW UMITYJIbCOB, MIPUBEICT K BO3PACTAHUIO TIOTEPh

W3Ty4YeHUs] B CUCTeMe B I1eJoM. Takum obOpaszom,
MaKCHUMaJbHOE YHCIO O0XOJOB B KOJBIEBOH 3a-
nepxkke M 3(PQGEKTUBHOCTh MNpEIiaracMbIX BapH-
AQHTOB MMITYJICHBIX JIa3€pHBIX MCTOYHHMKOB OYAyT
OrpaHUYCHBI BETMUYMHOMN JIOMTyCTUMBIX IOTEPb.

[Jannast pabora mocBsilIeHa OLIEHKE SHEPreTH-
4eckoil 3P QEeKTUBHOCTH NpeaIaraeMol CHCTEMBI
C HEKOTEPEHTHBIM CHHXPOHHBIM CYMMHPOBAaHUEM
Ja3epHBIX MMITYyJIbCOB HA KOJIBLIEBOH BOJIOKOHHOH
JIMHUY 3aJICPKKH.

BourunciauTe/bHbIN IKCIEPUMEHT

Jnst yerpoiicTB Ha pucyHkax b u lc BaxHO
OTIPEACTUTh MAaKCUMAIIbHOE YHCII0 00XO0/I0B B KOJIb-
LIEBOU JIMHUM 3aJICPKKH, a Takke 3PPEKTUBHOCTD
JTAHHBIX CHCTEM B LIE€JIOM.

[Ipu 5 TOM y4HUTHIBAIUCH CIEAYIOIINE TUIIBI T10-
Tepb SHEPTUH U3ITyUEHUS:

—TIOTEepPU HA ONTHYECKHX KOHHEKTOpax, HC-
MOJIB3YEMBIX JUISI TIOJAKIIIOYEHHUS] K BOJIOKOHHBIM
pazbeMaMm cymmaTopa (B cxeMe Ha PUCYHKe 1b) u
KOMMYTaTopa;

— TIOTEPU TIPU PACTIPOCTPAHEHUHN M3IIyUYEHUS B
BOJIOKOHHOM CBETOBOJIE, 00pa3yIoIieM KOJbIIEBYIO
JIUHHIO 33/I€PKKH;

— BHYTPEHHHE MOTEPU B ONTHYECKOM CyMMaToO-
pe (B cxeme Ha pucyHke 1b);

— TIOTEPU B MeCTE CBAPKH BOJIOKOH (B cXeMe Ha
pucynke Ic);

— BHYTPEHHHE MTOTEPH B ONTUYECKOM KOMMYTa-
TOpe.

Kaxapiii MCXOOHBIA MMITyJIbC JIA3€PHOTO W3-
Jy4eHHs], BBEJCHHBIH B CHCTeMy Ha pucyHke 1b,
coBepmasi 00X0J] B KOJBIIEBOH 3a/lepKKe K TOYKE
CHHXPOHHU3ALIMH, TpeTepreBaeT IOoCIeI0BaTeIbHO
MOTEPH B IEPBOM KOHHEKTOPE MPH BBOJIE B ONTHYE-
CKHU{ CyMMaTOp OT BBIXO/1a Jla3epa, BHyTPEHHUE T10-
TEepHU B ONTHYECKOM CyMMaTope, MOTEPH BO BTOPOM
KOHHEKTOpE OT BBIXOJa W3 ONTUYECKOTO0 CyMMAaro-
pa 70 BXOJa B ONTHYECKHI KOMMYTaTop, BHyTpEH-
HUE TOTepU B ONTHYECKOM KOMMYTaTrope, MOoTepu
B TPEThEM KOHHEKTOPE OT BBIXO/Ia U3 ONTHYECKOIO
KOMMYyTaTopa MpH BBOJIE B BOJIOKHO KOJIBIIEBOII 3a-
JIEP’KKH, TOTEPU B ONTHYECKOM BOJIOKHE KOJIbIIE-
BOI JIMHHUW 3a/Iep)KKH, B YETBEPTOM KOHHEKTOpE
MpU BBOJIE M3JIy4E€HUS B ONTHYECKHI CyMMaTop
13 BOJIOKHA KOJIBIIEBOH 3a/I€P’KKH U BHYTPEHHUE I10-
TEpH B OIITHUYECKOM CyMMAaTOpE.

IIpy >TOM CyMMapHBI WMITYJIbC H3ITyde-
HUSl TIPY BBIBOJE M3 CHCTE€MbI nocie N, 06xo-
JIOB B KOJBIIEBOM 3aJlepKKe, pPacIpOCTPaHSIACH
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OT TOYKH CHHXPOHHU3AIINHU J0 BBIX0JIa, IIPETepIicBa-
€T TI0CJIeIOBATEIHLHO MTOTEPH BO BTOPOM KOHHEKTO-
pe OT BBIX0/Ia U3 ONITHYECKOT0 CyMMAaTopa JIo BX0Jia
B ONTHYECKHI KOMMYTATOp, BHYTPEHHHUE IMOTEPU
B ONITHYECKOM KOMMYTATOPE U MTOTEPH B MATOM KOH-
HEKTOpE Ha BBIXOJIE U3 ONTHUYECKOTO KOMMYTaTOpa
JI0 BBIBOJIa UMIYJbCa U3 CHCTEMBI. B TakoMm ciy-
4ae MUKOBYIO MOMIHOCTE P, CyMMapHOIr0 MMITyJIbCa
Ha BBIXOJIC U3 CHCTEMbI MOYKHO OIPEJICIUTD TI0 Clie-
nIytomieit popmyire:
NR
P, =10 0,13 4c+Ape+Agg) .210 0,1i(3Ac+ Ape+Ags +Ar-Ly)

i=0

5

rae A, —norepu Ha KOHHEKTOpe, ib; A . — BHY-
TPEHHUE OTEPU B ONTUUECKOM KOMMYyTatope, 1b;
A s — BHYTPCHHHE MOTEPU B ONTHUYECCKOM CyMMa-
Tope, nb; A, — ynenbHble NOTEPH BHIOPAHHOTO BO-
JIOKOHHOTO CBETOBOAA, 1b/M; L, — NuIMHA OTpe3Ka
ONTUYECKOTO BOJIOKHA KOJbLEBOU JIMHUU 3aTEPHK-
KH, M.

Kaxxapiii UCXOIHBIA UMITYJIbC JIA3€PHOTO U3-
Jy4eHUs, BBEJICHHBI B CHCTEMY Ha pHUCYyHKe lc,
coBepmias 00X0J] B KOJIBIICBOH 3a/IepPiKKE K TOUYKE
CUHXPOHM3AIUU, MPETEPIEBACT IOCIEA0BATEIb-
HO MOTEPU B MECTE CBAPKHU MPU BBOJIE B CUCTEMY
OT BBIXOJa Jla3epa, MOTepU B MEPBOM KOHHEKTOPE
OT MECTa CBAapKH 10 BXOJa B ONTUYECKUN KOMMY-
TaTOP, BHYTPEHHUE MTOTEPU B ONTUUECKOM KOMMY-
TaTope, MOTEPU BO BTOPOM KOHHEKTOPE OT BHIXO/a
13 ONTHYECKOTO KOMMYTAaTOpa IPU BBOJE B BOJIOK-
HO KOJIBLIEBOH 3aJ€p>KKHU, NOTEPU B ONTUYECKOM
BOJIOKHE KOJBLIEBOU JIMHUU 3aACPKKU U MOTEPHU
B MECTE CBapKH.

Ilpuyyem cyMMmapHbBIi UMIYJbC  HU3Iy4e-
HHS TIPM BBIBOJIE M3 CUCTEMBI nocie N, 00x0/10B
B KOJIBIIEBOM 3aJ€p>KKE, pPaCIpPOCTPAHSACH OT
TOYKH CUHXPOHHU3ALUUMU 0 BBIXOJA, IMpeTeprieBa-
€T MOCJIEAOBATEIbHO MOTEPU B MEPBOM KOHHEK-
TOpEe OT MECTa CBapKu 10 BXOJa B ONTHUYECKUI
KOMMYTAaTOp, BHYTPEHHUE MOTEPU B ONTHYECKOM
KOMMYTATOpE U MOTEPU B TPETHEM KOHHEKTOpPE Ha
BBIXOJI€ U3 ONTHYECKOI0 KOMMYTaTOpa 10 BHIBOJA
UMIIYJIbCa U3 CUCTEMBI. TOrjga nuKoBas MOIIHOCTh
P, cyMMapHOro UMIIyJIbCa Ha BBIXOJIE U3 CUCTEMBI
MOXET OBITh BBIYHCIICHA C TPUMEHEHHUEM CJIETYIO-
IIEr0 paBeHCTBA:

NR
—0,1(24p+ Ay +4 —0,1i(2 A0+ App+ Ay +Ap-L
PN:10 1(24c+4pc w)_zlo 24+ A+ Ay +4p-Ly)

i=0

9

rie A, — noTepu B MECTE CBAPKU BOJIOKOH, 1b.

['maBHOI 1IEIBbIO JaHHOU PabOTHI ABJISCTCS OTpe-
JIeJIEHHE 3aBUCHMMOCTH OT YHCJIa 00XO/IOB B KOJIbIIE-
BOH 3amepkKe KOA(POHUITUCHTAa dHEPTETHISCKON (-
(exTuBHOCTH cuCTeMBI N = P, /P, MOKa3bIBAIOLIETO,
BO CKOJIBKO pa3 BO3PAcCTeT BBIXOIHAS IMUKOBAsi MOIII-
HOCTb CYMMapHOT'0 UMITYJIbCa P, TI0 CPABHEHUIO C IH-
KOBOI MOIITHOCTBIO HCXOIHOIO UMITYJIbca Jiazepa P,

[Ipn BBITTOTHEHNH pacyeToB OBLIN MTPHHSATHI Clie-
TYIOIIHE JTOTTYIIICHHSL:

— JUIMHA BOJIOKHA KOJIBIIEBOM 3aJIePXKKH, TIPUHH-
Majach paBHOW 2 M, 9TO OBLIO JOCTATOYHO IS HIC-
KITIOYEHUS [TOTEPh Ha MaKpPOM3TH0ax;

— HE pacCMaTPUBAIIUCH MTOTEPH HA MUKPOU3TNOaxX
BOJIOKOHHBIX CBETOBOJIOB;

— HE YUHUTHIBAJIIACH JIUCTICPCHS BOJIOKOHHBIX CBETO-
BOJIOB B CHCTEME, KOTOPasi MPUBOANT K JIOTIOTHUTEITh-
HOMY HCKa)XEHHIO (DOPMBI JIa3ePHBIX UMITYJIHCOB, TaK
KaK TPEAIoaraioch MPUMEHEHHE BOJIOKOH CO CMe-
IICHHOW HyJIeBOU aucnepcreit B 00macts 1550 uM (Bo-
siokHa Trra DSF) Wi BOJIOKOH C MHOTOCIOHHOHN 000-
JIOYKOM, 00ECTICUMBAIOIINX OJTU3KYIO K HYITIO BETUIHHY
cyMMapHOH sicniepcui (BosokHa tTunia NZDSF) [13];

— HE YYUTHIBAIUCH MOTEPH HA APYTHX OTPE3Kax
BOJIOKHA B CHCTE€ME, TaK KaK JJIMHA OTPE3KOB BOJIO-
KOHHBIX BBIXOJIOB M BXOAOB cymmaropa 2x1 u KoM-
MyTaropa X2 nmpuHHManack Majoil MO CPaBHEHUIO
C JUIMHOM BOJIOKHA KOJIBIIEBOM 3aJCPIKKH.

B BBMHCINTETEHOM JKCIIEPUMEHTE B KadeCTBE
WCTOYHHKA MCXOTHBIX UMITYJIHCOB TIPUMEHSIICS TIOMTY-
POBOIHUKOBBIN nazep ODFBLD-1550-5, renepupy-
IO N3TydeHne Ha JUTHE BOJIHBI A = 1550 HM ¢ Tipe-
JIEJIbHOW YaCTOTOM CJI€TOBAHUS UMITYJILCOB B 2,5 I'T'1.

[Tpn BermcneHEny S(GQGEKTUBHOCTA 1| 3HAYCHUS
IOTEph B KOHHEKTOPax corTacHo [13] ObUTHM TPHHATHI
paBabiMu 0,15 b, YTO COOTBETCTBYET ONTUYECKUM
koHHekTopaMm Tuna APC n UPC, BHyTpeHHHE TTOTEpH
B KoMMmyTarope 1x2 u cymmarope 2x1 —0,6 nbu 0,7 n1b
COOTBETCTBEHHO; CIUTAIIOCH TAKKE, UTO OCITIa0JIEHHE 13-
JIy9eHUs B MeCTe cBapku BosiokoH pasro 0,02 ab [13].

B 06oux BapmaHTax CHCTEMBI TIPeIarajoch Mc-
MOJIb30BaTh KBapIeBbIE BOJIOKOHHBIE CBETOBOJII,
BEJIMYMHA Y/CIBHBIX MOTEPh Y KOTOPHIX Ha JUIMHE
BOJTHEI A = 1550 uM coctaBmia 0,2 ab/xkm [13].

Pe3yJ'II)TaTbI U UX oﬁcymelme

C y4eToM 3aJ]aHHBIX BBIIIE MAPAMETPOB OBLI
nmosrydeH rpaduk 3aBUCUMOCTH Kod(hduimeHTa 3¢-
(exruHOCTH M(N,) OT YKCIa 0OXOMOB JIA3EPHOTO
HUMITyJIbCa B KOJBIICBOM JIMHUU 3aJCPXKKU JIJISI CHU-
CTEMBbI ¢ MPUMEHEHUEM ONTHYECKOTO CyMMAaTopa U
ONTUYECKOTO KOMMYTaTopa (PUCYHOK 2).
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Yucio 06x010B N,
Number of circulations N,
Pucynok 2 — 3aBucumocts ko3 durmenta 3¢ hexTus-
HOoCTH TM(N,) OT 4mcma 06XOMOB JIA3EPHOTO MMITYJIbCA
B KOJIBIIEBOW JIMHUM 33E€PXKKH AJISI CUCTEMBI C ONTHYE-
CKHUM CYMMAaTOpPOM U ONTHYECKUM KOMMYTaTOPOM

Figure 2 — Dependence of the effectiveness coefficient
N(N,) on the number of laser pulse circulations in ring
delay line for the system with optical combiner and optical
switch

Ha pucynke 2 BUJIHO, YTO JHEpreTHyeckKas
3G PEKTHBHOCTh CUCTEMBI 1| C YBEJIMYCHUEM YHUCIIA
LUPKYJSIANA UMITyJIbCa B KOJIBIIEBOM 3a/iepikke N,
OT TUHEHHOW 3aBUCHUMOCTH C OBICTPBIM HapacTa-
HHEM TEPEeXOANUT K «HACHIIECHHUIO», TIPH KOTOPOM
3HaueHue 3QPEKTUBHOCTH 1] OCTACTCS HEU3MEHHBIM
TIPY BO3pACTaHWK YuCia N,.

[IpenenbHoe 3HaueHue kodd¢uimerta 3hdex-
TUBHOCTH cOoCTaBwio M =2,015. Dromy 3HaueHuro
COOTBETCTBYET YHCIIO 00X0I0B B 3a/iepxkKe N, = 26,
IPY MPEBBIIICHUH KOTOPOTO HE MPOUCXOIHUT JlAllb-
Heimero Bo3pactaHusi S(QEKTHBHOCTH paccMa-
TpuBaeMoil cucreMsl. [Ipu 3TOM HyleBOe 3HaueHue
ko3 durrenTa 3PPEeKTUBHOCTH, TIPU KOTOPOM H3-
Jy4eHUE MPOXOJUT Yepe3 CUCTeMy 0e3 IUPKYIIsi-
UM B CHCTEME 3aJICPKKH, MOJIYYHIIOCh PaBHBIM
n, = 0,668.

Ha pucynke 3 mpuBejicH rpaduk 3aBUCUMOCTH
koo puumrenta sdppexruBHOCTH N(N,) OT YKCIA 00-
XOJIOB JIA3EPHOTO UMITYJIbCA B KOJIBLIEBOW JINHUH 3a-
JEPKKH JIUTsI CHCTEMBI C TIPUMEHEHUEM CBApPEHHBIX
BOJIOKOH M OIITHYECKOTO KOMMYTaTOPA.

OdeBuJIHO, 4YTO 3HepreTuueckas 3PQPeKTUB-
HOCTH 1] CUCTEMBI, B KOTOPOW B3aMEH CyMMarTopa
OPUMCHSUINCh TPU CBAapEHHBIX BOJOKHA, C yBe-
JIMYEHUEM YHCNa 00X0/0B N, TaKkkKe MEPEXOUT
OT JTUHEHHOT0 BO3pAaCTaHUS K MOCTOSHHOW 3aBH-
CUMOCTH C HEM3MEHHBIM 3HAaYCHHEM IpPU BO3pac-
TaHWH 9ucna N,.

Efficiency Coefficient n

Koaddurment apdpexruHOCTH 1)

40 N, 60 80
Yucno 00xonoB N,
Number of circulations N,

Pucynok 3 — 3aBucumocth Kkodpduimenta 3hdexTus-
HOCTH M(N,) OT 4ncma 00XOOB JIa3epHOTO MMITYJIbCA
B KOJIBLICBOU JIMHHUU 3aJICP>KKU JJIsI CHCTEMBI CO CBAapKOH
BOJIOKOH U ONITHYECKHUM KOMMYTaTOPOM

Figure 3 — Dependence of the effectiveness coefficient
n(N,) on the number of laser pulse circulations in ring
delay line for the system with welded fibers and optical
switch

[IpenenpHoe 3HaueHnEe KoddduimenTa 3hdek-
THBHOCTH COCTaBuiIo M =4,237. DTOMYy 3HaYEHHUIO
COOTBETCTBYET YHMCJIO LHUPKYJISIUHA B KOJBLEBOI
3anepkke N =56, NpU MNPEBBILICHAA KOTOPOTO
HE IPOMCXOANT AajbHEHIIEro Bo3pactanus 3¢ ¢ex-
TUBHOCTH paccMaTpuBaeMoil cuctemsl. Hynesoe
3HaYeHune K03 dunrenta 3¢p(HeKTUBHOCTH TIPH STOM
n, = 0,809.

3akjao4yeHue

[Toka3zaHO OCHOBHOE NPEHMYIIECTBO paccMa-
TPHUBAEMBIX CHCTEM C KOJIBLIEBOW JTMHUEH 3a1ePKKU
10 CPaBHEHHIO C CHCTEMaMH C MHOKECTBOM BOJIO-
KOHHBIX JIMHUH 33/IEPXKKH, KOTOPOE 3aKII0YaeTCs
B 3HAYMTEILHOM CHIKEHHH MAacChl U rabapUTHBIX
pasMepoB CHUCTEMBI, €€ YIPOUICHUU U TOBBIIICHUN
€e HaJEKHOCTH 3a CUET HCKIIOUCHUS MHOXKECTBa
BOJIOKOHHBIX JIMHUH 337epKKu. B To ke Bpems cu-
CTEMBI C KOJIBLIEBOH 3a/ICPXKKOI BBITIOIHSIOT CBOIO
OCHOBHYIO (DyHKIIHIO, KOTOPasi CBOJUTCS K yBEJIUe-
HUIO TTMKOBOW MOIITHOCTH BBEJICHHOTO OT BHEIIHETO
JIa3epHOr0 HCTOYHHUKA UMITYJIbCA H3ITyYCHUSI.

B pesynbrare npoBejeHHOTO B paboTe BBIYHCIIHU-
TEJIFHOTO 3KCIEPUMEHTA HOJTyYeHBI IPadHKH 3aBUCH-
MOCTH K03(pHuumeHTa sHepreTuaeckoi 3h(heKTuBHO-
ctu N(N,) U1t IByX BADMAHTOB MCIIOJIHEHHS, & TAKKE
oTpeziesIeHBbl 11 000UX CIy4aeB MpeeibHbIe 3HaUe-
Hus KO3 uienTa n 1 yucia 060poToB N,.
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Hcxons m3 moiydeHHBIX pPe3ysIbTaTOB, MOKHO
OJIHO3HAYHO YTBEP)KIaTh, YTO AaibHEHIIee pa3BH-
THE CHUCTEM C KOJIbIIEBOM BOJIOKOHHOM 3aJIepHKKOU
JIOJDKHO TIOWTH TIO TIyTH WCKJIFOYEHHS M3 CXEMBI OITH-
YeCKOTO CyMMaTopa U MPUMEHEHHSI BOJIOKOHHO-OTITHYe-
CKHX JJIEMEHTOB (ONTHYECKMX KOHHEKTOPOB M KOMMY-
TaToOpOB) C MEHBIIMM 3HAYEHHEM BHYTPEHHHX TTOTEPb.
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Abstract

Angular measurements in optics of biological tissues are used for different applied spectroscopic task
for roughness surface control, define of refractive index and for research of optical properties. Purpose of the
research is investigation of the reflectance of biologic tissues by the ellipsoidal reflector method under the
variable angle of the incident radiation.

The research investigates functional features of improved photometry method by ellipsoidal reflectors.
The photometric setup with mirror ellipsoid of revolution in reflected light was developed. Theoretical
foundations of the design of an ellipsoidal reflector with a specific slot to ensure the input of laser radiation
into the object area were presented. Analytical solution for calculating the angles range of incident radiation
depending on the eccentricity and focal parameter of the ellipsoid are obtained. Also created the scheme of
image processing at angular photometry by ellipsoidal reflector.

The research represents results of experimental series for samples of muscle tissues at wavelengths
405 nm, 532 nm, 650 nm. During experiment there were received photometric images on the equipment with
such parameters: laser beam incident angles range 12.5-62.5°, ellipsoidal reflector eccentricity 0.6, focal
parameter 18 mm, slot width § mm.

The nature of light scattering by muscle tissues at different wavelengths was represented by graphs for
the collimated reflection area. The investigated method allows qualitative estimation of influence of internal
or surface layers of biologic tissues optical properties on the light scattering under variable angles of incident
radiation by the shape of zone of incident light.

Keywords: ellipsoidal reflector, angular measurements, optical properties, muscle tissue.
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YrioBast poromMeTpusi OMOJIOrHYECKUX TKAHEH METOI0M
JIIMIICOUIATBHBIX pedIeKTOpOB

M.A. Be3yrasiii, H.B. bBe3yraas, A.B. Benuypuk, K.Il. Boncesuu

Hayuonanvnoiti mexuuueckuii ynugepcumem Yxpaunol
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Tocmynuna 01.02.2019
Ipunama k newamu 29.05.2019

YrioBbie H3MEPEHUs B ONTHKE OMOJIOTHYECKUX TKAaHEH MIMPOKO MPUMEHSIOTCS ISl PEIIeHUs pa3iind-
HBIX MPUKIAIHBIX CIIEKTPOCKONMMYECKNAX 3a/a4 JJI KOHTPOJS IIEPOXOBATON MOBEPXHOCTH, OTPEICTICHHS
MTOKA3aTelIs MPEIOMIICHUS, a TaKXKe IS N3YYeHUsT ONTHYECKUX CBOWUCTB. Llenpro JaHHO# paboThI SBISIIOCH
WCCIIEJIOBAaHNE OTpaXKaromIel CIOoCOOHOCTH OMOJOTHYECKAX TKAaHEH METOJOM 3epKalbHBIX 3JUIUTICOUOB
BpallleHus TIPU TIEPEMEHHBIX yTaxX MaJeHus 30HIUPYIONIETO N3YICHNUS.

B pabote uccnenyrorcs pyHKIIMOHAIHHBIE BO3MOXXKHOCTH YCOBEPIIEHCTBOBAHHOTO MeTOa (hOTOMETPUHU
AIUTUTIICOMAANTFHBIMU pedrexTopamu. Pa3spaboTaHa u mpencTaBieHa yCTaHOBKA JUIS (JOTOMETPHUH 3epKajlb-
HBIM DJUTATICOHJIOM BpAIEHHs B OTpaXeHHOM cBeTe. [l obecrieuenns paboThl METO/1a MPEICTaBICHbI Te-
OpeTHYeCKHe OCHOBBI KOHCTPYHPOBAHUS IUIHIICOUIATBHOTO pedIeKTOpa ¢ XapaKTepHBbIM Ta30M i o0e-
CTIEYCHHUST BBOJA JIA3€PHOTO M3IY4YECHHS B HCCienyeMyto o0iactb. [lomydeHpl aHAIMTHYECKHE BBIPAXKEHHS
JUTSL BRIYHUCIICHHS TMATla30Ha YTIIOB MMAJIAI0IIeTO U3ITyYeHHUs B 3aBHCUMOCTH OT DKCIICHTPHCHTETa U (POKaIb-
HOTO TTapaMeTpa 3JumMIcona. Takke MpeAcTaBiIeHa yCOBEPIICHCTBOBAHHAA cxeMa 00paboTKH M300paxe-
HUH, TT0JTy9aeMBIX TIPH YTIIOBOW (POTOMETPUH IUTUTICOUTATBHBIMA Pe(IEKTOpaMHU.

[IpencraBieHbl pe3ynbTaThl CEPUN IKCIIEPUMEHTAIBHBIX UCCIET0BAHUH TSI MBIIIEYHON TKAHU HA JUTH-
Hax BoyH 405 uM, 532 HM 1 650 HM. B X011€ SKCcIIeprMeHTa OBITH MOJIYICHBI (POTOMETpUYIECKHE H300pake-
HUS TP UCTIONH30BAHUN (POTOMETPA CO CIEAYIONIMMA KOHCTPYKTHBHBIMH ITapaMeTpaMu: JHara3oH yria mna-
JIEHUS Ta3epPHOTO M3IydeHust 12.5-62.5°, sKCIeHTPUCUTET AILTHIICOnIaIbHOTO pediaexTopa 0,6, GpokaapHbII
napaMmetp 18 MM U mMpuHa naza 8 Mm.

XapakTep CBETOpAaCCESHUS MBIIIIEYHBIMH TKAHSAMHU Ha Pa3IMYHBIX JUIMHAX BOJIH MIPEJICTaBJICH Tpaduka-
MU JJISL 30HBI KOJUIMMHUPOBAHHOTO oTpaxkeHus. [Ipu 3ToM dopma 30HBI TaIa0IETO TTOTOKA TTO3BOJISET OIle-
HUTH BIMSTHAE ONTHYECKUX CBOWCTB BHYTPEHHETO WIJIM MPUTIOBEPXHOCTHOTO CJIOSI OMOJIOTHYECKON TKaHUHE
Ha CBETOpACCesHUE TP PA3TUYHBIX YIIIaX MaJ[CHHS.

KiaioueBble cJjioBa: BJIHI/IHCOI/I,Z[aHBHHﬁ pecpneKTop, YIJIOBBIC HU3MCPCHUSA, OITUYCCKUC CBOﬁCTBa,
MBIIICYHAasA TKaHb.
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Introduction

The progress in laser and computer technologies
allow implementing of optical methods in different
areas of non-destructive control. Among other,
such methods applies for investigation of dispersive
mediums, materials, and coating [ 1-5], or diagnostics
of tissues and organs condition in biology and
medicine [6—12].

Distribution of the electromagnetic radiation
along optical range in biologic tissues (BT)
is complicated and stochastic processes. Such
distribution defines analytically by the classic
electromagnetic theory, or extrapolates by the
radiative transfer theory [13, 14]. Mathematical
solution of subordinated to such theories systems
of equations performs by the variety of theoretic
and numeric methods [15]. Despite of that,
the unified system of received results comparison
criterion is still not established. Typical
reasons are significant limitations of features of
measuring and computation instruments intended
for determination of indexes and coefficients
of equations.

Full-wave simulation like finite different time
domain [16, 17] or finite element method [18, 19]
applies more often for rigorous solution of
Maxwell’s equations. However, it is still perspective
for practical application in optics of biological
tissues. In biomedical optics the radiative transfer
theory is more popular. It provides results that
are more precise and corresponds to reliability
criteria in clinical application during investigation
of pathologies. For direct and inverse problem
solution following methods are typical: Monte
Carlo simulation, adding-doubling method,
Kubelka—Munk function, diffusion approximation,
and other. Direct problem solution is determination
of transmittance, reflectance and absorption of the
BT, while inverse is determination of the BT optical
properties — absorption and scattering coefficients,
anisotropy factor.

Continuing investigation of features and
properties of optical electronic devices, which
uses ellipsoidal reflectors (ER) as the optical core
of informational and measuring system of biomedical
photometer [20-22], the current report represents
results of series of practical experiments. These
results allow investigating additional information
about the interaction of electromagnetic radiation
with turbid biological media according to the light
scattering optics.

The document represents investigation
of biological tissues by methods of light scattering
optics in experimental conditions in vitro or ex
vivo. In the research there were set hypotheses and
limitations for proper introduction of measured
values into mathematical model. The layer
of tissue under investigation contains top
and bottom boundaries, and internal region.
The thickness of internal region is small relatively
to its perimeter. BT surface (the boundary between
the media) usually have roughness of different
size comparing to wavelength. In such case,
the external specular and/or diffuse reflection
from it is possible. There occurs scattering inside
the BT during the passing of light beam through
the surface. Such process occurs until the total
absorption, or appearing of light beam outside
of the sample in the form of internal diffuse
reflection or transmission. The main goal of such
experiment is minimizing of external component
impact (especially diffuse) on the resulting spatial
distribution of scattered light. Such conditions can
be created experimentally by several ways:

—put the sample of BT between glass
elements with polished surfaces [23-25] with the
sizes of fine irregularities less than the radiation
wavelength

— creation of physiologic experiment conditions
by placing of the sample inside the physiologic
liquids [26].

Experiment under in vivo conditions involve
thick (semi-infinite) biologic sample under
investigation. The light flux, registered in opposite
to incident radiation direction, consist of a passed
through the surface and interacted with the
media part, and a reflected by the surface light.
The nature of angular distribution of reflected flux
defines the type of the surface and its relief [27].
The probability of light diffusion backward to the
surface depends on the quantity of interactions
with the media, when the photon direction
changes before the moment of its absorption
in scattering, and depends on the optical properties
of BT [22]. Model experiment in both cases
satisfies considering Fresnel conditions.

Light scattering by BT samples depends on the
illumination type and have significant differences
during application of diffuse or collimated flux.
There apply different measuring standards for
determination of reflective ability and reflection
coefficient for these light methods [28].
Reflectance and the reflection coefficient depends
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on the incidence angle, radiation polarization,
and refractive index. These parameters determine
the boundary between the two media. Refractive
index and optical properties of media significantly
depends from the wavelength. Optical properties
of BT can be determined in the indirect method
only. Thus, the measurement of the refractive
index should be performed only experimentally.
For many types of tissues, the problem is in the
absorption and scattering. Thus, the reflection
coefficient for skin equals to 10-55 % and depends
on the radiation spectrum, pigmentation rate
and rugosity, presence of adipose and moisture.
Mentioned factors depend on the gender, age,
type, and color of the skin [29].

Considering the mentioned information, the
purpose of the research is investigation of the
reflectance of biologic tissues by the ellipsoidal
reflector method under the variable angle of the
incident radiation.

Methods and tools

The research focused on specific features of
realization of improved method of photometry by
ellipsoidal reflectors. The target is investigation
of its wuse for measurements of reflected
and backscattered light. The method allows
investigating of the optical properties of scattered
media under different incident angles, and energy
characteristics of incident optical radiation. For
research of the method the experimental unit was
constructed (Figure 1). The unit use photometric
system with ellipsoid of revolution with internal
mirror surface. The mirror is truncated by the focal
planes orthogonally to the semi-major axis and
contains specific longitudinal slot (Figure 2) for
receiving of optical radiation under variable angles.
Ellipsoidal reflector was produced by the method
of trajectory copying [30]. Additionally, authors
investigated other technologies of shape formation
of internal ellipsoidal mirror surface [31] and
photometer production [22].

The unit contain mechanism for micrometric
height regulation for investigation of BT with
various thicknesses. Experimental unit operates by
the method of photometry in reflected light [20].
The condition of semi-infinite thickness of BT
sample satisfies by the application of black
opaque lining with absorption coefficient close
to 0.99.

Figure 1 — Scheme of unit for angular photometry
by ellipsoidal reflector: 1 —base; 2 —bar; 3 —height
regulation mechanism; 4 —flywheel; 5—worm gear
with dovetail; 6 —cap disc; 7 —laser module; 8 — CCD
camera; 9 — ellipsoidal reflector; 10 — biological tissue
holder; 11 —subject stage; 12 —adjustment screws;
13 — horizontal regulation block; 14 —worm gear with
dovetail; 15 — flywheel

The adjustment device aligns reflector, optical
system, and CCD camera referring to horizontal
baseline. The change of energetic characteristics of
incident radiation performs by regulation of power
by universal power source, which further supplies
to laser diodes with the wavelength 405 nm,
532 nm, and 650 nm. The nominal power of each
diode equal to 5 mW. Unit consists of base 1 with
fitted perpendicular to it bar 2. To this bar attached
the height regulation mechanism 3. It is worm gear
with dovetail 5, and is actuated by the flywheel 4.

a

Figure 2 — Ellipsoidal reflector for angular photometry:
3D model (a); end-product (b)

Mechanism 3 consists of three disks, one of
which is a cap 6 for fixing of all disks, and two
others acts as a fastening for laser module 7. The
aperture in the bottom part of the module applies
for ensuring of necessary laser beam diameter. In
the experimental unit it equals to 1 mm. In addition,
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stand have subject stage 11, which is fastened to the
horizontal regulation block 13 by worm gear and
dovetail 14. Longitudinal displacement performs
during rotation of flywheel 15. Subject stage fits
horizontally, and precise regulation performs by
adjustment screws 12. The measuring base of the
stand is ellipsoidal reflector 9, which is mounted
on the BT holder 10 during experiment. The unit
adjustment performs before measurements for
ensuring of horizontal mounting of subject stage,
sample, and reflector. The height of laser block
regulates for variable thickness of BT sample. In the
holder installs reflector 9 align with CCD camera 8
for ellipsoidal CCD-reflectometry [20]. Images are
registered under different incident angles of laser
beam and analyzed by specialized software.

Considering axial symmetry of vertically
oriented ellipsoid of revolution, the determination
of operating range of incident angles performs with
using of ellipse equation:

where a and b — semi-minor and semi-major axis of
ellipse.

Considering expression of ellipse through
its eccentricity e, focal parameter p and focal
distance f, it is possible to determine the points of
its intersection with straight lines, which contains
ultimate points of critical angles (Figure 3):

fr
2f

Figure 3 — Determination of critical angles of incident
light in ellipsoidal reflector with slot

I P NP (1.2)
: J(l_ez) (1-&)-(F -k

I AP NV, (1b)
" J(l_ez) (=60~ 1)

Considering (1), critical angles of incident
radiation for ellipsoidal reflector with its set of
constructive parameters can be determined using
equations:

o, =arcctg (E], (2.2)
X
h

o, =arcctg {—lj (2.b)
X

It is important to note that the coordinate x,
determines the value of minimum angle in case of
slant height for top slot forming part (Figure 3).
If slant height is parallel to the axis x (Figure 2),
the minimum angle determines from the simple
trigonometric dependency.

Equations (2) are valid for lines, which contains
optical axis of incident ray. During the calculation
of critical incident angles there considers radius of
real laser beam and increase minimal and decrease
maximal angles correspondingly.

Heights 4, and 4, are technological dimensions
and are selected for ensuring of ER shape support
depending on the detail production material. For
current investigation it was used construction alloy
ENAW-2024; and heights s and (f—h) were
selected in the range 2—4 mm.

Based on the mechanism of image processing
at ellipsoidal photometry [32], the methodology
of photometric image analysis during angular
photometry by ellipsoidal reflector was improved.
The processing scheme (Figure 4), except of region of
interest and external ring 41, also contains ellipse of
incident flux 42 and area of collimated reflection A43.

N

RO/
= Al

A2

- A3

Figure 4 — The processing scheme of photometric images
during angular photometry by ellipsoidal reflectors:
ROI —region of interest; A1 — external ring; 42 — ellipse
of incident flux; 43 — area of collimated reflection

The characteristic value for radiation flux
distribution in each region of analysis is relative
illuminance of the zone EA. It calculates as the
ratio of total pixel brightness / to the area of
corresponding zone:
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The area of the zone can be expressed by metric
value as in [17, 22] or can be represented by total sum
of pixels, which forms corresponding zone.

Result and discussion

As the object for investigation it was selected
the muscle tissues of porcine (Type 1) and

properties (Table) of which were determined
similarly [20]. The tissue was separated
perpendicularly to muscle tissues for providing
of minimal divergences of anisotropy factor [33].
Further samples were preserved under normal
conditions in 0.9 % solution of NaCl during
30 min.

The angular photometry by ellipsoidal reflector
results (Figure 1) contain groups of photometric
images (Figures 5, 6) for three wavelengths under

chicken (Type 2) of wvarious thickness, optical different incident angles with the step 2.5°.
Table
Optical properties
Muscle  tissue / A, nm 1y u g
optical properties
405 2.06 +0.08 495+3.5 0.964 +0.012
Type 1 532 1.93 +£ 0.1 61.4+49 0.966 +0.012
650 1.88+0.2 41.8+4.7 0.973 £0.009
405 1.01 +£0.04 124.1 £10.2 0.958 £0.01
Type 2 532 0.74 +£0.22 186.1 £12.6 0.958 +0.012
650 0.78 £ 0.1 216.7+16.1 0.965+0.019

k
Figure 5 — Photometric images of backscattered light
by Type | muscle tissue samples with the thickness
4.8+ 0.21 mm at the wavelength 405 nm (a, d, g, k),
532 nm (b, e, h, m), 650 nm (c, f, i, n) under incident
angles of laser beam: 30° (a, b, ¢), 40° (d, e, f), 50° (g, A, i),
60° (k, m, n) correspondingly

i
Y
@
k m n

Figure 6 — Photometric images of backscattered light
by Type 2 muscle tissue samples with the thickness
4.6+£0.27 mm at the wavelength 405 nm (a, d, g, k),
532 nm (b, e, h, m), 650 nm (c, f, i, n) under incident
angles of laser beam: 30° (a, b, ¢), 40° (d, e, f), 50° (g, A, i),
60° (k, m, n) correspondingly

165



Ipubopul u memoowvl usmepenui
2019.-T. 10, Ne 2. — C. 160-168
M.A. Bezuglyi et al.

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 160—168
M.A. Bezuglyi et al.

For the applied ellipsoidal reflector parameters
(eccentricity e=0.6, focal parameter p =18 mm,
and focal distance f=16.5 mm) and laser beam
of diameter 1 mm, the operational range of angle
of incident ray equals to 12.5-62.5°.

Based on the received images for both samples
of muscle tissues (porcine and chicken) at the
wavelength 405 and 532 nm, the dynamic change
of incident flux ellipse shape performs according to
laws of geometric optics for reflecting surface. At the
same time, the shape of spot of incident flux at the
wavelength of 650 nm is close to elliptic only for big
incident angles. This fact explains the dependency
of backscattered radiation more from the optical
properties (Table) inside the tissue itself then from
the surface properties and sub-surface layers.

650nm —
532nm —
4 405nm —

Illuminance
-

L]
—
(=]

S

(=]

F s

(=]

-

0
Angle of incidence, degree

a
S
310 650nm —
532nm —
405nm —
3]
2 2.10°
I
g
E
=
= L107f
P
0 . . ‘
0 20 40 60
Angle of incidence, degree
b

Figure 7 — Illuminance of area of collimated reflection for
Type 1 (a) and Type 2 (b) samples of muscle tissues for
wavelength 405 nm (blue line), 532 nm (green line), and
650 nm (red line)

Analysis of Figure 7a represent that collimated
reflection at the wavelength 650 nm generate smaller
illuminance of corresponding zone for Type 1 muscle
tissue under all investigated angles of incident light.
From the other side, the illuminance of the same zone
for the chicken muscle tissue samples is significantly
bigger comparing to illuminance on the wavelengths

405nm and 532nm in the range of incident
angles 20-40°. Graphs for Type 2 tissues with the
increasing of incidence angle continues to grow
with different acceleration until reaching of definite
angle. After increasing of that angle there occurs
decline with different velocity. Authors explain this
by the reaching of specific “critical” angle, under
which in the ellipsoidal reflector there observes
doubled reflection from the opposite side. Due to
slot presence on this side, the radiation leaves the
measuring core of photometer with ER. The absence
of mentioned peak of illuminance for porcine muscle
tissue indicates that it possibly present in the incident
angles, which exceeds the working range of angles
for mounted mirror ellipsoid of revolution (Figure 2).
At the same time, characteristic view of graphs
for both tissues proofs the relative interconnection
between optical properties of muscle tissues in the
defined wavelengths [7]. Note that in the current
research there are specified results of angular
photometry for thick muscle tissue samples.
The efficiency of application of ellipsoidal reflector
was proved only for maximum consolidation of
reflected collimated flux. However, experiments
proved the same efficiency for the sample thickness
less than 1 mm. Also, we can receive the useful
information from the component of external ring 42.

Conclusion

The specificities of angular photometry by
ellipsoidal reflectors was investigated in the current
research. Experiments was done for samples of
both type of muscle tissue at wavelengths 405 nm,
532 nm, and 650 nm. The investigated method allows
qualitative estimation of influence of internal or
surface layers of biologic tissues optical properties on
the light scattering under variable angles of incident
radiation by the shape of zone of incident light.
[lluminance of collimated reflection area for various
wavelengths mutually correlates with the optical
properties of biologic tissues. The determination of
properties of such correlation refers to the creation
of adequate interaction model of optical radiation
with layers of biologic tissues, and boundaries of its
distribution with correct consideration of parameters
of laser radiation and incident angle.
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Abstract

The development of new methods and high-bit instruments for measuring phase shifts of high-frequency
periodic signals with high speed for radar and radionavigation tasks is an actual task. The purpose of this
work is to create a new phase shift meter for high-frequency periodic signals based on the double-matching
method using direct digital frequency synthesis.

On the basis of the proposed mathematical model of phase shift measurements of periodic signals by the
method of double coincidence using the statistical accumulation of pulse coincidences, a functional diagram
of a digital phase shift meter of periodic signals using a direct digital frequency synthesizer is developed.
This allowed the implementation of an 8-bit converter phase shift signal to the code on the programmed logic
integrated circuit EPM240T100C5N firm Altera.

The digital phase shift meter of periodic signals based on the double-matching method consists of two
comparators, two short-wave pulse generators, a direct digital frequency synthesizer, two pulse counter
control circuits, two short pulse coincidence circuits, two pulse counting circuits, four clock counters, four
registers, a microcontroller and an indicator. Block diagram of a double-matching digital phase meter using
direct digital sintesizer use minimal hardware logic.

In the developed phase shift meter, due to the use of the double-matching method, the time delay between
signals does not depend on the period of input signals and can be found when changing the frequency
of periodic pulses in wide limits. Measurement errors will be determined mainly by the duration of the pulses
of coincidence. The use of statistical accumulation of pulse coincidence in the basis of the work allowed
eliminating the restrictions on the duration of pulses of known non-ionic meters.

On the basis of the obtained results, a high-bit converter of phase shifts of high-frequency periodic
signals into a binary code with high speed for problems of industrial tomography, radar and radionavigation
can be developed.

Keywords: the double coincidence method, nonius, measurement, phase shift meter, direct digital frequency
synthesizer.
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N3mepenust Gpa3oBbIX CABUIOB MEPUOANIECKUX CUTHAJIOB
C IPUMEHEHHEeM NPAMOro uM(poBoro CUHTE3a

N.B. I'yaa, O.U. Ioaukaposckux, K.JI. 'opsimenko, JI.B. Kapnosa, B.M. MeibHnuyk

Xmenvrnuyxuii HayuoHanvLHbll YHUsepcumen,
yn. Unemumymcxkas, 11, e. Xmenvuuyxuu 29016, Ykpauna

THlocmynuna 16.04.2019
IIpunama x neyamu 05.06.2019

Pa3paboTka HOBBIX METOJIOB M BBICOKOPA3PSAHBIX CPEICTB M3MEpeHHs (a30BBIX CABHTOB BHICOKOYA-
CTOTHBIX TIEPUOUYECKUX CUTHAIOB C BBICOKAM OBICTPOJCHUCTBUEM ISl PEIICHHS 3a/a4 PaJHOJIOKAIUH,
paZiiOHaBUTAIIH SIBIISIETCS aKTyalbHOU 3amadeil. Llenbio maHHON paOoTHI SBISJIOCH CO3/IaHHE HOBOTO M3-
Meputens (pa3oBBIX CABUTOB BHICOKOYACTOTHBIX MEPUOANYECKIX CUTHAIOB HA OCHOBE METO/A JBOWHOTO CO-
BITQJICHUS C UCIIOI30BAHNEM TIPSMOTO A(POBOTO CHHTE3a YaCTOT.

Ha ocHoBe mpeutokeHHOM MaTeMaTH4eCKOH MOJeNN M3MepeHHs (a30BBIX CIABUTOB MEPHOIMYECKUX
CHUTHAJIOB METOJ/IOM ABOWHOTO COBIIAJICHHS C HCIIOJIb30BAHUEM CTAaTHCTUYECKOTO HAKOIUICHUS WMITYJIHCOB
paspabotana (GhyHKIIMOHAIBHAA cxema MU(PPOBOTO M3MepHUTeNs (a30BBIX CABUTOB MEPHUOIUIECKHX CUTHA-
JIOB C UCIOJIb30BaHUEM TPSMOTO ITU(GPOBOTO CHHTE3ATOPA YaCTOT. DTO MO3BOJIMIO PEATM30BaTh §-pa3psii-
HBI peoOpaszoBareis (a30BOTO CABUTA CHTHAJIOB B KOJ HA TPOIPAMMHPYEMOU JIOTHIECKON HHTETpaTbHON
cxeme EPM240T100C5N dupmer Altera.

Hudporoit uamepurens (pazoBbIX CABHTOB IEPUOIUIESCKUX CUTHAIOB Ha OCHOBE METOJIa ABOWHOTO CO-
BITQJICHUS COCTOMT U3 JIBYX BXOJIHBIX YCTPOMCTB, ABYX (hopMupoBaTeneld KOpOTKUX UMITYIbCOB, MPSMOTO
() POBOTO CHHTE3ATOPA YACTOTHI, ABYX CXEM YIIPABICHUS CUETUNKAMU UMITYJIbCOB, BYX CXEM COBITAICHHH
KOPOTKHX UMITYJIECOB, IBYX CXEM YIIPABJICHUS CUETIYNKAMH UMITYJIHCOB, YETHIPEX CYETUUKOB TAKTOBBIX UM-
MyJILCOB, YETHIPEX PErHCTPOB, MUKPOKOHTpOILIepa 1 HHAUKaTopa. [Ipennoxennas 010k cxeMa peaan3aliu
M3MEPHUTENS IMEEeT MUHUMAJIHHYIO alllapaTHYIO CI0XKHOCTb.

3a cueT HCIoNB30BaHMs METO/1a JBOWHOTO COBMA/ICHHSI BpEMEHHAs 3a/IepyKKa MEX/Ty CUTHAJIaMH He 3a-
BHCHUT OT TIEpHO/Ia BXOJHBIX CUTHAJIOB U MOXKET OBITh Hal/IeHa TIPH H3MEHEHUH YaCTOTHI IEPUOTUIECKUX UM-
MyJIbCOB B MIUPOKUX Tipezenax. [lorpemmoctn m3mepenns Oy ryT OnpeensiThCsl B OCHOBHOM TOJIBKO JITUTEIh-
HOCTBIO UMITYJICOB COBIIAJICHNH. Vcrionp30Banne B OCHOBE pabOThI CTATUCTHYECKOTO HAKOTUICHHUS UMITYJTh-
COB TIO3BOJIFJIO YCTPAHUTh OTPaHUYEHUS Ha [UIUTEIEHOCTh HMITYJTFCOB M3BECTHBIX HOHIMYCHBIX H3MEPUTEIEH.

Ha ocHOBe mony4eHHBIX pe3yNbTaTOB UCCIIEOBAHNS pa3padoTaH BEICOKOPA3psIHBIN Ipeodpa3oBaTeb
(ha30BBIX CIBUTOB BHICOKOYACTOTHBIX MEPUOANYECKUX CHTHAIOB B JBOWYHBIN KOJ C BBICOKUM OBICTPOICH-
CTBHUEM JUIS 3a/1a4 PaIUOJIOKAIIH U PATUOHABUT AIIHN.

KiroueBble ci1oBa: MeTO JBOHHOIO COBIA/ICHHS, HOHUYC, M3MEPEHUE, U3MEPUTEIb CIBUTA (Da3bl, IPSIMON
IU(PPOBOI CUHTE3aTOP YaCTOTHI.
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Introduction

In modern measuring devices, different methods
of phase determination are used, such as: electron-
counting method for determining the phase shift
of'signals without frequency conversion (at frequency
up to 1 MHz), with frequency conversion (at
frequencies above 1 MHz), non-linear measurement
methods (single and multiple). The electronic-
counting method has a number of shortcomings: with
increased accuracy, the requirements for the speed
of the elements of the circuit (in particular, pulse
counters) are sharply increasing, and the measuring
time is also increasing. The use of non-native
methods of measurement allows partial elimination
of this measurement problem.

Non-native methods can improve the accuracy
of measuring phase shifts of signals using the same
element base. In addition, the nonius method allows
for high accuracy of measurement when using
reference frequencies close to the incoming signal
frequencies. Application of the principle of non-
dimensional measurements can significantly reduce
the duration of one measurement cycle.

In recent years widespread use has been made
of nonius methods of measurement. They are used in
the construction of the time-to-digital converter [1],
distance meters [2], radio frequency identification
sensors, as well as phase shift meters [3]. The use
of nonius methods of measurement allows to partially
eliminate the shortcomings of the electron-counting
method of measuring phase shifts of signals.
Nonius methods allow increasing the accuracy
of measurement of phase shifts of periodic signals
using the same elemental base. In addition, the nonius
method allows for high accuracy of measurement
when using reference frequencies close to the input
signal frequencies [4].

Nonius methods have certain limitations
associated with the need to change the duration
of pulses when the frequency of input signals
changes, to provide the required measurement
accuracy. That is, with the increase in the frequency
of input signals, it is necessary to reduce the duration
of'the pulses of the reference frequency, which makes
it difficult to use these methods at high frequencies.
In this case, it is necessary to form impulses
of nanoseconds and picoseconds duration. Ensuring
the stability of the duration of these impulses
is difficult enough to implement hardware [5].

The measured signal is usually sufficiently
long. During this time there can be hundreds

and thousands of its periods. At the same time,
the parameters of this signal remain stable during
the measurement. Noniuse method uses the first two
coincidences that occupy a small part of the time
interval, which decreases with increasing frequency.
Further increase in frequency leads to the need
to use shorter pulses, hardware to create difficult
to ensure repeatability of their characteristics.
The time increment of the measurement scale of the
non-native method should decrease in proportion
to the reduction of the measured signal period.
And the number of samples for this scale is limited
by the speed of the noniuse meter. The aim of the
work is to develop a method for measuring phase
shift and its practical implementation, using more
than two coincidences.

To eliminate the restrictions on the duration
of impulses of known nonunique methods, a method
of measurement is proposed based on a double match
with the statistical accumulation of the number
of pulses per cycle of measurement.

Main part

Let's consider a single nonius method, which
consists of measuring the number of non-null pulses
from the moment the input signal is received and
to the first coincidence of the main and non-
negative signals [6]. The accuracy of the method
depends on the duration of the nonius signal pulses.
The main node of the nonius phase meter is the
impulse generator of the nonius sequence. The task
of which consists in forming a sequence of impulses,
duration t and period T the following of which
must be in a certain way connected with the period
of following of the impulses of the test signal:

1

T= —k e (1)
36-10
and a reiteration period:
T = (1— - ij, ()
36-10

where k—the coefficient is selected based on the
specified measurement accuracy: with accuracy 1°
k = 1; with accuracy 0,1° k= 2; with accuracy 0,01°
k=3, T,T —periods of the reference and input
signals.

To obtain a phase shift counting directly in
radians, the shaper must produce a series of pulses
of duration:
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1

=T,
2n-10" °
with a reiteration period:

)

In nonius meters, the increase in accuracy
by several orders of magnitude leads to an increase
in measurement time. There are also high demands
on the stability of the formation of the period
of the reference and nonius sequences, due to the
accumulation of errors in the measurement process
due to the addition over time of the duration
of separate periods.

The elimination of some of the deficiencies
of the nonius method is carried out by applying
the method of multiple nonius. The method involves
the use of several nonius scales in the conversion
process (one for each rated discharge or group
of discharges) and is implemented in two ways.
The first way is characterized by the fact that all the
nonius scales are compared with another reference
scale. The second way of implementing the method
of multiple nonius is associated with the use of the
preliminary transformation stage at each subsequent
stage as a reference nonius scale.

When measuring phase shifts of signals by
the multiple-nonius method, the memory device
reproduces a time interval proportional to the
phase shift angle. For example, taking into account
expressions (1) and (2) for 3 digits, the system
of equations will be:

T

T..

X

2m-10*

26 35 35,9
Tl =£ x; 2 =£ x; 37 36 Tx
; 3)
10 1 1
T1 :_Tx; TZ :_Tx; TS :_Tx
36 36 360

where T — period of input signal; 7', T, T, — periods
of reference signals; 1, 1,, T, — pulse durations.

In this case, the readings counter of senior level will
be calculated in hundreds of degrees, the second level —
in tens of degrees; third level — units of degrees, etc.

From (3) it can be seen that the hardware
complexity of this method increases significantly,
the number of generators and pulse shapers increases.
For each discharge need one nonius sequence
generator and pulse generator.

In the method of multiple nonius, the
performance of the meter is improved, its dynamic
characteristics are improved compared with the
single nonius method.

Resolution in nonius methods is defined by the
following expression:

360- At
8 —

¢

=360-At- f,, 4)

where At =T — T | the ratio between the periods
of the input and reference signals; f, — input signals
frequency.

Expression (4) indicates a problem with high-
frequency phase angle meters. With an increase in input
frequency, the decrease At with a constant value 6 is
inevitable. But decrease At requires the use of high-
speed and highly stable digital components. That is, the
decrease At leads to a decrease in the duration of the
coincidence pulses. So, in the scheme of coincidence
all shorter coincidence impulses should be formed.

The duration of the coincidence pulses in the
nonius methods is determined from the expression:

T=|T, -7 ®)

Expression (5) determines that the pulse duration
must be equal to the difference between the periods
of the input and reference signals. According to the
increasing frequency of the input signals, the duration
of the coincidence pulses should be reduced.

Table 1 shows the values of the pulse duration t,
which is necessary to provide the necessary resolution at
different frequencies, according to expressions (1), (2).

Table 1

Pulse duration using the nonius methods

Frequency  Duration of coincidence pulses (seconds)
with a minimum error, measuring
the angle of the phase shift (degrees)

To 1° To0,1° To0,01° To
0,001°
1 kHz 3x10° 3x107 3x10°8 3x10°
10 kHz 3x107 3x108 3x107 3x 1010
100 kHz 3x10°® 3x10° 3x101°  3x10M
500 kHz 3x10° 3x101°  3x10" 3x107"?
1 MHz 3x107 3x101°  3x10" 3x107"?
10 MHz 3x10°  3x10M  3x102  3x10"
Table 1 shows that in nonius methods,

the principled problem is that with the increase in
the frequency of input signals, we need to generate
pulses of shorter duration to provide the required
resolution. That is, with the increase in the frequency
of input signals, it is necessary to reduce the duration
of the pulses of the reference frequency, which makes
it difficult to use these methods at high frequencies.
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Solution

In order to eliminate the disadvantages of nonius
methods [4-8] due to the necessity of using the
minimum duration pulses, it was suggested to use
the method of double coincidence with the statistical

accumulation of pulses, which made it possible to
increase the accuracy of determining the phase shift
angle in the larger frequency range by achieving a
smaller equivalent pulse duration with an acceptable
measurement time.

NiT,
Ny
U [ 1 I I ) I I A A A | [ 1 1 l

] Ix : t

| '

L M N
uw, [ | N I O A S A |
_»_(L Tx 1- coincidence . 2 - coincidence n - coincidence - Lot

! S R N Np:
fo | 1 | | N Y Y I I L

L ' T 3 | S
NiTo=N;T,
N2Tp=Nj T+,

Figure 1 — Time charts of the double-matching method with the statistical accumulation of pulses

The method of double coincidence can be
measured phase shift ¢ (Figure 1), that is, an
equivalent interval ¢ , to which the two periodic pulse
sequences with a period are shifted 7.

Expression for measuring the time interval 7
double-matching method:

N,

(6)

Ty,

where N, — the first periodic sequence of pulses with
a period T; N, — second periodic sequence of pulses
with a period 7; N,'—the first periodic sequence
of pulses with a period 7 ; N,'—second periodic
sequence of pulses with a period T .

Analysis (6) shows that tx does notdepend on 7.
So, the time interval can be found when changing
the frequency of periodic pulses in wide limits.
Measurement errors will be determined mainly by
the duration of the pulses .

In the general case, the phase shift ¢ of the
signals is determined:

T [e}

9, =360, (7)

In expression (7), unknown is only 7 is the time
interval between the moments when the signals are in
identical phases. In order to measure the phase by the
proposed method, it is only necessary to determine
T, in our case it is identical 7 — the interval on which
the shifted two periodic pulse sequences are shifted.
Thatis,t=¢ .

The expression for measuring the phase shift of
the signal by the proposed method will have the form:
N 1 N, - N, 2 N

- :360°.
o [ Nl ]

The main advantages of the double-matching
method are to increase the accuracy of the
measurement in comparison with the nonius
methods due to the almost complete elimination
of the sampling error (methodical error).

Additional sources of errors arise due to
incomplete coincidence (partial overlapping)
of pulses in the coincidence scheme, duration and
form of countable impulses.

The use of statistical accumulation of pulses
allows us to use impulses of longer duration than
in nonius methods of measurement, under fulfilling
the condition:

(®)

>1,

Tcoincidence

)
T

where t . —duration of pulses in the
method of double coincidence with the statistical
accumulation of pulses; T — duration of impulses in
nonius methods.

The pulse duration for the double-matching
method with the statistical accumulation of the
pulses will be determined by the expression:

T

X

36-10°°

X

(10)

coincidence =

where T — input signal period (Figure 1).
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The analysis of expressions (9), (10) shows that
the method of double matching with the statistical
accumulation of pulses provides the possibility
of setting the pulse duration in a sufficiently wide
range. That is, it allows you to use constant pulse
duration over a wide range of input frequencies.
And since there is a multiplicity of coincidences,
the effective duration of the coincidence pulses
begins to decrease in the number of times
of coincidences:

Te — Tcoincidence ,
n
where n — number of matches.

When growing n—w, t . . —0, and taking
into account expression (4), the potential error
of measurement of the phase shift angle also tends
to zero. From a practical point of view it is clear that
achievement n—oo it will take an infinitely long time,
it is impractical.

The measurement time can be determined as:

t=n-t

coincidence °

where ¢ — time between matches.

coincidence
Table 2 shows the pulse duration values using

the double-matching method with the statistical

accumulation of pulses, expressions (9), (10).

Table 2
Duration of pulses using a double-matching
method with the statistical accumulation
of pulses

Fre- Duration of pulses of coincidence (seconds)
quency with a minimum error of measurement of the
angle of the phase shift (degrees)
Tol° To0,1° To001° To

0,001°

1kHz  >3x10°

10kHz >3x10° >3x107?

100kHz >3x10? >3x107?

S00kHz >3x10? >3x107

1 MHz >3x10° >3x10°

I0MHz >3x10° >3x10°

Table2 shows that pulses of greater

duration (10) can be used in the double-matching
method at the same frequencies and resolution, as in
nonius methods, due to the statistical accumulation
of pulses. The method of double matching with the
statistical accumulation of pulses allows measuring
phase shifts of signals in higher frequency bands.

On the basis of the mathematical model (8, 10),
the structure of the double-matching digital phase
meter with the use of direct digital synthesizer (DDS)
has been developed, see Figure 2:

Pulse .
—> Register 1
Pulse count [—> countl |
control circuit
Pulse .
U R Input Pulse count2 [T Register 2
device shaper
Coincidence l
circuit K
Pulse DDS Microcontroller [—>|  Indicator
generator )
9
Coincidence
circuit
U Input Pulse
device shaper Pulse | 15| Register 3
¥ count 3
Pulse count
control circuit — .
L —> Register 4
count 4

Figure 2 — Block diagram of a double-matching digital phase meter using direct digital synthesizer

The digital phase meter consists of the following
blocks: two inputdevices that receive signals of the form
U cos(of) and U cos(wt + @), the phase shift between
which it is necessary to measure, two pulse shapers,
two pulse count control circuits, two coincidence
circuits, four counters pulses, four registers, pulse
generator, DDS, microcontroller and indicator.

One input device used as source of reference
input signal for measurer, and another used as source
of signal to be measured. Each of pulse shapers are
independent devices. Main purpose of shaper is
generating pulses with stable and repeated in time
parameters — width, rising and falling edges. Each
shaper can be as integrated part of input device.
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Pulse generator as reference source for DDS
with DDS gives us wide-range generator with fast
and reliable software control. This DDS allows us to
have stable source of reference pulses for coincidence
procedure itself.

As we can see from Figure 2, double-matching
digital phase meter use two similar but independent
parts — upside part consist of Pulse counter 1 and
Pulse counter 2, Register 1 and 2. And downside
part consist of Pulse counter 3 and Pulse counter 4,
Register 3 and 4. From the values of Register 1,
Register 2, Register 3 and Register 4 with use (8),
Microcontroller take decision about which input
device is used as reference U cos(w?). Block diagram
of a double-matching digital phase meter using DDS
shown in Figure 2 use minimal hardware logic.

Timing diagrams of the operation of the phase
meter are shown in Figure 3:

100.0 ms 150.0 ms 200.0 ms 250.0 ms

CICIONIOIBICIONIS

S

@

a

300.0 ms 350.0 ms 400.0 ms

ECRASICCICISSS

88

@

b

Figure 3 — Timing diagrams of the operation of the
phase meter: a — start of measurement; b — completion of
the measurement

The method of measuring the phase (Figure 3),
which is realized by the proposed structural
scheme, is as follows. In input devices, analog
input signals are converted to digital signals of a
rectangular shape (diagrams 1, 2) with preservation
of the frequency and phase relations between them.
Shaper pulses convert rectangular waveforms into

short pulses (diagrams 3, 4). The coded frequency
synthesizer generates a reference signal (diagram 5).
The synthesizer is based on a phase accumulator
in a non-positional system of numbers [9, 10].
The impulses of the two input sequences are
compared to the signal that forms the DDS. At the
output of the coincidence schemes, we get short
coincidence impulses (diagrams 6, 7). Further, the
coincidence pulses enter the pulse count control
circuitry, which form the control signals for the
start and end of the count (Figure 8, 9). Four pulse
counters count the values of the numbers N, N/,
N,, N,'. The calculated pulses are then written to the
data registers (diagrams 10—13), the microcontroller
reads the data from the registers, calculates the
phase shift values according to (10), and outputs
the value of the phase shift angle on the indicator.
The process of calculating pulses of coincidence
cyclically repeats itself.

The simulation of the proposed structure of
the digital phase meter in the MAX+PLUS 1I
BASELINE software v10.0 from the Altera company
was carried out. On the basis of which the analytical
expression of the absolute error is established:

| (T, -T;) - 2mn
A(p—[—T }

X

In Figure 4 shows the graph of the absolute error
of time variation at 10 MHz for the coincidence pulse
duration — 3ns, 5ns.

0,3 1

—8—3ns —&—>5ns

o o
)
=, N,

Absolute error, deg.
o
o
(%]

o

200 250 300 350 400 450 500
Numbers of coincidence, n

Figure 4 — Change of absolute error in time depending on
pulse duration at frequency 10 MHz

As can be seen from Figure 4 that for different
values of the duration of the coincidence pulses we
have different values of absolute error at the beginning
of the measurement, but with increasing number
of coincidences, the results of the measurement
approach to its true value. When using 200 matches,
the absolute error reaches: pulse widths 3 ns — 0.21°,
5 ns — 0.3°. When using 300 matches: pulse duration
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3 ns—0.065°,5 ns—0.15°. When using 400 matches:
pulse duration 3 ns —0.02°, 5 ns — 0.06°. But, if using
500 coincidences for the duration of pulses of 3 ns
and 5 ns of pulses, the absolute error was 0.01°.

Due to the instability of the input signals
frequency, false coincidences may occur. In nonius
methods this can lead to a gross error in the operation
of the device. From expression (8) it can be seen
that the counters can calculate how much one pulse
is greater or less. In Figure 5 shows the dependence
of absolute error on the presence of false
coincidences using the double-matching method
with the statistical accumulation of impulses:

2,00
1,00

0,00

200 300 400

Absolute error, deg.

1,00

-2,00 Numbers of coincidence, n

Figure 5 — Change of absolute error in time depending
on the number of false coincidences at a frequency of
frequency 10 MHz

The method of double matching allows us
to eliminate the problem associated with a false
coincidence of impulses (Figure 5), which may arise
due to the instability of the input signal frequency.
That is, due to the accumulation of measurement
results with an increase in the number of coincidences,
the absolute error of measurement is reduced.

Conclusion

As a result of the analysis of nonlinear methods
for measuring phase shifts of signals, it has been
established that the existing methods do not allow
to solve the problem of precision increase in the
phase meter devices at high frequencies effectively.
For nonius methods, this is due to the need to
reduce the duration of pulses with an increasing
frequency of input signals and high requirements
for the stability of the formation of periods of
input and reference signals. In order to improve the
accuracy and eliminate the defects of nonius meters,
it is suggested that the authors use the method
of double coincidence with the statistical
accumulation of impulses.

The application of the double-coincidence
method with the statistical accumulation of pulses
solves the fundamental problem of nonius methods
of measurement associated with the need to apply
pulses of different durations with the simultaneous
synchronization of the inclusion generators of nonius
sequences. The method of double matching gives the
opportunity to eliminate the fundamental limitation
of nonius methods for the duration of coincidence
pulses at high frequencies. The application of the
statistical accumulation of coincidences pulses gives
the possibility to generate pulse duration more than
in nonius methods of measurements. This allows
the use of continuous pulse generators regardless
of the frequency of the input signals and measure
phase shifts of signals over a wide frequency range
using a single of Direct Digital Synthesizer to form
reference signals. Due to the statistical accumulation
of coincidence of pulses, the error of determining the
angles of phase shift decreases due to the instability
of the frequency of the reference and input signals.
This method allows obtaining approximate phase
shift values to complete the complete measurement
cycle by using the statistical accumulation of pulse
coincidences and reducing the equivalent pulse
duration. On the basis of the method of double
matching with the statistical accumulation of
pulses, a structural diagram of an automated phase
signal meter is developed. The 8-bit phase shift
converter between the harmonic signals in the code
is developed. The scheme is based on Altera's high-
speed programmable logic EPM240T100C5N.
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MeToas! N3MEPEHNH BpEMEHH 3a/1€PKKH MEXK 1y MTEPUOANYECKUMU MTOCIE0BATEIBHOCTIMYI UMITYJILCOB
OCHOBAaHBI B OOJIBIITMHCTBE CBOEM Ha HEMIOCPEJICTBEHHOM U3MEPEHHH PaccMaTpuBaeMoro napamerpa. [ nas-
HBIM HEJIOCTAaTKOM TaKOT'O MOJAXOAa SBJSIETCS TPYJHOCTh OOECIEYEHUsI TOYHOCTH M3MEPEHUH B YCIOBHSIX
mymMoB. Llenbio gaHHON paOoTHI sSBIsATach pa3padoTKa METO/a, 00ECIeUNBAIOIIETO BO3MOXKHOCT TOYHOTO
M3MEpEHMsI MaJIbIX U3MEHEHUI BPEMEHHBIX HHTEPBAJIOB, OCHOBAHHOTO HA aHAJIM3€ AMHAMUYECKHUX CBOICTB
CIEKTpPa CYMMBI 3a/IepKaHHBIX H3MEPUTEIBHBIX CUTHAJIOB.

CyTb pa3paboTaHHOI'O METOAA 3aKJII0YAETCs B 3aMEHE MaJO4yBCTBUTEILHON PETHCTPALUN U3MECHEHHH
BPEMEHHM 3aJEPKKU MEXKAY NMEPHOANUECKUMH MTOCIEA0BATEIBHOCTIMH UMITYJIbCOB, PETUCTPALIUE U3MEHe-
HUHN MapaMeTpoB XapaKTEPHBIX FapMOHMYECKHUX COCTABISIONIMX CIIEKTpa Pe3yJIbTHPYIOMIEH CYyMMBI 3THX
curHanos. [Ipu 3ToM B paccMOTpeHHE MPUHUMAIKNCH TOJIBKO T€ TAPMOHHUYECKHE COCTABIIAIOIINE, KOTOPBIE
00J1aal0T MaKCUMaJIbHOH YYBCTBUTEIBHOCTHIO K OTKJIIOHEHHUSIM BPEMEHH 33€P’KKA M MHHUMAJIbHON 1yB-
CTBUTEJIHOCTBIO K HEKOPPEINPOBAHHBIM M3MEHEHUSM IapaMeTpoB CUTHAJOB. I HOCTHIKEHUS MaKCH-
ManbHOTrO 3(Qdekra uccnenoBanoch BIUAHUE (OPMBI UMITYJIBECOB MEPHOAMYCCKHUX IOCIIECI0BATEILHOCTEH
Ha TOYHOCTH M3MepeHuid. [Ipudem 3a 6a30Byr0 mpuMHHMaNach TpanelueBUAHAsS (GopMa MMIYJIBCOB — Kak
HaunOoJee 0011asi, B KOTOPYIO MOTYT EPEPOKAATHCS BCE OCTANbHBIE OPMBI UMITYJILCOB (TPEyroiibHasl, Mpsi-
MOYTOJIbHAsSI, CAHYCOMIAJIbHAS U T. 11.).

PesynbTathl pacueToB nokazanu 3((HEeKTUBHOCTh IPUMEHEHHSI PEAIaraeMoro MEeTo/1a ¢ Lelblo CHUKe-
HUS TOTPELIHOCTH U3MEPEHUI MalbIX M3MEHEHUI HHTEpBaioB BpeMeHu. [Ipu atom koadduument ocnabie-
HUSI TIOTPENIHOCTH 110 CPABHEHUIO € CYLIECTBYIOIIMM METOIOM M3MepeHus cocTaBun K| == 4,78.

Hcnonp3oBaHue NpeaoKeHHOrO MOAX0/1a OTKPBIBAET BO3MOKHOCTh COBEPIIEHCTBOBAHUS aJITOPUTMHU-
YEeCKOT0 00eCTeYeHus CPEACTB U3MEPEHHUH B LIENAX X aBTOMATH3alMU U YBEIMYCHHUSI TOYHOCTH N3MEPEHHH.

KuaroueBsble cioBa: nepuoandeckas Mociae0BaTeIbHOCTh UMITYIbCOB, U3MEPUTENbHBIA CUTHAN, TAPMOHU-
YeCcKHe COCTaBIIIOLINE CIIEKTPA, BPeMs 3aIePAKKH.
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Abstract

Methods of measuring delay time between periodic sequences of pulses are mostly based on the
considered parameter direct measurement. The main disadvantage of this approach is the difficulty
of ensuring the measurements accuracy in the noise conditions. The aim of this work was to develop a
method that provides the ability to accurately measure small changes in time intervals, based on the analysis
of the dynamic properties of the spectrum of the delayed measurement signals sum.

The developed method essence is to replace the insensitive registration of changes in the delay time
between periodic pulses sequences, registration of changes in the parameters of the characteristic harmonic
components of the spectrum of the resulting sum of these signals. In this case, only those harmonic
components were taken into consideration that have a maximum sensitivity to delay time deviations and a
minimum sensitivity to uncorrelated signal parameters changes.

To achieve the maximum effect, the influence ofthe pulse shape of periodic sequences on the measurement
accuracy was investigated. Moreover, the trapezoidal form of impulses was taken as the basic - as the most
common, into which all other forms of impulses can be reborn (triangular, rectangular, sinusoidal, etc.).

The calculation results showed the effectiveness of the proposed method in order to reduce
the measurement error of small changes in time intervals. In this case, the attenuation error coefficient
compared with the existing measurement method amounted to K, = 4,78. Using the proposed approach
opens up the possibility of improving the algorithmic support of measuring instruments in order to automate
them and increase the measurements accuracy.

Keywords: periodic pulse sequence, measuring signal, spectrum harmonic components, delay time.
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BBenenue

TpynHoCcTh 0OecieueH s BBICOKOH CTa0HIbHOC-
TH pabOTBl TEHEPUPYIOIIEH anmapaTypbl 00yclaB-
JUBaeT (QIIYKTyaluio HMapamMeTpoB H3MEPHTEIbHBIX
CUTHAJIOB B HEKOTOPBIX IIpeJIeNax Cc TEYeHHEM BpeMe-
uu [1]. CaMu 5xe CUTHAIIBI IPU 3TOM MOKHO CUUTATh
JUHAMMYECKUMH, YTO MpeayCMaTpUBaeT X aHaJIu3
KaK BO BPEMEHHOH, TaK M B YacCTOTHOH 001acTsX.
Habnronenune $hopmbl UMITYyJTBCOB OCYIECTBISIETCS
BO BPEMEHHOH 00sacTh (C TMOMOIIBIO OCIHMIIIOrpa-
¢a), Toraa Kak B 4aCTOTHOW 00JIACTH M3Y4alOT CIIEK-
TpaJIbHBIA COCTaB CUTHAJIOB (C MOMOIIbIO CHEKTPO-
aHanu3aTopoB) [2]. OgHaKo HA CErOTHSIIHUN ACHB
M3BECTHBIE METO/IbI TIO3BOJISIOT MIPOBOJIUTE U3MEpe-
HUE BPEMEHHBIX MHTEPBAJIOB MEX/1y NEPUOINYECKH-
MU TOCJIEI0BATEIbHOCTIMU UMITYJIECOB B OCHOBHOM
BO BPEMEHHOW 00JacTH, a TOYHOCTh 3TUX METOJIOB
B HEKOTOPBIX CIIy4asx HE JOCTaTOYHA JUIsl pelIeHUs
HM3MEpUTENbHBIX 3a/1ad. Tak, HanmpuMep, TPyAHOCTH
BO3HHUKAIOT MIPU U3MEPEHUH U3MEHEHUH BPEMEHHBIX
rapaMeTpoB CUTHAJIOB 32 MaJIbli MHTEPBAJl Bpeme-
HU, BEJIMYMHA KOTOPOT'0 HE MPEBBIIIAET Iopora Juc-
KpEeTH3aluK HUPPOBBIX CPEACTB H3MEPEHUSI.

B oTHX ycioBusx wLenecooOpa3HOU sBIsieTCS
pa3paboTka MeToJa U3MEPEHHsI BPEMEHHBIX UHTEp-
BaJIOB MEX/ly IEPUOANYECKUMHU TOCIIE0BATEIBHOC-
TSIMH UMITYJIbCOB IIyTEM aHaJi3a B YaCTOTHOM o0a-
CTH, TO3BOJISIOIIETO C JOCTaTOYHOMN JUI NMPaKTUKU
TOYHOCTBIO OIIEHUBATh UX U3MEHEHHS BO BPEMEHHU.

B HacTosimiee BpeMsi paznuyaroT JIB€ OCHOBHBIE
IpyNIbl METOJIOB HM3MEpPEHHs BPEMEHHBIX HHTEp-
BaJOB: OCHMJUIOrpaduyecKue, HIIEKTPOHHO-CUET-
weie [3]. K ocummnorpaduueckum meTomam u3Me-
peHMsI BPEMEHHBIX MHTEPBAJIOB OTHOCATCS METOJIbI
C JIMHEMHOW pa3BepTKOM U CO CHUPAIBLHON pa3BepT-
koi [4]. OCHOBHBIMH HEIOCTATKAMU ITHX METOJIOB
SIBIIIFOTCS: HEBO3MOYKHOCTDh PETHCTPALIMU MaJIbIX U3-
MEHEHHUI BpEMEHHBIX HHTEPBAJIOB M HEBO3MOKHOCTD
oOecrieueHnsl aBTOMaTu3anuu u3mepenuit. K amek-
TPOHHO-CYETHBIM METOJIaM H3MEpPEHUs] BPEMEHHBIX
HMHTEPBAJIOB OTHOCSTCA: METOJ IOCJIE0BATEILHOTO
cyera, METOJ 3aJIep’KaHHbIX COBIAJEHUH, HOHUYC-
HBIH METOJ, METOJ| PeoOpa3oBaHKs BpEMs-aMILIN-
TyJa U MeToJ| peobpa3oBaHusi Macitaba BpeMEeHU
(undpooit merox) [5-8]. OcHOBHBIMH HemocTaTKa-
MU 3JIEKPOHHO-CUETHBIX METOJIOB SIBJISIIOTCS: CIIOXK-
HOCTb U3MEPEHUS BPEMEHHBIX HHTEPBAJIOB, MEHBIIINX
YeM TepHoJl KBaHTOBaHHS, HEOOXOIMMOCTh obecrie-
YEHUsI BBICOKOM CTAOMITBHOCTH PaOOThI 2JICKTPOHHBIX
9JIEMEHTOB MCTOYHHKA CHUTHAIIOB Ul 00ECHIeYCHUS
TOYHOCTH HW3MEpPEHHH, OOJbIIasi HHEPIHOHHOCTD

M3MEPEHUH, CII0O)KHOCTh PETUCTPAIIN MAJTBIX N3MEHE-
HUM BpEMEHHBIX HHTEPBaAJIOB. M3 MpOBEIEHHOI0 aHa-
JM3a CIIeAyeT, YTO OCHOBHBIM OOIIMM HEIOCTaTKOM
CYIIIECTBYIOIINX METOJIOB HM3MEpPEHHs] BPEMEHHBIX
WHTEPBAJIOB SIBJISIETCSI HEBO3MOXHOCTH ONPECIICHHS
MaJIbIX U3MEHEHUI BpeMEHHbBIX UHTEpBaIOB. Llenbro
paboTHI SBISIACH pa3paboTKa MeToaa, oOecreunBa-
IOIIETO BO3MOYKHOCTh TOYHOTO HM3MEPEHHS MabIX
W3MEHEHHH BPEMEHHBIX WHTEPBAJIIOB, OCHOBAHHOTO
Ha aHaJn3e IMHAMHYECKUX CBOWCTB CIEKTPa CyMMBI
3aJIepKaHHBIX H3MEPUTEIHHBIX CUTHAIIOB.

OcHoBHAAl YaCTh

B GonbmMHCTBE pacCMOTPEHHBIX METOJIOB H3-
MepeHHsI BpeMEHHBIX HHTEPBAJIOB B KauecTBe 0a3o-
BOM (POPMBI UMITYJILCOB UCIOJIB3YETCS IPSMOYTOJIb-
Hast popma. OHAKO B peabHOCTH, M3-3a 0COOEHHO-
cTeil paboThl TeHEPUPYIOLIEH anmnapaTypbl, H3MepH-
TEeJIbHBIC UMITYJIbCHI UIMEIOT PpoHTH. Hamimuue sTHx
(poHTOB 00ycCIaBIMBAET TMOTPEIIHOCTh, 3HAYCHUE
KOTOpPOM MOXKET JOCTUTaTh JOCTATOYHO OOJIBIION
BEJIMYHMHBI, 0OCOOEHHO €CIM JUIMTENBLHOCTh (PpoHTa
HMMITYJIbCca COU3MEpPUMa C ITMHON U3MEPSEMOro Bpe-
MEHHOT0 HHTepBaia. O4eBUIHO, YTO /Ul CHUKEHUS
MOTPEIIHOCTH M3MEPEHHUH CIIeyeT YYUTHIBATh ITY
0COOCHHOCTh M paccMaTpuBaTh MPH pacyeTax M3-
MEpUTEIbHBIE UMITYJIBCHI B OOIIEM Cllydae Kak UM-
MyJbChl TpanenueBugHoi Gopmsl. [Ipu stom, Tpa-
MEIMEBUIHBIA MMITYIbC MOXKET OBITH HpEACTaBIICH
Kak pe3yJabpTHpYIOLIas CyMMa 3aJIepKaHHbIX U ype-
3aHHBIX IO BPEMEHHM MPSMOYTOJIBHBIX, TPEYTOIbHBIX
WM CHHYCOMIAJIbHBIX UMITYIbCOB (PUCYHOK 1).

U, mV
1,6
1.4
i2
1,0
0,8
0,6
0,4
0,2

0 L f 1 L h L L s L
005 0,15 025 035 0,45 0,55 0,65 0,75 0,85 0,95 ¢ us

Pucynok 1 — Paznenenue TpanenueBUIHOIO HUMITYJIbCa
Ha UMITYJIbCHI TPEYTOIbHON, MPSIMOYTOJIBHON U CHHYCO-
uaanbHoU Gopmbl

Figure 1 — Trapezoidal pulse separation into triangular,
rectangular and sinusoidal pulses

Kpome Toro, m3meHsisi yroin HakJIOHa (POHTOB
TPaneUEeBUIHOTO UMITYJIbCA, MOXKHO IIOJYyYUTb UM-
MYyJbChl TPEYTOJBHOH W TPSMOYTOIBHOH (opMmBbl,
a U3MEHSIsl KpUBU3HY ()POHTOB — MMITYIIbCHI CHHYCO-
WAATBHOM U Apyroii GopMbl (PUCYHOK 2).
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Pucynok 2 — I[IpeoOpa3oBanue TparennueBuHON Gopmbl
CUTHajia B NPSIMOYTOJIbHYIO, TPEYTOJbHYIO U CHHYCOH-
JAIbHYI0 (hopmy

Figure 2 — Trapezoidal waveform conversion to

rectangular, triangular and sinusoidal shape

a

Crenyer OTMETUTh, YTO CIEKTPHl pacCMaTpH-
Ba€MbBIX CHTHAJIOB (PUCYHOK 2) WUMEIOT CXOXKYIO
cTpyKTypy. Tak Ha pucyHke 3 MOKa3aHbl CHEKTPbI
MPSIMOYTOJILHOTO, TPEYTOJIBHOTO W TPAIECIIHEeBHI-
HOTO WMITYJIbCOB TIPH OJUHAKOBBIX OCHOBHBIX ITa-
paMeTpax CUTHaJIoB: ammiuryga — 1,4 mV; anu-
TEJIBbHOCTh UMIYJbcOB — 0,3 ps; mepuoxn cieno-
BaHHUS MMIYIbCOB — 7,5 us (CKBaXHOCTH — 25),
(mmTUTENPHOCTH (PPOHTA TPAEIIMEBUIHBIX UMITYITb-
coB — 0,1 ps, AATETLHOCTh (PPOHTA TPEYTOIHHBIX

uMITybcoB — 0,15 ps).
U, mV Pulse as Gauss function
_ .- Wvnyasc B Buae ¢pynkuun Fayca
o Triangular pulse
E" ’TpEyFOJLHLIﬁ HMITYTIBC
- Square pulse
_ =~ TIpAMOYTObHEI HMITyIbC

Trapezoidal impulse
_ -~~~ TpaneuueBu IHbIil HMITYTbC

24

32

40 48 56 64 72 n

Pucynok 3 — CiekTpsl MepHOAMYECKUX ITOCIIECAOBATEIb-
HOCTEW UMITYJIbCOB TPEYTOJILHOM, IPSIMOYIOJIbHON U Tpa-
TIEITMEeBUIHON (POPMBI

Figure 3 — Periodic pulse sequence spectra of triangular,
rectangular and trapezoidal shape

Pesynbrartel aHanMsza CIEKTPOB PAacCMOTPEH-
HBIX CHTHAJIOB MO3BOJISIIOT TOBOPUTH O BO3MOYKHO-
CTH NPUMEHEHUS Ul WX HCCIEIOBAHUS EIUHOTO
MaTeMaTH4YEeCKOro arnapaTa Ha OCHOBE BBIPayKCHHH,
OMKCBIBAIOMINX MOCIE0BATENILHOCTH TPACLUeBH I
HBIX UMITYJIBCOB. [Ipeskae Bcero, mepexos K paccMo-
TPEHUIO TpPaNelMEeBUAHBIX HUMITYJIECOB HEO0XO0AUM
Ipyd H3MEPEHUH BPEMEHHBIX HHTEPBAJIOB MAaJoOil
JUINTENTBHOCTH MEXy NEePUOAMYECKHMH IOCIEI0-
BaTENLHOCTSIMU MPSIMOYTOJIBHBIX UMITYJIbCOB, KOTa
CYLIECTBEHHOE BIMsSHUE HAa PopMy MX (PPOHTOB Ha-
YMHACT OKa3bIBaTh HECTAOMIBLHOCTD TeHEPUPYIOIICH
anmapatypsl [9].

Jlnst ompesieNieHnsT BPEMEHH 3aJIePKKH MKy
JIBYMSI  MMITyJbCHBIMH  TIOCJICAOBATECIBHOCTIMU
MpeJyilaraeTcss MCIOJIb30BaTh MapamMeTphbl CIEKTpa
CYMMBI 3THUX CHUTHAaNOB. Tak, HarmpuMep, aMILUIUTY-
JIbl TAPMOHUYECKUX COCTABIISIFOIIUX CIIEKTPa CYMMBI
JBYX 3aJIepKaHHBIX HMITYJIbCHBIX ITOCIEIOBATEIb-
HOCTEW TpamnenreBUIHBIX HMITYyJIECOB (PUCYHOK 4)
MOJKHO PaCCUUTATh B COOTBETCTBHH C BHIPAKCHUECM:

. 2ET, ATRI ﬂn(T—T ) Tt
U=+ L Nlsin " lcos = (1)
T, T, T, 0
rue ‘Un — MOJYJIb aMILTHTYJIbI TAPMOHUYIECKOU COC-

TaBISIOLIEH ¢ HOMEPOM 71; £ — aMIUIUTYla CUTHAJIA;
T — VIUTENBHOCTh  MMITYJIbCa; T, — Mepuoa Clieso-
BAHWs TPAICUMCBHIHBIX HMITYIbCOB; T, — JUTHTCIIb-
HOCTH ()POHTOB TPAEIIMEBHTHOTO UMITYJIbCa (B CITy-
4ae Koraa T, =1, =1,); {, — BpEMs 3JCPIKKH MEKIY
JIBYMSI UMITYJIbCHBIMU TIOCIIEIOBATEIHHOCTSIMH.

U

—i-

ur) bl

Pucynok 4 — 3anepxaHHbIe TIEPHOANYECKIE MTOCICI0BA-
TEJILHOCTHU TPAIICIIUEBHIHBIX UMITYJIbCOB

Figure 4 — Delayed periodic trapezoidal pulse sequences

Bripaxxenne (1) mokaspIBaeT, 4TO CTCIICHb H3-
MEHCHHMSI 3HAYCHUH OT/ENBbHBIX CIEKTPATIbHBIX COC-
TaBJIAIOIMX P U3MEHEHUH 3HAYEHUS /. PasindHa.
CnepoBarenbHo, 3agaBas T, 1 o> T MOJKHO HaWTH TC
TapMOHHYECKHE COCTABIISIONINE, YYBCTBUTEILHOCTD
KOTOPBIX K HM3MEHEHMIO [ OyleT MaKcUMalbHa,
a K I3MEHEHUSIM OCTaJbHBIX IMapaMeTpPOB WMITYIb-
COB, O0YCIIOBJICHHBIM HECTAOMIHFHOCTHIO TEHEPHUPO-
BaHus, — MmuHuMaibHa [10]. Onpenenenue HOMEpa
YaCTOTHOM COCTaBJISIONICH CHT'HAJa, HauboJiee 4yB-
CTBUTEIBHON K U3MEHEHUIO /_, IPETYyCMATPUBAET MC-
CJIEJIOBaHUE €ro CIEKTpa IMyTeM aHaJlh3a YacTHBIX
MIPOU3BOIHBIX BBIPAXKECHHS /IS pacdeTa aMIUTATYI
€r0 YaCTOTHBIX cocTaBisromux [11]:

n

_d,

d|u,| dlu
+ AT, +
drt

AU AT+

At, At (2)

ntl

d|U,
; N dt

e AT, Arf, AT — M3MEHEHHUs MapaMeTPOB CUTHA-
nos (T, T, T), 0OyCIIOBJICHHBIC HECTAOUIBHOCTHIO
TEHEPUPOBAHUs, Al — ONPENETAEMOE U3MEHEHUE
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BPEMEHH 3a/IepKKH 7. IIpuuem nepebie TpH 4ieHa
BBIpaXeHHS (2) SBISIOTCS a0CONFOTHOM MOTPEITHOC-
THIO NIPH HU3MEPEHHH HH(POPMATUBHOTO MapamMmeTpa
curHana (At). Jlpyrumu crnoBamu, MOMCK oOnacTei
CTIEKTpa, UMEIOIINX OJHOBPEMEHHO MHUHHMAJBHYIO
4yBCTBUTENBHOCTh K M3MECHEHUAM T, T, T U Mak-
CHUMAJIbHYIO YYBCTBHTENBHOCTh K HM3MCHEHHAM [

TIO3BOJIUT OOECIIEYNTHh BO3MOKHOCTB ITOIABICHHS
BIIMSTHHS JIeCTaOMITH3UPYOIMNX (pakTopoB, 00ycIoB-
JICHHBIX HECTaOMJIBHOCTBIO  (DYHKIIMOHUPOBAHUS
9IIEMEHTOB U3MEPHUTEIBHBIX YCTPOUCTB.

Cucrema ypaBHEHHH, YacTHBIX MPOU3BOIHBIX
CIIEKTPa CYMMBI JIBYX 33/Iep>KaHHBIX TPANCIHEBHI-
HBIX UMITYJIbCHBIX IOCIIEI0BATEIbHOCTEH NIMEET BUI:

AHanu3 BeIpaxkeHuil (3) MOKa3bIBaeT, YTO IKC-
TpeMyMbl (YHKIHH TPOHU3BOJIHBIX HE COBIAIAIOT
(pucyHok 95).

U, mV/s

Pucynok 5 — I'padukn 3aBUCUMOCTH 3HAYCHHUN YaCTHBIX
MPOU3BOJIHBIX OT HOMEPA FAPMOHUUYECKOHN COCTABIISAIOIIEH
CIIEKTpa CUrHaJIa

Figure 5 — Graphs of partial derivatives values depending
on the signal spectrum harmonic component number

AHamu3 rpaduKoB Ha PUCYHKE 5 TIOKa3bIBAET,
YTO CYIIECTBYIOT TaPMOHHWYECKHE COCTABIISIONIHE,
MMEIONIHE OJHOBPEMEHHO MUHUMAIFHYIO UyBCTBH-
TENBHOCTh K HECTAaOMIIBHOCTH TEHEepHpPYIOUIeH am-
naparypbl (K I3MEHEHHSM TapaMEeTPOB WMITYJIHCOB
M3MEPUTETHHBIX TOCea0BaTeIbHOCTEH (AT, AT)) 1
MaKCHMaJIbHYIO YYBCTBUTEIHFHOCTh K M3MEHEHHSM
HOJIE3HOrO curHana (Az) (Hampumep, TapMOHUYE-
CKasl COCTaBIISAIONIas ¢ HOMepoMm 19 SaBI/ICI/IT B OCHOB-
du

>>0 )

z

u cnabo 3aBUCUT OT M3MEHEHHH NapaMeTpoB HM-
IIyJIbCOB M3MEPUTEIbHBIX IOCIEAOBATEIbLHOCTEN
Aol el dod__dul,

dt dr ar, i,

0

HOM OT M3MCHCHHUII ITOJIC3HOTO CUTHAIA (

-0, -0,

A

261, | (o | (o | o)) | (mn(e=t )| ()|
=—— —|cos sin cos +|sin cos ;
dt, wn1, T, T, 0 0 T,
n 2ET;) . TU’le- Tnt
S———[sin — |l|cos cos
dv  mnr, T, T,
€)
d,| _ Er, | [ma(c-t )Y | (2m n(t- rf
=—— —|sin 2+|sin ctg +111;
ar, w'n't, T,
dlu,| 2er, | ()| (mn(t-t, ) mat,
=—— —|sin = [|sin
di, —m'n't, 1, T, 1,

O6ocHOBaHHBIN TAKUM 00pa3oM BbIOOp Mapame-
TPOB U3MEPHUTEILHOTO CUTHAJIA TTO3BOJISIET JOOUTHCS
BBICOKOW YYBCTBHTEIHHOCTH aMILTUTY] HEKOTOPHIX
FapMOHMYECKHMX COCTABIAOMUX K Af NpH 3HA4YH-
TEJIbHOM CHUIKCHHMHU BIIMSHUS AT, AT s
HUW TOYHOCTH MU3MEPEHHUS BPEMEHHBIX MHTEPBAJIOB.

Jus  ompeneneHUsT HOMEPOB TapMOHHYECKHX
COCTABIISIONINX, O0JaMAlONINX MHHAMAJIHHON YyB-
CTBUTEIFHOCTHIO K HECTAOMIILHOCTH TTapaMeTPOB T,
T, t,(n . .n i’ n, . ), i MAKCUMaJIbHOH 4yBCTBH-

0, 1>
TENBHOCTBIO K £_ (1, ), IPEICTABJIAKOT MHTEPEC IKC-
d d|4

An
dt, dt

AT , ¥ [TOBBIIIIC-

1z max

n

>

L d|4,
TpeMyMbl ()YHKIIHN T
dl4,| dl|a,
dr ~ dt

d|4

n

dt

n

MHHHMAJIbHBIC 3HAYCHUA n Mak-

S

n

d
CHMaJIbHOE 3Ha4eHHe —— B OOJIACTH OINpeAeIeHHs
byHkuunit). UX MOXHO HAaWTH IyTEeM aHAlK3a 3HaKa

BTOPBIX MPOM3BOAHBIX PacCMaTPUBACMbIX (DYHKIIUI

’l4

|4,
2
f

@4

2 2
dt

dry T odn dr’

Takum o00pa3oM, paccMaTpUBaeMbIH MOIXOJ
[IO3BOJISICT TOJIYYUTh JIOMOJHUTEIHHOE ITOBBIIIE-
HUE TOYHOCTH HW3MEPCHHS BPEMCHHBIX HWHTEpBa-
JIOB MEXIYy NEPUOJUYSCKUMHE IOCJIE0BATEIBHO-
CTSIMH HMITYJIbCOB 3a CYET ydeTa MOTPEIIHOCTEH,
00YyCIIOBJIGHHBIX HECTa0MJILHOCTBIO pPa0OThI  U3-
MEPHUTEIBHON anmapaTypbl, ¥ HX OCIAOJICHUSI.

K mnpumepy, remepatopsl curHaioB [3-131,
'4-221, 1'6-46 npousomctea OAO «MHUITNY»
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(Pectiybnuka bemapych) obecriednBarOT JTATEINb-
HOCTH (PpOHTA MPSIMOYTOIBHBIX UMITYJECcOB 100 HC;
TeHepaTop CHUTHAIOB (YHKIHOHAIBHBIA ['6-46
MMEEeT TOTPEUTHOCTh CKBKHOCTH [UIsI CUTHAJIOB
MpsIMOYTONIEHOM (hopMBI 5 %, TeHepaTophl CHTHa-
qoB I'3-131, I'6-46 umeroT NOrpemHOCTh YCTAHOB-
ku gactoThl £+ 1 %, a reneparop curHamnos ['4-221 —
+(0,012+0,0001f) I'i, n3MepuTens BpeMEHHBIX WH-
tepBasioB B-471 (VII «Yuurexnpom BI'Y», Pecmy-
onmuka benmapych) nMeeT crieyromie morpenrHOCTH,
XapaKTepHU3yIOIie CTaOWIBHOCTh TIapaMeTpOB CHTHa-
soB: At=AT =1-10" s (OTpeIHOCTh YCTAHOBKH JIEH-
CTBUTEIIHOT0 3HAYEHUS YaCTOTHI BCTPOSHHOT O OTIOP-
HOTO TeHEepaTopa U3MEPHUTEIIs), At =25 107 s (pas-
pEIIalonIyr0 CIIOCOOHOCTh WM3MEPHUTEs), TMOTPel-
HOCTh M3MEPEHHUs BpeMeHH 3aepkku Az =10-107 s
(MMHUMaNbHOE 3HAYCHHWE [Wana30Ha W3MEepPeHUs
BPEMEHHBIX UHTEPBAIOB). COOTBETCTBEHHO OOIIYIO
MOTPEITHOCTh MOYKHO paccuuTarh 1mo gopmydie (4):

AU, = At, + AT, +At+Ar, =2,125107s. @)

B ciniyuae uzmepeHus BpeMeHH 3aJ1€PKKU MEXKTY
NMEPUOANYCCKUMU TMOCICAOBATCIBHOCTAMNU UMITYJIb-
COB C IIOMOLIBIO IPEIJIAracMoOro METoJa MOXKHO
YaCTUYHO YMEHBIIUTH COCTABIIAIONINE OOIIEeH mo-
rpemHOCTH (4). Tak, B ciydae BpIOOpa B KadecTBe
XapaKkTepHOM  TapMOHMYECKOH  COCTaBJISIOLIECH

¢ Homepom 19: At =0, ATOZO,%:O,IS(pI/IC}/HOK 5).

COOTBETCTBEHHO, JJII paCCMaTPUBAEMOTO CITy-
gasi MOYKHO 3aITHCaTh:

AU, =0-At, +0,15-AT, +0-At+1-Ar, =1,015-10™5. (5)

Amnanu3z BelpakeHuit (4) u (5) mokaswiBaet 3¢-
(eKTUBHOCTH NPUMEHEHMs NPEAIaraéMoro MerToja
C IIEJTbIO CHIDKEHHUSI TIOTPEITHOCTH U3MEPEHHI MaITbIX
M3MEHEHUM HMHTEPBAJIOB BpeMeHU. IIpu 3TOoM KO-
3pPHUIMEHT OCIa0ICHUSI OTPEIIHOCTH IO CpaBHe-
HUIO C CYIIECTBYIOIIM METOAOM U3MEPEHHS MOXKET
AU, 101510
AU, 0,2125:10°"

"

COCTaBIAITh K, = =4,78.

3akjaouyeHue

Hpe,[[CTaBJ'IeHHaSI METOAHMKA 000CHOBAHHOTO
BI:I60pa napaMeTpoOB MEPHUOAUYICCKUX HUMITYJIbCHBIX
HOCHG,HOBaTeHBHOCTCﬁ OTJIINYAaCTCs Y4CTOM HOTpeII-
HOCTEH OT HCKOPPCINPOBAHHBIX OTKJIOHCHUH IIa-
paMEeTpOB U3MCPHUTCIIbHBIX CUTHAJIOB, YTO CII0C00-
CTBYCT YBCIMYCHUIO TOYHOCTH U3SMCPCHUSA MaJIbIX
M3MCHEHHMN BPCMCHHBIX HWHTCPBAJIOB. HpI/IMCHeHHe

TAaKOTO IOAXOAAa OTKPBIBACT BO3MOYKHOCTH COBEpP-
IIICHCTBOBAHUS  aJTOPUTMHYECKOTO0 OOSCTICUCHIUS
CPEIICTB M3MEPEHUI B IEIAX WX aBTOMATH3AIHNH U
YBEITUYCHHSI TOYHOCTH U3MEPEHUT.
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Metoauka onpeacjacHusi jnamMmerTpa u mjaomaji BHYyTPECHHET O
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[Ipu KOHTpOJIE BO3ACHCTBUS HA MUKPOLUPKYJIITOPHOE PYCIIO PA3IMUYHbBIX COCYAOaKTUBHBIX IIPENapaToB
HEOOXOMMBI METOIMKA U COOTBETCTBYIOILAS ANIIApaTypa ONPEAEICHUs] NX OCHOBHBIX (PM3HOJIOTHYECKHX ITa-
paMeTpoB: IuaMeTpa U IUIOLIa 1 BHYTPEHHETO NPOCBETa, UX YJEIbHOM MJIOTHOCTH, a TAKXKE CKOPOCTH KPO-
BoTOKa. [103TOMY Liesib JaHHOH PabOThI — UCCIIEI0BAHUE BO3MOXKHOCTEH MOBBIICHHS IOCTOBEPHOCTH OIpe-
JIeJICHUs JMaMeTpa U VIO i BHYTPEHHET 0 IPOCBETa BUANMBIX COCYI0B OyIb0apHOil KOHBIOHKTHBEI IJ1a3a.

[Ipensioxkena MeToAMKa MOIy4YeHHUs] UU(POBBIX BHUIEO3aNUceld OyiIb0apHON KOHBIOHKTHUBBI I71a3a, OC-
HOBaHHAasi Ha MMITYJIbCHOM IMOACBETKE MccienyeMoro ydactka. OmucaH MakeTHbI oOpasel ammaparypsl,
o0ecrieunBarolIell NPOCTPAHCTBEHHOE pa3pelIieHHe BUACOCHEMKH 2 MKM, YTO TI03BOJISIET IIPOCIICKUBATH BCE
BUIMMBIE COCY[IbI, BKIIIOUasi U Kamuiapsl. OOCyKIaeTcst alropuT™ cTaOMIIN3aiK [TOJI0KEHUS TIOCIe10Ba-
TEJILHOCTH LU(POBBIX N300pakeHUi Oyab0apHONH KOHBIOHKTHBBI OTHOCUTEIBHO MEPBOro Kajapa, OCHOBAH-
HBI{ Ha IPUMEHEHUH CyONMKCEIbHON MHTEPHOJSIIHUN IPU MOUCKE TI100aJIbHOT0 MUHUMYMa CpeIHEeKBaaApa-
THUYECKOTO OTKJIOHEHHUS pa3HOCTEH SPKOCTEH IepBOro 1 00padaTbiBaeMoro Kajapa.

PaccmatpuBaloTcs npeijiaraeéMble aaropuTMbl TPACCUPOBKHU COCYIUCTOTO PUCYHKA U ONPEIeNICHUs Ana-
MeTpa U IJIoLIaId BHYTPEHHETO IIPOCBeTa cocyn0B. [IpenioskeH OpurnHaIbHbIA cr1oco0 NX BBIYHUCICHUS, OC-
HOBaHHBIN Ha OIIPEIeNICHNUH TUIOIAAN U BHICOTHI OIIEPEYHOro cedeHus n300paxenus cocyna. O0cyxnaercs
npobiema BepuHUKaLNH 10JIy4yaeMbIX Pe3yJIbTaToB.

OnucaHHbI OAXO0A MO3BOJISIET (OPMHUPOBATH JUATHOCTHYECKHE HM300paKEHHsI BUANMBIX COCYJIOB
Oyb0apHOI KOHBIOHKTHBBI, BKJIIOUYas U KAMJUIAPBI, C YKa3aHUEM UX JUaMeTpa U HOCTPOSHUEM THCTOTPaMM
UX pacHpeaesieHus 10 MIO0Maal BHYTPEHHETO IPOCBETa.

Y4uThIBask KOPPEISILMIO COCTOSIHUS COCYI0B IJ1a3 C COCTOSIHUEM COCYIOB B IPYTUX OpraHax, pearae-
Masi METOJMKa U allapaTypHble PEIEHUs UMEIOT EPCHEKTUBY MCIIOIb30BaHUS NP CO3IaHUH AlapaTyphl
JUIs1 KOMIUIEKCHOM HEMHBA3MBHOW JTMArHOCTHKHM COCTOSHHS MUKPOLMPKYJIATOPHOIO Pyclia U KOHTPOJIS 3(-
(DEeKTHUBHOCTH JICUEHUSI Pa3JInUHBIX 3a00JI€BaHNH CEPICUHO-COCYJUCTON CUCTEMBI.

KaroueBbie ¢i10Ba: MUKPOIUPKYISTOPHOE PyCIIo, U3MEPEHUE Pa3MEPOB MaJIbIX COCYIOB, AMAMETP W IUIO-
)b BHYTPEHHETO TPOCBETa COCYAOB, NU(POBAs MUKPOCKOIHMS, aJlTOPUTMbI 00paOOTKH UPPOBBIX H30-
OpaxeHuH.
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Abstract

The study of the effects on the microvasculature of various vasoactive drugs requires appro-priate
methods and equipment for determining the basic physiological parameters of small blood vessels: their
internal diameter and cross-sectional area, specific density, and blood flow velocity. Therefore, the purpose
of the article is to study the possibilities of improving the reliability of determining the internal diameter and
cross-sectional area of the visible blood vessels of bulbar con-junctival of the eye.

A technique for obtaining digital video recordings of the bulbar conjunctiva of the eye, based on the
pulse illumination of the study area, is proposed. A prototype of the equipment with a spatial resolution
of 2 um video is described, which allows to trace all visible blood vessels, including capillaries. An algorithm
for stabilizing the position of a sequence of digital images of the bulbar conjunctiva relative to the first
frame is discussed. It is based on the use of subpixel interpolation when searching for a global minimum
of the standard deviation of the differences in brightness of the first and selected frame.

The proposed algorithms for tracing the vascular pattern and determining the internal diameter and
cross-sectional area of the blood vessels are described. An original method for calculating them is proposed,
which is based on determining the area and height of a cross section of a blood vessel image. The problem
of verification of the obtained results is discussed.

The described approach to make it possible to create diagnostic images of the visible blood vessels
of the bulbar conjunctiva, including the capillaries, with an indication of their diameters. Examples of the
construction of histograms of the distribution of the internal diameter and cross-sectional area of these blood
vessels are presented.

The proposed technique and hardware solutions have the prospect of being used in creating equipment
for complex non-invasive diagnostics of the microvasculature and monitoring the effectiveness of treating
various diseases of the cardiovascular system, since the conditions of the eye blood vessels correlate with the
state of the blood vessels in other organs.

Keywords: microcirculatory bed, measurement of small vessel sizes, internal diameter and area of vessels,
digital microscopy, digital image processing algorithms.
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BBenenue

OniHa M3 OCHOBHBIX TPOOJIEM TIPH PEIICHUH aK-
TyaJbHOW 3324 JAUATHOCTHUKH COCYIUCTBIX MAaTO-
JIOTHH B MUKPOLIMPKYJISITOPHOM pyciie KPOBEHOCHOH
CHCTEMBbI YeJlOBeKa — ONpe/eiIeHuEe UX OCHOBHBIX
(U3MOTOrHYeCKUX MapaMeTpoB: AUaMeTpa U IUJI0-
111 UX BHYTPEHHETO MPOCBETA, a TAaKKe YIeIbHON
IUIOTHOCTH COCYZIOB. MUKPOIMPKYJISITOPHOE PYCIIO
COJICP)KUT HECKOJBKO THIIOB MajblX cocynos. llo-
9TOMY MpPH NPOBEJACHUU AMATHOCTUYECKUX HCCIIe-
JOBaHUM peakuu MHKPOLUPKYJIATOPHOTO pyclia
Ha pa3luyYHbIC BO3ACUCTBHSA, B TOM YHCIE M COCY-
JOPACHIMPSIIONIUX MPEnapaToB, HEOOXOAUMO Ompe-
JeNsTh TaKKe U THCTOrPaMMBbl pacrpesieieHus co-
CyJIOB IO pa3MepaM HX BHYTPEHHEro IPOCBETa,
MOCKOJIBKY TOBEJICHHUS PAa3IMYHBIX COCYJIOB MOTYT
CHJIBHO OTJIMYAThCS.

J1ist HemoCPeACTBEHHOTO HAOMIOICHHS U TIOJTY-
YeHust [UQPPOBBIX H300paKEHU I XOPOLIETo Ka4ecTBa
JIOCTYIIHBI TOJBKO cocynbl ra3a [1-3]. B obnactu
JyHYJBl HOTTEBBIX IUIACTHH TIOJNydYaeMmble H300pa-
JKEHHUSI COCYJIOB Pa3MbIThl BCIICACTBUE PACCESIHUS
W3TY4YEeHHUs] OpPOTrOBEBIIMMH KieTkamu HOrTs. Cy-
LIECTBYIOT MyONHKAUK 110 METO/IaM CIEKTPaTbHON
JUAarHOCTUKKA OMOJIOTHYECKHX TKaHEH, OCHOBaHHBIE
Ha MOZETMPOBAHUH MPOLeccoB AU PY3HOTO pacces-
HUS 30HIMPYIOIIETO CBETOBOIO HM3IIy4eHHs OMOJI0-
rudeckuMu Tkausmu [4—8]. B atux paborax ogHUM
U3 MOJCIHPYEMBIX MapaMeTpOB SIBIACTCS CPeAHUH
JaMeTp BHYTPEHHETO MPOCBETa COCYI0B UCCIeTye-
MOTO y4yacTKa TKaHH. YKa3zaHHbIe pabOThI MOKa Tpe-
OyloT 00cToATeNbHON Bepu(UKAIMK MOTYy4aeMbIX
OLIEHOK CpeJIHEero TuaMeTpa BHYTPEHHETO MPOCBETa
cocynoB. Takast Bepudukanus s )KUBOH KpOBEeHa-
MOJTHEHHOW TKaHW BO3MOYKHA TOJBKO ONTUYECKUMHU
METOAaMH IyTeM aHaju3a HUPPOBBIX N300paKCHUH
BUJMMBIX COCYIOB.

[Tony4yenne uMPPOBBIX CHUMKOB JHA TIJa3a
OCYILIECTBIISIIOT C IMIOMOIIBIO CIIEIMAIbHON ammapa-
Typbl — QyHIyC-Kamep. YCHIIUS UX Pa3paOdOTYUKOB
U KOJJICKTHBOB, CO3JAIOIIUX CIIEIHaIU3HPOBAHHOE
mporpaMMHoe obecneuenne [9-14], mo3BoIMIN
CO3JIaTh ANTOPUTMBI, NpeIHa3HAYCHHbIC IJISi BbI-
JeNICHUsI COCYITUCTOTO PUCYHKa Ha IBETHBIX LHUQ-
POBBIX M300pakeHUsX JHA riaza. CyIecTBYIOIIHE
MaKeTbl Ui 00padOTKH LU(PPOBBIX H300paKeHUH
JIHA TJa3a MO3BOJISIOT OLEHUBATH AUAMETP XOPOIIO
MIPOCMATPUBAIOIINXCS COCYIOB ceTuaTkH. [Tockoib-
Ky CTEHKHU COCYJIOB MPO3payuHble, MPH ONpeAeICHUN
JaMeTpa COCyIOB OOBIYHO HCHONB3YIOT LIHUPHHY
MOTIEPEYHOT0 CEYCHUS ero H300pakeHHUs Ha YPOBHE

MTOJTYBBICOTHI €ro mpodmiist. OTMETHM, 9T0 H300pa-
KEHHUST COCYOB (OPMHUPYIOTCS 332 CUET CHIBHOTO
MOTJIONICHNsI CBETOBOTO H3Iy4eHHS (DOPMEHHBIMU
dJIeMEHTaMH KPOBH (TJIABHBIM 00pa3oM 3pHUTPOITH-
tamu) [1]. Popma mipodritss cedeHusT N300paXKeHUS
COCYZIOB 3aBHCHT OT JTMaMeTpa X BHYTPEHHETO TPO-
cgeta. [ToaToMy yrpoIleHHbIM OAX0]] — Oonpeese-
HHE MaMETpa BHYTPEHHETO MpocBeTa D 1o mupH-
He TIPOQUIIS Ha MTOTYBBICOTE, BHI3BIBAET COMHEHHE.

Henocratok QyHayc-kamep Tmpu H3ydeHUH
MUKPOLMPKYJISTOPHOTO pyclia — (QOopMHpOBaHHE
JUIIb OJHOKPATHBIX M300pakeHWH, TaKk KakK JIHO
TrJla3a TOJICBEYNBACTCS OAHUM MOIIHBIM CBETOBBIM
MMITYJTECOM O€JIoTO I[BeTa. 3padoK Iiias3a Mocie ero
BO3/eKcTBUS pUMepHO uepes 200 Mc cyKaeTcsi, 4UTo
CHJIBHO OCJOXHSET TPOIECC IMONYYCHUS CIETyI0-
X HW300paKEHWH. DTO MPEMATCTBYET TOIyde-
HUIO JOCTOBEPHBIX OIEHOK JMaMeTpa BHYTPEHHETO
MPOCBETa MaJIbIX COCYJIOB, M300paKeHUsI KOTOPHIX
Ha OJJHOM CHHMMKE COCTOSIT U3 MEJIKUX (hparMeHTOB
BCJIE/ICTBHE HAIMYHA TPOMEXKYTKOB TIPO3pPavHON
T1a3MBbl KPOBH MEXKITY SPUTPOLIUTAMH.

[ToaTOoMYy 11€1Tb CTATHU — HCCIIEIOBAaHIE BO3MOK-
HOCTEH TIOBBINMIEHUS TOCTOBEPHOCTH OIPEIEICHHUS
JmaMeTpa BHYTPEHHETO IPOCBETa BHIMMBIX COCY-
JIOB TIpY WCIIOJIb30BaHHUH aIliapaTypbl ¥ MpOTrpamMm
JUTSL TIOMy4YeHHus NU(POBBIX BHIEO3aNHCEed OyiIb-
0apHOW KOHBIOHKTHBBI TJIa3a C MPOCTPAHCTBEHHBIM
paspenieHueM 2 MKM M HMITYJIbCHOM MOJCBETKOM
WCCIIETyeMOTO0 yJacTka OyIp0apHOil KOHBIOHKTHBEI.
Taxoit moaxo/ py U POBOM HAKOTUICHUN WA yC-
PEIHEHUH TI0 HECKOJIBKUM JIECATKaM KaJIpOB ITO3BO-
JIUT TIPOCIICKUBATH BCE BUAMMBIE COCY/IbI, BKIIOUAs
Y KalTJIISIPbI.

O0BeKT ucciae10BaHNs U UCIOJIb3yeMast
anmaparypa

Cocyaucras ceTb B IOBEPXHOCTHBIX CIIOSIX
KOHBIOHKTHUBBI TJla3za xopouwo BuaHa [1]. Bynbbap-
HYIO KOHBIOHKTHBY, B OTJIMYME OT JIHA TJa3a, JIETKO
MOJICBEYMBATh, HE BBI3bIBasi OOJBIIOTO AUCKOMDOp-
Ta y HalnueHTa, 4To o0yciaBIMBAaeT BO3MOXKHOCTh
MOJY4YeHUs] TUPPOBBIX BHICO3AMKUCEH COCYIUCTOM
CeTH C XOPOUIMM HPOCTPAHCTBEHHBIM pa3pelIieHU-
€M, T. €. BIUIOTb JIO0 KaluJUISPOB.

[IpumensieMass HamMH  KOMIIBIOTEPU3UPOBAH-
Has yCTaHOBKa /Ui TIONy4YeHHs LUPPOBBIX BHU-
neosanuceid Oynb0apHOH KOHBIOHKTHBBI coOpaHa
Ha MEXaHWYeCKOH r1aTtdopme LIeJIeBOH JIAMIIbI, HC-
noJjb3yeMoi B opranbMosorud. Jta miatdopma mno-
3BOJISICT IE€pEMeNIaTh NPUMEHSIEMYIO BHIICOKaMeEpy
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¢ OJIOKOM UMITYJIbCHOH TIOJICBETKH M YCTPOHCTBOM
BU3YallbHOTO HaBeJeHUs U (DOKYCHPOBKH IO TpEM
KOOpAWMHATAM X, , z ¢ (PUKCAIeil BEBIOPAHHOTO T10-
noxenus. Takke ecTh MeXaHUveckasi cucrema (Quk-
calUy JIUIa MalyueHTa U BO3MOXKHOCTh CMEIICHUS
KaMmephl BITpaBo 1 BieBo [1].

B 5T0#1 yCTaHOBKE HaMU HCIIOJIB30BAHA BBICO-
KOYYBCTBUTEIIbHAsT MOHOXPOMHAasl BHJIEOKaMepa
Imperx Bobcat IGV-B1410M Ha ocHOBe Matpu-
usl Sony ICX285AL wa I13C (CCD) cTpykTypax.
Kamepa d¢opmupyer 10-Tm paspsgasie mudpo-
Bble u300paxenwusi, cocrosimue u3z 1040 cTpok u
1392 cronbmoB, kotopele Tmepenatorcs 10 Gigk
(Gigabit Ethernet) wnTepdeicy B yHnpaBIsIOUIUN
KOMITbIOTEp. MaKkcUMalbHas 9acToTa Imepeaadn Ka-
npoB coctaBsieT 23,2 I

Heo0xoauMocTh HCMOMB30BaHUSI MOHOXPOM-
HOH KaMmephl OOyCJIOBJICHA TPEOOBAHUSIMH ITOJTY-
YEHUS MAKCHUMAJIbHOW YyBCTBUTCIHHOCTH BUC-
OCHEMKH TIpU HEOOXOJIMMOM TIPOCTPAHCTBEHHOM
paspemeHnn. B ¢dyHIyc-kamepax HCIONB3YIOTCS
[BETHBIE MATPHIIBI C MO3aWKOH CBETO(QUIHTPOB
Baiiepa. IToaTomy KaxJiblii U3 CJIOEB B MCXOJHOM
RGB w300paeHUU HMMEET HE3all0JIHCHHBIC 3Jie-
MEHTHI, YTO BBIHYKJIa€T HCIIOJIb30BaTh MPOCTPAH-
CTBEHHYIO MHTEPIOJIALNIO TosydaeMblx R, G u B
n3obpaxxenuid. [Ipu ee mpoBeneHnn Ha MUPPOBBIX
M300paKEHUAX MAaJbIX COCYJIOB MOTYT BO3HHUKATh
WCKQXXCHUS UCTUHHBIX MPO(UIICH UX MOTIIONICHHUS.
dopma CHeKTpaabHON YyBCTBUTEIBHOCTH 3JIEMEH-
TOB MOHOXpoMHOM MaTpuisl /CX2854L mo3Bos-
€T ¢ XOpomeld KOHTPAaCTHOCTBHIO PETUCTPHUPOBATH
U(PPOBbIC N300PAKECHUST COCY/IOB B BUJEC TEMHBIX
JMHHH HA CBETIIO-CEPOM (POHE CKIIEPHI PH €€ MO/~
CBETKE HWMITYJIbCHBIM H3JIYYEHHEM CBEPXBIPKOTO
cBeTtoaunoa c OensiM 1BeTOM cBedeHus. [lepuon
pa3MelIeHnsT CBETOYYBCTBUTEIBHBIX JJIEMEHTOB
marpuiibl [CX285A4L kBajgpatHoii (OpMbI paBeH
6,45 mxMm. [osToMy B BUIleOKamMepe Mbl HCIIOJIB30-
BaJIM OOBEKTHB OT MHKPOCKOMA ¢ (DOKYCHBIM pac-
cTOsTHUEM 37 MM M NPUMEPHO TPEXKpaTHOE YBe-
TUYCHUE W300paKeHUs, 94TO 00eCIeymIIo Mepruos
MIPOCTPAHCTBEHHON MHUCKPETHU3AIMH TOJTy4yaeMbIX
M300paKeHUN 2 MKM.

Bcenencterue (hu3MOIOTHYECKUX OCOOCHHOCTEH
CHUCTEMBI 3pEHHS TJla3a HENPEPHIBHO IBUTAIOTCS,
9TO TIpH OOJIBIINX BPEMEHAX DKCITO3UINN (IECITKU
MUJUTHCEKYH]) OyJIeT MPUBOAMTH K IIOTEPE YETKOCTH
n3-3a cMasbIBaHUs n300paxkeHus. [loaTomy B ycTa-
HOBKE FWCIIOJIb3YETCSl TEPHOJNYEcKas UMITYIIbC-
Hasl TOJICBETKA CHHMMAaeMOT0 ydacTka OyibOapHOU
KOHBIOHKTHUBBI C PETYIHUPYEeMOH JIIUTEIHHOCTHIO

ot 0,2 1o 2 MC, CUHXPOHU3UPOBAHHAS C HAYaJIOM
BpeMeHu dopmupoBanus kamapa [1]. s ycrpane-
HUS BIUSIHUAS CAKKAIUYSCKUX JBIKCHUM I1a3 Malu-
eHT J0JDKeH (PUKCHpOBATh B3IIIAJ BO BpEMs 3alHCh
Ha OJIHOM JIOCTATOYHO SIPKOM Touke, koTopas (op-
MUpPYETCsl Ha BTOPOM MOHHTOpPE U MOXET JIBUTATh-
s TI0 3aJJaHHOMY 3aKOHY. Torna npu ATUTeNbHOCTH
MOJICBEUMBAIOILIETO MMITyJIbCa H3IMydeHus [-2 mc
CMEIIEeHHNE CKIIEPHI, & TAK)Ke (POPMEHHBIX DJIEMEHTOB
KpoBHU He Oyzer npesbiath | MM [1]. EcrecTBen-
HO, YTO IPHU UMITYJIbCHOW TOJICBETKE MPUXOIUTCS
MPOMOPIIMOHANBHO ~ YBEIMYUBATh OCBEIIEHHOCTH
CKJIEpBI BO BpeMs JEHCTBHUS UMITyJbCa M3ITY4YEHHUS,
9TOOBI 00ECIIeYNTh HEOOXOIUMOE OTHOIICHHUE CHUT-
HAJ/IITY M.

JuameTp msATHa TOJCBEYMBAIONIETO W3ITY-
yeHust, (HOKyCHpyeMOro Ha BBIOpaHHBIH y4acTOK
CKIIepHI TJa3a, BBIOpaH HAMHU PABHBIM IMPUMEPHO
3 MM, 9TO JOCTATOYHO /IS OCBEIICHUS H300pake-
HUSl TI0 BCEMY IIOJIIO 3PEHUs BHUIEOKaMEphl, COC-
tapjsromemMy 2,08 x 2,78 Mm%, 1 obecrieueHus: ero
HeoOXoauMoil peskocTH. i moaBoaa M3MyUYeHHS
CBETOAMOJA K CHUIMAaeMOMY YYacTKy OyibOapHON
KOHBIOHKTHBBI TIJa3a HCIONb3YETCs] ONTOBOJIOKHO
C IMaMETPOM CBETOBOJIa | MM M CBETOCHIIBHBIN (O-
KyCUPYIOIIUH 00BbEKTHUB C (POKYCHBIM pacCcTOSTHUEM
40 mMm. Perynupys nosokeHue Toplia CBETOBOJA
OTHOCHUTEIBHO (POKYCHPYIOIIETr0 00BhEKTHUBA, 100U-
BaJHCh HEOOXOJUMOIO 3HAYCHHsI AUaMETpa MsATHA
MOJICBETKH.

[TockonbKy TriIyOMHa PE3KOCTH MHKDPOCKOIIH-
YeCKOro OOBEKTHBAa HeOOJbIllasg, B COCTaB ycCTa-
HOBKH C IIeJIbI0 O0ecTieueHus: ObICTPOI HABOJKH H
(hOKyCHpPOBKH KaMepbl HA HHTEPECYIOMINN YUaCTOK
COCY/JIOB KOHBIOHKTHBBI BBEJICHO JIOMTOTHUTEIHHOE
YCTPOMCTBO BHM3YyallbHOTO HAaBEICHUS U TpyOoi
(hokycupoBku. [lpuHIUTT ero AeHCTBHS OCHOBaH
Ha CBEJIEHUH JIBYX IYYKOB JIa3€PHOT'0 HU3IIy4YEHUS,
HaIpaBJIEHHBIX IOJ YIJIOM JPYT K JIPYry B OJHO
MATHO B TUIOCKOCTH (okyca. Mcmonp30Banuch qBa
MaJIOMOIIHBIX JIa3€pHBIX AMOJA C JUIMHOW BOJIHBI
u3nyueHust 635 um. OHU pa3Melanuch ClipaBa U
cieBa OT 00BEKTHUBA BUJCOKaMephl. VX u3nydyeHue
KOJUTMMHUPOBAJIOCH C MOMOIIBI0 MajoradapuTHON
onTuku. FOcTupoBKa HampaBieHNUs OCEH dTHX Tyd-
KOB OCYILIECTBJIANACH CIELHUAIbHBIMU BUHTaMU,
C TOMOIIBI0 KOTOPBIX OCH COBMEIIAJINCH B IEH-
Tpe TOJsi 3pEHHUsT KaMepbl B IUIOCKOCTH (oKyca.
[Ipu ucnonbp30BaHUM ITOTO YCTPOHCTBA HABEJICHHE
Ha BBIOPAHHBIN y4acTOK CKIEpbl u rpyodas (oky-
CHUPOBKa HM300pa)KEHUSI COCYNOB OCYLIECTBISIACDH
B TEUEHNE HECKOJBKUX CEKYH].
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IIporpammHoe obecnieyenue u
npeaBapurteibHasi 00padoTkKa

VYnpagneHue pabOTON YCTaHOBKH OCYIIECTBIISI-
eTCsl C TOMOIIBI0 Tporpammbl Vision sclera [1],
co3llaHHoi Hamu B cpenie GUI (rpaduueckuii HHTep-
(hetic monp30BaTeENs) CHCTEMBI KOMITLIOTEPHOM Mate-
Matuku Matlab. I'padudeckoe OKHO 3TOH Tporpam-
MBI COJICPKUT 00JacTh BBIBOJAA MOJIY4YaeMbIX IH(]-
POBBIX M300pakeHMi 1 nBe maHenn: «llomydenne u
3aMuch MOCIE0BATEIBHOCTH KapoB» U «IIpocMoTp
3armceit ¥ COXpaHeHNe OTACIBHBIX KaJPOBy.

Bepxuss nmanens «llonmyueHnue u 3anuch nociie-
JIOBATEIBHOCTH KaJpoOB» TIpeIHa3HadeHa i Ha-
YanbHOM HaJaJKuh mpolecca 3amuch IH(POBBIX
n300paKeHUH M TMOCHenyIole 3amucu 1o Ha-
JKATHIO KHOMKH «“Save» TpedyeMoro KOIn4ecTBa

KaJpoB 7 B BHJIE YITAKOBAaHHOM TPEXCIOWHON

COXp_Kazp

(1392 % 1040 % 1

coxpimp) MaTpHLIbI
yucen B m.paiin Ha KECTKOM IUCKE KOMIIbIOTEpa.
Hwxssis maness Cy>kKUT U1 HPOCMOTpa 3alMCaHHbIX
Ka/IpOB U TI03BOJISIET IOOUEPETHO CUMTHIBATH 3aIlCaH-
HBbIE M. paribl ¥ IPOCMATPHUBATH JTFO00H U3 BRIOPAHHBIX
Ka/IpOB 3aITCH C TIOMOIIBI0 BEPTHKAIBHOIO JBMKKA
W Claiifiepa, pacrosIosKeHHOrO ClIeBa OT aHEeIH.

Jns dopMupoBaHHs KOHEUHBIX (paiiinoB, uc-
MOJIL3yEMBIX TPH pacueTe pachpeieieHus aua-
MeTpa BHYTPEHHEr0 MNpOCBeTa BHIMMBIX COCYIOB
Oynb0apHOH KOHBIOHKTUBBI, IMPOBOIUTCS Ipel-
BapHTesibHasi 00pabOTKa MOJyyaeMbIX 3alucei, co-
JeprKalias HECKOJIBKO oTepanui.

[latHO moncBeTKH, GOPMUpPYEMOE C MOMOLIBIO
00BEKTHBA M OINTOBOJOKOHHOM TEXHUKH, UMEET He-
OJHOPOJHYIO OCBelleHHOCTh. lloaToMy 3apanee
Ha dTamne HajaJK{ YCTAHOBKH OMpEAESeTCS HOPMU-
pylomas MaTpuna, MpUMeHsieMas AJsl BbIpaBHUBA-
HUSL SIPKOCTH MOTy4aeMbIX M300paxenuid. st aToro
B TUIOCKOCTH DACIOJIOKEHHS TJla3a YCTaHABIMBAIOT
Oenbiil qudQy3HO paccenBaroIUil STAIOHHBIA 00pa-
3en WS-2 (Avantes, I'onnanauns), npoBoautcs Goxy-
CHPOBKa KaMepbl Ha €ro MOBEPXHOCTh U ONpeensier-
Csl 3aBHCUMOCTB SIPKOCTH MSITHA MOACBETKH OT KOOP-
muHar E(x, yj). [Nonyuaemoe n300pakeHHE CIIIa)KH-
BAETCSl HU3KOYACTOTHBIM (DUIIBTPOM, HAXOAUTCS MaK-
CHMYM, KOTOPBIH JEIUTCS HA 3HAYCHUS SJICMEHTOB
crnakeHHOM Matpuupbl. [Ipu sTom hopmupyercst Hop-
MHUpYIOLas MaTpuua S, (X, y,), Ha KOTOPYIO MPH Mpo-
BE/ICHHH MPEABAPUTEIBHON 00pabOTKH MOIIEMEHTHO
YMHOXAIOTCS TIoJTydaemble n3o0paxkenus. [Ipume-
HsieMasi 00paboTKa TMO3BOJISIET BBIPOBHATH SIPKOCTh
MOJTy4aeMBbIX BUICO3AIUCEN IO MO0 Kazapa [1].

16-T1  pa3psaaHbIX

Peructpupyemass mocienoBaTeIbHOCTh  KaJlpoB
BCIIEZICTBHE HETIPEPHIBHBIX JIBIKCHHH IMIa3 JaKe MPH
(uKcarmy B30pa B HAIIPABICHUH HETIOIBIKHOW TOUKU
Y TIPUMEHEHHS] UMITYJILCHOM TTOJICBETKH HMEET CKAuKO-
00pa3Hoe cMEIIEeHHE MOTyYaeMbIX H300paKeHHH coCy-
JIUCTOM CETH, YTO WILTIOCTPUPYET pUCYHOK 1. [ToaTomy
Ha BTOPOM JTarle MpeABapUTeIbHOH 00pabOTKK MPOBO-
JTATCSI CTAOMITM3AIIHS TIOJIOMKEHHS TTOCIIeIOBATEIbHOCTH
M300paKEHUI OTHOCUTENBHO TMEPBOro Kajpa C IIOMO-
HIBIO CHEHUATIBHO Pa3pabOTaHHOTO KOPPEISIIMOHHOTO
anroputMa. Vcmonp3yercst AByXdTarHasi IpoLenypa
TIOMCKa CMEIICHHsI A-T'0 M300paKeHUsT OTHOCHUTENBHO
[EPBOr0 C MPUMEHEHUEM HCXOTHOM W YIJIOTHEHHOH
B 10 pa3 cerku otcyeroB. [Ipu moucke onpenesroTcs
KOOPAMHATHI TI100aTbHOTO MHUHHUMYMa CPEHEKBa Ipa-
THUYECKOTO OTKJIOHEHHS PAa3HOCTH SPKOCTEH IepBO-
ro ¥ k-ro0 M300paKeHUid MPU CMEIEHUU IOCIIEIHEro
Mo KOOpJHHATaMm X, y. BHawane paccuuThiBaeTCs TO-
BEPXHOCTh CPEIHEKBaAPATHYECKOTO OTKJIOHEHUs pa3-
HOCTEH SIPKOCTEH P UCTIONIh30BaHIH UCXOTHOM CETKU
OTCYETOB U HAXOJWTCS €€ TJI00aIbHBIA MHUHHUMYM.
[ToToM momnoxeHne MUHAMYMa YTOUHSETCSI C MCTIONb-
30BaHMEM JBYMEPHOH CYOIMKCETFHON KyOMUecKoi
WHTEPIIONSIINK 3TOH TTOBEPXHOCTH B OKPECTHOCTH TJIO-
0aTbHOr0 MUHMMYMa Ha YTUTIOTHEHHOW CETKE OTCUETOB.

[IpuMeHsieMbIii METOJ TO3BOJISIET ONPEACIATh
BEKTOP CMEUICHUS k-T0 H300paskeHHsI C AUCKPETHOC-
1pt0 0,1 mmukcemst, T.e. 0,2 MKM, YTO 3HAYUTEIHHO
MEHBIIIE Pa3MEPOB IPHUTPOIMTOB, KOTOPHIE MMEIOT
BHJ] BOTHYTOTO JTUCKA C TAAMETPOM TPUOIIN3UTETh-
HO 8 MKM U TOJIIIUHOMN 2 MKM.

IlockonmbKy MPOCTPaHCTBEHHOE paspelieHHe CH-
CTEMBbl BHJICO3ANMCH CO3/IaHHOTO KOMIUIEKCA I03BO-
JISIeT pa3nyaTh (JOPMEHHBIC JICMEHTHI KPOBH, CTa0U-
JIU3AIHST TIOJIOXKEHUSI COCYTUCTON CETH OTHOCHTETHHO
MIEPBOTO Ka/Ipa IMO3BOJISIET BI3YAIM3UPOBATH KPOBOTOK
KakK B KPYIIHBIX, TaK ¥ MajbIX cocyaax [1]. Otmernm,
YTO NPH AHAIM3E BUJICO3AMMCEH 3A0POBBIX MOJIOABIX
JFOJIeH Y HEKOTOPBIX U3 HUX BBISBISIFOTCS HEOOIbIINE
YUYaCTKH COCY/IOB C HATMYMEM KPaTKOBPEMEHHBIX ITPO-
[IeCCOB 0OPAaTHOTO KPOBOTOKA, BOSHUKAIOIIETO B ITPO-
MEKYTKaX MEXy COKpAIICHUSIMA CEp/IIia.

Ha tpeTbem dTarne npeaBapuTenbHONR 00padoTKH
JUTS YOPOIICHUST PEIICHHs 3a/1a4 ONpE/IeICHUs Jna-
MeTpa W TUIOIIA[H BHYTPEHHETO MPOCBETa COCYOB
MPOBOIUTCS LU(POBOE yCpeTHEHHE CTaOUIU3UPO-
BaHHBIX M300paKEHHUH IO HECKOIBKUM JIeCATKaM Ka-
npog. [ocne crabunnzaym NOJI0KEHUS COCYAUCTOTO
PUCYHKa W TIPOBEICHHS YCPEIHEHUS IPOCIIeKUBA-
f0Tcsl 0€3 Pa3pbhIBOB MPAKTUYECKH BCE KANMIIISPBHI.
Takum 00pa3oM, BO3MOXHOCTH 3allMCH MOCIEI0-
BaTENBHOCTH LHU(PPOBBIX H300paKEHHN MO3BOJISET
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YCTpaHUTh MHOTOYHCIICHHBIE Pa3pbIBBI HA M300pa-
JKEHUSAX MaJIbIX COCYAOB M YIIPOIIAET alTOPHTMEI

(hopMupoBaHUS KapThl pacrlpenesieHus] BHyTPEHHE-
ro JraMeTpa U TUIOIIA M ITPOCBETa COCY/IOB.

Ay, r ! T
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['paHUIIBI MAKCHMAIBHO !
150 oot oo JIOITYCTUMBIX CMETICHHUH
Limits of maximum
100 o allowable offsets
50 f-----
o O S —
U R : 3 i ;
L
e R S e e s o
L S T T T S
o TN RN S S R S
-400 -300 -200 -100 0 100 200 300

Ax, pm

Pucynok 1 — [Ipumep 3apeructTpupoBaHHON TPACKTOPHH CMEIICHUH ITONIOKEHUS Ta3a OTHOCHUTEIHHO M300paKeHHS

HIepPBOTO Kajpa B IeKapTOBOW CHCTEME KOOPAWHAT

Figure 1 — An example of the trajectory of the displacement of the position of the eye relative to its image in the first

frame in the Cartesian coordinate system

Onpenenenue guaMeTpa M NJIOLIAIH
BHYTPEHHEro nNpocBeTa BUAMMBIX COCY/10B

CB00OIHO pacpoCcTpaHsieMble MaKeThl IPOrpamMM
JU1s1 00paboTKH LU(POBBIX M300payKEHHI COCYIOB CET-
yaTku, Harpumep ARIA [12,13], neynoOHbI st goc-
TOBEPHOW OLIEHKH JTaMETPOB BHYTPEHHETO MPOCBETa
MaJbIX COCYJIOB, MOCKOJBbKY HAIM4YMe B MX H300pa-
JKEHHSIX MIPOMEIKYTKOB, OOYCIIOBJICHHBIX MPO3PaYHON
M1a3MOH, BBI3BIBACT BO3HUKHOBEHHWE MHOTOYHCIICH-
HBIX Pa3pbIBOB COCY/IOB Ha MX W300paxkeHusix. [Ipu
3TOM HCIIOJIB3yEMbIEC B IIPOrpaMMe alrOPUTMBI JCTIST
M300paKeHUs] MAJIBIX COCY/IOB Ha OOJIBIIIOE YHCIIO CET-
MEHTOB, TapaMETPbl KOTOPBIX UMEIOT Pa30pOC U MIIOXO0
MOIAIOTCS BU3yaIbHOMY aHanu3y. Jlaxe npuMeHeHune
BeHBIIeT-IIpeoOpazoBaHus it 00pabOTKH HE TOMOTaeT
copMHPOBATH COCYANCTBIN PUCYHOK O3 Pa3phIBOB.

[IpencraBnenue o CIOKHOCTU AITOPUTMOB OITpe-
JIeTIeHHs1 IMaMeTpa 1 IO i BHYTPEHHETO IPOCBETa
COCYJI0B MOYKHO COCTAaBUTb IIPY aHAIN3E CEUCHHUS N30~
OpakeHus1 OynbOapHON KOHBIOHKTUBBI, MPEICTABIICH-
HOro Ha pucyHke 2. HeTpuBuanbHON OKa3bIBacTCA U
3a/1a4a TPACCUPOBKH COCYAMCTOTO PUCYHKA, IIOCKOJIb-
Ky BbICOTa Mpo(uiiell MonepeyHoro ceueHus: n3oopa-
JKEHHSI MaJIbIX COCYJIOB YacTO OKa3bIBACTCS CPAaBHUMA
C U3MEHEHMSIMH SIPKOCTH M300payKeHHs TKaHeH Oyiib-
0apHOI KOHBIOHKTHBBL. 3pUTENbHAsI CHCTEMa YeJIoBe-
Ka MMEET CIelUabHble MEXaHH3Mbl PETYIIMPOBAHUSI

(yctpanenust nedexToB) nwHUIA [15], moITOMY MBI
C HEOCO3HABAEMOM JIETKOCTHIO (DOPMHUpPYEM BH3Yallb-
HOE TIPEJICTaBJICHNE COCYTUCTOIO PUCYHKA B BUAE Te-
PECEKAIOIUXCS HETIPEPBIBHBIX JIMHUM pPa3HOM TOJIH-
HBI, HECMOTPSI Ha UMeEIoIIrecs pa3pbIBbl. HeoHopo-
HOCTB SIPKOCTH M300paKEHUsI CKIIEPBI IPUBOINT TAKKE
U K 3aMETHOMY Pa3IM4MIO BBICOT ITPABOM U JIEBOM BET-
Bel poduield MonepeyHoro ceueHus COCYI0B, YTO 3a-
TPYAHSET OIpeieNieHre MOTyBBICOTHI MPO(UIIs, Ha KO-
TOPOH ONPENENAIOT BHYTpeHHUA auamerp D . Otme-
THM, YTO OTHOILICHUE CHTHAI/IIIYM TTOCJIe YCPETHEHNUS
mo 25 cTaOWIM3UPOBAaHHBIM KaJpaM  yITydIIaeTCs
B 5 pa3, mosToMy HalmonaemMble QIIyKTyaIy IpKOCTH
M300paKeHUs] HA PUCYHKE 2 B TPOMEKYTKAX MEXKIY
cocyaamMH OOYCIIOBIICHBI HE IIyMaMHM, @ ONTHYECKOH
HEOTHOPOAHOCTBIO TKAHEH CKIIEPHI.

346th
image

line
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Pucynok 2 — O6pabotanHoe m300pakeHne OyIb0apHON KOHBIOHKTHBEI, YCPEIHEHHOE O 25 KampaM (a), U 3aBHCH-
MOCTB OTHOCHTEJIBHO SPKOCTH €ro Ce4YeHHMs BIOJb 346 cTpoku (TMHU 1), Ha KOTOPOH TOYKAMH BBIICICHBI JTOKaJIbHBIC
MHUHHUMYMBI, U Pe3yJbTaThl 00pabOTKH 3TOTO CEYEHHUsI, T.€. BBIJCICHUS YUYaCTKOB, KOTOPbIE MOXXHO OTHECTH K COCY-

nam (suaus 2) (b)

Figure 2 — Calculated image of bulbar conjunctiva, which is averaged over 25 frames (a), and the dependence of the
relative brightness of the profile of its cross section along the 346 image line (line 1), on which local minima are marked
with dots, and also the results of processing the profile of this cros section, i.e. the allocation of areas that can be

attributed to the vessels (line 2) (b)

B03MOXXHOCTB MOJACBETKH CHUMaEMOTO y4acT-
Ka Oynb0apHOW KOHBIOHKTHUBBI TIOJ] YITIOM K €€
HOPMAJIA TO3BOJISET M30aBUTHCS OT MPUCYTCTBUS
Ha HUGPOBBIX H300paKeHHsIX OoJiee KPYMHBIX
COCYIOB TaK Ha3blBAEMOI'O CBETOBOTO pediexk-
ca[9,10], mpucymero Hu300paKeHHUSIM COCYI0B
CETYaTKH, IMOJYYEHHBIM C MOMOIIBI0 (YyHIyC-Ka-
Mep. OH popMupyercs 3a c4eT 00paTHOTO OTpaxKe-
HUSl BEPXYLIKOH cOCyna MOACBEYMBAIOIIETO H3IIYy-
YeHHMsl, TOMAaJaloNIero Ha JHO IJla3a 4epes 3pavyoxk,
U TPOSIBISICTCS B BUJEC HAJIWYUS CEPOM TOJOCHI
Ha TEMHOM HM300pa)KEHUU COCY/a, YTO HCKaKaeT
npodHIb €T0 MOTIOUICHHS.

Amnanu3 npoguiieii onepeyHoro ce4eHus moiy-
YaeMbIX W300paxkeHuil cocynoB OyabOapHOW KOHB-
FOHKTHBBI YKa3bIBaCT HA 3aBUCUMOCTb UX (DOPMBI
OT AnMaMeTpa BHYTpPEHHEro mpocseta. s cocynos
¢ HeOONBIIMMHU IuamMeTpaMu Gopma npoduis npu-
MEPHO HAIIOMHHAET WHBEPTUPOBAHHOE TIayCCOBO
pacnpeneneaue. OYHKIMOHAIBHYIO 3aBHCHMOCTH
(dopMbl TIpOMIIL CeueHHs] W300pakeHUs cocyna
OT €ro JAuaMeTpa HaiTu moka He ynanock. [loaTomy
IIPH OMPE/ICIICHUHN JUaMeTpa BHYTPEHHETO MPOCBE-
Ta COCyAa HaMHU HCIOJIb30BAJICSl CIIOCO0, OCHOBAH-
HbI HA CBS3M MEKIy MAaKCUMAJIbHOW BBICOTOH /1
1pOoGuIIS ONEPEYHOTO CEYEHHS U €T0 TIIOMIAIBIO S .
IIpu aenennu miomagu Sac Ha hm MOJTy4aeM UCKOMBII

SKBUBAJICHTHBIA JMaMETp BHYTPEHHEr0 IPOCBETa
cocynos D . Jlns MaibIx COCyIOB OH HPHOIHM3H-
TEJIHHO TIPOTIOPIUOHANIEH KOJIWYECTBY ITOTIIONICH-
HBIX (DOTOHOB PPUTPOIUTAMH, MPOIIESTIINMA YEePe3
paccMmarpuBaeMblii yyacTok cocyna. Ilpu nornoiie-
HUM cBeTa OoJiee KPYMHBIMH cocygamu (HopMHpY-
erca apyras Gopma mpoduis ¢ OoNbIICH KpyTH3-
HOW ckIIOHOB. [lo3TOMy mpuMeHeHHe BBIpaX]EeHUs
DW:SaC/hM Oyzer maBaTh JOCTaTOYHO KOPPEKTHBIC
pE3yIBTaTHI.

[Ipy wWCHONB30BaHMM MPEIIaraeMoro CIroco-
Oa onpenenenuss D OPUXOMUTCS TPEIBAPHTENBHO
OTIpEICTISATh TOJOXKEHHE OCceld M300pakeHUiH cocy-
JIOB, T. €. IPOBOJIUTH TPACCUPOBKY CKEIIETa COCY/IU-
croro pucyHka. CymiecTByeT HECKOJIBKO alTOpHT-
MOB TPAaCCHUPOBKH COCYAUCTOTO PUCYHKa H300paske-
Hui nHa raasa [9-14]. Jlyuimue u3 HUX BHEIPEHbI
B JIOPOTOCTOSIIIEE IPOrpaMMHOE obectieueHne pyH-
Jyc-KaMep, KOTOpOe 3aKphITO Ui CBOOOHOTO JI0-
cryna. [ToaTomy mipu TpaccCHpOBKe MIPUXOIUTCS pa3-
pabaThIBaTh CBOU aITOPUTMBI. HaM MHTEpECHOI 110-
Ka3aJlach HJIesl Ha MPAKTUKE MPUMEHUTh MPHUHIUIIBI
aHaM3a N300paKeHUH, CBOMCTBEHHBIC 3PUTEIHLHOM
cucteme yenoBeka [15,16], koTopas HOCTATOYHO
JIETKO peliaeT 3Ty 3a7ady Jake P HAIWYHH CYIIle-
CTBEHHOW HEOJJHOPOJHOCTH PACCESHUSI W3ITy4CHHUSI
TKaHSIMH Oy1b0apHON KOHBIOHKTHBEI.
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bricTpora BocCHpHATHS OKpy’Karomei oOcTa-
HOBKH 3pUTEIHHOW CHCTEMOW delloBeka obecrre-
YUBACTCS IMapajlIeIbHON 00pabOTKON peIenTHB-
HBIMH TIOJISIMH CETYATKH PaclpeieseHusT SIPKOCTH
n300pakeHus, KoTopoe (GopMUpPYETCs Ha JTHE TIiasa
M 3aT€M TI0 3PHUTEIBHBIM IyTSIM TMOCTYIAeT B Iep-
BUYHYIO 3pUTENBHYIO KOpy wMo3sra. Bcmeacteue
YpE3BBIYAHON CIIOKHOCTH Ia)Ke TIEPBUIHON 00pa-
OOTKH 3pUTEIBHON WHMOPMAIK MO3TOM YeJIoBEeKa
MTOKa OTCYTCTBYET IOJHOE IIOHNMAaHKE U MTOIPOOHOE
OTIMCaHWE TPOIIECCOB, MPOUCXOANINX B CETYATKE
u 3purenbHOi Kope [16]. IlosToMy mpu co3ganun
ITOPUTMOB TPACCUPOBKH «CKEJIETa» COCYIHUCTOTO
PUCYHKA MIPUXOJIUTCS TOIH30BATHCS YIPOIIECHUSIMH
Y TPaJUIIMOHHBIM HA0OPOM BBIYUCIUATENBHBIX aJIro-
PUTMOB TIEPCOHATBHBIX KOMITBIOTEPOB TSI 00paboT-
KM M300paXeHHIA, TOCKOJIBKY IPOIECCOPHI IS Ta-
payenbHO 00padOTKK TIPH BBIIEICHUN KOHTYPOB
M300paKeHUH TTOKa HE CO3/IaHEI.

Hcnons3yemple HaMU aarOpUTMbl TPACCUPOBKHU
OCHOBaHBI Ha MOCJIEIOBATEIBLHOM MPOCMOTPE MUK~
ceneil  ycpeAHEHHOro u300pakeHus: OynbOapHOit
KOHBIOHKTHBBI ¥ UCTIOJIb30BaHUH KOJIBIIEBBIX CTPYK-
Typ C pacuupsomuMucs paauycamu R. Brauane
M0 aHAJOTHH C aIrOpuTMaM# (PyHKIMOHWPOBAHUS
HelpoHoB On- u Off-pelienTUBHBIX MOJIEH B MaKy-
JSIpHOU 00JIACTH CETYATKH, KOTOpPbIe 00eCTIeYnBaIOT
BBICOKYIO OCTPOTY JTHEBHOTO 3PEHUSI, OIPEIEISFOT-
csl JIOKaJTbHBIE MUHUMYMBI 00pa0aThIBaeMOro HM30-
Opaxenus. [lpu oOHapyKEHUH JTOKATLHOTO MHUHH-
MyMa SIPKOCTH H300paKeHHUsI C KOOpAWHATAMU i, j
paauyc R KOJIbLUEBOM CTPYKTYpPbI UM PELIENITUBHO-
ro moJisi yenuumBaercs. J[is HOBoro 3HaueHUS R
OTIpEICTSETCS] 3aBHCUMOCTh CYMMBI TPOTHBOIIO-
JIO)KHBIX TOYEK OKPY)KHOCTH C PaAMyCOM R OT yria
MMOBOPOTA CEYCHMS WM eTo HampasieHus. Jlanee Ha-
XOJIUTCS MAKCHUMYM Pa3HOCTEN 3TOM 3aBUCHUMOCTH
JUISL TIEPIICHIUKYJISIPHBIX HAIIPABJICHUM U CPAaBHUBA-
eTcsl C BEJIMYMHOM MOpora, 3aBHCAIIET0 OT SPKOCTH
M300pakKeHUs B JIOKAJTHbHON OKPECTHOCTH TOYKH i, J.

[Ipu mpeBbITIIEHNH TOpOTa MPOIEcC MOUCKA CKe-
JIeTa cocyaa sl TeKYIIEro JIOKATbHOTO MUHUMYyMa
npoaosrkaercs. [IpumepHo uepes 2—3 urepanuu yse-
nrueHus R ¢ mocienyomnei moporoBoit 00paboTKoH,
BEPOSITHOCTh MPABUIBHOTO OTHECEHUS K KIacCy COo-
CyJIOB TOYKH JIOKATbHOTO MUHUMYMa, HaXOJISTIeHCs
Ha OCH COCY/JIa, CTAHOBHTCS OOJBIION, M pacCMaTpH-
Ba€Mblil IOKAJIbHbI MUHUMYM [IOMEUYAETCs KaKk OCh
cocyaa. PazpaboTaHHbIe alrOpUTMBbI TPAaCCUPOBKU
MO3BOJISIOT 33 OJUH IMPOXOJ] IBYMEPHOU MaTpPHIIbI
M300pakeHUs TIPOAHATU3UPOBATh KAXK/IbIA TTHUKCEIh

Y HallTH ocH Bcex cocyAoB. IIpu 3ToM BO3HHKAET He-
00NBIIOE KOTUYECTBO JOXKHBIX TOYEK M IITPHUIIKOB,
OTHOCSIIUXCSA K MPOTSDKEHHBIM ONTHYECKHM HEO.-
HOPOAHOCTSIM CKJIEPHI CO CTPYKTYpO# npoduis, no-
X0Xel Ha mpoduiib Kanmwuisipos. Pesynprar npose-
JICHUs] TPACCHUPOBKH HEOONBIIOTO (parMeHTa nug-
poBoro u3o0pakeHus: OynbOapHONH KOHBIOHKTHBBI
TJ1a3a mpejcTaBieH Ha pucynke 3b. [Ipu cpaBHeHUH
00paza BU3yalbHOW TPACCUPOBKH, OCYILIECTBIISIEMOM
HaIIeH CHCTEMOU 3pEHUS ITPH aHATN3e H300paKCHIS
Ha pUCYHKe 3b ¢ Tpe/ICTaBICHHBIM IPUMEPOM Tpac-
CHUPOBKH, BHJHUM >KEJIATEILHOCTb MCHOJIb30BAHUS
NP JATbHEHIIIEM Pa3BUTHH AITOPUTMOB 00pabOTKH
CHELUAIBHBIX CIIOCOOOB PETYILIMPOBAHUS Pa3pPhIBOB,
9TOOBI YCTPaHUTH HEOOJBIIOE YHCIIO IPOITYCKOB
B CK€JIeT€ COCYAMCTOTO0 PUCYHKA MMKPOIMPKYJIS-
TOPHOTO pycia.

L

100 -

120F

160

Pucynok 3 — ®parment M300paskeHUs

YCPEIHEHHOTO
Oyme0apHOI KOHBIOHKTUBHI ¢ pazMepamu 160 x 160 mmkce-
nelt (@) U paspenieHueM 2 MKM, KOTOPBIA BBIICIEH Ha pH-
CYHKE 2 CBETJION IUTPUXOBOM JIMHUEH, @ TAKKE PE3yJIbTaT
TPACCHPOBKH COCYANCTOTO PUCYHKa B 3ToM (hparmente (b)

Figure 3 — A fragment of the averaged image of the
bulbar conjunctiva with dimensions of 160 % 160 pixels
and a resolution of 2 um, which is shown by the bright
dashed line in Figure 2a, and the result of tracing the
vascular pattern in this fragment (b)
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[Tocne mpoBeneHUs olepanuyu TPAcCUPOBKH
OCell COCYyIIOB B TOYKax M300pakeHWUs, OTHECEH-
HBIX K OCSM COCYJIOB, OCYIIECTBIISIETCS aHaIU3
3aBHCUMOCTH IIJIOMIAJN CEYEHHUS TOJ MpoduiieMm
n300pakeHusl cocyaa OT paauyca R HCIOIb3y-
€MOM KOJIBLIEBON CTPYKTYpPhI U yTIJIa IIOBOPOTA @
IJIOCKOCTH aHalln3a OTHOCHUTEIHHO HANpaBICHUS
ocH x. JIng yTouHeHUs HammpaBJIeHUsS OCU COCyla
MPOBOJSATCS OTEpPaIliy 1O OTPEICIICHUIO 3aBH-
CHUMOCTH CYMM BBICOT IPOTHBOIIOJNOKHBIX «0e-
pPEroB» M CYMM BBICOT MPOTHBOIIOJIOKHBIX TOYEK
«JITHA» pyciia n300pakeHus: cocya OT yria MoBO-
pota ¢. Haxomst MakCUMyM pa3sHOCTH DTHX CYMM
U paclupsisi paguyc R UCIOIb3yeMOU KOJIbLUEBOU
CTPYKTYpPBI, YTOUHSETCA HAIpPaBICHUE OCHU HM30-
OpaskeHUsl coCy/a W MOJI0KeHUEe MPaBOW U JEBOH
rpanun ero npodwis. [lpu onpenenennn rpaHuil
HCIOJBb3YETCS CIOXKHBIA KPUTEpPUM, YyUYHUTHIBA-
IOIHUA CKOPOCTh HM3MEHEHUs KPYTH3HBI Mpodu-
TS TIpY yAAJIeHUW OT OCH H300pakeHUsS cocyja.
[locne ycraHOBieHWS T'paHUIl M YTOYHEHHS Ha-
MPABIICHUSI OCH TOJICUUTHIBACTCS OKOHYATEIhHAS
IJIONIAAb TOA HMPOQUIEM IONEPEUYHOr0 CEYSHUS
I/I306pa.)i<e'HI/I$I cocyma S, B paccMaTpuBacMoin
TOYKE 1, J €TI0 OCHU, HAXOAUTCA BBICOTA IMOJYYCH-
HOTO IPOQUIIS /i, ¥ PACCUNTHIBACTCHA IKBUBAJICHT-
Hbli quametp D (i, j).

Ha pucynke 4a npencraBieH mpumep ooOpa-
0oTaHHOrO (parMeHTa yCpeIHEHHOro M300paxe-
HHUSI, MOKAa3bIBAIOIIMI TpajalusiMU CEpOro LBETa
npouiu U300paxeHus: COCYJI0OB U MUKCENH, y4a-
CTBYIOIIME B onpenenennu D . benbiMu TouKkamMu
OTMEUEHBl MHUKCEIU, KOTOpPblE HE Yy4acTBOBAaIHU
B IIPOLIECCE OMpPEIEICHHs JUuaMeTpa COCyAOB, IMO-
CKOJBKY TpH (OPMUPOBAHUHU PACIIUPSIOIIAXCS
OKPYKHOCTEH B KBaJIPaTHOM CETKE OTCUYETOB C IO-
MOILIbIO alIropuT™Ma bpe3eHxeMa HCHOJIb3YIOTCS
HE BCE IUKCEIH, JISKAIIUE BHYTPHU 3aMOJHIEMON
mwiomaau. OTMETUM, YTO 3pUTENIbHAsL CUCTEMA Ye-
JIOBEKa MPU pACCMATPUBAHUU MOJYYAEMbIX H30-
OpakeHuii, HanpuMep Ha pUcyHKe 3a, hopMupyer
HEMHOTO HCKa)XXEHHOE BM3yaJbHOE BIICUATICHUE
0 BUJAMMOM JHAMETPE MAaJIbIX COCYIOB, 3aHUXKAs
OLICHKY 3HAYEHHUS Dve.

[Ipenmaraemsprii anroput™ (opMuUpyeT Mac-
CUBBl JJaHHBIX, HEOOXOAMMBIX [JIi IOCTPOCHUS
KapThl 9KBUBAJICHTHBIX NUAMETPOB BHYTPEHHETO
MPOCBETAa BUJUMBIX COCYJOB Oylb0apHOU KOHB-
IOHKTHBBI T71a3a. OparMeHT TakoW KapThl, MOTY-
YEHHOM JIJIs1 COCY/IOB Pa3HOT0 KanuOpa, MPUBEJICH
HapucyHke 4b. Jlnsg Haumimydmero BU3YyaJbHOTO

NPENCTABICHUS PE3YNbTaTOB omnpenenenus D
Ha MOHOXPOMHOE H300paKeHHe COCYANCTON CeTH
HAaKJIJIbIBACTCS HAUAEHHBIA CKEJIET COCYIUCTOro
PUCYHKA, KOTOPBIM pacKpaliMBaeTcs NalUTpOU
C UBETHOW IiKanoi 3uauenuid D . IlpucyrcrBue
Ha pucyHKe 4bh HEOONIBIIOTO YUCTIA JIOKHBIX TOYEK
yKa3plBaeT Ha HEOOXOJAMMOCTh MPHUBICUCHHUS
MpHU JadbHEHIIEM Pa3BUTHH aJTOPUTMa JaHHBIX
KaK O HalpaBJIEHWH OCH COCY/a, TAK U MUHUMAJIIb-
HOHM TIPOTSKEHHOCTH CBSI3aHHBIX IEITOYEK ITHKCE-
Jel, oTHocsuUXcs K ocu cocyaa [17, 18].

b

PucyHnox 4 — Vutroctparius mnporiecca oopabotku ¢par-
MEHTa M300paKeHHs Ha pucyHKe 3a (a) U KapTa pacrmpe-
JIEIeHUs] SKBUBAJICHTHBIX TUAMETPOB BHYTPEHHETO MPO-
CBETA COCY/JOB C COOTBETCTBYIOIIEH IIBETOBOM ILIKAJION
B MUKpoMeTpax (b)

Figure 4 — Illustration of image processing, shown in
Figure 3a (a) and the distribution map of equivalent
internal vessel diameters with a corresponding color scale
in micrometers (b)
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Jlisl OGHKM  peakuuy COCYHOB IIPU peryJis-
TOPHBIX M JPYTUX BO3ACHCTBHUAX HA CEPAECYHO-CO-
CYIHCTYIO CHCTEMY 4YeJIOBEKa JIydllle MCIIOb30BaTh
TUCTOrPAaMMBbI pacnpesienienust D 1 IUIOmaau BHy-
TPEHHETO TPOCBETa S, NPUMEPBI KOTOPHIX MpUBE-
JICHbI Ha PUCYHKE 5.
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PucyHok 5 — I'ucrtorpaMMbl  pacipelneicHus 3HAuYeHU
SKBMBAJICHTHBIX JuameTpa D (a) u mnomamu S (b) BHy-
TPEHHETO MPOCBETa COCY/I0B, KOTOPHIC MOJyUYCHHBI IS
n3o00pakeHust Oyap0apHON KOHBIOHKTUBEI HA PUCYHKE 24

Figure 5 — Histograms of the distribution of the values of
the equivalent internal diameter D, (a) and the area S (b)
of vessels, which are obtained for the image of the bulbar
conjunctiva in Figure 2a

Heo06x01uM0 0TMETHTB, 4TO MOJIBI THCTOTPAMM,
COOTBETCTBYIOIIME COCYJaM pPa3HOro Kajuopa,
HUMEIOT CHIIBHOE MEePEKphITHE, KOTOpOe 00YCIoBIIe-
HO IUIaBHBIM M3MEHEHHEM AHAaMETpa BHYTPEHHETO
MpoCBeTa MpH Tepexo/ie apTepuil B apTepHOIIbI, Ka-
NWUISPBI U Jajiee B BeHYJIbl U BeHbl. C LeNbIo yrpo-
[ICHUS OMUCHIBAEMOTO AJITOPUTMA TTOKA HE UCIIOJIb-
30BaJIMCh PELICHUS, HCIIOJIb3YIOLINE aHAJIN3 HAIPaB-
JICHUsI OCH COCY/JIa, @ TAK)KE JUTHHY CBSI3aHHBIX I1ETI0-
yek nukcened. CTOJIOMKU THCTOrpaMMBI, JIeKallue
Ha Kparo ee JICBOro Kpblla 0OBIYHO HE YUHUTHIBAIOT,

MOCKOJIbKY HEKOHTPACTHBIE YYaCTKH M300pakeHus
MaJIbIX COCYIOB JAlOT MCKa)KEHHOE INPEICTaBICHNE
M3-32 MaJIOTO YHUCIIA 3PUTPOIMTOB, TPOIIEAIITINX
gepe3 HuX. [1oaToMy TOTpeOHOCTE B yIaICHUH JIOK-
HBIX TOYEK C KapThl PACIPEICICHUS TUaMETPa BHY-
TPEHHETO POCBETA COCYAOB OTIAAET.

Bepudukanus npeasiaraemoro Meroaa
omnpeae/ieHus TUaMeTpa BHYTPEHHEro
MPOCBETA COCYA0B

JlokazaTenbCTBO JIOCTOBEPHOCTH TIOJTy4aeMbIX
pe3ysbTaroB onpeaeneHus D u S OCIOKHACTCS
MOCTOSIHHON (UIyKTyalMeli KpPOBOTOKa BO BpEMs
CHCTOIIBl W JIMACTOJIBI CEPIlla, Pa3MEpOB COCYOB,
W3MEHEHHEeM 4Hciia (GYHKIHOHUPYIOMNX KalyuIsi-
pos. llpumeHeHue AOPOrocTosAlIed TEXHUKH KOH-
(hokanbHOI JIa3epHON MUKPOCKOITUHU C aJallTUBHON
ONITUKON OCIIOKHAETCS HETPEPHIBHBIMHU JIBUKCHH-
SMH TJIa3, YTO BBIHYXIAET MPOBOAUTH KOPPESLH-
OHHYI0 00pa0OTKY JUIsl CTaOWIIM3AINN TT0JTy4aeMbIX
M300paKeHNH HEOOJBITUX YIaCTKOB cocyaos [19].
[locne crabunuzanuy BOZHUKAET MpobdiiemMa BeIOOpa
METO/Ia OLIEHKH JIMaMeTpa cocya D, 110 nosry4aemo-
My TIpO(QWITIO MTOTIEPEYHOTO CEYCHHS MOIYyYeHHOTO
n3zobpaxenus. [Ipemnaraempliii B [19] crioco0 orieH-
ki D 10 TOYKaM, IJI€ TPAJMEHT WK NPOU3BOIHAS
OT PO WIS HA €r0 MPaBOW U JIEBOI BETBIX MEHSIET
3HAaK, B CBOIO Oo4epe/ib TpeOyeT MOATBEPKICHHS He-
3aBUCHMBIMH H3MEPEHHsAMH D Jpyrumu crocoba-
MU (in vivo), KOTOPBIX MOKa HUKTO HE TPETOKHUIL.
[TosTOMY OCTOBEPHOCTH MpEAIaracMOi METOIUKU
OIpeJICIICHUS Dve Ha HACTOSIIMNA MOMEHT MOYKHO
KOCBEHHO TIOATBEPANTH TOJBKO YHCICHHBIM OJKC-
NEPUMEHTOM, T.€. MOJCIMPOBAHUEM TpPaHCIIOpTa
(hoTOHOB B TKaHsIX OyiapOapHON KOHBIOHKTUBBEI 3D
MeronoM Monte-Kapio. Ha pucynke 6 npencras-
JIeHa 3aBHCHMOCTh PE3yJIbTaToOB ompenenenus D
npeiaraeMbIM HaMH CIIOCOOOM OT 3HAYCHUH BHY-
TPEHHETO MPOCBETa COCYI0B D , KOTOPHIE 3a/1aBa-
JUCh TPU TPOBEJICHUU MOJACIMPOBAHHS KOHTYpa
npoduiei ceueHus: n300paxkeHus: cocynos 3D me-
togomM Mownte-Kapno. [ns npumepa, npeacTaBieH-
HOTO HA PUCYHKE 6, TITyOMHAa 3aJleraHusl BepXyll-
KU COCYJIOB Pa3HOr0 KaJnOpa B TKaHU OyiabOapHOU
KOHBIOHKTHBEI 3ajaBaiach paBHOH 5 MkM. OObeM
MOZAETUPYEeMOll TKaHH, B KOTOPOH pacmosarajics
COCyZl C 3aJ1aBaeMbIMU 3Ha4€HUAMH D , COCTaBIISI
500 x 500 x 200 mxm. Bugnm, 9T0 BEIMUCIUTEILHBIN
9KCIIEPUMEHT YKa3bIBaeT Ha BO3MOXKHOCTH HCIIOJIb-
30BaHMsA MPEIAraeMoro crnocoba onpeesnenus D .
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PucyHok 6 — 3aBHCHMOCTH  OTIPEIENIIEMBIX  3HAUCHHHA
BHYTPEHHETO JuameTpa D cocyloB Oynb0apHOH KOHb-
FOHKTUBBI OT MX BEJIUYMH D , 33/1aBa€MbIX TIPU MOJIEIH-
poBaHUU TpoduicH cedeHus M300pakeHuit cocyoB 3D
MetonoM Monre-Kapio npu riryOuHe 3aneranusi Bepxy-

LIEK COCYZIOB 5 MKM

Figure 6 — The dependencies of calculated values of the
internal diameter D, of bulbar conjunctiva vessels from
the values of D, which were set when modeling the
profiles of the cross section of 3D images of the vessels
of the Monte Carlo model with a depth of case the blood
vessels 5 um

3akioueHue

Pa3paboranHas KOMIUIEKCHAs METOAHWKA BH-
JICOPETUCTPAlUU [U(POBBIX H300PAKCHHI COCY-
J0B OynbOapHO KOHBIOHKTHBBI IJ1a3 C MPOCTPaH-
CTBEHHBIM PA3PELICHUEM 2 MKM U CO3JIaHHBIC MPO-
IrpaMMHBIE CPENICTB aHANIHM3a X MOP(OIOTHIECKUX
IapaMeTpPOB HMMEIOT TEPCIEKTUBY MPAKTHUECKOTO
NPUMEHEHUSI TIPU KOHCTPYUPOBAHUU HUATHOCTHYE-
CKOM ammapaTypsl HOBOro nokosienus. Ilepcnexkruna
00yciIOBI€Ha BO3MOKHOCTSIMH HEMIOCPEICTBEHHOTO
M3YYCHHUS CKOPOCTH KPOBOTOKA M PEAKIIUU COCYIIOB
Ha PETyASTOPHBIC BO3ICHCTBHUS M COCYJOAKTHBHBIC
Mperaparbl, paHHEro OOHAPYKCHHS HapyIICHHMA
CTPYKTYPbl MUKPOLIUPKYJISITOPHBIX COCYIOB, BbIsIBIIE-
HUS (DAKTOPOB PHCKA PA3BUTHUS OCIOKHEHUN, CKIIOH-
HOCTH TIaIfieHTa K ((OpMHUPOBAHUIO Ba3ocma3ma u Jp.

Bonbiiolt mHTEpec y uccienoBarened U KIiH-
HUIIACTOB BBI3BIBACT KOMITIEKCHBIM TOAXOJ, OCHO-
BAaHHBI Ha TMapajuieIbHOM HCCIICTOBAaHUU MHKPO-
LIUPKYJIATOPHOTO pyciia Oyap0apHON KOHBIOHKTHBEI,
IJIA3HOTO JTHA, KOXKHBIX TTOKPOBOB U TMTOBEPXHOCTHBIX
MBIIII, KOTOPBII JaCT BO3MOXXHOCTH OIICHUBATh Ha-
JITYUE JIOKAJLHOTO WJIM CHCTEMHOTO XapakTepa W3-
MEHEHUH TemMoJuHaMuKku. Ero peanuzanusi MOXKET
0a3nupoBaThCA HA HOBBIX METOMAX OIEPATHBHOTO

KOJIMYECTBEHHOTO aHaJN3a CIEKTPATHHO-TIPOCTPaH-
CTBEHHBIX XapaKTEPUCTUK TUPPY3HOrO OTpaKECHUsI
paszIM4HBIX TKAaHEW opraHusma yesoeka. llepsbie
pe3YJ]LTaTBI, HOJIy‘IeHHBIe HaMH, ITIOKa3bIBarOT Hep-
CIICKTUBHOCTBH 3TOIo HaHpaBJIeHI/IH JJIsT OOCHKHU I1a-
paMEeTpPOB MHUKPOIUPKYIATOPHOTO pPyciaa COCYIH-
CTOM CUCTEMBI.
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IIpuMeHeHre MHOTONIAPAMETPUYECKOI0 aHAIN3A
IIUPOKOMOJOCHBIX CIIEKTPOB MPOIYCKAHUSA JJISI KAJUOPOBKHU
(GpU3UKO-XMMHYECKHUX MOKa3aTeJed BUH

M.A. XonaceBuu', E.A. Ckopoanosa’, M.B. Porosas'

"Hnemumym ¢usuxu Hayuonansnoti akademuu nayk benapycu,
np. Hezasucumocmu, 68, o. Munck 220072, Berapyco

’Hayuno-npakmuyeckutl uHCmunmym nio00800Ccmed, UHOSPAOapCmed t NUWeablX MexHoI02ULl,
yia. Buepyn, 59, mynuy. Kuwunes, n.e.m. Koopy 2070, Mondosa

Hocmynuna 12.02.2019
Hpunama k newamu 23.05.2019

Hcnonp3oBaH0 MHOTONIApaMeTpUIECKOr 00pabOTKH CIIEKTpalIbHOW HH(GOPMAIUH B ITOCIIEAHEE BPeMsI
OTJaeTCs MPEIIMOYTEHHUE B CBSI3U C KCIIPECCHBIM XapaKTePOM 3TOTO METO/Ia, IIPOCTOTON MPUMEHEHUS MaTe-
MaTHUYECKHX MaKeTOB, OTCYTCTBHEM HEOOXOJIMMOCTH BBEJICHUS JOMOIHUTEIBHBIX peareHToB. Llensio pabdo-
THI SIBJISUIOCH IPUMEHEHNE METO/I0B MHOTOIIAPaMETPUUYECKOTO aHAIIN3a NIMPOKOITOIOCHBIX CIIEKTPOB MPOITY-
CKaHUs JIJISl KATUOPOBKY (DM3UKO-XUMUYECKHX TI0Ka3aTeseil BUH U MOBBIIICHUE TOYHOCTH 3TOH KAIUOPOBKU
C TIOMOIIBIO BEIOOpA CIIEKTPAIBHBIX IEPEMEHHBIX.

Ha nmpumMepe HeKyaXHpOBaHHBIX COPTOBBIX MOJJIABCKUX BUH MOKAa3aHO, YTO IPUMEHEHHE METO0 1 UH-
TEPBAIBLHOW MPOESKIIUU Ha JIATEHTHBIE CTPYKTYPHI 10 KOMOMHAIIUYU JIBUKYIIUXCSI OKOH B CIIEKTPax IMPOITy-
cKaHus BUH B auanazoHe 220-2500 HM 1M03BOJISIET CYIIECTBEHHO YMEHBIIUTh CPETHEKBAPATUIHYIO OIINO-
Ky KaJUOpPOBKH IO CPaBHEHUIO C IIUPOKOIOJIOCHBIMH MHOTOIAPAMETPHUUECKUMHU METOJaMH. BemuduHbl
OCTaTOYHOI'O OTKJIOHEHHS MPEICKa3aHusl, IIPEBHIMIAIOIINE TOPOroBoe 3HaUeHue 2,5 i conepxkanus K, Ca,
Mg, maBesneBol, S0I0YHON U SHTAPHOW KHUCIOT, 2,3-OyTHIICHTIIMKOJS, 3076l U (DEHOJBHBIX COCIUHEHUM
JUTSL KpACHBIX BUH U Mg, BHHHOM, TUMOHHOW W MOJIOYHOM KHUCIIOT, 2,3-0yTUIICHTIIMKOJIS, 307161, (DEHOIBHBIX
COCIMHEHH U PACTBOPUMBIX COJICH JiJisi O€JIBIX BHH, JISMOHCTPUPYIOT XOPOIIee KaueCTBO KaTMOPOBKHU.

[IpumeHeHune npeaIoKEHHOT0 METOIa KaTMOPOBKU (PU3UKO-XUMHUYECKUX IMapaMeTPOB BHH TO3BOJISIET
3aMEHUTH TPAIUIIUOHHBIC METO/IBI HA IIPOBEJICHHIE CIIEKTPAIbHBIX H3MEPEHUH, JOCTYITHOE HE TOJIBKO B J1a00-
PaTOPHBIX, HO ¥ B TIOJIEBBIX YCIOBHAX, H XapaKTEPU3YIOIIECECs MAIBIMU BEIIMYMHAMH CPEJIHEKBAIPATUIHON
OIIMOKY KaIMOPOBKH.

KuroueBsble ci10Ba: MHOronapaMeTprudeckuil aHamu3, CIEKTp NPOIyCKaHusl, MHTepBaIbHAs IPOEKIMs Ha Jia-
TEHTHBIE CTPYKTYPBI.
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Abstract

The use of multivariate processing of spectral information has recently been favored due to the express
nature of this method, the ease of use of mathematical packages, and the lack of the need to add chemical
reagents. The aim of the work is using the methods of multivariate analysis of broadband transmission
spectra to calibrate the physicochemical parameters of wines and to improve the accuracy of this calibration
by selecting spectral variables.

Using the interval projection to latent structures of the transmission spectra in the range of 220—
2500 nm, the physicochemical characteristics of the varietal unblended Moldovan wine are calibrated.
Interval methods of multivariate data analysis allow significantly reducing the root mean square calibration
error in comparison with the broadband multivariate methods. Residual predictive deviations exceed the
threshold value of 2.5 for K, Ca, Mg, oxalic, malic and succinic acids, 2,3-butylene glycol, ash and phenolic
compounds for red wines and Mg, tartaric, citric and lactic acids, 2,3-butylene glycol, ash, phenolic
compounds and soluble salts for white wines. These values demonstrate good calibration quality.

The application of the proposed method for calibrating the physicochemical parameters of wines
makes it possible to replace traditional methods with spectral measurements, which are available not
only in laboratory but also in the field, and characterized by small values of the root mean square error
of calibration.

Keywords: multivariate analysis, transmission spectrum, interval projection to latent structures.
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BBenenue

Bunorpannusle BHHA SBIAIOTCS CIIOKHBIMU
CMeCsAMU XHMHUYECKHX coequHeHuil. X cocTas
3aBUCUT OT COpTa BUHOIpaja, MOYBEHHO-KJIH-
MaTHYECKUX OCOOCHHOCTEeH  reorpaduyeckoi
30HBI €r0 MPOU3pPACTaHUS, HCIOIb30BaHUA pe-
IJIaME@HTHUPOBAHHBIX arpoOTEeXHHUYECKUX HPHUEMOB
u apyrux ¢axropoB. Kpome stmioBoro cnupra,
coZep)KaHUE KOTOPOro B CYXHUX BHHOI'PaJHBIX
BHHAX MOXET mocturath a0 15 % 00., B BuHE
coJep)xaTcsi B pa3HbIX KOJIMYECTBAaX BBHICIINE
CIIUPTHI, JIETy4YHe U HeJeTy4He KHUCIOTHI, CIOXK-
HbIE 2(QUPBI, MHOTOATOMHBIE CIIUPTHI, I1EJIOYHbIE
metamisl K, Na, Ca, Mg u MHOTrue JIpyrue Kom-
noHeHTsl. OmnpeaeneHne 3TUX NapaMeTpoB OCy-
LIECTBIISIETCS C MCIOJIb30BAaHUEM COBPEMEHHBIX
HHCTPYMEHTAJBHBIX METOJI0B aHAJIN3a: Ta30BON U
KUAKOCTHOW Xpomartorpaduu, aToMHOU abcopO-
LMOHHOW CIEKTPOCKONHUH, aTOMHO-OMHUCCHOHHOMU
CHEKTPOCKOIINU, CIEKTPOCKONMHH KOMOWHAIHU-
OHHOTO paccesiHus CBEeTa, Macc-CIEeKTPOMETPUHU
u np. [IpennouTrenue otaaercs MeTojaM aHalIu3a,
MpeyCMaTpUBAIOIIUM MUHUMAJIbHYIO Mpenoodpa-
00TKy 00pa3LoB UK €€ MOJHOE OTCYTCTBHE, IKC-
MIPECCHBIN U HEpa3pyUIaloUui XapakTep, IpocTo-
Ty NPUMEHEHHs,, MUHUMAJIbHOE HCIIOIb30BaHUE
JOTIOJTHUTEIBHBIX PEareHTOB. DTH OCOOEHHOCTH
XapakTepHBI I psAJa CIEKTPOCKONNYECKUX Me-
TOJIOB, B TOM YHCJI€ JJIsl CIIEKTPOCKOIUHU YIbTpa-
¢uroneToBOro, BUAUMOTO, OJUKHETO U CPEIHEro
nH(}pakpacHOro 1Uamna3zoHoB.

B nHacrosimee BpeMs CHEKTPOCKONHUS C MpPH-
MEHEHHEM  MHOIONapaMeTPUYeCKUX  METOJIOB
LIMPOKO HUCTOJB3yeTCs A Kinaccupukanuu BUH
B COOTBETCTBUU C HX TreorpapuueckuM Mpouc-
XOXKACHHEM W KaJUOpOBKH (U3MKO-XUMHUYECKHX
napaMeTpoB BHH [1-3], XOTs U ycTynaeT Tpaau-
LMOHHBIM METOJIaM C TOYKH 3pEHHUs IMOTpPEelIHO-
ctu. Panee [4] MBI OCyILIECTBUIN MOJEIUPOBAHIE
(UBHKO-XMMHUYECKHUX XapaKTEPUCTUK MOJIAABCKUX
BHH C TIOMOIIBIO MPOEKIINN Ha JATEHTHBIE CTPYK-
Typsl (PLS — projection to latent structures) [5]
LIMPOKOTIOJIOCHBIX CHEKTPOB MPOIMYCKAaHUS B JAMA-
nazone 220-2500 um.

Lenpio paboOTHl SBISIOCH MPUMEHEHHE Me-
TOJIOB MHOIONIapaMeTPUYECKOT0 aHaliu3a HINpPOo-
KOTIOJIOCHBIX CIIEKTPOB NMPOIYCKAaHUS IS KaJlu-
OpoBKM (DU3MKO-XMMHYECKUX IOKa3aTeled BUH
U TOBBIILIEHHE TOYHOCTH dTOH KaluOPOBKH C IO-
MOMIBIO BBIOOpA CHEKTPAIBHBIX IEPEMEHHBIX.
J7ist NOBBIILIEHHS] TOYHOCTH KAaJTUOPOBKU HpHMe-

HEHBl WHTEPBAJbHBIE METOJBl MHOTOTapaMeTpH-
YCCKOT'O aHaJIn3a 1aHHbIX. Dt MCETOABI ABISAKOTCA
KOMIIPOMHCCHBIMU C TOYKH 3PCHUSA BI)I60pa CIICK-
TPANbHBIX MEPEMEHHBIX MEXAY KIJIACCUUYECKUM
CIIEKTPOCKOITMYECKIM U MHOTOIIapaMeTPUIECKUM
noaxonamu. IlepBwlii TOJpa3zyMeBaeT HCIOJb-
30BaHHE HEOOJBIIOTO KOJIUYECTBA CIEKTpalb-
HBIX OTCUETOB Ha OTIEJbHBIX JJIMHAX BOJIH HJIU
B CHEKTpalbHBIX WHTepBanax. JlocToMHCTBOM
TaKOTO IOAXO0Ja SIBISIETCS YETKUM (U3WIESCKUU
CMBICJT MOJCIHUPOBAHUA. MHoronapaMeTque-
CKUH CIIEKTpalbHBIA aHAIN3 BBIJEISAET U3 HINPO-
KOITOJIOCHBIX M MYJIbTUKOJIJIMHCAPHBIX CICKTPOB
Mallopa3MepHBIi 0a3uc s MOCTPOCHHS Kalld-
OpoBOYHOU MoOAENH, (PU3NUECKHUH CMBICT KOTO-
poli mouTH Bceraa HeoueBuaeH. KoMmpomMuccHbIN
noaxon [6], korja w3 MIUPOKOMOJOCHBIX CIIEK-
TPOB YaCTUYHO YAAJIAIOTCA CICKTPAJIbHBIC IIEPC-
MEHHBIC, TMPHUBOASIINE K IEPEONPEACICHHOCTH
MHOTOoImapaMeTpu4YCCKUX Mo;[eneﬁ, YMEHbIIACT
BIHUSIHUE U30BLITOYHOCTH CICKTPAJBbHBIX AJAaHHBIX
Ha KayecTBO KAJIMOPOBKH.

HN3mepenus pedepeHTHBIX 3HAYEHUI
(pusuKO-XUMHYECKHX TApaMeTPOB BUH U
CIIEKTPOB NMPOMYCKAHUS

Bribopka uccienyemMbix BUH, METOJIBI OTIpe/ie-
neHus: peepeHTHBIX 3HAYCHUN MX (PU3UKO-XUMHU-
YECKUX MapaMeTpOB, METOIUKU HU3MEPEHUS CIICK-
TPOB MPOIYCKAHUS U UCIIOIb3yeMasl CIIEKTpaibHas
anmaparypa moapoOHO OnucaHsl B [4].

C momomipi0 aHaju3a CyMMapHOW OOBSCHEH-
HOI JHCIEpPCUU 3apEerucTPUPOBAHHBIX CIEKTPOB
C TIOMOIIBI0 METOA IJIaBHBIX KOMITOHEHT [7] ObLIO
YCTAHOBJICHO, YTO CPEIAN PACCMOTPCHHBIX METOJIOB
npenoOpaboTKN CHEKTPOB (IIEHTPUPOBAHUE CIICK-
TPOB — MPUBEICHUE K HYJIO CPEAHEr0 3HAYCHUS
Ha KOKJIOM JUIMHE BOJHBI, CTIQKHBAHUE ICHTPHU-
POBAHHBIX CIEKTPOB MOJIMHOMAMM A0 3 CTENEHU
BKJIFOUUTEIIHO, BHIYMCIIEHUE MEPBOM MPOU3BOJHOMN
[IEHTPUPOBAHHEIX CIIEKTPOB C MOCIEAYIONAM CIJIa-
JKUBaHWEM, TMpeoOpa3oBaHWE CTAHIAPTHOTO OT-
KJIOHEHUS] CIy4YallHOM BEJIWYMHBI C HOPMaJbHBIM
pacrpenencHueM) JTyUIIuM SBIISIETCS CTIIAKUBAHUE
¢uneTpom CaBunikoro—I onest momuaomMoM 3-if cre-
meHu mo 9 toukaM. AHamW3 TpadUKOB HATPY30K U
CYETOB B TJIABHBIC KOMIIOHEHTHI TIOKA3aJl, 9YTO YacTh
CIIEKTPOB OJMIKHETO WH(MPAKPACHOTO TUAINa30HA
¢ mHamu BoJH Oonee 1500 HM HemH(OpMaTHBHA
U MOXET OBbITh M3bSITa M3 PACCMOTPEHHUS 0e€3 I10-
Tepu KauyecTBa MHOTOIIAPAMETPHUECKHX MOJCIICH.
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B manpHeimem B ciekTpax OBLIH COXpPaHEHBI TOIb-
KO 2241 oTcyeToB.

ITocnme mpemoOpabOTKU OSKCIEPUMEHTAIb-
HBIX JTaHHBIX MOCTPOEHHE KAIMOPOBOYHOU MO-
JIeJTH MEXIY 3apEeTUCTPUPOBAHHBIMH CIIEKTPAMHU
MponyckaHuss W pedepeHTHHIMU 3HAaYCHUSIMU
(HU3UKO-XUMUYECKUX TapaMeTpOB BUH IPOBO-
JIUJIOCH C TIOMONIBI0 HHTEPBAIBHBIX METOJOB
PLS [8-10].

IIpumeHeHNe HHTEPBAJIBHBIX METOI0B
NPOeKIHMH HA JIATEeHTHbIE CTPYKTYPHI

K CIIEKTPaM NPOILyCKAHMS JJISl ONpeeIeHus
(pM3MKO-XUMHYECKUX NAPaMeTPOB BUH

IIpocreitmuii anroput™ PLS ¢ BEIOOPOM CIIeK-
TpaJbHBIX NEpPEMEHHBbIX [8] peanuszyercs mnyTeMm
paszeneHusl Auana3oHa M3MEPEHHM Ha 3aJaHHOe
KOJIMYECTBO HENEPEKPBIBAIOMIUXCS CHEKTPATbHBIX
WHTEPBAJOB OJMHAKOBOM LIMPUHBI M CpPaBHEHHE
KayecTBa MOJEIMPOBAHUS IO KaXIOMY OTAEIb-
HOMY uHTepBany. lleneBoit QyHKIMEH nis OleH-
KM Ka4eCcTBa MOJCIUPOBAHUS CIYXHUT CPEIHEKBA-
IpaTU4Has OMmKOKa KaJUOPOBKHU IO MPOBEPOUHON
BbIOOpKE (RMSEC — Root Mean Square Error of
Calibration). CrekTpalbHble HWHTEPBAIBI MOTYT
MOCJIEI0BATENIBHO OOBEANHATHCS C LENbIO JOCTH-
JKEHHsI MUHUMAaJIbHOW BEJIMYMHBI LEIeBOH (PyHK-
LUH, @ MOTYT 110 OJHOMY H3BIMAaTbCSI U3 IMOJIHOTO
nuamna3zoHa usMmepeHud [9]. B HexoTopbIx Monau-
¢$uKanusaxX aJropuTMa MHTEPBAI MOXKET HU3MEHSTb
pasMep M CABUTATHCS MO CIIEKTPY, HAPUMED B MH-
TepBaibHOM PLS mo IBIXYLIEMYCs OKHY WU HH-
TepBadbHOM PLS 10 KOMOWHAIMHM ABUKYIIUXCS
OKOH (scmwiPLS — searching combination moving
window iPLS) [10].

Cpenu TeEpeyuCICHHBIX HWHTEPBAJbHBIX Me-
TOJIOB B Hacrosueid pabore OyaeM HCIIOIb30BAThH
semwiPLS. UMeHHO ¢ TOMOIIIBIO 3TOI0 METOAA TOY-
HOCTb KaJTMOPOBKH TEMIIEPATYypPHI 110 ClIeKTpam (iry-
OpECIeHIINA Yb3*:CaF2 ObLIa ITOBBILICHA 00JIEE YEM
B 2 pa3a o CpaBHEHUIO ¢ PLS M0 MLHUPOKOMOIOCHBIM
crektpam [11], 4ro OBUIO JyYIIMM ITOKa3aTeneM
Cpeau pPacCMOTPEHHBIX MHTEPBAJIBHBIX METOOB,
B TOM YHCJI€ WCHOJB3YIOIIMX T€HETUYECKUH aro-
PUTM U HelipoHHBbIE ceTu [12].

B pa3zpaboTaHHOW HamMH MOIH(PUKALIHH
scmwiPLS Ha4anbHBIM 3TanoM SIBISIETCS BBHIOOD
MOJIOKEHHS NEPBOr0 HMHTEpBaja MHUHUMAaIbHOM
LIMPUHBl C MOMOILBIO METOAa HHTEPBAIbHO-
ro PLS. Crnenyromuii HHTEPBAJ MMOCIEI0BATEIIb-
HO CIBUTAETCS B IIpeJesiax BCEro CIeKTPaJbHOIO

Juarna3oHa HM3MEpeHUd M 00benMHSETCS C mep-
BbIM 110 MUHHUMaJIbHOW BEJIHYHHE CpEIHEKBa-
IpaTUYHOM OWIMOKM MpencKa3aHusl BEJIMYHUHBI
KasnOpyemoro napamerpa. Tak kak 3aBUCUMOCTb
CpeIHEKBaApaTHIHOW  OMMUOKH  KaauOpOBKH
[0 IIPOBEPOYHOI BBHIOOPKE OT KOJIMYECTBA CIIEK-
TPajJbHBIX IEPEMEHHBIX B MOJEIU HE SIBIACTCS
MOHOTOHHOMW, pacIIUpeHHE CIEKTPaJbHOI'0 HH-
TepBaja MOJEIUPOBAHUS HEOOXOJUMO MPOIOJI-
JKaTh 710 JOCTMIKEHHS BCEro auamna3oHa h3Mepe-
HUNA. MuUHUMalbHas IIHPUHA CABUTAIOLIETOCS
CIEKTPaJIbHOTO HHTEPBaja, BEIpakaemas B UHCIIe
CIEKTPaAJIbHBIX IEPEMEHHBIX, HA CAMHUILY [IPEBbI-
H1aeT KOJIMYECTBO JIATCHTHBIX CTPYKTYpP, YUUTHI-
BA€MBIX IIPU MOJICITUPOBAHNH.

[TockonbKy Ha 3Tare MIaHUPOBAHUS IKCIIEPH-
MeHTa OBLJI OCYLIECTBJIEH MOJ00p OrpaHUYEHHOTO
¥ HEOOJIBIIOTO KOJIMYECTBA MOJITABCKUX BHH, He-
BO3MOXXHO BOCIIOJIb30BaThCS CaMbIM HaJCKHBIM
CIOCOOOM YMEHBIIUTH OIIKUOKY MpEeACKa3aHUs Be-
JUMYMHBI TapaMeTpa C MOMOIIBI0 HCIOJIb30BaHUS
OounpmIoN M pa3HooOpa3HOil oOydvaromielr BHIOOp-
ku [13]. B paccMaTpuBaeMoM ciydae U3 HMEIOIIe-
rocst KOJIN4ecTBa UCCIIEyeMbIX BUH OyAeT Npous3-
BelleH 0TOOp 00pa3IoB B MPOBEPOUHYIO BHIOOPKY,
a 110 OCTaBIIUMCS OYJIET OCYIIECTBIATHCS TOCTPO-
€HHE MHOTronapaMeTpu4YecKoil KaauOpOBOYHOM
mozenu. IlpoBepounas BeIOOpKa JOJKHA JOCTa-
TOYHO PABHOMEPHO IOKPBHIBaTh BECh JUANa30H
BO3MOXHOT'O M3MEHEHHUs mnapamerpa. J[pa Haubo-
Jiee 4acTO HCIOJIB3YyeMbIX alroputMa (GpopMupo-
BaHUS TPOBEPOUYHOIN BBIOOPKHM — 3TO paBHOMEp-
HOE IMOKpBITHE O00JacTH HM3MEHEHHs MapaMerpa
n Mmeron Kennapna—Croyna [14], mpu koTopoM
TepBBIM 0Opa3zelr BEIOMpaeTCs B CepeauHe auarna-
30Ha M3MEHEHHUs IapaMeTpa, a IOoCIeAYoIue —
HanOoJiee yIaJieHHBIMU OT y’Ke BhIOpaHHBIX. Jlyu-
IIMEe Pe3yJbTaThl M0 TOYHOCTH MOJEIMPOBAHUS
MOKAa3bIBA€T METOA (POPMHUPOBAHMS MPOBEPOUHOH
BbIOOpKU [11], Oasupyromuiics Ha TPUMEHEHUU
HEepapXUUecKoro KjiactepHoro aHaiusa. Kmacrep-
HBII aHalmu3 MO3BOJIAET pa3ACNUTh HMMEIONINe-
Cs BMHA Ha HEMepeceKaroluecs KiIacTepbl JHOo
N0 BENWYMHE OMpEesIeMOro mapaMmerpa, Jnbo
[0 BEJINYMHAM CUYETOB B IJIABHBbIE KOMIIOHEHTBI
3aperuCTPUPOBAHHBIX CIEKTPOB. B mpoBepounyto
BBIOOPKY BBIICNAIOTCS 00pas3ipl, ONrKaiiemy
K LIEHTPY KakJoro kiacrepa. KomuuecTBo kinacre-
POB 3aBUCHUT OT JWara3zoHa U3MEHEHUs U pacipe-
JIleJIeHUs BEJIWYMHBI KaJuOpyeMoro IapaMmeTpa.
Hns kaxxgoro kamubOpyeMoro mapamerpa Oyner
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noJ0UPaThCsl ONTUMAIBHOE KOJIUYECTBO KIAcTe-
poB B mpenenax oT 4 mo 10 mist KpaCHBIX BUH H
oT 4 10 7 nus Oenbix, KOTOPOMY OyJEeT COOTBET-
CTBOBATh OMNTHUMATbHOE KOJUYECTBO JATCHTHBIX
CTPYKTYp U ONTUMAJbHAS IHPUHA CIIEKTPATIBLHOTO
HWHTEpBaa.

Pe3ynbTaThl MHOTONAPaMETPHYECKOTO
MO/IeJIUPOBAHUS

[MpounntocTpupyeMm pa3paboTaHHBIH METOJ
MHOTONAapaMeTpUYecKoll KaiuOpoBKU (usuko-
XUMHYECKUX MMapaMeTpoOB BHH Ha IpUMeEpeE orpe-
JeNieHns cnupTyo3HocTH. Ha pucynke 1 ans BbI-
OOpKHU KpacHBIX BUH IMPEICTABICHBI 3aBUCUMOCTH
CPEIHEKBAAPATUYHBIX OMIMOOK KPOCC-BaUAAINH
U TIpecKa3aHus (JieBas OChb) M OCTaTOYHOTO OT-
KIIOHEHUS TIpeJcKa3aHusl JIJsi MPOBEPOYHOH BBI-
o0opku RPDC (Residual Predictive Deviation for
Calibration) [15] u pns oOyudaromed BBIOOPKH
RPDCV (Residual Predictive Deviation for Cross-
Validation) (npaBasi ocbh) OT uucia 00pa3IOB
B NMPOBEPOYHON BBIOOPKE. OCTaTOYHBIE OTKIIOHE-
HUS TIPEJICKa3aHus ONPEIeSI0TCA KaK OTHOLICHUS
CPEeIIHEKBAJAPAaTUYHOTO OTKIOHECHHS IapaMeTpa
B BBIOOPKE K CpeAHEKBAAPATHYHON OLIUOKE Mpei-
CKa3aHUs BEJTUYHHBI.
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RPD,

0.5 4
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Pucynoxk 1 — CpegHekBagpaTuyHble OMMOKH  KaJu-

OpOBKH CHUPTYO3HOCTH IO TIPOBEPOYHON BEIOOPKE
KpPacHBIX BHH M KPOCC-BaJHJAallMU 110 00ydaromeil BbI-
O6opke (1eBas 0Ch) M OCTATOYHOTO OTKJIOHEHHS TPEJ-
CKa3aHUs

Figure 1 — Root mean square error of calibration of
alcohol content in test subset of red wines and root mean
square error of cross-validation in training subset (left
axis) and residual predictive deviations

Buano, uro 8 o0pa3uoB KpacHbIX BUH u3 21
(OpMHUPYIOT ONTHMAJbHYI0 HPOBEPOUYHYIO BBI-
OOpKY, OCHOBBIBAasChb Ha 3aBUCHMOCTU BEJINYMHBI

RPDCYV. Ocranbable 13 00pa3ioB GopMupyroT 00-
yUalolyo BBIOOPKY. MonenupoBaHue O BCEMY
CHEKTPAJILHOMY JIHara3oHy HW3MEpeHHi (CM. pucy-
HOK 2) TIOKa3aJI0, YTO MUHUMAJIbHAs BETMYNHA OCTa-
TOYHOT'O OTKJIOHEHMS NpeJCKa3aHus Ul IPOBEPOU-
HOU BBIOOPKH COOTBETCTBYET PLS 1o 9 naTeHTHBIM
CTpyKTypaM. 3HauuT, B €MHUYHOM HHTEpBaie s
npuMeHneHuss scmwiPLS nomxHOo ObITH 10 criek-
TpaJIbHbIX IEPEMEHHBIX.
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Pucynok 2 — 3aBucumMocTtu CpeaHEeKBagpaTUYHBIX

OIIMOOK KaIMOPOBKH CIIMPTYO3HOCTH 10 IPOBEPOYHOM
BBIOOPKE KPAaCHBIX BHH M KPOCC-BaJIMJAlMK 10 00yda-
I0lIeil BHIOOPKE OT KOJIMYECTBA JIATCHTHBIX CTPYKTYpP
B IIHPOKOTOIOCHOW MOJEIN MPOCKIUH Ha JIATCHTHBIC

CTPYKTYPBI

Figure 2 — Root mean square error of calibration of
alcohol content in test subset of red wines and root mean
square error of cross-validation in training subset versus
the number of latent structures in the wideband projection
to latent structures model

N3 2241 chnexTpadbHBIX IEPEMEHHBIX HC-
KJIIOYUM | caMyro KOPOTKOBOJHOBYIO JISI TOTO,
4T00BI OcTaBmuecs 2240 MOKHO OBUIO pa3JeiIuTh
Ha 224 HemepeKphIBAIOIIUXCS WHTepBaia mo 10
nepeMeHHbIX. Jlanee npumenum meton scmwiPLS
JI0 MOJEIMPOBAHUSA IO MOJHOMY CIEKTPaJIbHOMY
JMana3oHy usMepeHuil. s onpeneseHus ONTH-
MaJlbHOW KOMOWHAIIUU CIEKTPAIbHBIX IMEepPEeMEeH-
HBIX Ha pUCYHKe 3 TpejcTaBieHa 3aBUCHMOCTH
RMSEC ot xonnuecTBa MCTHOJIb3yEMBIX B MOJEIH
WHTEPBAJIOB.

Bugno, uro rinobanbHpiii MuHUMYM RMSEC
cooTBeTCTBYyeT 54 wmHTepBamaM wuinu 540 crek-
TpaNbHBIM NepeMeHHBIM. [ paduk mpeckazanHbIX
BEJINYMH CIIUPTYO3HOCTH KPAaCHBIX BUH B 3aBUCH-
MOCTH OT COOTBETCTBYIOIIMX M3MEPEHHBIX MpPEJ-
CTaBJICH Ha PUCYHKE 4.
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Pucynok 3 — 3aBucumMocTtb CpEIHEKBAAPATHIHON
OIIMOKHU KaJMOPOBKM BEJIMYMHBI CIIUPTYO3HOCTH Kpac-
HBIX BUH OT KOJMYECTBA CIEKTPAJIbHBIX OKOH, UCIIONb-
3yeMBIX B MOJI€JIH UHTEPBAIBLHON MPOEKINH HA JaTeHT-
HBIE CTPYKTYPHI 110 ONTHMaJIbHOW KOMOWHAIIUY IBUXKY-
IIUXCSI OKOH

Figure 3 — Root mean square error of calibration of
alcohol content in red wines versus the number of spectral
windows used in the searching combination moving
window interval projection to latent structures model

BenuuuHbl  cpelHEKBaJpaTUYHBIX  OMIKOOK
KalMOpOBKHM CIHUPTYO3HOCTH MO oOydyaroumiei u
MPOBEPOYHON BBIOOPKAM TPHU ONTHUMAJIbHBIX I1a-
paMeTpax MOACIUPOBAHHUS METOAOM ScmwiPLS
st KpacHeix BUH paBHbl 0,2 % 00., a s
oenbix —<0,1 % 06. u 0,1 % 06., COOTBETCTBEH-
Ho. [Ipu stom RPDCV =3,6 u RPDC =4,6 ana

X
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PucyHok 4 — Benu4uHb!l  CHUPTYO3HOCTH KpAacHBIX BHH,
Tpe/ICKa3aHHbIe ¢ MOMOIIBI0 MHTEPBATBHON MPOEKINK Ha
JIATEHTHBIE CTPYKTYPbI IO KOMOMHAIIMH JABMKYILIXCS] OKOH,
B 3aBHCHMOCTH OT U3MEPEHHBIX BEIUYMH IS 00ydJaromeit
1 TIPOBEPOYHOH BBIOOPOK TIPH ONITUMATIEHOM BBIOOPE KO-
YECTBA JIATEHTHBIX CTPYKTYP U CIEKTPAIbHBIX TIEPEMEHHBIX

Figure 4 — Values of alcohol content in red wines predicted
using searching combination moving window interval
projection to latent structures versus the measured values
for the training and test subsets with the optimal choice of
the number of latent structures and spectral variables

KkpacHblX BUH U RPDCV =19,9 u RPDC = 7,1 ana
OenbIX. DTH MOKa3aTesu, MPEeBBIMLAINIINE TOPOro-
Boe 3HaueHue 2,5 [15], xapakTepusyoT Xopoliee
KauecTBO KanuOpoBkU. B tabmumax 1 u 2 npen-
CTaBJICHBI PE3yJbTaThl MOCIUPOBAHHUSI XHMHYE-
CKHX XapaKTePUCTHK KPACHBIX W OENbIX BHUH, IS
KOTOpBIX RPD Taxke NMpeBbIIaoT 3Ha4eHue 2,5.

Tabauya 1/Table 1

Pe3y.]'leaTbI KaJIHﬁpOBKl/I XapaKTEePUCTUK KPAaCHBIX BUH, IJIf KOTOPbIX OCTATOYHO€ OTKJIOHCHUE

NpecKa3aHus MPeBbINIAeT BeJIUYUHY 2,5

Calibration results of the red wines characteristics, for which residual predictive deviation exceeds 2.5

K Ca Mg IllaBeneBas Slonmounas Surapuas 2,3-OyrwiieH- 3ona  DeHoJbHBIC
KHCIIOTa KHCIIOTa  KHCIJIOTa TJIKOJTb Ash COeIUHEHHs
Oxalic acid Malic acid Succinic  2,3-bytylene Phenolic
acid glycol compounds
RMSE,.,,
mr/am? 29,5 2,0 0,6 38 26 109 17,3 100 155
mg/dm?
RMSE,.,
mr/am? 246 2,1 28 6 5 38 20,9 94 133
mg/dm?
RPD ., 2,6 3,7 13,8 4,7 2,9 2,7 32 3,6 2,9
RPD.,. 3,1 36 30 2,8 15,6 7,7 2,6 3,8 33
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Tabnuya 2/Table 2

Pe3yabTaThl KaauOPOBKH XapaKTepPHUCTHK O0eJIbIX BHUH, /Sl KOTOPbIX OCTATOYHOE OTKJIOHEHHE

NpeICcKa3aHus NPeBbIIACT BeJUYHHY 2,5

Calibration results of the white wines characteristics, for which residual predictive deviation exceeds 2.5

Mg Bunnas Jlumonnas Momnounas 2,3-Oytwienrin- 3oma @DeHombHBIE  PacTBOpu-
KHACJIOTa  KHCJIOTa  KHCIIOTa KOJIb Ash COEIMHEHHS  MbI€ CONU
Tartaric  Citric acid Lacticacid 2 3 pytylene Phenolic ~ Soluble salts
acid glycol compounds
RMSE,,,
Mmr/am3 1,7 139 14 8 6,3 0,1 16,4 34
mg/dm?
RMSE,.,
mr/am? 0,9 165 23 3 5,4 0,1 2,0 31,6
mg/dm?
RPD,, 4,1 3.2 7,9 4,8 6,8 3,0 3,5 27,5
RPD 74 2,7 4.8 10,4 8,0 3,5 29,0 2,9

C

YIOBIETBOPUTENBHOE Kaue€CTBO MOJEIUPO-
BaHus, mpu koTtopoMm 2,0<RPD <25 [18], mo-
CTUTHYTO JJISI KATUOPOBKH COACPKAHUS BUHHOU U
sIOJIOUHON KHUCIIOT M TJIMIEPUHA JJISl KPACHBIX BHH
U BUHHON KHCIIOTHI a1sg OenabiX BUH. J{ns Kamau-
OpOBKHU COJIepKaHUs JIUMOHHOW U MOJIOUHON KHUC-
10T, Na 1 pacTBOPUMBIX COJICH JJIsl KPACHBIX BHUH U
IaBeaeBoOM, s10109HOM 1 sstHTapHO# KucioT, K, Na,
Ca u mnneprHa B OenbIX BHHaX XapakTepHO He-
YIIOBIETBOPUTEIBHOE KAaUeCTBO MHOTOMAapaMETPHU-
YECKOr0 MOJIETMPOBAHUA C MOMOIUIbI0 ScmwiPLS,
npu kotopoMm RPD <2,0.

3akjauenue

[IpruMeHeHHe MHTEPBAJIBHBIX METOJOB MHOTO-
[apaMEeTPUUYECKOr0 aHaJIM3a [JaHHBIX [O3BOJISIET
CYLIECTBEHHO HOBBICUTH TOYHOCThH KaJTHOPOBKHU (Hu-
3UKO-XMMHYECKUX NapaMeTPOB BHUH IO CPaBHEHUIO
U C IIUPOKOIOJIOCHBIMH MHOTOIIAPAaMETPHUECKUMU,
U C KIACCHYECKUMH CIIEKTPOCKOIIMYECKUMH METO-
namu. Hampumep, cpenHekBazpaTudHas omMOKa
KaJTMOPOBKH CIIUPTYO3HOCTH KPACHBIX BUH METOZOM
HMHTEPBAJIbHON MPOEKIMU HA JIATEHTHBIE CTPYKTYPbI
[0 ONTHUMAaJbHOH KOMOMHAIMU ABWXKYIIUXCS OKOH
MEHbIIE OMIMOKM KaJIMOPOBKH METOAOM ILHPOKO-
MIOJIOCHON NMPOEKLUH HA JIATCHTHBIC CTPYKTYpPHI B 6
pa3 u B 5 pa3 MEHbILIE CPEAHEKBAPATHIHON OLIMOKH
KaJMOPOBKU MO OAMHOYHOMY CIIEKTPAJIbHOMY IHa-
na3oHy mWupuHOu 10 HM.

Takum 00pa3oM, TMOJIy4EHHbIE PpE3YJbTAaThl
MIOKA3bIBAIOT, YTO CIEKTPOCKONMS YyJybTpaduoe-
TOBOTO, BHAUMOTO M OJIKHEro HH(PaKpacHOro

JINAra30HOB B COYETAHUN C MHOTOITapaMEeTPUIECKUMHU
METO/IaMU 00pabOTKU CHEKTPOB SIBJISICTCS] SKCIIPECC-
HOM, JEIIEBOM U Hepa3pyLIaroIleld TEXHOJIOTHEN Ka-
JTMOpPOBKU  (PMBUKO-XMMHYECKUX MapaMeTpoB BHH.
[IpumeHenne MHTEPBANBHBIX MOAWGHUKALUA MHOTO-
napamMeTpUYecKUX METOJIOB MO3BOJISIET 3HAUUTEIILHO
YBEIHYHUTH TOYHOCTH KATUOPOBOUHBIX MOJICIICH.

CHucoK HCMOJb30BAHHBIX HCTOYHUKOB

1. Dos Santos Claudia. Merging vibrational
spectroscopic data for wine classification according to
the geographic origin / Claudia dos Santos [et al.] // Food
Research International. — 2017. — Vol. 102. — P. 504-510.
DOI: 10.1016/j.foodres.2017.09.018

2. Ferreiro-Gonzalez, M. FT-IR, Vis spectroscopy,
color and multivariate analysis for the control of ageing
processes in distinctive Spanish wines / M. Ferreiro-
Gonzalez [et al.] // Food Chemistry. —2019. — Vol. 277. —
P. 6-11. DOI: 10.1016/j.foodchem.2018.10.087

3. Dos Santos Claudia. A review on the application
of vibrational spectroscopy in the wine industry: From soil
to bottle / C. dos Santos, R. Pascoa, J. Lopes // Trends
Anal. Chem. —2017. -Vol. 88. —P. 100-118.

DOI: 10.1016/j.trac.2016.12.012

4. Xooacesuu, M.A. TlpumeneHme MHOTronapame-
TPUYECKOr0 aHalK3a MIMPOKOMOIOCHBIX CIHEKTPOB IPO-
MyCKaHWs JiUTsl WICHTU(DHUKAIUE BUH C reorpaduuecKum
HauMeHOBaHHeM npoucxoxneHus / M.A. Xomacesud [u
np.] // Tlpubopsr u meronsl u3mepenuit. — 2016. — T. 7,
Ne 1. - C. 104-113.

DOI: 10.21122/2220-9506-2016-7-1-104-113

5. Pasquini, C. Near infrared spectroscopy: A

mature analytical technique with new perspectives —

204



IIpubopsr u memoosl usmepeHuil
2019.-T. 10, Ne 2. — C. 198-206
M.A. Xooacesuu u op.

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 198-206
M.A. Khodasevich et al.

Areview /C. Pasquini// Analytica Chimica Acta.—2018. —
Vol. 1026. — P. 8-36. DOI: 10.1016/j.aca.2018.04.004

6. Mehmood, T. A review of variable selection
methods in Partial Least Squares Regression/
T. Mehmood [et al.] / Chem. and Intel. Lab. Sys. —
2012. - Vol. 118. — P. 62-69.

DOI: 10.1016/j.chemolab.2012.07.010

7. Esbensen, K.H. Principal Component Analysis:
Concept, Geometrical Interpretation, Mathematical
Background,  Algorithms,  History,  Practice /
K.H. Esbensen, P. Geladi// Comprehensive Chemometrics
—2009. - Vol. 2. — P. 211-226.

DOI: 10.1016/B978-044452701-1.00043-0

8. Norgaard, L. Interval Partial Least-Squares
Regression (iPLS): A Comparative Chemometric Study
with an Example from Near-Infrared Spectroscopy /
L. Norgaard [et al.] / Appl. Spectr. — 2000. — Vol. 54. —
P. 413-419. DOI: 10.1366/0003702001949500

9. Zou, X. Selection of the efficient wavelength
regions in FT-NIR spectroscopy for determination of
SSC of ‘Fuji’ apple based on BiPLS and FiPLS models /
X. Zou, J. Zhao, Y. Li// Vibr. Spectr. — 2007. — Vol. 44. —
P. 220-227. DOI: 10.1016/j.vibspec.2006.11.005

10. Du, Y.P. Spectral regions selection to improve
prediction ability of PLS models by changeable size
moving window PLS and searching combination moving
window PLS / Y.P.Du [et al.] / Anal. Chim. Acta. —
2004. — Vol. 501, iss. 2. — P. 183-191.

DOI: 10.1016/j.aca.2003.09.041

11. Xooacesuu, M.A. Be1OOp cIieKTpajbHBIX Tepe-
MEHHBIX U MOBBIIICHAE TOYHOCTH KaIUOPOBKH TeMIlepa-
TYpbl METOJIOM MPOCKIIHMH Ha JATCHTHBIC CTPYKTYpPBI IO
crekTpam ¢iryopecnennun Yb*:CaF, / M.A. Xonacesud,
B.A. Acees // Ontuka u cnekrpockonus. —2018. —T. 124,
Ne 5.—C. 713-717.

DOI: 10.1134/S0030400X18050089

12. Xooacesuu, M.A. KamubpoBka TeMmmepaTypbl
o crekrpaM (IyopecleHM JONHPOBAHHOTO 3pOH-
€M CBHHIIOBO-(pTOpuaHOTO cTekia / M.A. XomaceBud [u
np.] // Onruka u ciekrpockorust. —2019. — T. 126, Ne 3. —
C. 295-298.

13. Anderson, R.B. Clustering and training set
selection methods for improving the accuracy of
quantitative laser induced breakdown spectroscopy /
R.B. Anderson [et al.] / Spectrochimica Acta Part B. —
2012. - Vol. 70. — P. 24-32.

DOI: 10.1016/j.5ab.2012.04.004

14. Nawar, S. Optimal ~ sample  selection  for
measurement of soil organic carbon using online vis-NIR
spectroscopy / S. Nawar, A.M. Mouazen // Computers
and Electronics in Agriculture. — 2018. — Vol. 151. —
P. 469-477. DOI: 10.1016/j.compag.2018.06.042

15. Zornoza, R. Near infrared spectroscopy

for determination of various physical, chemical

and biochemical properties in Mediterranean soils /
R. Zornoza [et al.] // Soil Biology & Biochemistry. —
2008. — Vol. 40. — P. 1923-1930.

DOI: 10.1016/].s0ilbi0.2008.04.003

References

1. C. dos Santos, Pascoa Ricardo N.M.J., Sarraguca
Mafalda Cruz, Porto Patricia A.L.S., Cerdeira Antonio L.,
Gonzalez-Saiz J.M., Pizarro C., Lopes Joao A. Merging
vibrational spectroscopic data for wine classification ac-
cording to the geographic origin. Food Research Interna-
tional, 2017, vol. 102, pp. 504-510.

DOI: 10.1016/j.foodres.2017.09.018

2. Ferreiro-Gonzalez M.,  Ruiz-Rodriguez  Ana,
Barbero Gerardo F., Ayuso Jesus, Alvarez Jose A.,
Palma Miguel, Barroso Carmelo G. FT-IR, Vis spec-
troscopy, color and multivariate analysis for the control
of ageing processes in distinctive Spanish wines. Food
Chemistry, 2019, vol. 277, pp. 6-11.

DOI: 10.1016/j.foodchem.2018.10.087

3. Dos Santos C. Pascoa R., Lopes J. A review on the
application of vibrational spectroscopy in the wine indus-
try: From soil to bottle. Trends Anal. Chem.,2017,vol. 88,
pp- 100-118. DOI: 10.1016/j.trac.2016.12.012

4. Khodasevich M., Scorbanov E., Obade L., De-
gtyar N., Cambur E., Rogovaya M. [Application of
multivariate analysis of transmission spectra to identify
wines with protected geographical indication (IGP)]. De-
vices and Methods of Measurements, 2016, vol. 7, no. 1,
pp. 104-113 (in Russian).

DOI: 10.21122/2220-9506-2016-7-1-104-113

5. Pasquini C. Near infrared spectroscopy: A mature
analytical technique with new perspectives — A review.
Analytica Chimica Acta, 2018, vol. 1026, pp. 8-36.

DOI: 10.1016/j.aca.2018.04.004

6. Mehmood T., Hovde Liland Kristian, Snipen Lars,
Saebo Solve. A review of variable selection methods in
Partial Least Squares Regression. Chem. and Intel. Lab.
Sys., 2012, vol. 118, pp. 62—69.

DOI: 10.1016/j.chemolab.2012.07.010

7. Esbensen K.H., Geladi P. Principal Component
Analysis: Concept, Geometrical Interpretation, Math-
ematical Background, Algorithms, History, Practice.
Comprehensive Chemometrics, 2009, vol. 2, pp. 211-226.
DOI: 10.1016/B978-044452701-1.00043-0

8. Norgaard L., Saudland A., Wagner J., Nielsen J.P.,
Munck L., Engelsen S.B. Interval Partial Least-Squares
Regression (iPLS): A Comparative Chemometric Study
with an Example from Near-Infrared Spectroscopy. Appl.
Spectr., 2000, vol. 54, pp. 413—419.

DOI: 10.1366/0003702001949500

9.Zou X. ZhaoJ., LiY. Selection of the efficient
wavelength regions in FT-NIR spectroscopy for determi-
nation of SSC of ‘Fuji’ apple based on BiPLS and FiPLS

205



Ipubopul u memoowvl usmepenui
2019.-T. 10, Ne 2. — C. 198-206
M.A. Xooacesuy u Op.

Devices and Methods of Measurements
2019, vol. 10, no. 2, pp. 198-206
M.A. Khodasevich et al.

models. Vibr. Spectr., 2007, vol. 44, pp. 220-227.
DOI: 10.1016/j.vibspec.2006.11.005

10. DuY.P.,, Liang Y.Z., JiangJ.H., Berry R.J.,
Ozaki Y. Spectral regions selection to improve prediction
ability of PLS models by changeable size moving window
PLS and searching combination moving window PLS.
Anal. Chim. Acta, 2004, vol. 501, pp. 183-191.
DOI: 10.1016/j.aca.2003.09.041

11. Khodasevich M.A., Aseev V.A. Selection of
Spectral Variables and Improvement of the Accuracy of
Calibration of Temperature by Projection onto Latent
Structures Using the Fluorescence Spectra of Yb*":CaF.,.
Optics and Spectroscopy, 2018, vol. 124, pp. 748-752.
DOI: 10.1134/S0030400X18050089

12. Khodasevich M.A. Temperature calibration using
fluorescence spectra of erbium-doped lead-fluoride glass.
Optics and Spectroscopy, 2019, vol. 126, no. 3, pp. 216—
219. DOI: 10.1134/S0030400X1903010X

13. Anderson R.B., James F. Bell III, Wiens Roger C.,
Morris Richard V., Clegg Samuel M. Clustering and train-
ing set selection methods for improving the accuracy of
quantitative laser induced breakdown spectroscopy. Spec-
trochimica Acta Part B., 2012, vol. 70, pp. 24-32.

DOI: 10.1016/j.sab.2012.04.004

14. Nawar S., Mouazen A.M. Optimal sample selec-
tion for measurement of soil organic carbon using online
vis-NIR spectroscopy. Computers and Electronics in Ag-
riculture, 2018, vol. 151, pp. 469-477.

DOI: 10.1016/j.compag.2018.06.042

15. Zornoza R., Guerrero C., Mataix-Solera J.,
Scow K.M., Arcenegui V., Mataix-Beneyto J. Near in-
frared spectroscopy for determination of various physi-
cal, chemical and biochemical properties in Mediterra-
nean soils. Soil Biology & Biochemistry, 2008, vol. 40,
pp- 1923-1930.

DOI: 10.1016/j.s0ilbi0.2008.04.003

206



IIpuboper u memoowl usmepeHuil Devices and Methods of Measurements
2019.—T. 10, Ne 2. — C. 207-214 2019, vol. 10, no. 2, pp. 207-214
C.C. l]epbaxos S.S. Sherbakov

YK 681.2.083, 681.2.087
I/I3Mepe}me N AaHAJIU3 B P€AJIbHOM BPEMCHH JIOKAJIBbHDBIX
HOBpe)KZleHI/Iﬁ IIPA H3HOCOYCTAJTOCTHBIX UCIIBITAHUAX

C.C. lllepb6axoB

Tocyoapcmeennbiil komumem no nayke u mexnonozusm Pecnyonuxu berapyco
ya. Axademuueckas, 1, e. Munck 220072, berapyco

FBenopycckuii eocyoapcmeennulil ynusepcumem,
np-m Hezasucumocmu, 4, e. Munck 220030, benapycw

Tocmynuna 25.07.2018
Ipunsama k nevamu 14.05.2019

[Ipy ncnpITaHUSAX HA KOHTAKTHYIO YCTAIOCTh OOBIYHO U3MEPSIIOT COMMKEHNE OCEH OJIMH pa3 3a LUK HIIH
32 HECKOJIBKO LIUKJIOB HArpy KEHUs! N3-3a TPYAHOCTH 00paOOTKH OOJIBIIOr0 KOJIMYECTBA JAHHBIX IPU MHOTO-
LUKJIOBBIX HCHBITaHUSX. Llenbio paboThl ABIsUIaCH pa3paboTKa U anpodanys B pexXUMe pealbHOr0 BpEMEHH
MOJIEJIN CIIIaKUBaHUS U3MEPsIeMbIX HEeHTpoM SZ-01 B BHIe BpeMEHHBIX PSA0B IKCIEPUMEHTAIbHBIX TaHHBIX
C MCHOJIb30BAaHUEM BEHBIIET-IIPE0OPa30BaHUS.

C nomoipto HeHTpa SZ Bo BpeMsi H3HOCOYCTAIOCTHBIX UCTIBITAHUI OBbLT H3MEPEH MOMEHT TPEHUS B CH-
CTEME POJIMK/BaJ, YTO IO3BOJIWJIO M3YUHTh U3MEHEHHE KOI((HULNEHTa CONPOTHBICHHUS KAYCHUIO B 3aBU-
CHUMOCTHU OT YPOBHS KOHTaKTHOH 1M OECKOHTaKTHOM m3rudaromieil Harpy3ku. Taxxke U3Mepsulach BEIUYMHA
COMKeHMs 0cel KOHTAKTUPYIOLIMX TeJ (POJIMKA U Bajia) B BOCBMH TOUKAX HA OKPYKHOCTH JOPOXKKH Ka4CHUS
32 OAMH LIUKJI, YTO ITO3BOJIMIIO H3YUUTh HEOAHOPOIHOCTH JIOKAJIbHBIX IIOBPEXKICHUN B YCIOBUSIX KOHTAKTHON
U KOHTAaKTHO-MeXaHH4ecKoll ycranoctu. [Ipu pazpaboTke mporpaMMHOIO MOIYJIS JIsl CIIIasKUBaHUsS 0O0JIb-
moro 00beMa SKCHEPUMEHTANIBHBIX IaHHBIX, TOCTYIAIOMINX OT UCHBITATEILHOIO LIEHTPA, UCIIOIb30BAIIChH
pa3n4Hble METOIbl CITIAKMBAHMS BPEMEHHBIX DPSJOB: CKOJIB3AIIasl CPeIHssl; SKCIOHEHLUAIbHAsS CKOJIb3-
sast cpeiHsis; BeHBIIeT-11peoOpa3oBaHKe U IPOCTask CKOJIB3AIIAst CpeIHss, IPUMEHEHHAs K Pa3HOCTSIM BEHB-
neT-K03()(PUIIEHTOB; BEHBIET-NPeoOpa3oBaHie U SKCIOHEHINAIbHAs CKOJIb3SILAs CPeAHss, IPUMECHEHHAs
K Pa3HOCTSIM BeHBIET-KO3()(HUIIEHTOB.

Pe3ynbTaThl YMCIEHHOTO MOJICJIMPOBAHHUS IIOKA3AJIM, YTO HAMITyUllee MPUOIMKEHUE K HICXOAHOMY psiLy
JlaeT BEHBJIET-NPeoOpa30BaHue C UCIIOJIB30BAaHHEM IKCIOHEHLINAIBHON CKOJIB3SILICH CpelHeH Al CriaKu-
BaHUs pasHOCTEH MeX1y KodpuLueHTaMu BeHBIIET-IPeoOpa30BaHHUS.

[IpumeHenue nporpaMMHOr0 MOYJIsl, OCHOBAHHOI'O HAa TaHHOU Moaend, B ueHTpe SZ-01 no3poauio
CrJIaJUTh BPEMEHHBIE PS/bl, XapaKTEPU3YIOLIUe U3MEHEHUE COIMKEHNs OCeH POJIMKA U Bajla U KPYTs-
LIETO MOMEHTA.

KiroueBble ciioBa: Tpubodarrka, UCIBITATEbHBINA LHEHTP SZ, TIOKaIbHbIe TOBPEKACHUS IPU KOHTAKTHOM
yCTaJIOCTH, BpEMEHHOH psijl, BEHBIET-IpeoOpa3oBaHue.
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Abstract

In rolling fatigue tests the approach of the axes is usually measured once per cycle or for several loading
cycles because of the difficulties of processing a large amount of data in multi-cycle testing. The aim of this
work was the development and tests of smoothing model for measured by the SZ-01 center time series
experimental data using wavelet transform.

With the help of the SZ center, the frictional moment in the roller/shaft system was measured allowing
for studying the change in the coefficient of rolling resistance as a function of the level of the contact and
non-contact bending load during wear-fatigue tests. Also the axes approach of the contacting bodies (roller
and shaft) was measured at eight points on the raceway circumference in one cycle. This allowed studying the
heterogeneity of local damages under conditions of rolling and mechano-rolling fatigue. When developing
a software module for smoothing a large amount of experimental data from the test center, various methods
of time series smoothing were used: moving average; exponential moving average; wavelet transform and
moving average applied to the differences of the wavelet coefficients; wavelet transform and exponential
moving average applied to the difference of the wavelet coefficients.

The results of numerical simulation showed that the best approximation to the original series was
provided by the wavelet transform using an exponential moving average to smooth the differences between
the coefficients of the wavelet transform.

The use of a software module based on this model in SZ-01 center allowed smoothing the time series
characterizing the change of roller and shaft axes approach and torque.

Keywords: Tribo-Fatigue, SZ-01 test center, local damages under contact fatigue, time series, wavelet
transform.
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BBenenue

B Tpubodarrke ycTaHOBIEHO, YTO IMKIUYEC-
KM€ HampsDKEHUsI OKa3bIBAIOT CYIECTBEHHOE BIIHSI-
HUE HA XapaKTEePUCTUKHA KOHTAKTHOH M (PUKLIHOH-
Hoit yctanoctH [ 1, 2]. Taxke ycTaHOBIEHO, UTO IIPO-
LeCcChl TPEHHS M U3HOCA, Peau3yIONIHecs Ipy KOH-
TaKTHOM B3aUMOJAEHUCTBHU TBEPIBIX TEN, MPUBOIST
K 3HAUUTEIIFHOMY H3MEHEHHUIO XapaKTepUCTUK CO-
MPOTUBJICHUS MEXaHUYECKOU ycTanocTu [3, 4].

Oco0bl1ii BUA PeAETIbHOTO COCTOSIHUS MTPH KOH-
TaKTHOM M KOHTAKTHO-MEXaHUYECKOM YCTaloCTH,
XapakTepHBI Al CUCTEMBl THIA KOJECo/penbe, —
o0pa3oBaHHE OCTAaTOYHBIX BOJHOOOPA3HBIX TO-
BPEKACHUI YCTaHOBIICH U OIKCaH B paborax [5, 6].
HcTouHnKkaMy HECTallMOHAPHOCTH Ha  JIOPOIKKE
Ka4yeHusl SIBISIFOTCS IMEPBOHAYAIbHBIE HEPOBHOCTH
MaTepuana, KOTOpble M BBI3BIBAIOT 00Opa3oBaHUE
OCTaTOYHBIX BOJIHOOOpa3HbIX MOBpexIeHud. O0-
pa3oBaHME TAaKUX MOBPEKACHUH €CTh pPe3yJbTaT
HECTAIlMOHAPHOTO, HEPEeryJSIPHOTO Tpoliecca yrnpy-
romactuueckoro aedopmuposanus [7, 8]. B mpo-
Lecce M3HOCOYCTANOCTHBIX MCIBITAHUN BO3HHKAET
U pa3BHBACTCS CYIIECTBEHHas jaedopMairoHHas
AQHHM30TPOIHUSI CBOWCTB MaTrepuana Ha MOBEPXHOCTH
KadeHusl. AHM30TpOIUsl  (U3UKO-MEXaHHMYECKHX
CBOWCTB MaTepuasa B JIOKaJbHBIX 30HAX BJOJb JIO-
POXKH KadeHHsi 0OyCIIOBIMBAET aHU30TPOIHIO Je-
(dopMaLuu B 3TUX 30HAX, OHA CIY)KUT UCTOYHUKOM
HECTAalMOHAPHOCTH. YeM cuibHEe aHHU30TPOIHUs
nedopManyu, TeM BbIIIe AMHAMHYECKas CUIIa, BO3-
OykgaeMasi TIpH JIOKAJIbHOM COYJIApEHHH POJIMKa H
oOpasna. Takum 00pa3oM, B JIAHHOM CJIy4ae OITH-
canHasi (hopMa 3anpeneNnbHOr0 COCTOSIHUSI 00y CII0B-
JIeHa HECTAllMOHAPHBIMH  YAapPHO-yCTAIOCTHBIMHU
nporeccam [9].

Lentp i H3HOCOYCTAIOCTHBIX HCIBITAHUN
S$Z-01 no3BoJIsET C TOCTaTOYHON TOYHOCTHIO TIPOU3-
BOJIUTH M3MEPEHHE TaKMX MapamMeTpOB KaKk MOMEHT
TpEeHHUsI, BUOpAIHH, COTMIKEHUE OCEH, OCTATOYHBIE JIe-
(hopmariu B ipoliecce UCTBITAHNH CUIIOBBIX CUCTEM.
[Ipy w3MepeHuH TMoOKa3zaTelnel HernoCcpeJCTBEHHO
BO BpeMs MPOBEICHHSI MCIBITAHUN BBIXOJHBIM CHT-
HAJIOM SIBJIIETCS BPEMEHHOU psifl. J[aHHBIN BpeMeH-
HOU PSIZI MOKET OBITh HECTAIIMOHAPHBIM U BKIIIOYATh
B ce0sl IIyMBI OT BHEIIHUX HUCTOYHUKOB CITyYaiHBIX
BUOpanuii, mo3ToMy HeoOXonuma pa3zpaboTka MeTo-
JIOB, KOTOpPBIE CMOTYT B PEXKHME PEaTbHOTO BpEMEHU
yOpaTh M3 MCXOTHOTO BPEMEHHOT'O psijia IOCTOPOH-
HUE UIyMBI U CTJIQIUTh CiTydaiiHbie BBIOpOCHl. Kpome
TOTO, aKTyaJIbHOM SIBIISICTCS 3a/1a4a MO JaHHBIM Bpe-
MEHHBIX PSJIOB CAENaTh MIPOTHO3 U BBIBOA O JOCTHU-

KEHHH CUCTEMOW CBOETO TPENEITbHOTO COCTOSHHUSL.
C 1enplo CriIaXUBaHUs BDEMEHHOTO Psia MOYKHO HC-
MOJTb30BATh pa3iInyHble MeToAbl. OTHUMH U3 CaMbIX
MIPOCTHIX METOOB CTIIAKUBAHHS SBISIOTCS MPOCTast
Y OKCITOHEHIAJIbHASI CKOJB3AIINE CPEIHUE, OJJHAKO
OHM OOJIAJIA0T HEIOCTATKOM — MEXIY pealbHBIMU
JTAHHBIMH ¥ CTJI&)KEHHBIMU CYIIIECTBYET BPEMEHHOM
nmar. B Hacrosmiee BpeMsi OMHUMH W3 TEPCIEKTHB-
HBIX METOJIOB CTJIAXHBAHUS HECTAITMOHAPHBIX BBICO-
KOYaCTOTHBIX BPEMEHHBIX PSIOB SBISIOTCS METOJIBL,
OCHOBaHHBIC Ha BelBleT-ipeoOpazoarmm [10, 11].
Lenpio paboThI sBISIIACH pa3paboTKa W arpoOartus
MOJICTN CTIIQKUBAHHS H3MEPSIEMBIX eHTpoM SZ-01
B BUJIE BPEMEHHBIX PSI0B OKCIIEPIMEHTAIBHBIX JTaH-
HBIX C UCTIOJIb30BaHUEM BEHBIIET-TIPEOOPa3OBaAHMSL.

HcenbiTaHusl HA KOHTAKTHYI0O M KOHTAKTHO-
MEXaHU4YECKYI0 YCTAJIOCTh

HcnpiTanus 1Mo M3y4eHUIO 3aKOHOMEPHOCTEH
BIIUSHUSI KOHTAKTHBIX M HEKOHTAKTHBIX IMKJIHYeEC-
KHX HalpspKeHHH Ha 00pa3oBaHME TMOBPEKACHUM
MpY KauyeHWM JUId Baja W poJiiKa u3 ctanedt 45 u
25XI'T mpoBoawINCh MO CXEME, MPEACTaBIEHHON
Ha pucyHke 1 (cm. Tabmuny 1).

R5
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!
o
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2100

s ﬂo
a
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?Nl E i?N &4
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e i D
R 10

Pucynok 1 — CxeMbl UCIIBITAHUN HA KOHTAKTHO-MEXaHHU-
4eCKyIo (a) ¥ KOHTaKTHY0 (D) ycTaaocTh

Figure 1 — Schemes of tests for mechano-rolling («) and
rolling (b) fatigue
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XapaKkTepuCTHKHU UCTBITYeMbIX MaTEePHAJIOB

Characteristics of the test materials

Tabnuya 1/Table 1

IIpenen BeIHOCTH-
BOCTH TIPH H3THOE
C BpalieHneM

IIpenen Texyuec-
TH IIPU pacTsiKe-

[Ipenen npounoc-
TH MIPU PaCTSKE-

TepmooOpa- HiH HiH
o, Mlla
xaTePnlan Soria T}l;epleCTb e c,, MIla o, MIla
ateria Heat treatment ardness Fatlguf: hmlF for Tensile yield limit ~ Tensile strength
bending with imi
. G,, MPa limit
rotation c,, MPa
6, MPa
[ToBepxHOCTHAs
Cran/Steel 3aKaika
25XI'T Surface 700V 70 o e
hardening
H
Cramb/Steel ~ Hopmamwsawns 270 380 610
45 Normalization

OKcliepuMeHTAIbHBIE UCCIIEI0BAHUS OCYIIECT-
BJSUTUCH HA LEHTPE JUISI H3HOCOYCTAIOCTHBIX UCIIbI-
tanuii SZ-01 npu yactore BpamieHus oopasua 3000
000pOTOB B MUHYTY B COOTBETCTBUH CO CTaHAapTa-
mu 'OCT 15150-69 u 'OCT 30755-2001.

Hentp SZ-01 mo3BossieT MOMUMO TPaJAUIIMOH-
HOT'O M3MEpPEHHsI CPEJHEro 3a HEKOTOPBIH MEepHOJ
WCIBITAHUHM COJMKEHUsT Ocell (M3HOCA) TaKkKe HC-
CJIeZIOBATh JIOKAJIbHBIE TOBPEKACHUS (M3HOC) B 8-MH
TOYKaX BJOJb IIyTH TPEHUS IJIsl KAKAOT0 IIMKJIa Ha-
TpYyKSHHSI.

[locne mpoBeneHHsT HCIBITAHUN IIOJyYSHHBIE
pe3ysbTaThl MPEACTABIAIOTCS B BUAE KPUBBIX H3Me-
HEHMS U3HOCA [0 BPEMEHHU U B BHJE KPYroB U3HOCA
JUTS. KOHKPETHBIX MOMEHTOB.

OpnHOH U3 OCHOBHBIX M3MEPSIEMBIX NPH U3HO-
COYCTAJIOCTHBIX HCIIBITAHUSAX XapaKTEPUCTUK SIBIISI-
€TCs MOMEHT Tpenus M . JlaHHas XapaKTepuCTUKa
MPEICTABIIACTCS B BUAEC BPEMEHHOTO psija B 3aBU-
CHUMOCTH OT KOJINYECTBA LUKIIOB HATPY>KEHUSI.

W3 pucyHka 2 BHAHO, YTO NpPHU MOCTOSHHON
KOHTaKTHOH cuine F, =254 H, xoTopoi coO0T-
BETCTBYET MaKCHMallbHOE€ KOHTAaKTHOE JaBJe-
wue p = 2400 MIla, BenuunMHa MOMEHTa Tpe-
HU M H3MEHSAETCS NPU POCTE HEKOHTAKTHOM
n3rubaro-mei cuiasl Q. IT0 sBiIeHUEe B Tpudboda-
THKE TOJYyYHJIO Ha3zBaHUE oOpaTHOTo 3¢ dexTa.
B ycnoBusix paccMaTpuBaeMOro MUCHBITAHUS IPH
YBEJIWYEHUH HEKOHTAKTHOW wu3rudaromen Bai
cunel Q ¢ 200 mo 350 MIla moment tpenus M,

B 00J1aCTH KOHTaKTHOT'O B3aUMOJEHCTBUS POJIUKA
¥ BaJ yBEJIHUYUBAJICS NMPU HEKOHTAKTHOM OCEBOM
cxatun (o(Q) <0) u yMmMeHbIIAJCAd NPU HEKOH-
TakKTHOM oceBoM pacTsikeHuu (o(Q) > 0) mpu-
MepHO Ha 12 %.

Fy O, 0
H/N
300 T Fvb<0)
1 AN
200 pmmnd \
Fy(c>0) Fy(c=0)
1004
0 . . A .
a
Mr,
HWNmL <o KMY/
-
090
Ky/
7 RF
080 c=0
Y __KMV/
a0l 70 MRF
15 20 25 30 35 40 45 50 55N-10)mux/
cycle
b
PucyHnoxk 2 — OcpenHeHHBIE TPOTOKOJBI  MCIIBITAHHHA

Ha koHTakTHYIO (KY) (¢) 1 KOHTaKTHO-MEXaHHYECKYIO
(KMY) (b) ycranocts: FN — KOHTaKkTHas cwia; O — He-
KOHTaKTHas M3rubaroras Baj cwia; M — MOMEHT Tpe-
HUS

Figure 2 — Averaged test protocols for contact (RF) and
mechano-rolling (MRF) fatigue: FN —contact force;
O —non-contact shaft bending force; M — frictional
moment
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O0paboTKa BpeMeHHbIX PSA/IOB BHIXOAHBIX mporiecc 1e(hOpMUPOBAHUS, a B TOUKE 2 HAUUHACTCS
JAHHBIX BUOpOYIapHBIN Tporiecc. 3agaua OnpeaeIeHusT Mo-

MEHTOB HACTYIUICHUS MTOJJOOHBIX COOBITHII HE TOCIe
IKCIIEPUMEHTA, a B €0 IPOLEcCce, TOBOJIBHO CIIOKHA
u3-3a2 OOJIBILIOrO KOJIMYECTBA €KECEKYHIHO IOCTY-

PaccMoTpuM pe3yibTaThl U3MEpEeHHsT COMMKe-
HUS OCeH O POJIMKA M Bajla IPH UCTIBITAaHUSAX HA KOH-
TaKTHO-MEXaHHYECKYI0 YCTAIOCTh JUIs CTYIIEHYATO- g
BO3pACTAIONIEil KOHTAKTHOH Harpysku F,, mo 850 H ~ MArOIHIX JAaHHBIX. JleliCTBUTENBHO, B MUHYTY NpPO-
v wsrubaromeil Harpysku Q=220 H npu nauans-  Acxomut 3000 000pOTOB Baja U B TCUYCHUE KAXKJIOTO
HbIX OHMeHMsX Bana (oOpasuma) A, paBHbix 10 m  000pOTa IepesatoTCs 3HAYCHHS COMIKEHNs OCeii B 8
40 MxM (cM. pucyHOK 3). I3 pucynka 3 BUHO, uTo ~ TOYKaX MO OKPYKHOCTH 00pasiua. I1o Tpebyer oco-
npu GoJbIIeM HavaabHOM Omenum Bana (40 Mxm) 0OOro moaxojga K aHanam3y COOTBETCTBYIOLIETO Bpe-
B Touke | rpaduka HauMHAeTCS HECTallMOHAPHBIH  MEHHOIO psja.

8 MKM/,
pm RS

400 + 21

A=40 MKM/Um

300

,......._.....
O
2100

200 ¢

100 1 A=10 MxM/pum

0 1 2 3 4 5 6 7 8 9 10x105 mumxmsl/cycles

Pucynok 3 — 3aBUCHMOCTD COMMKEHHS OCEH POJIMKa M Bajla OT KOJMYECTBA IIMKJIOB MCIBITAHUI IPH KOHTAKTHO-Me-
XaHWYIECKOH ycTanocTu: 1 — Hagaio HeCTaIlmOHAPHOTO Tporecca 1eOPMHUPOBAHUS; 2 — Ha9aJl0 BHOPOYJapHOTO TIPO-
mecca; A — HaganpHBIe OneHus Baja (00pasima)

Figure 3 — Dependence of roller and shaft axes approach on the number of test cycles under mechano-rolling fatigue:
1 — the beginning of non-stationary deformation process; 2 — the beginning of vibro-impact process; A — initial outruns
of the shaft (specimen)

Ha nmanHbIif MOMEHT cylecTByeT OOJbIIOE KO- o)
JIMYECTBO METOJI0B 00pabOTKM BpEMEHHBIX psamoB. Ema; = Ema,_, +m(ai — Ema,_, ), (2)
OTMETHUM JIHIIE HCEKOTOPLIC U3 HUX! ITPOCTasd CKOJIb-
3d11as  CpeaHsAsd, OKCIIOHCHIMAJIbHAs CKOJIb3AMlas
Cpe/IHsIs, BEUBIIET-IIPEOOpa30BaHUE.

Mertoa ckonb3slIed cpeaHed 3aKiI4aeTcs
B YCPETHEHUH IMOCTYIAIOUIETO CUTHANA 110 HEKOTO-
pomy okHY U3 N HaOJIIOACHUI:

rae Ema, - nocne/iHee 3HaY€HNE CKONB3SIIEH dKC-
TIOHEHIMAIIBHOW CPENHEN; @, — SJIEMEHT YHUCIOBOTO
psana; N — mypuHa OKHa.
st paccMoTpeHust BeBIeT-1ipeoOpa3oBaHus 00-
partumMcsi K BpeMEHHOMY PsiTy JIHTEIbHOCThIO T'=2M:
N+k y,t=1,.., T 3)
A=), (1) y
=N B kmaccndeckoM IHICKPETHOM BEHBIIET-TIPE0O-
pa30BaHUM HCMOJB3YETCA «IHpaMUIaIbHA) CXeMma
[I€ @, —DJIEMEHT HCXOJHOTO YHMCIOBOrO psna; (anroputm Maa), Koraa 4ucio BeusieT-kodhdu-
N — mmpuna okHa; A, — k-b1ii 51EMEHT 00pabOTaHHO-  LMEHTOB HA KAXK/IOM IOCTIE Y OIIEM (D0IIee BEICOKOM)
ro psia. YPOBHE pa3pemnieHns B 1Ba pa3a 0oJbIlle, YeM Ha Tpe-
MeTtoq 5KCIIOHEHIMAIBHON CKONB3SIICH Cpel-  mblayiieM. Takas cxema yJ00Ha ¢ TOUYKH 3PEHHS MH-
HEeH 3aKIIoYaeTcsl B MPUMEHEHHUH JJI BPEMEHHOTO  HHMAallbHOCTH 00heMa X PaHUMBIX JJTaHHBIX U BBIYHCITH-

psina GopMyIIbL: TEJIBHOH TPYIOEMKOCTH JITOpUTMa JCKOMIIO3ULIHH,
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OJIHAKO UMEET U PsiJl CBOMX HEJOCTATKOB: AJITOPUTM
PEKOHCTPYKIIMH Psifia IOCTATOUHO CIIOKEH; B CITydae
nobaBieHus MHQOPMAIIUU K HAOIFOICHUSIM TIOSIBIIS-
eTcst He0OXOJMMOCTh B IepecyeTe BceX BEHBIIET-KO-
3pPunreHToB; dPPEKTHUBHBIH ANTOPUTM JICKOMIIO-
3HIUH CYIIECTBYET TOJBKO IS CITydasi, KOria JUInHa
BPEMEHHOTO psijia SIBJISIETCSI CTEMEHBIO 2.

Jlnist ycTpaHeHHsI 9TUX HEOCTATKOB (3a CUeT H3-
OBITOYHOCTH MOJTYy4aeMbIX KOI()(UIIMEHTOB) MOKET
MPUMEHSTHCS. HEJICIIMMUHUPOBAHHOE BEHBIET-TIpe-
obpazosannue [12].

HenenmmvuuanpoBaHHbIe BEHBIET-KO3PDUITHCH-
ThI OTIPEICIISIOTCS CIEAYIONINM 00pa3oM.

Ha nepBom aTarne 3amaercs 4uciio ypoBHeil pas-
pewmienns M, Ha KOTOpbIe MPOM3BOAMTCSI BEHUBIET-
JIEKOMITO3HIIUSI BPEMEHHOTO PsiJia.

Ha BTOpOM 3Tare cTpouTcst CeMEHCTBO MOCIen0-
BaTEJBbHO «CTIIKMBACMBIX)» BPEMEHHBIX PsiJIOB (BelB-
TIET-KOA(QUITUCHTOB) TTI0 CIICIYIOIIEMY TTPABHIITY:

e, \t)=v.,t=1,..T;
o ()=7, @)

¢ (t)= ih(k)ci_l (e+27 k) i=1,M,
k=1

riae A(k) — QUIBTP IJIUHBI 12, KOTOPHIH, KaK IIPaBHIIO,
YIOBJICTBOPSICT CICTYIONUM yCIOBHUSIM:
— CyMMa 3Ha4YeHUH KOMIIOHEHT BEKTOpa paBHa f;
— BCE KOMITOHCHTBI HEOTPHIIATEIIbHBI;
— BEKTOpP CUMMETPHUEH.
Ha TperbeM arTame BBIYUCISIOTCS Pa3HOCTH
BEUBIIET-KOA (D (DUITMECHTOB:

¢, (1)=c, (1) =¢ (7). (5)

Tornma HCXOZ[HLIﬁ BpeMeHHOfI pAA MOXKXHO TIpEea-
CTaBHUTh B BUJIC:

v —c (0)+ éq)j (o).

[IpumeHHuTENBHO K pa3paboTKe NPOICTypHhI
Cri1aKuBaHUA OKCIICPUMCHTAJIbHBIX BPEMCHHBIX
pAAOB HA MOZICIIBHOM CUT'HAJIC 6BIJII/I HCIIbITAHBI pa3-
JTTIHBIC METOJIBI €r0 00paboTKH (CM. pUCYHOK 4):

(6)

g P HN

46|

UKIIBI/Cycles

1657

— ckonp3smmas cpensss (1) (sma);

— DKCIIOHEHITUAJIBHAS CKONB3siIIast cpeusis (2)(ema);

— BelByeT-npeo0pa3oBaHUEe M MPOCTast CKOJIb3-
sIasi CPeNiHss, IPUMEHEHHAs K Pa3HOCTSIM BEHBIICT-
ko3 durtnenTos (4) (wsma);

— BelBIeT-ipeo0pa3oBaHue W AIKCIMOHCHITHAIbHAS
CKOJIB3SIIIas CPeIHssl, PUMEHEHHAss K Pa3HOCTAM
BelBeT-kod(hdumeHToB (4) (wema).

AHamu3 prcyHKa 4 TMOKa3bIBaeT, YTO HAWITydIllee
NPHOJIFYKEHNE JTaeT METOJ] Wenid BOCCTAHOBIICHHS CHI-
Haya (6) u3 BelBeT-npeodpazoBanus (4), (5) ¢ ucmomb-
30BAHUEM SKCIIOHEHLIMATILHOM CKOJIB3SIILEH CpeiHel U1
CIIIQKMBAHUSI PA3HOCTEN BEUBIET-KOIPPHUITMEHTOB (5).

I

400~

300-

200~

100+

t
250

50 100 150 200

Pucynok 4 — AHanus MOJIEIBHOTO BPEMEHHOTO psja
METOJIJaMH BEWBJIET-NPE0OPa30BAHUS U IKCHOHEHIHATb-
HOM CKOJIB3sIILEl cpelHel, NPUMEHEHHON K pa3HOCTIM
BeitBneT-koappuumenton (1), BeitBner-npeodpazoBaHus
U IIPOCTOU CKOJB3ALICH cpeaHel, IPUMEHEHHOHN K Pa3Ho-
CTSIM BEUBIIET-KOIPPUITHMEHTOB (2), IKCIIOHEHITHATBHON
CKOJB3AIIeH cpenuelt (3), CKomp3smel cpeaaeit (4)

Figure 4 — Model time series analysis by wavelet
transform and exponential moving average applied to
the difference of the wavelet coefficients (1), wavelet
transform and moving average applied to the differences
of the wavelet coefficients (2), exponential moving
average (3), moving average (4)

ATpoOMpOBaHHBIN HAa MOJIEIBHOM PSijIe METOJ
wema ObUI IPUMEHEH JJIs CTIIQKUBaHUS B PEAlIbHOM
BPEMEHU IKCIEPUMEHTAIBHBIX JAHHBIX, MOCTYIa0-
IIUX OT MCTIBITATEIFHOTO IIEHTPA (CM. PHCYHOK 5).

28, SHN
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UKITEL / cycles
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c

504 Kpyrsmmii moment/Torque, H M/N m

470 |
436
402 -
368 1
334

1279

UKIIBI/Cycles

1654

1486
d

Pucynok 5 — CrinaxuBaHue 3KCIIEpUMEHTAIBHBIX TAHHBIX METOJIOM KCIIOHEHIINAIBHOM CKOJIB3AIIEH CpeiHeH, mpuMe-
HEHHOW K Pa3HOCTSM BeHBIICT-KO((HUINEHTOB: KOHTAKTHAsl HArpy3ka (a), u3rudaromnas HEKOHTaKTHas Harpyska (b),

cOmmKenue oceil posnka u Baja (c), KpyTsuid MOMeHT (d)

Figure 5 — Smoothing of experimental data by wavelet transform and exponential moving average applied to the
difference of the wavelet coefficients method: contact load (a), bending non-contact load (b), approach of roller and

shaft axes (c), torque (d)

Ha pucynkax 5b,d BuaHO XapakTepHOE 3armas-
JBIBAHNE CIIIAKEHHOTO BPEMEHHOTO Psijia MpHU pe3-
KOM CTYNIEHYaTOM M3MEHEHHMH HCXOIHOIO CHUTHaja.
OnHaKO TpU CPaBHUTEIBHO HEOOIBIINX KOJICOAHHUAX
3HAa4EeHUI UCXOJHOTO cUrHana (pUCYHOK Sc, d) mpu-
MEHEHHE METOJa Wema MO3BOJIMIO CIIaJWuTh Bpe-
MEHHBIE PSJIBI.

3akjaueHue

PaccmoTpeHo BpeMeHHOE M3MEPEHHE MOMEHTA
TpeHwst, COMMKEHUs ocel (M3HOCA) U JIOKATBHBIX T10-
BPEXKJICHUI NPU MCCIIEIO0BAaHUM KOHTAKTHOM U KOH-
TaKTHO-MEXaHHMYECKOW YCTaJOCTH Ha HCIBITATEI]b-
HOM TieHTpe SZ-01 B 3aBUCUMOCTH OT KOHTaKTHBIX U
HEKOHTAKTHBIX HArPy30K.

Pa3zpaboran mporpaMMHBI MOIYJb IJIs CTiia-
JKUBAHUS DKCIICPUMEHTATBHBIX AHHBIX MOCTYIIA0-
IMX OT HWCHBITATeNLHOTO IIeHTpa. Ha TecToBOM
puMepe MOKA3aHO, YTO HAIIyYIee MPUOIKEHNE
K HMCXOJHOMY psiy JaeT BEWBIET-IIPeoOpa3oBaHUC
C UCIOJIb30BAHUEM 3KCIOHEHIIMAIBHOM CKONb3sLIEH
CpemHeW s CTIaXUBAHUS PA3HOCTEH MEXIy KO-
a¢dunmenTamMmu BeliBneT-1IpeodpazoBanus. [Ipume-
HeHUe NaHHOU moxenu B 1eHTtpe SZ-01 mo3Bomuio
CTIIaIUTh BPEMEHHBIC PS/IbI, XapaKTCPU3YIOLIUE U3-
MEHEHHe CONMKEHHS OCel POJIMKa W Bajia U KPyTs-
I[eT0 MOMEHTA.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B DPEJAKLMIO JKypHala, JODKHBI YHIOBIETBOPATH TpeOoBaHMsM «MHCTPYKIMM O IOpsiIKe
odopmiieHns KBaIM(PUKAIIMOHHON Hay4dHOH paboThl (uccepTanui). ..», yreepxaennoi [Tocranosnennem BAK Pb
or 28.02.2014 1. Ne 3

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

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMA-
CKOM SI3bIKE W ITyOJIMKYeTCs Ha SI3BIKE MTPEACTAaBICHNUSI.

3. [locTynuBine B peJakLUIO CTaTbu MPOXOAAT IBOM-
HOE Toycienoe peneHsupoBanne. OCHOBHBIE KPUTEPHUH
1IeJIeCO00PA3HOCTH OITyOTMKOBAHUSI — AKTYaJIbHOCTh TEMa-
THKH, HTHOOPMATHBHOCTh, HAYYHAS! HOBH3HA.

4. Crarbsi IpeiCTaBISICTCS B PACTICIATAHHOM H B DJICK-
TPOHHOM BHJIE B (hopmaTe TekcToBoro penakropa Word for
Windows. O0beM cTaTbi HE JODKSH TpeBbImarh 14 cTpa-
HUT, BKIodas TekeT (mpudt Times New Roman, pasmep
12 ., maTepBan 1,5), Tabmurpl, rpadpudeckuii MaTepual,
BCIO HEOOXOMMYT0 HH(OPMAITHIO Ha AHTIIMHCKOM SI3bIKE.

5. Ha mepBoii cTpaHHIe CTaThH YKa3bIBAIOTCS: MHIIEKC
VK, HazBaHue craThd, (aMITHN aBTOPOB ((aMILTHS aB-
TOpa, ¢ KOTOPBIM CIIEyeT BECTH TEPENHCKy, OTMEUaeTCs
3BE3JJ0YKOM M YKA3bIBAETCSl €0 aapec 3JIeKTPOHHOW MOod-
TBI), HA3BaHMS W TIOYTOBBIC aJ[peca OpraHM3anui (ynuuna,
HOMeEp JIOMa, HHJIEKC, TOPOJI, CTpaHa), B KOTOPBIX padoTaroT
aBTOPBI, HA PYCCKOM W aHIIMHACKOM si3bIKaxX. CTaThsi BKIIIO-
gaeT: aHHOTaIuo (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBe/IeHNE, B KOTOPOM JIENIAeTCsT Kpar-
KWt 0030p C/IETAaHHOTO B MUPE M KOHKPETHO (pOpMyIHpyeT-
Cs 11e7Th pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYCHHUE, B KOTOPOM
B CXXAaTOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPHMEHEHUsSI; CHHCOK HCIIOJIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KIIIOYEBBIC CIIOBA, CIMCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTanWs IODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNiOB CTAThH — BBEJCHUS
C yKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YacTH H
3aKITFOUCHUS).

7. I'paduuecknii MaTepuan JAOIKEH OBITh KOHTPACT-
HBIM U 4eTkuM. Dortorpadum mpeacTaBiusOTCS B 3NIEK-
TpoHHOM Buze (dopmar tif, jpg, pa3pemienne He MeHee
300 dpi). Bce prucyHku HyMepyrOTCS U COIPOBOXKIAIOTCS
MTOAPHCYHOYHBIMHU NOATIHCAMHU. DparMeHTs pruCyHKa 000-
3HAYAIOTCSl CTPOYHBIMH KypPCHBHBIMH JIATHHCKUMH OyKBa-
MH — «a», «b» uT. 1. Haamucn Ha puCyHKax M TOIIHMCH
K PUCYHKaM JalOTCsl HAa PYCCKOM M aHIVIMHCKOM SI3BIKaX.
Bce cokpamienust 1 0003HaYECHUS] HA PUCYHKAX JIOJKHBI
OBITH pacIU(pPOBAHBI B MOAPUCYHOUHON MOANHCH. PrcyH-
KM JKeJIaTeJILHO TPEOCTABIISTh B IIBETE.

8. Tabmuib! He TOHKHEI TyOIrpoBaTh rpaduku. Kax-
Jast TabIMIla UMEeeT 3aroloBoK. Ha Bce TabnuIIs! 1 puCyHKH
cIIe/tyeT JaBaTh CCHUIKH B TekcTe. Ha3zBaHue u comeprkanne
TaOJHI] TIPEJICTABIISICTCS Ha PYCCKOM M aHTJINHCKOM SI3BIKaX.

9. O003HaueHNS U COKPAIICHNS, IPUHATHIE B CTaThE,
pactm(ppoBBIBAIOTCS] HETIOCPEICTBEHHO B TEKCTE.

10. Pa3mMepHOCTb BCEX BEIMYUH, IPUHATHIX B CTAThE,
JTOJDKHA COOTBETCTBOBAaTh MEXIyHAPOIHOH CHCTEMe ellu-
HU1 mmMeperuit (CH).

11. MHOTOCTpOUYHBIE (HOPMYITHI OIKHBI OBITH HaOpa-
HBI B penakrope MathType, HOMepa dopmyn — 1o TipaBo-
My Kpato. HymepyroTcst mummb popMyIisl, Ha KOTOPEIE €CTh
CCBUIKH B TeKcTe. OTIeNbHBIe CTPOYHBIC OYKBBI M CITCITH-
aJbHBIC CHMBOJIBI HAOMPAIOTCS B TEKCTE TAPHUATYPOI Sym-
bol 6e3 mcmoab3oBanus pegaxkrtopa dopmyna. [Ipu Ha-
Ooope QopMmyn U OyKBEHHBIX 0003HAYCHHUH HEOOXOIUMO
VYHATBIBATh CIEAYIOMIAE TIPaBIJIa: PYCCKHIl ajadaBuT
He UCTOJIB3YeTCs; TpeUecKue OyKBBI, MaTeMaTHICCKHe
cumBodH (grad, div, In, min, max u ap.), CHMBOJBI XUMH-
YECKUX DIIEMEHTOB (B T.U. B HHJCKCE) HAOMUPAIOTCS MPSAMO;
JMATHHCKUE OYKBHI — IMEPEMEHHBIC I CHMBOITBI (PH3HYECKUX
BEIMYMH (B T.4. B MHICKCE) HAOUPAIOTCS KYPCHBOM; BEK-
TOPBI — KUPHBIM MPADTOM (CTPETKH BBEPXY HE CTABATCS).

12. CrucoK MCTIOJIb30BAHHBIX WCTOYHUKOB COCTABJIs-
eTCsI B TIOPSAKE YIMOMHHAHUS CCBUIOK IO TEKCTY, JOJDKCH
CofiepKaTh TOJHEIE OMOMUOTpauIecKie TaHHBIC U TIPH-
BOJINITCSI B KOHIIE CTaTh. He pekoMeHIyeTcs 1aBaTh CChII-
KA Ha MaTepHajbl KOH(EPEHINH, CTaThl U3 3JIEKTPOHHBIX
KypHanoB 6e3 uneHtudukaropa DOI, yueOHBIE TTOCOOUS,
HHTEpHET-pecypchl. CCHUTKM Ha HEOITyOIMKOBaHHBIE pado-
THI HE JOMycCKaroTcs. JKenaremnsHo, 9TOOBI KOJTMIECTBO CCHI-
1ok Obw10 He MeHee 10; camonmTrpoBanue — He Ooiee 20 %.

13. ABTOpBI Ha OTAENBHON CTPAHULIE MIPETOCTABIISIIOT
0 cebe cremyronue CBeIeHUS: (haMWIINs, UMs, OTYECTBO,
ydeHasl CTEeTIeHb W 3BaHHE, MECTO pabOTHl W 3aHMMaeMast
JOJDKHOCTB, aJipec IIEKTPOHHOH CBA3M.

14. Crarpu, u3nararonde pe3yJbrarbl UCCIeJOBaHMH,
BBITIOTHCHHBIX B YUPSIKICHUSX, TIOTDKHBI IMETh COOTBETCTBY-
IOIIIee pa3pelIeHre Ha OITyOITMKOBAHIE B OTKPBITOM TIECYaTH.

15. TIpn HE0OXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAlOTCSI HANMEHOBaHME (DOHIA, OKa3aBIIETO (pHHAH-
COBYIO TIOAJCPXKKY, WJIH YPOBEHh W HANMEHOBAaHHE TIPO-
TpaMMBI, B paMKaX KOTOpPOW BBIITOJHEHa padoTa, Ha pyc-
CKOM W aHTJIMACKOM SI3BIKaX.

16. ABTOpBI HECYT OTBETCTBCHHOCTH 32 HAIIPaBIICHUC
B PEAKIINIO CTaTeH, paHee YKe OMyOITMKOBAHHBIX HIIH TIPH-
HATHIX K [ICUATH APYTHMHA U3TaHUSIMH.

17. Cratbu, HE COOTBETCTBYIOIIME MEPEUUCIEHHBIM
TpeOOBaHUAM, K PACCMOTPECHUIO HE TMPUHUMAIOTCS U BO3-
BpamaroTcs aBTopam. JlaToif IMoCTyIUICHUS CUUTACTCS ACHB
MOYYCHUS PeIaKIiell TepBOHAYaIFHOTO BAPHAHTA TEKCTA.

18. Pemakuusi mpeaocTaBisieT BO3MOXKHOCTb MEPBO-
0YEpEIHOTO OIYONUKOBAHUSI CTATEH JIUIIAM, OCYIIECTBIISO-
MM TIOCJIEBY30BCKOE OOydUeHHe (acrmupaHTypa, TOKTOpa-
HTYypa, COWCKATEIhCTBO), B TOH 3aBEpPIICHUS OOYUYCHHS;
HE B3UMAeT IUIaTy C aBTOPOB 3a OIMyOJIKOBAaHNE HAyYHBIX CTa-
TEH; OCTaBIIIET 3a COOO MPABO TIPOM3BOINTH PEITAKTOPCKUC
TIPABKH, HE HCKAXKAFOIIIEe OCHOBHOE COICPIKAHUE CTAThU.
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