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Abstract

The permanent magnetic field in addition to electromagnetic radiation has a significant effect on
performance of devices. This is particularly true for highly sensitive precision measuring equipment, such
as, for example, magnetometers or photomultiplier tubes. In this regard a new high-performance materials
for protection against permanent fields and electromagnetic radiation need to be developed. The purpose
of this paper is a development of a hardware and software complex for high-precision determination
of permanent magnetic field attenuation coefficient and certification of protective materials.

This paper describes an experimental installation for determining the attenuation coefficient of a perma-
nent magnetic field using materials and coatings on standard package for electronic equipment. The instal-
lation ensures a uniform magnetic field flow in the measurement volume. The advantage of the measuring
device is the ability to measure magnetic field in three coordinates due to the use of three pairs of Helmholtz
coils and a three-dimensional Hall sensor. The software will enable to control of the magnetic field in all three
directions, simulating the real operating conditions of devices that require protection from such influences. In
addition, a movable positioning system makes it possible to compensate for the Earth's magnetic field, which
increases the accuracy of estimating the attenuation coefficient by protective materials in weak magnetic field.

An alternative use of the capabilities of the installation is to test the performance of the devices
in a permanent magnetic field and evaluate the electromagnetic compatibility. Experimental results of the
work includes determination of the magnetic field attenuation coefficient using standard photomultiplier
tube package made of electrolytically deposited permalloy and the sheet of annealed permalloy. Thus,
the effect of annealing and closed magnetic circuit on the degree of weakening of the magnetic field is shown.
It has been demonstrated that annealing which causes a significant increase in the magnetic permeability
promotes an effective attenuation of weak magnetic fields (up to 1 mT). In magnetic fields with an induction
of 1 mT or more, effective attenuation is provided by a closed magnetic circuit.

Keywords: Helmholtz coils, constant magnetic field, attenuation coefficient, permalloy.
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IKCIEPUMEHTAJbHAS YCTAHOBKA JIJIA OIPeaesIeH s
Ko3(ppunmeHTa 0caadJeHNsA MOCTOAHHOT0O MATHUTHOTO TOJIsI
3alllMTHLIMU MaTepuajaMu

B.M. ®enociok

Hayuno-npaxmuueckuii yenmp Hayuonanohoii akademuu nayx bearapycu no mamepuanogeoenuio,
ya. I1. Bposxu, 19, 2. Munck 220072, Beaapyco

Hocmynuna 19.01.2020
Hpunama k neuamu 22.02.2021

[ocTossHHOE MarHUTHOE TOJIE HAPSIAY € AJICKTPOMArHUTHBIM M3YUYCHHUEM OKa3bIBAET CYIIECTBEHHOE BIIH-
sIHUE Ha paboure XapaKTEPUCTUKH B PabOTOCIIOCOOHOCTH MpruOopoB. OCOOSHHO 3TO KacaeTcsi BBICOKOUYBCTBH-
TENBHOTO MPEIU3MOHHOT0 U3MEPUTEIILHOTO 000PYIOBaHUs], TAKOTO KakK, HAPHUMEP, MarHUTOMETPBI HIIH (OTO3-
JICKTPOHHBIC YMHOKHTENH. B CBsI31 € 3THM BO3HMKAET HEOOXOMMOCTh pa3padOTKH HOBBIX BHICOKOI()(PEKTHBHBIX
MaTepHaloB JUIsl 3alIUThl OT BO3JICUCTBHUSI OCTOSHHOTO MarHUTHOTO TOJISI U 3JIEKTPOMArHUTHOTO M3TyYCHHUS.
Lenbto naHHOM paboTHI SABIsUIACH pa3paboTKa MPOrpaMMHO-aNIapaTHOrO KOMIUIEKCa IS BRICOKOTOYHOTO OITpe-
neneHust KodpuimeHTa ocnadaeHns MOCTOSIHHOTO MArHUTHOTO T0JIS M aTTECTAllMK 3aIIUTHBIX KOPITYCOB.

B pabote onucana uamepuTenbHas ycTaHOBKa ISl onpeaeneHus Koadduuuenta ocnabieHus mocro-
SSHHOT'O MAarHUTHOTO TIOJISl C TIOMOIIBIO MaTepUalioB M MOKPHITHI Ha CTaHJAPTHBIX KOpIycaxX. YCTaHOBKa
o0ecreynBaeT OAHOPOJHOE MAarHUTHOE TTOJIE BO BCEM M3MEPUTENILHOM 00bEMe. OTInune U3MEPUTENbHON
YCTaHOBKH OT CYIIECTBYIOIIUX CTEH/IOB 3aKJIFOYAETCS B BO3MOXKHOCTH NMPOBEACHUS U3MEPEHUH B TPEX KO-
opAMHaTax Ojarojapsi UCIOJIB30BAaHMIO TPEX Map KaTylIeK | enbMroibia M TPEXKOOPAMHATHOTO JATYMKA
Xomna. [IporpammHoe obecrieueHre TO3BOJIMT YHPABIATE MarHUTHBIM TIOJIEM BO BCEX TPEX HANpaBJICHU-
X, MOJICTIUPYS PealbHbIe YCIOBUS SKCIUTyaTallud MPUOOPOB, TPEOYIOIMX 3alIUThI OT TAKUX BO3JCHCTBUI.
Kpome Toro, noasmkHasi cuctreMa MO3UIMOHUPOBAHHS B MIPOCTPAHCTBE MO3BOJISIET KOMIIEHCHPOBAThH Mar-
HUTHOE T0JI€ 3eMJIM, YTO TOBBILIAET TOYHOCTH OLCHKH KO3 (UIMEeHTa 0caal0NeHus] MATHUTHOTO MOJIS 3a-
LIUTHBIMH MaTepHajaMy B CIa0bIX MOJISX.

ANbTepHaTUBHBIM BapUaHTOM HCIIONB30BAHMSI BO3MOKHOCTEH YCTAaHOBKH SIBJISICTCS IIPOBEPKA PabOUNX Xa-
PaKTEepUCTHK MPUOOPOB B YCIOBUSAX BO3ACHCTBUS MOCTOSIHHOIO MarHUTHOTO MOJSL M OLECHKA AJICKTPOMArHHT-
HOH COBMECTHMOCTHU. DKCIEPUMEHTAIbHAS YaCTh PaOOThI BKIIOYACT PE3YJIbTaThl OIpeiesieHus KO3 PHLIeHTa
ocnabiIeHnss MArHUTHOTO TTOJISI ¢ TOMOILBIO CTAHAAPTHBIX KOPITYCOB JUTs (POTOIEKTPOHHOTO YMHOXKHUTEIIS!, U3T0-
TOBJICHHBIX W3 JIUCTOBOTO OTOXKEHHOTO EPMAILION U TIEPMAILIOS, OCAKIEHHOTO HIIEKTPOJIUTHYECKU HA aJTFOMU-
HHUEBYIO NOIOKKY. TakuM 00pa3oM, MOKa3aHO BIMSHUE OTXKHUIa U 3aMKHYTOCTH MarHUTOKOHTYpa Ha CTETICHb
ocnabieHns MarHUTHOTO TIOJIsl. Y CTAaHOBJICHO, YTO OTKHT, BBI3BIBAIOIINH CYIIIECTBEHHOE TOBBIILICHIE MarHuT-
HOH MMPOHUIIAEMOCTH, CIIOCOOCTBYET 3((PEeKTUBHOMY OCIIA0ICHUIO CIIa0bIX MarHUTHBIX nosiei (o 1 mTm). B mar-
HHUTHBIX NMOJSIX ¢ MHAYKOUen ot 1 MTn addextrBHOE ocnadienne 00ecneunBaeT 3aMKHY Tl MarHUTOKOHTYP.

KnaroueBble cioBa: xarymku ['enbMroibla, MOCTOSHHOE MarHUTHOE I0Jie, KO3((GHUIUEHT OcCiadiIeHus,
[IepMalION.
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Introduction

The problem of exposure to various types of
electromagnetic fields on the equipment and systems,
as well as living organisms is extremely important and
multifaceted due to the complexity of interpretation
of the processes of interaction of fields with the
materials [1-3]. There are many fairly effective
solutions for protection against electromagnetic
radiation divided into active and passive protection
methods [4—6]. The most difficult task is protection
from exposure by static magnetic fields. This problem
is acute for precision measuring equipment and space
equipment [7] which is intensely exposed to constant
and alternating magnetic fields. The physical principle
of protection against magnetostatic effects consists
in shunting the magnetic flux by a housing made
from ferromagnetic material with high magnetic
permeability [§-9]. The force lines of the external
magnetic field will predominantly pass through the
material with high magnetic permeability and will
not affect the operation of the enclosed equipment.
In connection with the above, active developments
are underway in the field of creating materials and
optimizing housing designs for effective weakening
of magnetic flux and protection of sensitive
electronics and equipment [10—14].

An important stage in the development
of materials and housings is certification and
determination of the degree of weakening of the
magnetic field using a protective housing. The
developers face the greatest number of difficulties
when determining the shielding of weak magnetic
fields from which it is necessary to protect, for
example, photomultiplier tubes operating in outer
space (of the orbit of the "MIR" station, the magnetic
field induction is 0.4-0.6 mT). Difficulties in the
development of measuring equipment are primarily
related to the need to create a uniform and controlled
magnetic flux as well as to compensate for the Earth's
magnetic field to improve accuracy. Therefore the
main goal of this work was to develop a software and
hardware complex for high-precision determination
of the attenuation coefficient of a constant magnetic
field and certification of protective enclosures.

Installation for determining the magnetostatic
shielding effectiveness

Device for determining the magnetic field
attenuation coefficient should include the following
capabilities:

— ensuring a uniform magnetic field throughout
the entire volume of measurements;

— possibility of standard package for electronic
equipment attestation;

— ability to carry out measurements at a magnetic
field induction from 0.03 to 0.5 mT for materials
that weaken the magnetic field by 100 times, and
in the range from 0.5 to 10 mT for materials that
weaken by 1000 times;

—compensation of the Earth's magnetic field
when measuring in weak fields;

— ability to measure in three coordinates.

The problem of forming a uniform magnetic
field and constant magnetic flux in a certain volume
of space can be solved in many ways. Often for
this permanent magnets are used between the poles
of which a constant field is formed without the
application of any energy. The main disadvantage
of such a solution is the complexity of a controlled
change in the magnitude of the magnetic field,
since the magnitude of the magnetic induction for
permanent magnets is determined exclusively by
the remanent magnetization of the material and the
distance between its poles.

It is advisable to create a weak and uniform
magnetic field (up to 0.1 T) with a variable value using
solenoids or coils. It is better to use electromagnets
to generate magnetic fields of greater magnitude with
which you can obtain a high magnetization of the
core with a relatively low current value or a coreless
coil made of superconducting material.

Since an important criterion for a measuring
device is to obtain a magnetic field with a high degree
of homogeneity, the most promising solution seems
to be the use of Helmholtz coils which substitute two
solenoids located coaxially at a distance equal to their
radius, as shown in Figure la. The coils diameter
should be larger than the size of the area in which a
uniform magnetic flux is required. Figure 15 shows
how the magnetic induction B will change along the
axis of the Helmholtz coils. The graph is plotted
schematically in relative units where one corresponds
to the maximum value of B. The magnetic induction
at the midpoint on the axis between coils can be
calculated using the equation (1):

B (i)” Mol (1)
3 R

where L, is the magnetic constant, 1.257- 10° T-m/A;
n is the number of turns of the coil; 7 is the current
flowing through the coil, A; R is the radius of the
coil, m.
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Helmholtz coils

Coil 1

0.5 1

Figure 1 — Image of Helmholtz coils (@) and a schematic
graph of changes in the magnetic induction of Helmholtz
coils (b)

For implementation of the comprehensive
certification of protective enclosures for radio
electronic equipment it is important to be able to
control not only the magnitude of the magnetic field
but also the direction of the magnetic flux. Therefore,
the facility under development includes three pairs of
Helmholtz rings with a diameter of 30, 35 and 40 cm
generating a constant magnetic field directed along
the X, Y, and Z axes, respectively. In this case, the
magnetic flux @ for each of the coils is numerically
equal to the magnetic induction B multiplied by the
cross-sectional area of the coil S in square meters (2):

)

To register the magnitude of the magnetic field
the installation uses a three-coordinate Hall sensor
with ferrite concentrators of the magnetic strip
installed at the intersection of the axes of the coils
in such a way that the plane of the sensor crystal is
perpendicular to the magnetic flux lines. The signal
from the sensor is read by a nanovoltmeter. Figure 2
shows a diagram of an installation with two pairs of
Helmholtz coils. The pairs of coils are connected
to a direct current source during the flow of which

O =B-S.

a constant uniform magnetic field is created. The
current strength is directly proportional to the
magnetic field strength H, therefore, the coefficients
k,_, for recalculating the current strength into the
magnetic field induction according to formula (3)
for each pair of coils have been experimentally
established. Their values are presented in Table.

H=k, ;1L A3)

DC/AC current
source

Magnetization coil
=

sation coil

Hall sensor
power supply

Selective
nanovoltmeter

Figure 2 — Installation for measuring the attenuation
coefficient of a permanent magnetic field

Table
Helmbholtz coil parameters
Magnetic flux  Coil diameter,  Conversion
direction axis d, m factor, k,_,,,
1 Y 0.40 2.24:10°
2 X 0.35 2.28-10°
3 z 0.30 2.33:10°

The installation has the ability to adjust its
position in space to compensate for the Earth's
magnetic field. To compensate it is necessary
to install the three-coordinate Helmholtz coils in
the optimal position achieving the minimum value
of the potential difference on the sensitive element
of the Hall sensor due to spatial manipulation.

It is necessary to calibrate the Hall sensor
by setting the reference values of the potential
difference over the entire range of magnetic fields
with the step selected for the measurement before
each measurement of the shielding efficiency. The
change in the intensity of the external permanent
magnetic field formed by the Helmholtz coils is
carried out by changing the value of the constant
current at the power source. After calibration the Hall
sensor is placed in a protective case or covered with a

10
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cylindrical or flat shield keeping its position in space
unchanged. The values of the potential difference on
the sensor protected by the shield are recorded at the
same values of the magnetic field strength. Shielding
efficiency E is often a dimensionless quantity that
shows how many times the strength of an external
magnetic field decreases when a shield is used. The
calculation of the magnetostatic shielding efficiency
is carried out according to the formula:

E=(Uy/Uy), (4)

where U, is the value of the potential difference
(arithmetic mean) on the sensitive element of the
Hall sensor without package (reference value);
U, is the value of the potential difference (arithmetic
mean) on the sensitive element of the Hall sensor
when using a protective case.

The attenuation coefficient k (or the efficiency
expressed in decibels) is used to assess the
effectiveness of shielding. k can be estimated using
formula (5):

ky = 201g(U,/U,) or k, = 201gE, dB. (5)

Experimental results

The weakening coefficients of the magnetic
field were determined for two cylindrical specimens
made of sheet permalloy (GOST 10160-75) and an
aluminum cylinder coated with the same material
(Nig,Fe,,) using the developed installation. Samples
had equal overall dimensions (length of 120 mm, a
diameter of 45 mm, and a thickness of the magnetic
material of 0.5 mm). An annealed permalloy foil was
rolled into a cylinder of the corresponding diameter
and spot welded to prepare a sheet sample. A coating
was deposited on aluminum cylinder of appropriate
size by electrolytic deposition as described in [15]. The
shape of the sample is due to the fact that it matches the
size of the housing of a wide range of photomultiplier
tubes. Nig,Fe,, alloy was chosen as a reference sample
as one of the most effective materials for protection
against permanent magnetic field and electromagnetic
radiation due to its high magnetic permeability [8].
High magnetic permeability provides effective
shunting of the magnetic flux and, accordingly, a
strong weakening of the magnetic field strength after
passing through the coating (Figure 3).

The measurements of the magnetic field
attenuation coefficient by the coating material were
carried out in the range of magnetic fields from 0.1 to
9 mT. The results are shown in Figure 4.

Hall Sensor Cylinder

Helmholtz coils

Figure 3 — Schematic representation of the principle
of shunting magnetic flux using a cylindrical body made
of material with high magnetic permeability

45 1
40 |
35
3042

ke (dB)

—o— NiFe sheet

—e— electrodeposited NiFe
10 —
o 1 2

3 4 5

B (mT)
Figure 4 — Results of the study of the magnetic
field attenuation coefficient after passing through
the package made of sheet permalloy and the package
with the electrodeposited permalloy coating

It was found that in the range of weak magnetic
fields (up to 1 mT) a sample of annealed sheet
permalloy is a more promising material, since
it demonstrates an attenuation of the order of
26-32 dB, which corresponds to 2043 times, while
the electrodeposited and unannealed sample in this
the same range showed an increase in the attenuation
coefficientfrom 16to 31 times (or from 6 to 35 times).
However, with a further increase in the magnetic field
induction, no increase in the attenuation coefficient
was observed for the sheet permalloy sample. The
maximum value of k for a sheet sample was 32.7 dB
or 43 times. The attenuation coefficient increased to
42.3 dB, which corresponds to 130 times. Thus, it
is shown that in the range of magnetic fields up to
1 mT the most significant factor for increasing the
efficiency of magnetic flux attenuation is the high
magnetic permeability of the protective material,

11



IIpubopsr u memoosl usmepeHuil
2021.-T. 12, Ne ]. - C. 7-12
V.M. Fedosyuk

Devices and Methods of Measurements
2021, vol. 12, no. 1, pp. 7-12
V.M. Fedosyuk

which is characteristic of annealed alloys. In fields
from 1 mT, the limiting factor for effective shunting
of the magnetic flux is the closedness of the magnetic
circuit or the continuity of the coverage in this case.

Conclusion

A unique measuring installation has been
developed to determine the attenuation coefficient
of the permanent magnetic field using protective
package for electronic equipment. The installation
will allow simulating the external effect of a
permanent magnetic field in three-dimensional
space to determine the effectiveness of protective
materials and assess the performance of partings.
The installation has a high accuracy in measuring
weak magnetic fields due to the uniform magnetic
flux generated by three pairs of Helmholtz coils and
compensation of the Earth's magnetic field.

Certification of cylindrical package for
protection against magnetostatic effects made of
sheet permalloy and in the form of an electrodeposited
coating on a cylindrical substrate has been carried
out. It is shown that in weak fields (up to 0.1 mT),
permalloy — annealed with in accordance with
GOST 10160-75 — is a more effective material
and weakens the magnetic field by 20-43 times
due to high magnetic permeability. However with
an increase in the magnetic field induction above
0.1 mT the most important parameter providing
effective attenuation is the closed magnetic circuit.
Thus the continuous coating showed attenuation
up to 130 times while the sheet alloy body had an
attenuation coefficient of less than 43 times.
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The study of thermoelectric properties of crystalline semiconductors with structural defects is of practi-
cal interest in the development of radiation-resistant Peltier elements. In this case, the spectrum of energy
levels of hydrogen-like impurities and intrinsic point defects in the band gap (energy gap) of crystal plays
an important role.

The purpose of this work is to analyze the features of the single-electron band model of semiconductors
with hopping electron migration both via atoms of hydrogen-like impurities and via their own point triple-
charged intrinsic defects in the c- and v-bands, as well as to search for the possibility of their use in the Pelti-
er element in the temperature range, when the transitions of electrons and holes from impurity atoms and/or
intrinsic defects to the c- and v-bands can be neglected.

For Peltier elements with electron hopping migration we propose: (i) an /-diode containing |d1)- and
|d2)-regions with hydrogen-like donors of two types in the charge states (0) and (+1) and compensating them
hydrogen-like acceptors in the charge state (—1); (ii)) a homogeneous semiconductor containing intrinsic
t-defects in the charge states (—1, 0, +1), as well as ions of donors and acceptors to control the distribution
of t-defects over the charge states. The band diagrams of the proposed Peltier elements in equilibrium and
upon excitation of a stationary hopping electric current are analyzed.

A model of the /#-diode containing hydrogen-like donors of two types |d1) and |d2) with hopping migra-
tion of electrons between them for 50 % compensation by acceptors is considered. It is shown that in the case
of the reverse (forward) electrical bias of the diode, the cooling (heating) of the region of the electric double
layer between |d1)- and |d2)-regions is possible.

A Peltier element based on a semiconductor with point 7-defects is considered. It is assumed that
the temperature and the concentration of ions of hydrogen-like acceptors and donors are to assure all
t-defects to be in the charge state (0). It is shown that in such an element it is possible to cool down
the metal-semiconductor contact under a negative electric potential and to heat up the opposite contact under
a positive potential.

Keywords: doped semiconductor, diode with hydrogen-like donors of two types, triple-charged intrinsic
point defects, electron hopping migration, Peltier element.
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Cxema 3j1emenTa [leabThe HA MOJIYNIPOBOTHUKAX
C NPBI)KKOBBIM MEPEHOCOM 3JIEKTPOHOB IO JedeKTam

H.A. Ilokaonckuii, C.A. Boipko, A.U. Koanes, U.U. Anukees, H.U. I'opbauyk

Benopycckuii cocyoapcmeennutii yHueepcumen,
np-m Hezasucumocmu, 4, 2. Munck 220030, berapyco

Ilocmynuna 28.01.2021
Ipunsama k neuamu 09.03.2021

HccnenoBannue TEPMOIJIEKTPUYCCKAX CBOHCTB KPUCTAJUIMYECKUX TOJYTNPOBOJHUKOB € JaeeKTaMu
CTPYKTYPBI MPEACTABIISCT MPAKTUICCKUNA UHTEPEC MPH CO3JIaHHH PaTHallMOHHO-CTOMKHIX 37eMeHTOB [lernb-
The. [Ipu 3TOM Ba)kHYIO POJIb UTPACT CIIEKTP YPOBHEH 3HEPTUU BOAOPOIONOM00HBIX MPUMECEH U COOCTBEH-
HBIX TOYCUHBIX Je(PEKTOB B SHEPTETHUCSCKOM MU (3anmpeIiéHHON 30He) KPUCTaIIa.

Lens paboThl — aHATN3 0COOCHHOCTEH OJHOAICKTPOHHOW 30HHON MOJICIH IOIYTPOBOIHUKOB C TIPHIXK-
KOBO# MHUIpaIlueil 3JIeKTPOHOB KaK MO0 aTOMaM BOJIOPOIOTOA00HBIX MPUMECeH, TaK U M0 COOCTBEHHBIM TO-
YEUHBIM TPEX3apSAAHBIM Je(eKTaM, a TaKkKe MOMCK BO3MOXHOCTH MX HCHOJIb30BaHHS B 3ieMeHTe [lenbThe
B O0JIACTH TEMIIEpaTyp, KOTJa Mepexo/laMH DIIEKTPOHOB M JBIPOK C aTOMOB NMPUMECEH W/ COOCTBEHHBIX
ne(heKTOB B c- U U-30HBI MOXKHO TIPEHEOPEYD.

B kauectBe amemenToB [lenpThe ¢ MPBEDKKOBOM MUTpandeld 3JIEKTPOHOB IPEIJIOKEHB: 1) A-muon, co-
nepxaiuii |d1)- u |d2)-o6macTu ¢ BOZOPOAONONOOHBIMU JTOHOPAMH ABYX COPTOB B 3apSIOBBIX COCTOSHUSIX
(0) u (+1) 1 KOMIEHCHPYIOIIUE UX BOIOPOAONOOOHBIE aKIIETITOPHI B 3apsAnoBoM coctosiHuH (—1); 2) ogHO-
POMHBIN TTOIYTIPOBOIHUK, COIEPKAIIUNA COOCTBEHHBIC f-AC(hEKTHl B 3apsmoBBIX cocTosHusAX (—1, 0, +1),
a TaKKe MOHBI JJOHOPOB U aKICITOPOB JJIsl YIIPABJICHUS paclpeieicHueM {-1e(PEeKTOB M0 3apsIOBBIX COCTOS-
HUsM. [IpoaHaNM3MpOBaHbl 30HHBIC JHArPaMMbI TPEUIaracMbIX dJIeMeHTOB IlenbThe B paBHOBECHHM W
pH BO30YKACHUH CTAIIMOHAPHOTO MPHDKKOBOTO 3JEKTPHUYECKOTO TOKA.

Paccmotpena mojnens /-muona, coiepikaiiero BOIOPOAONOJA00HBIE JOHOPH! ABYX coptoB |[d1) u |d2)
C MPBIKKOBOW MHTpanuedl MexX Iy HUMU 3JICKTPOHOB NMpHU KomreHcanuu ux Ha 50 % aknenrtopamu. [lokasa-
HO, 4TO MpH OOPATHOM (TIPSIMOM) BIIEKTPUYESCKOM CMEIEHHU JHOJA BO3MOXKHO OXJaxJaecHHe (HarpeBaHue)
00JIaCTH ABOHHOTO 3JIEKTPHUYECKOTO ciost Mexay |d1)- u |d2)-o6nacTsamu.

Paccmotpen anement [lenbThe HA OCHOBE MOYIPOBOHUKA C TOUCYHBIMHU f-Nieektamu. [IpuHumanocs,
YTO TEMIIEPATypa, & TaKXKe KOHIICHTPAIMM HOHOB BOJOPOMOMOMOOHBIX aKIICITOPOB U JOHOPOB TAKOBHI,
YTO MPAKTHYECKH BCE f-eeKThl HaxosTcs B 3apspoBoM coctossHuU (0). TTokazaHo, 4TO B TAKOM DIIEMEHTE
BO3MOYKHO OXJIQXKJICHHE KOHTAKTa METAJIJI—IONYIPOBOIHUK, HAXOASAIICTOCS MO OTPHULATEIIBHBIM 3JICKTPH-
YECKHUM TOTCHIIUATIOM, M HArpeBaHHE MPOTHBOMOJIOKHOTO KOHTAKTA, TIO MOJOKHUTEILHBIM MTOTCHITUATIOM.

KuroueBsble cj10Ba: JETUPOBAHHBIN MOIYIIPOBOIHUK, U0 C BOJAOPOIOTIOOOHEIMU JOHOPAMH JABYX COPTOB,
Tpéx3apsiHbIe COOCTBEHHBIC TOYCUHBIC AS(PEKTHI, MPBIKKOBAS MUTPAIUs JICKTPOHOB, AJIeMEHT [lenbThe.

DOI: 10.21122/2220-9506-2021-12-1-13-22

Aopec ona nepenucku: Address for correspondence:

Hoxnonckuu H.A. Poklonski N.A.

benopycckuii cocyoapcmeennblii ynugepcumemn, Belarusian State University,

np-m Hesasucumocmu, 4, 2. Munck 220030, Berapycw Nezavisimosti Ave., 4, Minsk 220030, Belarus
e-mail: poklonski@bsu.by, poklonski@tut.by e-mail: poklonski@bsu.by; poklonski@tut.by
[na yumupoeanusa: For citation:

N.A. Poklonski, S.A. Vyrko, A.I. Kovalev, II. Anikeev, N.I. Gorbachuk. N.A. Poklonski, S.A. Vyrko, A.I. Kovalev, L.I. Anikeev, N.I. Gorbachuk.
Design of Peltier Element Based on Semiconductors with Hopping  Design of Peltier Element Based on Semiconductors with Hopping

Electron Transfer via Defects. Electron Transfer via Defects.
IIpuGOpE! 1 METOABI H3MEPEHHIT. Devices and Methods of Measurements.
2021.—T. 12, Ne 1.-C. 13-22. 2021, vol. 12, no. 1, pp. 13-22.

DOI: 10.21122/2220-9506-2021-12-1-13-22 DOI: 10.21122/2220-9506-2021-12-1-13-22
14




Tpubopwl u memoowvl usmepenuii
2021.-T. 12, Ne 1. - C. 13-22
N.A. Poklonski et al.

Devices and Methods of Measurements
2021, vol. 12, no. 1, pp. 13-22
N.A. Poklonski et al.

Introduction

Thermoelectric phenomena in semiconductor
systems caused by the migration of electrons in the
c-band and holes in the v-band are intensively stud-
ied (see, e. g., [1-7]). The thermopower was meas-
ured for hopping migration of holes via hydrogen-
like acceptors of the same type in homogeneous
germanium crystals at liquid helium temperatures
and below [8, 9]; see also [10].

The efficiency of semiconductor materials used
in thermoelectric converters is determined by the
dimensionless thermoelectric figure of merit Z7" and
by the Peltier coefficient I1 (see, €. g., [11-13]):

B oS°T
K

where Z is the figure of merit [K™'], 7= (T} + T»)/2
is the operating temperature [K], 7; and 7, are the
absolute temperatures of hot and cold electrodes to
the material, ¢ is the direct current specific electri-
cal conductivity [Ohm ''m '], S is the Seebeck coef-
ficient (or thermopower) [V/K], k is the thermal
conductivity [W-m "“K™'], II is the Peltier coeffi-
cient [V].

Note that the Peltier coefficient I1, as a rule, is
not measured directly, but is calculated from Eq. (1)
by the value of the Seebeck coefficient S, which is
easier to measure.

There are various ways to increase the thermoe-
lectric figure of merit (see, e. g., [12—14], as well as
the reviews on this topic [15-19]): selection of the
optimal concentration of mobile charge carriers
(electrons, holes or ions) in homogeneous materials;
selection of the optimal band gap (energy gap);
changing the chemical composition of materials
(e. g., by chemical doping or neutron transmutation
doping) or modifying their structure by introducing,
for example, radiation defects. The possibilities of
increasing of the thermoelectric figure of merit of
nanostructured materials consisting of low-
dimensional systems are also considered [1]. Realis-
tic estimates of the limiting values of figure of merit
of thermoelectric composites are given in [3].

Investigation of the optimal band gap E, of a
semiconductor showed that the condition E, > kgT
should be fulfilled [4]. This is easily explained by
the fact that for the Fermi level lying near the bot-
tom of the c-band, the concentration of minority
carriers (holes in the v-band), and as a consequence,
their contribution to the thermopower can be ne-
glected. However, this method makes it possible to
increase the Z7 value insignificantly. The modifica-

ZT

;o II=S8T, (1)

tion of the chemical composition and disordering of
the structure consists in the preparation of solid so-
lutions or the growth of disordered alloys based on
them; in the selection of the optimal concentra-
tions of these compounds; combining them. Some
samples obtained by such methods demonstrated
thermoelectric figure of merit up to Z7T=2.2 at
room temperature (see, €. g., [14]).

The existence of an optimal doping level is due
to the fact that an increase in the concentration of
mobile charge carriers (electrons and/or holes) usu-
ally increases the electrical conductivity o, but de-
creases the Seebeck coefficient S (see Eq. (1)). Due
to an increase in the concentration of charge carri-
ers, they become degenerate and the Fermi level
goes into the c-band (or in the v-band). In this case,
the energy and velocities of electrons (or holes) will
be determined by the Fermi level (Fermi energy)
and will practically not depend on temperature.
As a consequence, the charge fluxes from the hot
and from the cold electrodes to the sample will
hardly differ.

A Peltier element is a thermoelectric two-
terminal device. When a stationary electric current
is excited in it, it cools down at one contact (elec-
trode) of the element and heats up at the other elec-
trode. The Peltier element is still attractive for ap-
plications as a silent and environmentally friendly
device. It can be used as a thermoelectric generator
operating by utilizing heat losses in other devices
and working substances.

Typically, Peltier elements consist of #n- and p-
type semiconductors connected in series with metal
bridges. The contacts, which are cooled when pass-
ing an electric current, are placed on one surface of
the Peltier element, and the contacts, which are
heated, on the opposite surface. In the p- and n-
branches of the electrical circuit of the Peltier ele-
ment, holes and electrons move from the cooled
surface to the heated one [20, 21].

Heat release power (energy released per unit
time at the contact of a unit area) of the Peltier ele-
ment [W-m ]:

w2 _

2
yy @

It
(Hl _Hz)Z:(Hl _Hz)J:

where Q is the heat released at the contact [J], 4 is
the cross-section area of the contact [m?], ¢ is the
time [s], I1; and II, are the Peltier coefficients of
materials 1 and 2 brought into electric and thermal
contact [V], I is the electric current [A], J is the
electric current density [A/m’]; It is the charge
passing through the electrical contact of two
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different conductors [C]. The value W >0 if heat
is released, and W < 0 if heat is absorbed.

In the work [22] the p—n junction is considered
as a potential thermoelectric device. Note that for
the effective functioning of the p—n diode as a Pelti-
er element, the width of the electric double layer in
the p—n diode must be comparable or less than the
diffusion length of electrons in the c-band and the
diffusion length of holes in the v-band. Electrons
and holes formed in the electric double layer due to
the absorption of heat in it go into electrical ohmic
contacts (of n'- and p'-type) to the n- and p-type
regions under the action of both the internal poten-
tial difference and the external electrical bias. In
this case, the time of the drift "flight" of electrons
and holes through the double layer should be less
than their recombination lifetime [23].

Most works on thermoelectricity proceed from
the band theory of crystalline solids and consider
the migration of electrons delocalized in the c-band
and v-band holes.

Within the framework of the band theory of
crystalline solids, first proposed by Wilson (see es-
say [24]) on the basis of quantum mechanics,
materials were distinguished by their electrical
properties into insulators, semiconductors, and met-
als according to their single-electron energy spec-
trum. Subsequently, this led to the creation of the
first bipolar transistors (see, €. g., [25, 26]) on ger-
manium crystals, as well as integrated circuits on
silicon [27]. Charge coupled devices (based on the
metal-insulator—semiconductor  structure) were
invented [28, 29], which made it possible to record
optical images in digital form. Finally, the features
of the electron energy spectrum of layered semi-
conductor structures, called semiconductor hetero-
structures, consisting of semiconductor materials
with different band gap, were used to create semi-
conductor lasers [30, 31] that operate at room tem-
perature and above. Nevertheless, the potential of
defects in the crystal structure of semiconductors
for creating devices based on them is far from being
realized within the limits of the possible.

It is known that the properties of semiconduc-
tors containing crystal structure defects substantial-
ly depend on the type of defects, their concentra-
tion, and spatial distribution (see, e. g., [32, 33]).
In this regard, it is of practical interest to study the
thermoelectric properties of semiconductor materi-
als with hopping electron migration via impurity
atoms and/or intrinsic point defects of the crystal
matrix.

Let us briefly consider the possible arrange-
ments of the energy levels of impurity atoms (hy-

drogen-like donors of two types) or intrinsic point
triple-charged defects of the crystal structure in the
band gap of semiconductors, suitable for the deve-
lopment of Peltier elements on their basis.

In crystalline semiconductors doped with hy-
drogen-like impurities at low temperatures, c-band
electrons are "frozen out" on donors (v-band holes —
on acceptors). In this case, electrical conduction is
carried out through the hopping migration of elec-
trons (or holes) via impurity atoms. For example, it
was shown in [34] that the hopping migration of
holes via boron atoms (as acceptors) and electrons
via phosphorus atoms (as donors) in diamond oc-
curs even at room temperature (see also [35]).
However, impurity atoms with an increase in their
concentration in the crystal matrix form clusters
(associates) [36]. In general, hopping electrical con-
duction in crystals at room temperature can be real-
ized via t-defects — radiation point defects of one
type in three charge states (—1, 0, +1). Such radia-
tion defects make it possible to significantly modify
the electrical properties of semiconductors without
changing their chemical composition [37-39].

The purpose of the work is to analyze the mani-
festation of the arrangement of the energy levels
of atoms of hydrogen-like impurities or intrinsic
point defects in the band model of crystalline semi-
conductors with hopping electron migration for
the design of the Peltier element.

In this paper, two possible schemes for the im-
plementation of Peltier elements based on two sem-
iconductor systems with hopping electron migration
between ohmic contacts (electrodes) to these sys-
tems are considered.

The first system is a flat crystalline semicon-
ductor sample, on the one side doped with hydro-
gen-like donors with thermal ionization energy Eq,
and on the other side — with hydrogen-like donors
with ionization energy Eg < Eq4;. Donors of two
types can be in charge states (0) and (+1). Each do-
nor introduces one energy level into the band gap.
The degree of compensation by hydrogen-like ac-
ceptors is approximately 50 %. The hopping trans-
fer of electrons via donors is “refracted” at the re-
gion of the electric double layer between the |d1)-
and |d2)-regions of the system, which form the A-
diode. Thus, the A-diode contains a |d1)—|d2) junc-
tion and ohmic contacts to |d1)- and |d2)-regions.
(The properties of ohmic contacts to such semicon-
ductors are presented in reviews [40, 41].)

The second system is a partially disordered
semiconductor containing radiation ¢-defects in the
dominating concentration, each of which can be in
one of three charge states (—1, 0, +1). Each #-defect
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introduces two energy levels into the band gap. Hy-
drogen-like donors and acceptors are ionized and
control the number of #-defect charge states that
are realized at a given temperature.

Design 1 — hopping electron migration via
donors of two types

In contrast to works [8—10], let us consider an
n-type crystalline semiconductor doped with hydro-
gen-like donors of two types (Jd1) and |d2)) with
different thermal ionization energies (Eq; > Eg); see
Figure la. The charge states (0) and (+1) of |dl)
donors in the region x < x; = 0 and |d2) donors in
the region x > x; provide the possibility of hopping
electrical conduction. Compensating acceptors of
one type |a), uniformly distributed along the x axis,
are in the charge state (—1). Fluctuations in the en-
ergy levels of impurities are not shown. Short lines
within the band gap indicate the mean values of the
donor ionization energy.

We assume that all hydrogen-like donors |d1)
and |d2) with concentrations Ny;(x) and Ng(x) are
immobile and are in charge states (0) and (+1), and
their distribution along the x coordinate (along the
diode) is determined as follows [42]:

Ndl
1+exp(x/l)’

Nd2

1+exp(—x/)’ ©)

Ny (x) = Ny (x)=

where Ny; and Ny, are the maximum concentrations
of |d1) and |d2) donors [m™]; [ is the doping profile
parameter [m]; x = x; = 0 in Figure 1 corresponds to
Nai(x)) = Nai and Ng(xj) = Ngo. The concentration of
hydrogen-like acceptors N, does not depend on the x
coordinate; all acceptors are in the charge state (—1).

To implement 4-diode with the Peltier effect on
n-type silicon crystal, in the capacity of |d1) donors
we can take arsenic atoms (As) with thermal ioniza-
tion energy /g =53.8 meV and in the capacity of
|d2) donors — antimony atoms (Sb) with thermal
ionization energy /g, = 42.7 meV [43]. Boron (B) or
aluminium (Al) atoms can be taken as compensat-
ing acceptors.

The critical donor concentration Ngq= Ny, cor-
responding to the low-temperature transition of a
semiconductor crystal from the insulator state to the
metallic one (the Mott transition), is given by the
relation [44]:

0.542
[(1-K)e, +2)]7

1/3
M

“)

H:

where ay = ¢?/8megol, is the Bohr radius [m] for
a single donor with the ionization energy Iy [J];
e is the elementary charge [C]; & is the relative
permittivity; & is the electric constant [F/m];
K = N,/Ny is the compensation ratio.

Figure 1 shows the case of hopping electrical
conduction via donors of two types with equal do-
nor concentrations Ng; = Ny = 0.1Ny and the ratio
of their compensation by acceptors K =N,/Nq =
= N,/Ngp =0.5. In this case, the effective concen-
tration of electrons hopping via both |d1) donors
and |d2) donors is maximum [45].

When a reverse bias is applied (Figure 15;
U; <0), in the region where the type of doping do-
nors changes, due to electron hopping the heat
O = Eq— Eg, will be absorbed, which is necessary
to overcome the difference in the ionization energy
of |d1) and |d2) donors. The junction region will
cool down in this case. And vice versa, when a for-
ward bias is applied (Figure 1c; Ur>0), in the re-
gion where the type of doping donors changes,
due to electron transitions to deeper donors an excess
of electron energy will be released in the form of heat
Oem = Eq1 — Eg, and the junction region will heat up.

The typical temperature 73, at which the electri-
cal conduction of a semiconductor is determined
only by the hopping migration of electrons via hy-
drogen-like donors, is Ty =T7;/2, where T; is the
temperature at which the c-band and hopping
electrical conductivities are equal. The temperature
T; is given by the expression [46]:

2
- 0.728 e
kB

(KN)'3, (5)

4ne.g,

where kg is the Boltzmann constant [J/K]; e is the
elementary charge [C]; €& is the dielectric constant
of the crystal matrix [F/m]; Ny= Ny = Ny, is the
concentration of the doping impurity (|d1) and |d2)
donors) [m™]. [Electrical neutrality condition: the
concentration of donors in the charge state (+1) is
equal to the concentration of the negatively charged
(—1) compensating impurity (acceptors) KNy.]

In a doped semiconductor with compensation
ratio K = 0.5, the ionization energy of hydrogen-like
donors decreases with their concentration [47]:

Ed :Id( _I(:_HJ,
res

where Ry = (271',Nd)_1/ 3 is the radius of the sphere-
cal region of the crystal matrix per impurity atom
(both donor and acceptor) at K = 0.5.

Q)
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c-band

Electron energy E

Electron energy E

c-band

Electron energy E
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b
) +1 Tt
1 0 Ep»
|[d2)-type

Coordinate x

Figure 1 — Band diagrams (dependences of the single-electron energy £ on the coordinate x) at low temperatures for a
Peltier element based on the /-diode, which is an n-type semiconductor doped with hydrogen-like donors of two types
|d1) and |d2) with different thermal ionization energies (E4; > Eg,) and compensated by acceptors |a): in the equilibri-
um (a; U= 0), under the reverse bias (b; U, <0) and under the forward bias (c; Uy > 0). The potential barrier height:
eqy (a), ey, — eU; (b), eqp, — eUs (c); the electrical double layer width is (x. —x_). In the case of the reverse bias (b;
U, <0), heat Q,, is absorbed in the junction region and the structure cools down. Under the forward bias (¢; Ug> 0),
heat Q. is released in the junction region and the structure heats up. The Peltier element operates in the vicinity of the
temperature of realization of the hopping conductance T;, = 7;/2, where T is given by Eq (5)

Note that to implement the device structure (4-
diode) with the Peltier effect on a p-type silicon
crystal, in the capacity of |al) and |a2) acceptors,
we can take boron atoms (B) with the thermal

ionization energy I, =44.4meV and aluminium
atoms (Al) with the ionization energy /,, = 69 meV,
respectively [43]. Antimony (Sb) or arsenic (As)
atoms can be taken as compensating donors.
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A thermal cooler of this type can be used as a
"cold finger" for bolometers [48] and infrared de-
tectors [49] operating at cryogenic temperatures.

Design 2 — hopping electron transfer
in a partially disordered semiconductor

A number of works (see, e. g., [50, 51] and ref-
erences therein) describe the mechanisms of Fermi
level "pinning" by point structure defects both at the
metal-semiconductor interface and inside the semi-
conductor.

Let us consider the processes of transfer of
electrons and energy in a "metal-partially disor-
dered semiconductor—metal" device structure upon
excitation of a stationary electric current in it.

The proposed scheme of a Peltier element
based on a semiconductor with two energy levels
(Ey and Ey) of point triple-charged ¢-defects [52,
53] is shown in Figure 2. We consider the case of
hopping migration (drift and diffusion) of electrons
via the upper level Ey; only.

Note that triple-charged point defects can be in-
troduced into a semiconductor by polyenergetic ion
implantation (ion kinetic energy > 1 MeV /nucleon)
through contacts (electrodes) or by irradiation with
fast reactor neutrons [38, 39].

Let us consider a one-dimensional model of the
proposed device structure (Peltier element). A flat
semiconductor sample is located between two metal
electrodes (contacts); see Figure 2a. Two-level -
defects are created in the sample, each of which can
be in one of three charge states (—1, 0, +1).

Let t-defects be immobile and uniformly dis-
tributed over the volume of the semiconductor:

Ni(x) = N, = const, (7

where Ny(x) = N;-1(x) + Ny o(x) + Ny +1(x) is the total
concentration of #-defects in all three charge states.

As can be seen from Figure 2a, t-defects con-
tained in a semiconductor effectively reduce its
band gap to a value of A, < E,. The width of the en-
ergy gap between the average values of the energy
levels of t-defects is A =FE,—(Ey+Eyp)>3ksT.
(Note that in a narrow-gap crystalline semiconduc-
tor, the band gap E, is less than the electron affinity
energy EA=FE,,.—E., where E,,. is the vacuum
level, E. is the bottom of the c-band).

The average value of the lower energy level £},
corresponds to the energy required for the transition
of an electron from the v-band to the #-defect in the
charge state (+1). The average value of the upper
energy level E, corresponds to the energy required
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Figure 2 — Band diagrams E(x) of the Peltier element in
the thermodynamic equilibrium (a; U = 0) and under the
electrical bias (b; U # 0). A semiconductor (working sub-
stance) contains ions of donor |d) and acceptors |a) along
with triple-charged f-defects. When a stationary hopping
current is excited (for U # 0), the heat Q,, is absorbed in
the region of the contact under a negative potential and
the contact cools down, and in the region of the contact
under a positive potential, the heat Q. is released and
the contact heats up

for the transition of an electron from the #-defect
in the charge state (—1) to the bottom of the c-band.
In a partially disordered semiconductors with a high
concentration of defects, the energy positions of the
edges of the allowed energy bands (the bottom
of the c-band and the top of the v-band) fluctuate
along the coordinate (have random deviations from
the average value at different points of the crystal).
When describing the electrical properties of such
disordered semiconductors, the concept of the mo-
bility edge (percolation threshold) for electrons
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in the c-band E° and holes in the v-band E”
is introduced [54].

When an electrical bias is applied (Figure 2b;
U#0), in the region of contact under a negative
potential a thermally stimulated transition of elec-
tron from a metal to a semiconductor occurs and the
heat Q. = A; is absorbed, which is necessary to
overcome the energy difference between the upper
level of t-defect E}, and the Fermi level Ey, in metal.
The contact region will cool down in this case. And
vice versa, in the region of the opposite contact un-
der a positive potential due to transitions of elec-
trons from the #-defect upper level to the Fermi lev-
el Er; in metal, the excess of the electron energy is
released in the form of the heat Q., = A, and the
contact region will heat up.

In combination with radioisotope heater, the
proposed Peltier element (Figure 2) becomes a gen-
erator of electrical energy. It is less susceptible to
radiation degradation than an element based on
conventional moderately doped semiconductor crys-
tals, since it contains triple charged #-defects in a
sufficiently high concentration, which were previ-
ously introduced into the crystal matrix.

A decrease in the thermal conductivity of a Pel-
tier element occurs due to the creation in a semi-
conductor material (working substance) of a suffi-
ciently large (for realization of electron hopping)
number of point defects of structure, which effec-
tively scatter phonons (both optical and acoustic) of
all wavelengths [55]. For example, at cryogenic
temperatures, the thermal conductivity of amor-
phous SiO; is much lower than the thermal conduc-
tivity of crystalline SiO, [56].

Conclusion

As Peltier elements with the electron hopping
migration between electrical contacts to the semi-
conductor we proposed: (i) an A-diode containing
inhomogeneously distributed along the semicon-
ductor hydrogen-like donors of two types |d1) and
|d2) in the charge states (0) and (+1), as well as
uniformly distributed compensating ions of hydro-
gen-like acceptors; (ii) a semiconductor with uni-
formly distributed point 7-defects in the charge
states (—1, 0, +1) and ions of hydrogen-like donors
and acceptors.

It is shown that in the 4-diode under the reverse
bias (U; < 0) for a cryogenic temperature, the region
of the electric double layer between |d1)- and |d2)-
regions cools down, and under the forward bias
(Us> 0) it heats up.

It is shown that in a Peltier element based on a
semiconductor with triple-charged ¢-defects, upon
current excitation, it is possible to cool down a met-
al-semiconductor contact under a negative electric
potential and to heat up an opposite contact with a
positive potential.
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VYxke Ha NpOTSHKEHUH HECKOIBKUX JECATUICTUH Pa3BUTHUE METOJOB FeHEpaLlii CBEPXKOPOTKUX UMITYJIb-
COB SBIISIETCSI CAMOCTOSITEIIbHOM aKTyalbHONW HAYyYHO-TEXHUUECKOU 3aqaueil. gt moctossHHOE cOBEpILICH-
CTBOBaHHUE KaK CIIOCOOO0B MOJIyUEHHUS UMITYJIbCOB, TAK U METOJIOB UX MCIIOJIb30BaHus. L{enbro 1aHHOi paboTh
SIBJISUIOCH UCCJIEIOBAHNE BO3MOKHOCTH PeaTu3allii COTIaCOBAHHON paOOThl ABYX MPUHIIUIHATHHO PAa3HBIX
THUIIOB JIa3€POB HaKauku (PEMTOCEKYHIHOTO I'eHEepaTOpa U YCHIIUTEIIS Ha OJIHOM OJJHOJIaMIIOBOM KBaHTPOHE
1 CO3J]aHUE Ha 3TOH OCHOBE KOMITAKTHOU MOIITHON (DEMTOCEKYHIHON JTa3epHON CHCTEMBI C IMITYJILCHOM Ha-
KadKOM M OJTHAM CHITOBBIM OJIOKOM.

OcymecTBiieHa TpaKTHYecKasi peain3anys Ha OJHOM KBaHTPOHE C JBYMsI aKTHBHBIMH 3J€MEHTAMHU U
OJTHOW JIAMIION HAaKadKW JBYX THIIOB UMITYJIBCHBIX Ja3epOB (HaHO- U MHKOCEKYHIHOTO, paboTaroImuX, Co-
OTBETCTBEHHO, B pPEXHMME MOAYJIHPOBAHHON MOOPOTHOCTH W CHHXpoHM3amuu Mox). Ilomydensr TpeOye-
Masi CHHXPOHHU3AIUS BO BPEMEHH MOMEHTa (OPMHPOBAHHUSA UMIYJIhCa HaKauyKy (EMTOCEKYHIHOTO yCHITH-
TeNnst ¥ 00JaCTH KBa3WUCTAIIMOHAPHOW TE€HEPallid WMITYJIFCOB B BBIXOJAHOM H3IyYeHHH (PEMTOCEKYHIIHOTO
Ti:canipupoBoro reHeparopa U HEOOXOIUMBbIE B3aUMOCOTIACOBAHHBIC YHEPTETHUSCKUE MTapaMeTPhl BBIXO/-
HOTO M3JTyYCHUS JIa3ePOB HAKaYKU (PEMTOCEKYHIHOTO FeHepaTopa U yCUIUTEIIS.

Ha sr1oit ocHOBe pa3paboTaHa KOMIIAKTHAsI MMITYJIbCHAsE MOHOOJIOUHAS Jla3epHasi CUCTeMa, CIIOCOOHast
o0ecrneunTh TeHepanno (HEeMTOCEKYHIHBIX UMITYJILCOB UIUTENBHOCTRIO 50—150 dc ¢ snepruent g0 1 m/Ix
1 TOCTaTOYHO BBICOKOH YaCcTOTON MOBTOPEHUS UMITYJIHCOB (BIUIOTH 10 1 KI'II, 4TO OmpemesnsieTcss THTIOM HC-
TIOJIb3YEMBIX KBAHTPOHA M OJI0Ka Hakaukn). B ma3zepHOl cucTeMe HCIoIb30BaHa KOMITAKTHAS COBMEIEHHAS
cXeMa CTpeTdepa-KoMITpeccopa ¢ OAHOM 001el Tu(paKIMOHHON PEIIETKOM.

JlazepHble cucTeMbl TIOJJOOHOTO THUIIA, XapaKTEPU3yeMbIe OTHOCHTEIBHO HH3KOM CTOMMOCTBIO 3a CU€T
HCIIOJIb30BaHMS OJTHOTO CHJIOBOTO OJIOKA MUTAHMS JIJIsi OJIHOBPEMEHHON HAKaYKW YCHIIUTEIIS U TeHepaTopa,
a Take 0oJjiee HM3KUMH TPEOOBAHUSAMHU K KAUECTBY ONTHUYCCKHUX DJIEMEHTOB U YCIOBHSIM JKCIUTyaTaIldH
Onarofapsi IMITYJIbCHOMY PEXUMY paOOThI, IPEICTABISIOTCS TOCTATOYHO MPaKTHIYHBIMA. OHHA MOTYT HAWTH
MIPUMEHEHHUE KaK B HAYYHBIX HCCIIEIOBAHIIX B O0JIACTH CBEPXCKOPOCTHON KHHETHYECKOW CTIEKTPOCKOIIAHU U
HETTMHEHHOM ONTHKE, TAK U B MHOTOUHMCICHHBIX TEXHUUECKUX MPUIIOKCHUSIX, B YACTHOCTU B MPELIM3UOHHON
00paboTKe MaTeprasIoB, KaK ONTUYECKHE UMUTATOPBI BO3JCHCTBHSI TAKENBIX 3apsHKEHHBIX YaCTHUIL TIPU TIPO-
BEJICHUM UCIIBITAHUN PaJUallMOHHON CTOMKOCTH UHTETPAJIbHBIX MUKPOCXEM U AJIEKTPOHHBIX MOJTyJIEH.

KuaroueBrble ciioBa: peMTOCEKYHHBIE JIa3ephl, HMITYJIbCHAsI CHHXPOHHAsI HaKa4yKa, THOPHUIHAS CHHXPOHHU3A-
LU MOJ.
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Abstract

For several decades development of methods for generating ultrashort pulses has been an inde-
pendent urgent scientific and technical problem. There is a constant improvement both in the methods
of such pulses receiving and in methods of their use. The aim of this work was to investigate the pos-
sibility of realizing the coordinated operation of two fundamentally different types of pump lasers
for the femtosecond oscillator and amplifier based on one single-lamp laser head and to create on this
basis a compact high-power femtosecond system with pulsed pumping and one power unit.

The practical implementation of two types of pulsed lasers (nano- and picosecond ones operating,
respectively, in Q-switch and modelock regime) on a single laser head with two active elements and one
pump lamp is carried out. The required synchronization in time the pump pulse femtosecond amplifier
formation and quasi-stationary region of generated pulses in the output radiation of a femtosecond
Ti:sapphire is obtained.

On this basis a compact, pulse pumped monoblock laser system has been developed that can ge-
nerate femtosecond pulses with a duration of 50-150 fs with an energy up to 1 mJ and a high enough
pulse repetition rate (up to 1 kHz which is determined by the type of laser head and pump unit used).
In the developed laser system a compact scheme of a stretcher-compressor with a single common dif-
fraction grating is used.

Laser systems of this type characterized by a relatively low cost due to the use of a single power
supply unit for simultaneous pumping of the amplifier and oscillator, as well as lower requirements
for the quality of optical elements and usage conditions due to the pulse mode of operation, are quite
practical and can be used both in scientific research in the field of ultra-high-speed kinetic spectro-
scopy and nonlinear optics, as well as in numerous technical applications, particular in the precision
processing of materials, as optical simulators of the action of heavy charged particles in testing
the radiation resistance of integrated circuits and electronic modules.

Keywords: femtosecond lasers, pulsed synchronous pumping, hybrid modelocking.
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BBenenue

B Hacrosimee Bpemst peMTOCEKyHIHBIEC Jla3epbl
LIMPOKO UCTIONIB3YIOTCS KaK JUIs HAyYHBIX HCCIIE10Ba-
HUI, Tak U B cepe TeXHOIOTHi. 3aaalonunii reuepa-
TOP MPaKTHYECKH BCEX COBPEMEHHBIX ()eMTOCEKYH/I-
HBIX CHUCTEM OOBIYHO MpPEACTAaBISET COOOH MOJHO-
CTBIO TBEPAOTENbHBIN (BOJOKOHHBIN) HEMPEPHIBHO
HakauuBaeMblil iazep [1-7]. nsd HaKauKu HUCIIOINb-
3yI0TCsl TMOO HENPEPhIBHBIC TBEPAOTEIbHBIC JIa3ephl,
0o mpsiMasi TMoAHas Hakauka. CylecTByeT Takke,
peann3oBaHHBIA HamHu [8], MeTo reHepanuu GemMTo-
CEKYH/IHBIX HMMITYJIbCOB NMPHU CHHXPOHHOW HaKayke
TUTaH-carn@upoBoro Jiazepa BTOPOi rapMOHUKOMN HM-
nynscHoro Nd:YAG nazepa ¢ ruOpUIHON CHHXPO-
Hu3auuen moa. Ha ocHOBE TaHHOTO OpUTMHAIBLHOTO
resepaTopa (peMTOCEKYHIHBIX UMITYJIbCOB ObLT CO3-
JnaH (heMTOCeKyHIHBIH crekTpomeTp [9], ycneurHo
skcruryatupyemslii B Macturyte ¢pusukun HAH Bena-
pycH yKe Ha MPOTSHKEHUH JIOCTaTOYHO JTUTEIBHOTO
BpeMeHHu. CHucTemMa XxapakTepu3yeTcsi OTHOCUTEIHHO
HU3KOM CTOMMOCTBIO, €CTECTBEHHOM COBMECTHMO-
CTBIO TE€HEepaTopa M yCHINTENs, pPadoTalomnX B UM-
IIyJIbCHOM PEKUME C OJHMHAKOBOM 4aCTOTOM IMOBTO-
peHusi, IPOCTOTON B 0OCITYKBaHUH.

Bo Bcex mpenpliymux cxemax peagu3aluu
METOJIa MCIIOJIb30BAJINCh J[BA HE3aBHUCHMBIX HM-
nysibcHbIX Nd:YAG J1a3epa: MUKOCEKYH/HBIH J1a3ep
C THOPHUIHOM CHHXPOHU3AIUEH MOJ JIJIi CUHXPOH-
HOW HaKaykH (peMTOCEKYHAHOTO TUTaH-can(upoBo-
ro TeHeparopa ¥ MOHOMMITYJIbCHBIH, paboTarommit
B peXHUME MOAYJSIMH JOOPOTHOCTH M FE€HEPHUPYIO-
M HAHOCEKYHIHBIE UMITYJIBCHI JIJIsl HAKaYKH (peM-
TOCEKYHJHOI0 ycuiurens. B To e Bpems npusie-
KaTeJabHOM MpeCcTaBisiIach UJes OpraHu3aluu pa-
0OTBI ABYX MPUHLUUIHAIBHO Pa3HBIX THUIIOB JIa3€POB
Ha OJJHOM KBaHTPOHE C JIByMsI aKTUBHBIMH 3JIEMEH-
TaMHU U OJIHOM JIAaMIIOM HaKayky. B BUly pa3imuHbIX
PEKUMOB pabOTHI JaHHBIX JIa3epOB U HEOOXOAUMO-
CTH TIPU 3TOM OJHOBPEMEHHO OOECHEeYUTh COTJa-
COBaHHbIE aMIUIMTY/AHbIE U BPEMEHHbIE MapamMeTphbl
TFeHepUpPYyEeMbIX UMU HMITYJIBCOB C TpeOyeMoi CHH-
XpOHM3aIMed BO BPEMEHH 3TO SBJISIOCH CaMOCTOsI-
TENLHOH 3aa4eid, TpeOyroel dSKCepUMEeHTaATbHON
IIPOBEPKHU BO3MOKHOCTH €€ pelieHus. B ciydae mo-
JIOKUTEJILHOTO pe3ylibTaTa MpeaocTaBisijach BO3-
MOKHOCTb CYIIECTBEHHO YNPOCTUTH BCIO CHCTEMY,
CHHU3UTh CTOMMOCTb M, COOTBETCTBEHHO, MOBBICUTH
KOMMEPYECKYIO MPUBIEKATEIbHOCTh JaHHOTO Me-
ToJa TeHepauuu (EMTOCEKYHIHBIX HWMITYJIbCOB.
KoneuHo# nienpio paboThl ObIIO CO3JaHUE HA ITOM
MpUHIHIE PEMTOCEKYHTHOH Ja3epHON CHCTEMBI.

OcHoBHAAl YaCTh

Ha pucynke 1 mpuBeseHa onThueckas cxema
pa3paboTaHHON (EeMTOCEKYHTHOM Ja3epHOU CHCTe-
MBI B KBaHTpOHE pa3MelIeHbl 1Ba aKTUBHBIX IAIHH-
npudeckux anementa (Nd:Y AG), omHOBpeMEHHO Ha-
KauMBaeMble OJHON MMIIYJIbCHOM JlaMIoi. B coctas
nazepa Hakauku (II) hemrocekynmHoro reHeparopa
BXOJUT aKTUBHBIN 3JIEMEHT C pazmepamu 5 X 60 MM,
2 IUIOCKUX «TIYyXHX» 3epkana, juH3a (f= 14 cm),
pasMenéHHas nepej KOHLEBBIM TIYyXHM 3epKaioM,
JJIEKTPOHHO-ONTHYECKAs] CXeMa OTPHLATEIbHOM
00paTHOHM CBSI3M, BBIXOJHOE 3€PKallo Ha KIMHOBOI
noioxkke ¢ ko3 duiueHrom otpaxkenus 35 %,
a TaKKe 3epKajio C HACHIIAIOMIMUMCS IOTIOTHTE-
nem (SESAM), obecrnieunBaroiiee COBMECTHO C JJIEK-
TPOOINITHYECKUM 3aTBOPOM THOPHIHYIO CHHXPOHH3a-
o Moji. O61as 6a3a pezonaropa =~ 150 cm. JIunza
yYCTaHABJIMBACTCS TaKUM 00pa3oM, 4ToObI obecre-
YUTH PadOTy Jlazepa BOJIM3M BHEIIHEH TpaHuUIlbl 00-
JIACTU CTaOWIILHOCTH Ha HYJIEBOW MTOMEPEYHOM MOJIE.
W3mensist monoxkenue 3epkana SESAM Bnonb ocu
pe3oHaTOpa, MOYKHO PETYJIMPOBATh UHTEHCHBHOCTH
BHYTPHUPE30HATOPHOTO IOJISI B 00JACTH HACHIILAIO-
ntero nornotutens. ONTUManbHOE MOJIOKEHNE AaH-
HOT'O 3epKajia NoJ0upaeTcs IKCIEPUMEHTAIBHO.

KitroueByto poiib B 00ecrieueHuu TpedyeMoro pe-
KMMa T'eHEpali UTPAeT JIEKTPOONTHUECKAsT OTPH-
narenbHas oopatHas cBsi3b (OOC). Ona oOpa3oBana
MOJISIPU3ATOPOM, DJICKTPOONTHUECKUM KPHCTAILIIOM
U DJIEKTPOHHOU CXEMOH C OBbICTPBIM (HOTOIUOJIOM.
OOparHast cBsI3b BHOCHUT MOTEPH, MPONOPLUOHAIIB-
HBIE CBETOBOMY IOJIIO BHYTpM pe3oHaropa. B pe-
3yJIbTaTe MHTEHCHBHOCThH TIOJII BHYTPHU AKTHBHOM
Cpedbl OrpaHMYHMBACTCS Ha 33aJaHHOM YypOBHE. 3a-
nacéHHast ”HBEPCHS pacxoyeTcs 3a 0ojiee IIHTelb-
HOE BpeMs, B TEUCHHE KOTOPOTO MPOUCXOIMT JO-
MOJTHUTENbHAS TO/IKaYKa WHBEPCHU HACEIEHHOCTH
B aKTUBHOM KpHcTaiuie. B pe3yibrate, Bpems Hemnpe-
PBIBHOH T'eHEpaluK YBEIMYHBACTCS 0 TpeOyeMbIX
50-80 MKc, mpU4Y€M JaHHOE BpEMs JIETKO peryJu-
pyercsi TiyOuHON oOparHoi cBsi3u. Bropas (yHK-
uus OOC — pereHepaTuBHasl CUHXPOHU3ALNS MO/I.
[Mockonapky OOC cpabarhiBaeT Ha MEPUOIUUCCKUI
CUTHAll BHYTpU pe3oHaropa (LIIyMOBOW BbIOpOC),
OHa cO3MaéT MOTEPU C TEPHOAOM, PAaBHBIM BpeMe-
HU 00Xoja 1o pe3oHaropy. /s obecrieueHus: CUH-
XPOHM3AIMU MOJI HEOOXOIMMO, YTOOBI BO3/ICHCTBHE
00paTHOH CBSI3U MPOMCXOAMIIO B HYKHOHU (haze, 4To
Jocturaercsi 1100 moadopoM UIMHBI PE30HATODA,
100 M3MEHEHUEM 3aJePIKKH MTPUX0/1a ONTHUECKOTO
curHana Ha Qoroanon. JnUTENbHOCTE UMIYIBCOB,
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MOJTyYEHHBIX C TTOMOIIBIO0 PEereHePaTUBHON CHHXPO-
HU3AIIUN MOJI, COCTABIIIET HECKOJIFKO COTEH IMHUKOCEe-
KyHa. HenmmueitHblit (GUIBTp TO3BONISET COKPATHTH

JUTUTEITLHOCTD TEHEPUPYEMBIX UMITYJIBCOB JIO JICCST-
KOB TTMKOCEKYH/] ¥ TIOBBICHTH 3((EKTUBHOCTH TIpe-
00pa3oBaHus U3YUYCHUS BO BTOPYIO TAPMOHUKY.
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Pucynok 1 — Ontrueckas cxema (peMTOCEKYHIHOM JTa3epHON CHCTeMBI: | — HAHOCEKYHTHBIH JTa3ep HaKauKd yCHIIUTE-
st; 11 — MIKOCeKYHIHBIN JTa3ep HaKauku (eMTOCEKYHIHOTO TeHeparopa; Il — ctpetuep-kommpeccop; IV — cxema BBI-
JIeNIeHNs] OIMHOYHOT O UMITYJIbCa; V — MHOTOIPOXO/IHBIN YCUIIUTEND

Figure 1 — Optical scheme of a femtosecond laser system: I — nanosecond pump laser of the amplifier; IT — picosecond
pump laser of the femtosecond generator; III — stretcher-compressor scheme; IV —single pulse extraction circuit;

V — multi-pass amplifier

C onTMMH3HMPOBaHHBIMH TapaMeTpaMu pe30oHa-
Topa, oOpatHOH cBs3u 1 Hakauku Nd:YAG nazep re-
HEpHUPYET BBICOKOCTAOMIIbHBIE IIYTH TUKOCEKYHIHBIX
UMIYJIbCOB Ha JuthHE BOJHBI 1,054 MKM oOmielt am-
TEJIBHOCTHIO 10 60 MKC U 3Heprueit nopsiaka 3 Mk,
CHOCOOHBIE 00ECTIEYNTh YHEPIHIO BTOPOM TaPMOHHUKH
B I{yre (PUCYHOK 24a), ONTUMAIIbHYIO U1 CHHXPOHHOM
Hakayky (HEeMTOCEKYHAHOro reHepartopa. Yacrora
MOBTOPEHUSI LIMKIIOB reHepanuu coctapisuia 10 [,

Pesonarop ¢emrTocekyHIHOrO reHeparopa 00-
Pa3oBaH YETHIPbMSI IUTOCKUMHU U IByMSI C(hepruIecKu-
MU BBICOKOOTPaXXAIOLIMMHU B CHEKTPaJIbHON 00J1aCTH
740-840 uM 3epkanamu. KBazncoaWMTOHHBIN Mexa-
HU3M (OPMUPOBAHUS (HEMTOCEKYHIHBIX UMITYIbCOB
obecrieunBaeTcsl MPU3MEHHON Mapoi, cozmaroriei
HEOOXOJUMYIO OTPULATEJIbHYIO JUCIIEPCUIO TPYII-
MOBOM CKOpOCTH. J[J1s1 3PpeKTHBHOCTH CHHXPOHHOU
HaKa4dK{ PE30HATOp CHeNlaH CHIBHO HECHMMETPHY-
HeiM. HaunOonee onTuManbHble YCIOBHS AJISI TEHE-
paunu  (EMTOCEKYHAHBIX HMITYJIbCOB CO3IAI0TCS
npu paboTe Ha BHEIIHEM KPato 30HbI CTaOUIBHOCTH.
[Ipn Takux mnapameTrpax pe3oHaToOpa HaOIIOdAeT-

Csl CTapT KEPPOBCKOI'O MEXaHHW3Ma CHHXPOHH3ALUH
MOA W cTa0uibHas TeHepauus (EeMTOCEKYHIHBIX
UMITYJIbCOB B KBa3UCTALMOHAPHOM PEXHUME BO BpeE-
MEHHOM Juara3oHe rnopsaka 40 Mkc (pUCyHOK 2b).
BriBoa m3imydeHust U3 pe3oHaropa OCYLICCTBISIETCS
C TMOMOILBIO TOHKOH KJIMHOBOH MOUIOKKH.

B paspabotanHoii 1a3epHOl CUCTEMe B CpaBHE-
HUM C PAaHHUMH peaj3alMsIMH METOA HCIOJIb30-
BaHa KOMIIAKTHAsi CXEMa CTpeTyepa-KoMIpeccopa
(heMTOCeKYHAHBIX UMITYJIbCOB C OAHOW OOwIeH au-
(pakuMOHHOW PEIIETKOM, IPU 3TOM NPU Pa3BOIKE
Jqy4el B CTpeTyepe UCIOIb3YeTCsl BEPXHss MOJOBHU-
Ha peIETKY, a B KOMIIPECCOPE — HIKHSIS (PUCYHOK 1,
IIT). Takum 0Opa3oMm, Bce AIEMEHTHl KOMITpeccopa
PacIoIoKeHbl HIXKE AJIEMEHTOB crperdepa. Kpome
TOr0, IO TOPHU3OHTAJIH CTPETYEP U KOMIIPECCOp
TaKXe HMCIOJIb3YET pasHble YACTH PEIIETKH: CTPET-
4yep — LEHTPaJIbHYI0, KoMIpeccop — OoKkoBbIe. B pe-
3yabTare ynaércs pa3MecTUTh Ha OJHOM IUIOLIaIKe
00a ycTpOHCTBa TakK, 4YTOOBI UX ONTOMEXaHHYECKHUE
y37bl HE Mewaau Apyr Apyry. bmaromapsi Takoi
KOMITOHOBKE, BO-IICPBBIX, 3KOHOMHTCS IPOCTPAHCTBO.
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Bo-BTophIX, S5KOHOMSATCS (PHAHCOBBIE PECYPCHI, TaK
KaK HEOOXOIUM OJTMH KOMIUICKT TU(PAKIIMOHHON pe-
METKHA U ONITOMEXaHUYECKOTO KPETICHNS K Hell BMe-
cto AByx. Kpome 1010, 32 CU€T UCIOIb30BaHUS OJJTHOU
pEHIETKY aBTOMATUYECKU PELIaeTcsl 3aa4a Corlaco-
BaHU PEMIETOK CTpeTYepa M KOMIIPECcopa.

Pucynok 2 — OcuiiorpaMMbl U3JTy4eHHUsT BTOPOH rap-
MOHHUKH MUKOCEKYHJHOTO Ja3epa (@) U U3MydeHUs CHH-
XPOHHO HaKayMBaeMOro THTaH-carn(UpoOBOro Jazepa
B PeXUME T'eHepalnnuu (PeMTOCEKYHIHBIX UMITyIbCOB (D).
YépHas IMHUA — OCLMJUIONPaMMa UMITYJIbca BTOPOU rap-
MOHHUKH HaHOCEKYHHOTO Jla3epa Ha TpaHaTe, HaKauuBa-
FOIIeH TUTAH carupOBBIA YCHUITUTENb

Figure 2 — Oscillograms of the second harmonic
radiation of a picosecond laser (@) and the radiation of
a synchronously pumped titanium-sapphire laser in the
femtosecond pulse generation operating mode (b). The
black line is the oscillogram of the second harmonic pulse
of a nanosecond Nd:YAG laser pumping the titanium
sapphire amplifier

Hakauka akTMBHOH cpenbl yCUIIUTENS MPOU3-
BOAMTCS M3Jy4YEHHUEM BTOPOH TapMOHMKH HaHOCE-
KyHzIHOro jazepa (pucyHok 1, 1), chopmuposan-
HOTO 10 CTaHJApTHOM cXeMe Ha BTOPOM aKTUBHOM
anemeHT Nd:YAG pasmepom 6x60, pazmeriéHHOM
B TOM K€ KBAaHTPOHE, YTO U aKTUBHBII AJIEMEHT IH-
KOCEKYHJIHOr0 Jasepa. IIpuHnunuaneHOu 3amaudei
SIBIISIETCS. CHHXPOHU3ALMsI BpeMEHU (POPMHUPOBAHHUS
HUMITYyJIbCA HaKauK{d YCHJIMTENs ¢ 00JacThlO yCTOM-
YUBOH TeHepanuu (EMTOCEKYHIHBIX HMITYJIbCOB,
13 KOTOPOI MPOMCXOIUT BBIIETICHNE YCUINBAEMOTO
HMITYJIbCa, T. €. 00eCIeYeHNE MOJaut yCHINBAEMOTO
HMMITYJIbCA B MHOT'OITPOXOHBIN YCUIUTENb B MOMEHT
CO3/1aHUsl MaKCUMaJIbHOW MHBEPCUU HACEIEHHOCTU

B AKTUBHOM 3JIEMEHTE, CO31aBaeMOH HAHOCEKYHI-
HBIM HMMITyJIbCOM BTOPOH I'apMOHMKH I'DaHAaTOBOTO
nazepa. OCHOBHOM BO3MOKHOCTBIO OCYIIECTBICHHS
TAKOW CHHXPOHM3ALMK B HAILIEM BAPHAHTE SBISIETCS
BapbUpOBaHKE (YMEHBIIIEHUE ) TOOPOTHOCTH pe30Ha-
TOpa MUKOCEKYHIHOTO JIa3epa, IOCKOJIbKY IIPOLECC
CHUHXPOHHU3aLMK MOJA U (HOPMHPOBAHUS YIBTPAKO-
POTKHMX UMIIYJIbCOB CYIIECTBEHHO (JIECATKH MHKPO-
CEKyH]) B OOBIYHBIX YCIIOBHSIX omepexaer (popmu-
pOBaHNME HAHOCEKYH/IHOTO MMITYJIbCa B JIa3epe C MO-
OyJTHPOBaHHON noOpoTHOCcThIO. [yt obecrieueHus
HEOOXOAMMOTO YPOBHS TOOPOTHOCTH HCIIOIH30Ba-
JIach IJIaBHAs! OTCTPOIKa 3JIEKTPOONTHYECKOTO KPH-
craimia OOC nyTéM peryiaupoBKH CTENEHU OTKIIO-
HEHUS OTPaKEHHs FOCTHPOBOYHOTO Jlazepa OT TpaHu
KpHCTalljia 1Mo OHUCCEKTpHCe MPSIMOro yria B pado-
yel yerBepTu. Kak oxaszanoch, jgaHHas orepaius,
[MOMHMMO pEIIeHUs OCHOBHOM 3aJaydl — IMOJIy4EHHUs
TpeOyeMOl CHHXPOHHU3AllMK BO BPEMEHH HMITYJIbCa
HAKaYKH YCHIIUTENS U YCUIINBAEMOTO (PeMTOCEKYH/I-
HOT'O MMITyJIbCa, CIIOCOOCTBYET paboTe BCell cucre-
MBI OTpHUIIATENILHOW 0OpaTHOHN CBSI3W B Hambosee
OnaronpuATHOM JIMHEHHOM PEXHUME.

Ha pucyske 2 npuBeeHbl COOTBETCTBYIOLIHE
OCIUIUIOTPaMMBI, WILTFOCTPHPYIONIHE OOecrevYeHue
TpeOyeMOro CoOIJIacOBaHMs BO BPEMEHHM Y4acTKa
KBa3HCTAIIMOHAPHON TeHepauu (HEeMTOCEKYHIHBIX
HUMITyJIbCOB U C(OPMHUPOBAHHOTO MMITYJIbca HaKau-
Ku pemMToceKyHIHOTO ycuiauTensa. O0macTb pe3ko-
ro yBEJIMYEHUs aMIUINTYJIbl FeHepaliy Ha OCLMJI-
JIOTpaMM€ COOTBETCTBYET CTapTy M YCTAHOBJICHHUIO
Mporecca CHHXPOHU3AIMH MO/ 332 CYET KEPPOBCKON
JIMH3BI U KBa3HCOJJIMTOHHOTO MEXaHN3Ma.

[Tocne crperuepa u cxembl BoiaeneHus (1V)
OJIMHOYHBIA MMITYJIbC M3 00JacTH I1yTa, MPUMEpPHO
COOTBETCTBYIOIIEH 1O MOJIOKEHHUIO IIEHTPY ydacTKa
KBa3UCTAllUOHAPHOM TeHepauu (HEeMTOCEKYHIHBIX
HMITYJIbCOB, HANIPABJISIETCS] B MHOTOIIPOXOIHBIN yCH-
qurtens (V), B KOTOpoM oprann3oBano 10 mpoxonos
YCUJIMBAEMOTO HMIIYyJIbCA Yepe3 aKTUBHYIO CpPEdy
(TuraH-candupoBslil kpuctamt). Ha pucynke 3 npu-
BeZieHa GoTtorpadust pa3BOIKH JIydel MmocTymarole-
IO B YCHJIMTEJIb U3TY4YEHHUS HAa BHIXOIHOM cepuye-
CKOM 3epKajie MHOTOIIPOXOIHOro ycuiuress. ecs-
THIN JIy4 IPOXOAMT Y€pe3 OTBEPCTHUE B 3€pKalle.

B pesynbrare 10 pa3BeieHHBIX B BEPTUKAJb-
HOW IUIOCKOCTH IPOXOJOB 4epe3 00JIacTb aKTUB-
HOW Cpezbl, HAaKauMBAaeMYyl0 HAaHOCEKYHIHBIM HM-
MyJbCOM BTOPOM T'apMOHHMKH Jla3epa Ha TIpaHate
¢ 3Heprueil nopsiaka 7 M, UMITyJIbC yCUIUBACTCS
Gonee yem B 10° pa3 ¥ HaIpaBJsieTCsl B KOMIIPECCOop,
cOoOpaHHBI Ha TOW K€ MUPPAKIIMOHHOW pPEmETKe,
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4yTO U crperdyep. Ha BeIxoze koMIpeccopa Mnojrydaem
OJIMHOYHBIH (PeMTOCEKYHIHBII UMITYJIbC C DHEPTHEH
1o 1 M/Ix 1 3a1aBaeMoii 4acTOTOM MOBTOPEHHUS, OTIPE-
JeJIsIEMOM THUIIOM HCIIOIb3YEMOTO CUIIOBOTO OJIOKa.

Pucynok 3 — Pa3Bosika jrydeld yCHIMBaeMOTo MMITYIIbCA TH-
TaH-Car(pupOBOIo Jia3epa Ha BBIXOIHOM 3epKae yCHINTEIs

Figure 3 — Distribution of the beams of the amplified
pulse of a titanium-sapphire laser on the output mirror of
the amplifier

Ha PUCYHKC 4 MMPEACTABJICH CIICKTP U aBTOKOP-
peiAnOHHas (bYHKLII/ISI YCUJIICHHOI'O UMITYJIbCA.
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Pucynok 4 — Cnextp (a) u aBTOKOpEISLMOHHAS (DYHK-
st (b) ycnneHHOro (peMTOCEKYHIHOTO UMITYJIbCa

Figure 4 — Spectrum (a) and autocorrelation function (b)
of the amplified femtosecond pulse

JMUTEeNTbHOCTh CXKATOTO UMITYJIbCa COCTaBUJIA
nopsizika 70 ¢ mpu muprHEe CrieKTpa Ha MOJIYBBICO-
Te 10 aM.

3aKjaouyeHue

Pa3paboTana kommakTHas MOHOOJIOYHAS Jia-
3epHas CHUCTEMa, CIIOCOOHAs OOECTCYNTh TeHepa-
1o (peMTOCEKYHIHBIX UMITYJIbCOB JITUTENEHOCTHIO
50-150 ¢c ¢ sueprueii 1o 1 Mk 1 TOCTaTOTHO BHI-
COKOHM YacTOTOH TOBTOPEHHUS HMMITYILCOB (BILIOTH
no 1 xI'm, 9To ompenemnseTcs TUIIOM UCIOIb3yEeMbIX
KBaHTpOHAa W OJIOKa Hakayku). MMeeTcss BO3MOXK-
HOCTb ONEPATUBHOMN MEPECTPONKU OCHOBHOM 4acTO-
THI B CIICKTpaJIbHOM Auara3one 760—830 aM.

DeMTOCeKyHTHbIE Ja3epHbIE CHCTEMBI I0/I00-
HOTO THIIA, XapaKTepHU3yeMble OTHOCHUTEIHHO HH3-
KOW CTOMMOCTBIO 3a CUET MCIOJb30BAHHS OJIHOIO
CHJIOBOTO OJIOKa MUTAaHMS ISl OJHOBPEMEHHOM Ha-
KauKd YCWINTENS W TEHepaTropa, a Takxke Oojee
HU3KUMH TPEOOBAaHUSAMH K KAadeCTBY ONTHYECKUX
9JIEMEHTOB M YCJIOBHSAM JKCILIyaTaI[dH BCIIEICTBHE
AMITyJIbCHOTO pEXuMa paboThl, MPEICTaBISIOTCS
JIOCTATOYHO MpakTUIHBIMA. OHNU MOTYT HaWTH MPH-
MEHEHHE KaK B HAYYHBIX HCCIEIOBAHHUIX B 00JACTH
CBEPXCKOPOCTHOM KHHETHUYECKON CIEKTPOCKOIHNU
7 HETWHEHHON ONTHKH, TaK ¥ B MHOTOYHCIICHHBIX
TEXHUYECKUX MPUIOKECHUAX, B YACTHOCTH B TIPEIH-
3MOHHOH 00paboTKe MaTepHaioB, KaK ONTHYICCKUE
AMUTATOPBI BO3ICHCTBUS TKEINBIX 3apsKEHHBIX Ya-
CTHUIl NPU MPOBEJCHUM HUCHBITAHUN paaMaIllMOHHOUN
CTOWKOCTH WHTETPATBEHBIX MUKPOCXEM H IJIEKTPOH-
HBIX MOAYJIEH U JIp.
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Abstract

Optimization of the radiation coil of the hardware-software complex for studying the effectiveness

of shielding of low-frequency electromagnetic radiation will make it possible to assess the effectiveness
of shielding coatings at a higher level. This fact will make it possible to develop coatings with improved
characteristics. The purpose of this work was to determine the optimal characteristics of the emitting coil
which will ensure its stable operation and magnetic field strength in the frequency range up to 100 kHz.

The parameters of the manufactured samples, such as inductance (L), active (R) and total resistance (2),
were obtained using an MNIPI E7-20 emittance meter. In practice, the coils with the optimal parameters
calculated theoretically were connected to a current source and amplifier. To detect electromagnetic radiation,
a multilayer inductor connected to a UTB-TREND 722-050-5 oscilloscope was used as a signal receiver.

The results of measurements showed that the resistance of multilayer coils is approximately 1000 times
higher than that of single-layer coils. Also, for multilayer coils, an avalanche-like increase in total resistance
is observed starting from a frequency of 10 kHz, while for single-layer coils there is a uniform increase
in total resistance over the entire frequency range up to 100 kHz.

The paper presents results of research on the correlation of the performance of single-layer and
multilayer inductors depending on their parameters in the frequency range from 20 Hz to 100 kHz.
Values of the voltage required to provide the magnetic field strength of 1, 5, 20 Oe at 25 Hz and 100 kHz have
been calculated. After analyzing the data obtained, the optimal parameters of the inductor were found which

ensure stable performance in the frequency range up to 100 kHz.
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OnTumMu3anus U3Jaydaueil KaTylKd NporpaMMHO-
aNmapaTHOro KOMILJIEKCA JJIA UCCJIeI0BAHMS

3P (PEeKTUBHOCTH IKPAHUPOBAHUA HU3KOYACTOTHOI'O
JIEKTPOMATHUTHOI'O U3JIyYeHUS

O.1. Kaﬂa(bbeBl, A.B. prXﬂHOBl, T.U. 3y6apbl, C.AYnxux’, C.C. Fpaﬁqmcosl

1 . .
Hayuno-npaxmuueckuii yenmp Hayuonanvnou akademuu nayk benapycu no mamepuanosedenuio,

ya. Il Bposxu, 19, 2. Munck 220072, Bearapyco

’Hayuonanvnas Akademust nayk benapycu,
np-m Hezasucumocmu, 66, 2. Munck 220072, berapyco

Tocmynuna 14.12.2020
Ipunama k nevamu 22.02.2021

OnTuMu3anys U3Tyqaromel KaTyIlKd MporpaMMHO-aIapaTHOTO KOMIUIEKCA I MCCIeTOBaHus d(-

(heKTUBHOCTH SKPAaHUPOBAHMS HU3KOYACTOTHOTO AJIEKTPOMArHUTHOTO M3Ty4YEHHsS IO3BOJIMT Ha Ooiee Ka-
YECTBEHHOM YpPOBHE OILICHHBATh 3()(HEKTUBHOCTh SKPAHUPYIOIMINX MOKPHITUH. JlaHHBIH (akT AacT BO3MOXK-
HOCTh pa3padarhiBaTh MOKPBITHS C YIYYIICHHBIMU XapakTepucTrkamu. Llenpro TaHHO#H paboThl SBISIIOCH
orpeJiesieHIe ONTUMAITbHBIX XapaKTePHCTHK M3Tydarolled KaTyllkd, KOTopble obecriedaTr e€ cTaOMIIbHYIO
paboTy 1 HAMPsHKEHHOCTH MATHUTHOTO TIOJIS B YacTOTHOM nuarta3one 1o 100 k.

[TapameTps! H3TOTOBIEHHBIX 00PA3II0B, TAKHE KaK MHAYKTUBHOCTb, aKTHBHOE M O0IIIEe COMTPOTUBIICHNE,
OBUTH TIOTy4YeHBI, UCTIONB3YA n3Mepurens nmmutanca MHUIIN E7-20. Ha npakTrke KaTyIIKu ¢ ONTHMAITb-
HBEIMU TTapaMeTPaMU, BBIYUCICHHBIMU TEOPETUICCKU, OBLTN MOAKITIOYCHBI K UCTOYHUKY U YCHITHTEITIO TOKA.
Jns meTeKTHpOBaHMS 3JIEKTPOMATHUTHOTO M3IYYeHHS B KauecTBE NMPUEMHHKA CHTHAJIa MCIOJIh30BAJIACh
MHOTOCJIOWHAS KaTyIIKa WHAYKTUBHOCTH, MOAKTIOUEHHAS K ocmyuiorpady UTB- TREND 722-050-5.

PesynbpraTtel m3MepeHH MOKa3ajd, 4TO COMPOTHBIECHHE MHOTOCIONWHBIX KaTyIIeK MPUOIN3UTEIHHO
B 1000 pa3 6ompIie CONMpOTUBICHNUS OJHOCIONHBIX. TaKkke y MHOTOCIIOWHBIX KaTylleK HaOJIroaaeTcs JaBu-
HOOOpPAa3HBIN POCT OOIIETO CONMPOTHUBIICHUS, HaunMHAas ¢ 9acTOThI 10 KI'II, B TO BpeMsl KaK y OJTHOCIOHHBIX
KaTyIIeK MPOUCXOAUT PABHOMEPHBIH POCT OOIIEro COMPOTUBIIEHUS Ha BCEM Auana3oHe yacToT a0 100 k.

[IpencraBieHbl pe3ynbTaThl HCCICAOBAHUN KOPPEISIUU pabouyuX XapaKTEPUCTHK OJHOCIOWHBIX
MHOTOCJIOMHBIX KATYIIeK WHAYKTHBHOCTH B 3aBHUCHUMOCTH OT WX IMapaMETPOB B YACTOTHOM HAIa3oHE
ot 20 I't mo 100 xI'. PaccunTansl 3HAYCHHS HATIPSDKEHUS, HEOOXOAMMOTO JIJIsi 00eCTIeueHUsT HAPsHKEHHO-
ctu MarauTHOTO ToJis 1, 5, 20 O mpu 25 I'm m 100 xI't1. [Ipoananu3upoBaB MmoaydeHHBIC TaHHBIC, HAHICHBI
ONTHUMAaJIbHbBIC MTapaMeTPhl KaTYIIIKH MHIYKTUBHOCTH, O0SCIICUUBAIOIIME CTa0OMIbHBIC padoune XapaKTepu-
CTHUKH B auara3one yactot 10 100 xI1r.

KirueBble cj1oBa: KaTylmKa THAYKTUBHOCTHU, SKPAHUPOBAHUEC, DJICKTPOMArHuTHOC U3JIyYCHHC.
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Introduction

A great threat to the security of information
on electronic devices, sensitive elements of
various devices, biological objects is created by
electromagnetic radiation of various nature. Sources
of electromagnetic radiation in everyday life are
household appliances, electric vehicles, mobile
phones and other electronic devices [1, 2]. To protect
against electromagnetic radiation, there are active
and passive methods [3]. The passive method is to
use screens that absorb or reflect electromagnetic
radiation (EMR). For passive protection materials
with high magnetic permeability are used. With the
help of passive screens it is possible to protect certain
sensitive elements of the device, and these screens are
easy to use and more profitable in economic terms.
However, at the moment there is no unified method
for analyzing the effectiveness of shielding. Most
scientific papers consider the effect of low-frequency
EMR on living organisms and plants without affecting
the analysis of the effectiveness of screens.

Analysis of information on the topic of this
work shows that there are no standardized generally
accepted methods for assessing the effectiveness of
shielding [5—7]. To assess the shielding properties
of various materials a device or apparatus with a
sufficiently powerful emitter of electromagnetic
radiation is required which stably operates both with
direct and alternating currents of various frequencies.
Inductors [8] can be used as such as an emitter,
varying the parameters of which the required result
can be achieved.

The purpose of this work was to manufacture
inductor coils with different parameters, study their
characteristics, and determine a sample that provides
stable electromagnetic radiation in the frequency
range from 25 Hz to 100 kHz. The sample coil with
optimal parameters will be used in the hardware-
software complex as an emitter and will allow to
obtain new, unique data on the shielding efficiency
of magnetic coatings and multilayer structures
based on them, as well as to compare the previously
obtained data on the shielding efficiency in a constant
magnetic field with new data that will be obtained
with alternating electromagnetic radiation.

Measurement technique

Single-layer and multi-layer inductors were
manufactured as prototypes. For the manufacture of
single-layer inductors copper wire with a cross section

of 1 and 2 mm was used. The inner diameter (d) of
the coils was 7 and 15 mm, the number of turns (V)
was from 6 to 41, and the length (/) was from 15 to
65 mm. Multilayer coils were made from copper
wire with a diameter of 0.1; 0.18 and 0.35 mm. The
coils diameter was 6 mm, the number of turns was
from 1000 to 6000, and the length was from 20 to
120 mm. Detailed information about the samples’
parameters is presented in Table 1.

Table 1
Parameters of inductors
desi(;r?;ltion rjr’n NI, mm rrf;n
Single layer coils
1 SL N6 2 d7 7 6 15
2 SLNIlR2dl 7 11 25
3 SLN4PRdT 7 14 35
4 SLNI8©2dl 7 18 45
5 SLAN28Rdl 7 28 65
6 SL N6 2.dl5 15 6 15 2
7 SL_N11 2 d15 15 11 25
8 SL N3 2.dl5 15 13 35
9 SL N18 2. dl15 15 18 45
10 SL N27 ©2.d15 15 27 65
Multilayer coils

1 N4-t.1-d6 6 4000 20 0.1
2 N1-£.18-d6 6 1000  19.6 0.18
3 N8-1.15-d6 6 8000 22 0.15
4 N2-1.35-d6 6 2000 70 0.35
5 N4-1.35-d6 6 4000 100 0.35
6 N6-1.35-d6 6 6000 120 0.35

The manufactured samples’ parameters, such as
inductance (L), active (R) and total resistance (£)
were obtained using an MNIPI E7-20 emittance me-
ter. In practice, the coils with the optimal parameters
calculated theoretically were connected to a current
source and amplifier. To detect electromagnetic
radiation a multilayer inductor connected to a UTB-
TREND 722-050-5 oscilloscope was used as a signal
receiver.

Results and discussion

As can be seen from the graphs (Figure 1), the
SL N6 12 d7 coil has the lowest inductance among
the coils with an inner diameter of 7 mm. Among
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the coils with an inner diameter of 15 mm, the
SL N6 12 d15 coil has the smallest inductance.
The inductance of the first sample increases from
0.1 to 0.2 pH in the frequency range from 25 Hz to
100 kHz, while the inductance of the second sample
is stable over the entire frequency range and equals
0.5 pH. Despite the large inductance the S N6 2 d15
coil looks preferable to the SL N6 ¢2 d7 one,
because it has a constant inductance value over the
entire frequency range.

—=—SL_N6_t2_d7
o SL NII_2_d7
—a—SL_N14_12_d7

B s, ~v—SL NI8_t2_d7
L0y oo e | e SLN28 © d7
0\,‘.1_.
0,8
v— V¥V V—vy

—_ i
£06{ vovv v
\3 A—A—aA A—A—A—A_
~ TA—a

0,4- — o o —— o,

/ T
0’2_ ° o /-/I—- -\-\.‘.7.
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a
—=—SL_N6_t2_d15——SL N11_t2_dI5
—4—SL_NI13_t2 dI5—v—SL NI8 (2 dI5
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o
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b

Figure 1 — Dependence of the inductance of single-layer
coils on the current frequency: @ — coil diameter 7 mm;
b — coil diameter 15 mm

Figure 2 shows that all samples with an inner
diameter of 7 and 15 mm have constant resistance
values R at frequencies from 25 Hz to 5 kHz. After
5 kHz a sharp increase in resistance is observed in
almost all samples, with the exception of samples
SL N6 12 d7, SL N11 2 d7 and SL N6 12 d15.
This is most likely due to the skin effect [9] which

consists in the fact that the currents flowing on the
surface of the wire screen the inner layers, as a result
of which almost all current is concentrated in a thin
surface layer. The proximity effect also contributes,
the essence of which is that eddy currents arise in the
coil wire under the influence of a magnetic field from
adjacent turns [10].

30- —=—SL N6 2 d7
~« SL N1l t2 d7
25 —+—SL N14 t2 d7
~+ SL NI18 2 d7
20- —+—SL N28 2 d7
E
5 154
£
= 104
5
0 T T T T
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a
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—+—SL NI1_t2 d15 .
40 —aSL NI3 2 d15 /
—+SL NI8 2 dI5 )
30. —+—SL N27 2 d15 /‘
B
3 201
g2
S
10
0 T T T T
10 100 1000 10000 100000
S (Hz)
b

Figure 2 — Dependence of the resistance of single-layer
coils on the current frequency: a — coil diameter 7 mm;
b — diameter of coils 15 mm

Figure 3 shows that the total resistance of all
coils increases linearly. Coils SL N6 2 d7 and
SL N6 12 d15 have the lowest total resistance.
This is probably due to the fact that these coils have
fewer turns, respectively, in their manufacture,
a shorter wire length is used compared to the rest
of the samples.

These graphs show that the inductance L for
coils with a diameter of 7 mm and a wire thickness
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assumed that this is due to the large number of turns
in the coils, some of which may have insulation

of 2 mm does not change significantly at 100 Hz.
For coils with a diameter of 15 mm and a wire

thickness of 2 mm, as well as for coils with a defects.
diameter of 7 mm and a wire thickness of 1 mm,
he ind L practically d h ]
the 1n u.ctance practically does not change at e NAt 1-d6
frequencies up to 100 kHz. 150- e NI-t.18-d6
N8-t.15-d6
—a—N2-t.35-d6
—=—SL_N6_t2_d7 100- v N4-£.35-d6
700 —e—SL NI 12 d7 o 4 N6-t.35-d6
600 ——SL_N14_t2_d7 EN
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500- o SLN28 ©2d7]
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1 — Figure 4 — Graph of the dependence of the inductance
0 20000 40000 60000 80000 100000 of multilayer coils on the current frequency
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As seen in Figure 5, the resistance of multilayer
a . .
coils is constant from 25 Hz to 10 kHz. After
10 kHz, an avalanche-like increase in resistance
——SL_N6_t2_d15 occurs. Coils N4-£.1-d6 and N1-£.18-d6 come into
L N gi—gié—g—gig A resonance due to the presence of skin and proximity
—A— 4 .. . .
1400 . SL NIS ©2 dI5 e effects. Parasitic capacitances also increase
12004 | o SL N27 12 d15] strongly at high frequencies. These capacitances,
‘g 1000 // - in combination with the high inductance of the
= s - . Lo . .
O 800+ P - coil, transform it into a whole chain of oscillatory
LNE/ 600 circuits with resonances falling within the operating
400 range or even below it, and then the coil acquires
200 capacitive resistance.
0- : ; : . ;
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Figure 3 — Graphs of the dependence of the total & 20004 < N6-t.35-d6
resistance of single-layer coils on the current frequency: 5 ,
. . . . . ~ i ;mf——‘_—k — "7 " ==
a — coil diameter 7 mm; b — coil diameter 15 mm = 0
. . . -2000+
Coils with a diameter of 7 and 15 mm and a
wire thickness of 2 mm have less resistance than -4000 1
coils with a diameter of 7 mm and a wire thickness 10 100 1000 10000 100000
of 1 mm. At the same time, for all coils a slight J (Hz)

increase in resistance is observed over the entire
frequency range up to 100 kHz. The total resistance
of all single-layer coils increases linearly with
increasing emitting frequency.

Figure 4 shows that some of the multilayer
coils have constant inductance values over the entire
frequency sample. The second part of the samples
shows unpredictable inductance values. It can be

Figure 5 — Dependence of the resistance of multilayer
coils on the frequency of the current

Figure 6 presents that the total resistance of all
samples has a constant value from 25 Hz to 5 kHz,
after 5 kHz there is a rapid increase in the total
resistance. This is due to the presence of a skin effect
and a proximity effect. These effects are much more
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pronounced with multilayer coils, due to the longer
winding length and also due to the large number of
turns.

35000

30000 [
—=—N4-t.1-d6 [
250001 e NI-t.18-d6 [

N8-t.15-d6 [
= —a—N2-t35-d6 [
E —v—N4-t.35-d6 |/
<} —<«— N6-t.35-d6
N

1000 10000 100000

J (Hz)

Figure 6 — Dependence of the total
multilayer coils on the frequency of the current

resistance of

Analyzing the graphs, we can conclude that
all multilayer coils for the entire frequency sample

have a constant inductance, except for two samples.
At an electromagnetic field frequency of up to
10 kHz, multilayer coils have constant resistan-
ce. At a current frequency above 50 kHz, the
resistance of all samples begins to increase sharply.
The total resistance of the coils begins to inc-
rease when the frequency of the electromagnetic
field is over 10 kHz.

The values of the magnetic field strength inside
the cylindrical coil H (E) for the manufactured
samples of inductance coils were calculated by the
formula:

where [ —the current in the coil; n — the number of

turns of the coil; / — the length of the coil;
U

[=—,
VA

where U — the voltage applied to the circuit section;
Z — impedance measured with an RLC meter.

Table 2

Calculation results of the voltage required to ensure the magnetic field strength of 1, 5, 20 Oe

for single-layer coils

No Coil designation Yros ¥ oo ¥ Yo ¥

25 Hz 10 kHz 25 Hz 10 kHz 25 Hz 10 kHz
1 SL N6 12 d7 0.00026 0.0245 0.0013 0.1225 0.005174 0.48755
2 SL N11 2 d7 0.00042 0.04002 0.0021 0.2001 0.0084 0.8004
3 SL N14 2 d7 0.00054 0.05346 0.0027 0.2673 0.0108 1.0692
4 SL N18 2 d7 0.0007 0.07256 0.0035 0.3628 0.01323 1.371384
5 SL N28 12 d7 0.000988 0.105374 0.004836 0.515778 0.01924 2.05202
6 SL N6 12 d15 0.00042 0.05468 0.0021 0.2734 0.0084 0.2734
7 SL N11 _£2 d15 0.000648 0.10548 0.003276 0.53326 0.013104 2.13304
8 SL N13 2 d15 0.000946 0.150194 0.004644 0.737316 0.01849 2.93561
9 SL N18 12 d15 0.00114 0.2028 0.0057 1.0142 0.0228 4.0568
10 SL _N27 12 d15 0.00042 0.05468 0.002016 0.262464 0.008085 1.05259

For the stable operation of the electro-
magnetic radiation at different frequencies, it

is required to vary the values of the emitting
supplied to the coils. The tables above show the
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voltage values calculated to provide magnetic field from 25 Hz to 100 kHz, for single-layer and multi-
strengths of 1, 5, 20 Oe in the frequency range layer coils.

Table 3

Calculation results of the voltage required to ensure the magnetic field strength of 1, 5, 20 Oe multilayer
coils

Ne Coil designation ros ¥ soo ¥ Yo ¥
25 Hz 10 kHz 25 Hz 10 kHz 25Hz 10 kHz
1 N4-t.1-d6 0.08424 4.76 0.4212 23.8 1.6848 95.2
2 N1-1.18-d6 0.04680 5.13 0.23648 59.2 0.94592 136.8
3 N2-1.35-d6 0.038136 12.6 0.19068 63 0.76272 252
4 N4-£.35-d6 0.05794 13.22 0.2897 66.1 1.1588 264.4
5 N6-1.35-d6 0.08352 42.24 0.4176 211.2 1.6704 844.8
Analyzing the data obtained, we can say that Due to the use of a wire with a cross section

to ensure the operation of multilayer coils, a much  of 2 mm for winding single-layer coils, the active
higher voltage is required compared to single-layer resistance of these samples is approximately
coils. This is due to the high values of the inductance 1000 times less than that of multilayer coils. Also, due
of multilayer coils as well as the presence of skinand  to this fact, much lower values of the applied voltage
proximity effects. Single-layer coils are also subject  are required to provide a power of electromagnetic
to these disadvantages but to a much lesser extent.  radiation similar to multilayer samples.

In addition the voltage values required to operate Measurements have shown that when the

at 20 Oe of multilayer coils are likely to be critical.  cyrrent frequency reaches 5 kHz, a sharp increase
Difficulties also arise with the selection of a voltage i resistance is observed in almost all samples of

source operating in such a wide range of values. single-layer coils, with the exception of samples
with 6 turns and inner diameters of 7 and 15 mm.
Conclusion It can be assumed that these coils are less susceptible

to negative effects due to the fewer turns. A coil
with 6 turns and a 7 mm diameter has the lowest
inductance value at a current frequency of 100 kHz.
However, a sample with 6 turns and a 15 mm
diameter has a constant inductance value over the
entire frequency range from 25 Hz to 100 kHz.
This fact makes the choice in favor of this coil
preferable, because the difference in the voltage
values required to provide a magnetic field strength

Investigations of single-layer and multilayer
inductors with different parameters have been
carried out.

Itwas found thatitis preferable to use single-layer
inductors as a source of electromagnetic radiation
operating in the frequency range up to 100 kHz.
At a frequency from 10 to 100 kHz, an avalanche-
like increase in total resistance begins in multilayer
inductors; when measuring the active resistance,
some samples enter into resonance. This is due to of 20 Oe is insignificant.
the presence of skin and proximity effects, which Reel with optimal parameters planned use as a
are pronounced in multilayer samples, due to a much ~ source of electromagnetic radiation in the hardware
larger number of turns, as well as their tightness. The — and software complex to study the effectiveness of
inductance of multilayer coils is 1000 times higher  shielding electromagnetic radiation. This hardware
than single-layer coils, as a result of which parasitic ~and software complex will have a unique structure
capacitances increase significantly. The combination and characteristics and will allow high-precision
of the factors given above transform a multilayer coil ~ studies of the correlation of the chemical composition,
into a chain of oscillatory circuits with resonances  structure, and shielding efficiency of a wide range
often falling into the operating range or below it. of materials.
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In the future, it is planned to conduct research
on the influence of various types of cores on the
performance of emitting inductors.
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Abstract

Modeling of velocities and temperatures processes distribution in the plasma-forming channel determining
the design features and optimal parameters of the plasma torch nozzle is one of promising directions in develop-
ment of plasma technologies. The aim of this work was to simulate the processes of velocities and tempe-
rature distribution in the plasma-forming channel and to determine the design features and optimal geometric
parameters of the plasmatron nozzle which ensures the formation of necessary direction of plasma flows
for generation of surface waves on the surface of a liquid metal droplet under the influence of the investi-
gated instabilities.

One of the main tasks is to consider the process of plasma jet formation and the flow of electric arc
plasma. For obtaining small-sized particles one of the main parameters is the plasma flow velocity. It is
necessary that the plasma outflow velocity be close to supersonic. An increase of the supersonic speed is
possible due to design of the plasmatron nozzle especially the design feature and dimensions of the gas channel
in which the plasma is formed. Also the modeling took into account dimensions of the plasma torch nozzle, i. e.
the device should provide a supersonic plasma flow with the smallest possible geometric dimensions.

As a result models of velocities and temperatures distribution in the plasma-forming channel at the minimum
and maximum diameters of the channel were obtained. The design features and optimal geometric parameters
of the plasmatron have been determined: the inlet diameter is 3 mm, the outlet diameter is 2 mm.

The design of the executive equipment has been developed and designed which implements the investigated
process of generating droplets of the micro- and nanoscale range. A plasmatron nozzle was manufactured which
forms the necessary directions of plasma flows for the formation of surface waves on the metal droplet surface
under the influence of instabilities. An algorithm has been developed for controlling of executive equipment that
implements the process of generating drops of micro- and nanoscale range.

Keywords: modeling, arc plasma, plasma torch nozzle, geometric parameters, control algorithm.
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Pa3padoTKka KOHCTPYKIUM MCIIOJTHUTEIBLHOT0 000Py/10BaHMS,
peasiu3yrouiero npouecc reHepanuu Kamnejib MUKPO-
U HAHOJAUANA30HA

ML.A. Kysﬂeuosl, JILIL. I/I.Hbﬂ]].lel-[l(()l’z, A.B. KplOKOBl, C.A. COHOI[CKHﬁl, E.B. .JIaBpOBa3,
E.B. BerOTypOBa4
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Ipunama x newamu 15.02.2021

MonenupoBaHue MpoLECCOB PaclpeaesICHUsI CKOPOCTEH U TeMIlepaTyp B I1a3M000pa3yoLieM KaHaie, ompe-
JICICHUE KOHCTPYKTUBHBIX OCOOCHHOCTEH M ONTHMAIBHBIX MapaMeTpOB COIUIA MIA3MOTPOHA SIBISETCS ONHUM
U3 TIEPCICKTUBHBIX HANPABICHUN B Pa3BUTHHU IIA3MEHHBIX TEXHOJIOTUH. L{esbio TaHHOM PabOThI SBIAIOCH MOJE-
JMPOBaHME MIPOLIECCOB PACIPECICHUSI CKOPOCTEH U TeMIeparyp B IIa3MO00Pa3yIoLIeM KaHalle U ONpeAeIeHUe
KOHCTPYKTHBHBIX OCOOEHHOCTEH U ONTHMAJbHBIX I'€OMETPUUYECKUX MapaMeTpOB COIUIA IIa3MOTPOHA, KOTOPOE
JIOJDKHO o0ecreuuBarh (POPMUPOBAHUE HEOOXOMUMBIX HANpPABICHUH MIa3MEHHBIX MOTOKOB It 00pa30BaHMUs
HAa [TOBEPXHOCTH KaILIM KUJIKOTO METajlla IOBEPXHOCTHBIX BOJIH [10J] JEUCTBUEM HCCIIENYEMBIX HEYCTOMYMBOCTEN.

OnHolt U3 TIIaBHBIX 337a4 SBISAETCS pACCMOTPEHHE Ipoliecca (OPMUPOBAHUS MIa3MEHHOI CTPYyH U TEUECHUS
JIEKTPOAYTOBOM IIa3Mbl. I MOIydeHHs] MEJIKOPa3MEPHBIX YACTULl OJHUM U3 INIABHBIX [1apaMETPOB SBJIET-
Csl CKOPOCTh TeueHUs mna3Mbl. HeoOXoanumo, 4ToObl CKOPOCTh MCTEUEHUS IJIa3Mbl Oblna OIM3Ka K CBEPX3BYKO-
BOW. YBEIHUEHHUE CKOPOCTU JI0 CBEPX3BYKOBOM BO3MOXKHO JOOUTHCS 33 CUET KOHCTPYKLUHU COIUIA MIa3MOTPOHA,
a IMEHHO KOHCTPYKTHBHON 0COOCHHOCTBIO U pa3MepaMu ra30BOro KaHajia, B KOTOpOM oOpasyercs mia3ma. Takxe
IIPU MOJIETIMPOBAHUU YUUTHIBAIIMCEH pa3Mephl COILIA IIA3MOTPOHA, T. €. YCTPOMCTBO TOIKHO 00€CIIeUnBaTh CBEPX-
3ByKOBO€ TE€UEHUE I1a3Mbl IPY BO3MOKHO MEHBIIINX F€OMETPUUECKUX pa3Mepax.

B pesynbprare ucciaenoBaHUil IOIY4YEHBI MOJEIM IIPOLECCOB DPACHpPENENIEHUs] CKOPOCTEH U TeMIepaTyp
B IIJIa3M000pa3yIolIeM KaHasle MPpYU MUHUMAIBHBIX 1 MAKCUMAJIBbHBIX JHaMeTpax kaHana. OnpeaeneHbl KOHCTPYK-
TUBHBIC OCOOCHHOCTH M ONTHMAJIbHBIC F'€OMETPUUYECKUE MapaMeTphbl COILIAa IIa3MOTPOHA: JUAMETP Ha BXOJE
3 MM, TuaMeTp BBIXOAHOHU 2 MM.

PazpaboraHa 1 cripoeKTUPOBaHA KOHCTPYKIHSI HCTIOTHUTEIBHOTO 000PYI0BaHUS, PEaTU3yIOIast UCCIIe yeMbIi
Hpolecc TeHepaLUY Karellb MUKPO- 1 HAHOPa3MEPHOTo JHana3oHa. M3roToBieHo coIuIo Ia3MOTpOHa, GopMUpYIO-
11ee HeoOXOJMMbIE HAMPABICHNUS IJIa3MEHHBIX IIOTOKOB JJIs1 00pa30BaHUsI HA TOBEPXHOCTH KAIlIH KHUIKOTO METaIa
MOBEPXHOCTHBIX BOJIH MOA ICHCTBUEM HCCIIELyEeMbIX HEyCTOHUUBOCTEN. Pa3paboTan anroput™ ymnpasieHUs UCTION-
HHTEJIBbHBIM 000PYA0BaHUEM, PEANIH3YIOLIEM IIPOLIECC TeHepalluy Karelb MUKPO- U HAHOPa3MEPHOTO JHara3oHa.

KuroueBble cjioBa: MosieMpoBaHue, I1a3Ma JIyru, COIIo M1a3MOTPOHA, FEOMETPUUECKHE TapaMeTphl, aIrOPUTM
yIpaBJeHuUs.
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Introduction

Currently, one of the most promising areas
for the implementation of various technological
processes is mathematical modeling. It is based
on the construction of a model created by means
of computer simulation of various physical and
technological processes [1-7]. Development of
various models that are as similar as possible to
natural processes is very important in the case
when setting up a natural experiment is impossible,
very difficult or very expensive. Development of
computer technology creates good prospects for
application of rather complex models reflecting the
multifactor nature and interconnection of various
physical processes and phenomena. One of the
most powerful modeling tools is the COMSOL
Multiphysics software package which is designed
to simulate various physical processes, systems and
their interconnection [8, 9].

In literary sources [1-7], the authors provide
data on modeling of various technological processes:
the model of the effect of a shielding gas on heat
distribution in the welding zone [1, 2], the model
of temperature fields and resistance to deformation
in cylindrical billets during heating [3], the model
of optimization of remelting mode parameters of
tungsten-inert gas with nanomodification of the
surface layer [4], the model of the molten pool,
when welding with a consumable electrode in
shielding gas [5], the model of the influence of
the input parameters of the laser welding mode on
the quality of the weld [6], the model of welding
technology for high-strength steel sheets [7]. The
disintegration of a liquid jet into droplets is a
common phenomenon both in industrial processes
and in natural phenomena. Droplets are formed due
to disturbances and a certain type of instability on
the surface of the liquid jet. The resulting surface
waves with different amplitudes are a prerequisite
for the formation of drops [10-12].

The work 1is aimed at the experimental
determination of technological conditions for
creating a technology for the formation of micro-
and nanodroplets under conditions of exposure to
the transfer of the electrode metal by concentrated
plasma energy flows. The paper proposes a
mechanism for the formation of droplets of nano-
and micrometer sizes, based on the appearance and
development of a thin liquid interlayer of the micro-
and nanometer range on the surface of a liquid metal
under the action of heterogeneous plasma flows.

This phenomenon occurs when a metal wire is fed
into the heterogeneous plasma zone of an electric arc.

The aim of the work was to simulate the processes
of distribution of velocities and temperatures
in the plasma-forming channel and to determine
the design features and optimal geometric parameters
of the plasmatron nozzle which should provide
the formation of the necessary directions of plasma
flows for the formation of surface waves on the
surface of a liquid metal droplet under the influence
of the instabilities under study.

Mathematical problem statement

To develop the design of the executive equipment
that implements the process of droplets’ generating
of the micro- and nanoscale range we simulated
the process of obtaining small-sized particles using
plasma spraying.

One of the main tasks is to consider the process
of a plasma jet formation and the flow of electric arc
plasma. For obtaining of small-sized particles one
of the main parameters is the plasma flow velocity.
It is necessary for plasma outflow velocity to
be close to supersonic. An increase in speed to
supersonic can be achieved due to the design
of the plasma torch nozzle, namely, the design
feature and dimensions of the gas channel in which
the plasma is formed. Also, the modeling took into
account dimensions of the plasma torch nozzle, i. e.
the device should provide a supersonic plasma flow
with the smallest possible geometric dimensions.

When formulating the problem the following
boundary conditions were established in the
COMSOL Multiphysics software package:

— the gas flow is laminar;

— the effect of gravity is not taken into account;

— an axisymmetric problem is considered;

— thermodynamic and transport properties of gas
depend on temperature.

The developed model is described by the
following basic equations:

1. Maxwell's equations:

0
J=((5+8€0 —]E;
ot
E=-VV,
0A4
co—+VxH=J;

ot
B=VxA,
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where J — current density; E — electric field strength;
A — magnetic vector potential; B —magnetic indu-
ction vector; H —vector of magnetic intensity;
V —electric potential; o — electrical conductivity;
¢ — relative permittivity.

2. Energy balance equation:

T
pCpaa—+pCpu-VT=V-(kVT)+Q;
t

O=E-J+04q>

where p —density; Cp —heat capacity; k — thermal
conductivity; EJ—Joule heating; Q,, ,— radiation
losses; u — velocities field.

3. Equation of motion:

paa—u+p(u~V)-u=V-|:—pl+u-(Vu+(Vu)T)}+F;
t
F:%Re(JxB),

where F —Lorentz force; p —pressure; 7T —tem-
perature; p—dynamic viscosity; p—the density;
the relative magnetic permeability; Re — Reynolds
number.

4. The continuity equation:

a_u
ot

where u — instantaneous velocities field at time ¢.
Modeling of the process of obtaining small-sized
particles was carried out using plasma spraying in the
COMSOL Multiphysics software package. For the
operation of the plasmatron, the geometric dimensions
of the gas channel in which the plasma is formed are
important. An image of the structural elements of the
plasmatron gas channel is shown in Figure 1.

- ‘

p +V(pu) =0,

Figure 1 — The main structural elements of the plasmatron:
1 — gas channel; 2 — inlet diameter; 3 — outlet diameter

In order to optimize the geometry of the
nozzle and the parameters of the plasmatron mode,
the process of the plasmatron operation was simulated.
The computational domain of the problem is the gas
channel of the designed plasmatron and is shown
in Figure 2. Various values of the inlet and outlet
diameters of the supersonic nozzle and its length were
considered. The hydrodynamic flow of the arc plasma
jet depends on the geometric parameters (diameter
and shape) of the gas channel of the plasmatron.

+ Gas supply

454mm J
T |
354 7
Cathode
5s- /Anod
. Arc /
Open boundary
154 -
5 A T T r:() ; T T mll’“
-20 -10 0 10 20 30
Open boundary

Figure 2 — Calculation area

Varying the input parameters when modeling
the nozzle of the plasmatron was carried out in the
ranges shown in Table.

Table
Parameters for the production of micro- and
nanoscale range powders

Gas consumption, //min 10...40
Current, A 100...200
Outlet diameter, mm 2.4
Nozzle length, mm 10...30
Inlet diameter, mm 3...10

Results and discussion

Figure 3 shows the results of modeling of
the plasmatron nozzle with the following input
parameters: gas flow rate 20 //min, current 150 A,
nozzle length 20 mm. The values of the gas velocity
in the throat of the jet nozzle and the temperature
distribution in the flow were considered (Figure 3a, b
at maximum channel diameters: outlet diameter
4 mm, inlet diameter 10 mm; Figure3c,d at
minimum channel diameters: outlet diameter 2 mm,
diameter at the inlet 3 mm). In this case, the design
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Figure 3 — Distribution of velocities and temperatures in the plasma-forming channel: a — velocity distribution at
the maximum channel diameter; b — temperature distribution at the maximum channel diameter; ¢ — velocity distribution
at the minimum channel diameter; d — temperature distribution at the minimum channel diameter

features and optimal dimensions of the gas channel
should ensure effective melting of the filler material
and it’s crushing into particles.

Based on the simulation results a plasmatron
nozzle was developed (Figure 4) with design features
and optimal geometric parameters: inlet diame-
ter — 3 mm, outlet diameter — 2 mm, which provide
a plasma flow rate close to supersonic, and the
formation of the necessary direction of plasma
flows for the formation on the liquid metal drop
surface waves under the influence of the investigated
instabilities.

The size and chemical composition of the
obtained micro- and nanoscale range powders
depends on the plasmatron operating mode:
amperage, gas consumption, wire: diameter (from
0.8 to 1.2 mm) and chemical composition.

The developed nozzle (Figure 4) will be one
of the main details of the laboratory equipment being

created for the production of micro- and nanosized
powders, the block diagram of which is shown
in Figure 5.

Figure 4 — Plasmatron nozzle model: 1—upper body;
2 —lower body; 3 — nozzle; 4 — tip; 5 — insulator; 6 — water
supply pipes; 7 — wire
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Figure 5 — Equipment block diagram:

1 —inert gas
cylinder; 2 —plasma power supply; 3 — compressor;

4 —rack; 5 —chiller (industrial cooler); 6 — wire
spool; 7 — plasmatron; 8 —nozzle; 9 — particle catcher;

10 — hose

The work of the equipment for the production of
micro- and nanoscale range powders is as follows:
the plasma power supply 2 and the compressor 3
are turned on; a cylinder with inert gas 1 is opened.
The inert gas (argon, helium) is selected depending
on the chemical composition of the wire from
which the powders are obtained. Then we turn on
the chiller 5 and open the cylinder with inert gas 1.
We start the wire feeder, which feeds the wire from
the spool 6 to the nozzle 8, located on the stationary
stand 4. The diameter and chemical composition
of the wire is selected depending on the size and
chemical composition of the powders obtained. The
wire, entering the nozzle 6, passes through a high-
temperature section; a drop of molten metal is formed
at the end of the wire. In nozzle 6, plasma flows move
at a high speed, the directions of which contribute
to the formation of surface waves on the surface
of a liquid metal droplet under the influence of
the instabilities under study. Under the action of
high-frequency ultrasonic action on the wire and,
accordingly, on a drop of molten metal from its
surface, the plasma flow tears off liquid objects
several microns in size or less. Liquid objects torn
off from the surface are accelerated to high speeds in
anozzle, additionally crushed, take a spherical shape
under the influence of surface forces, condense in a
particle catcher in an inert gas atmosphere and form
micro- and nanoscale range powders. The dispersion
of the resulting powder granules was determined by
the method of simulation and visualization [13].

The equipment control algorithm (Figure 5) is
shown in Figure 6.

?

Figure 6 — The scheme ofthe equipment control algorithm:
1 —plasma power source; 2 —ultrasonic generator;
3 — frequency matching and correction unit; 4 — resonance
sensor; 5 — temperature control unit; 6 — thermal sensor;
7 — chiller; 8 — arc stabilizer control unit; 9 — arc stabilizer;
10 — magnetostrictive inertialess solenoid; 11 — wire feed
control unit; 12 — wire feeder; 13 — arc gap length control
unit; 14 — current sensor; 15 — block of comparison and
correction of current; 16 —arc plasmatron; 17 — particle
catcher; 18 — gas cylinder

The control algorithm of the installation shown
in Figure 6 is as follows:

—the feed mechanism (12), controlled by the
wire feed control unit (11), feeds the wire into the
arc plasmatron (16), where it melts. The formation
of the Kelvin—Helmholtz [14, 15] and Marangoni
instabilities on a drop of molten metal is carried out
due to the special design of the plasmatron, which
transfers the rotation of plasma streams formed
from the plasma-forming gas (18). High-frequency
oscillations are used to detach the formed instabilities
from the droplet surface. To generate high-frequency
vibrations, the wire pass through a magnetostrictive
inertialess solenoid (10) controlled by an ultrasonic
generator (2), while an ultrasonic wave is formed in
the wire due to the effect of magnetostriction. An
ultrasonic wave forms Rayleigh waves on a drop
of molten metal, causing particles to detach. The
resulting particles enter the particle catcher (17).
The resonant frequency of oscillations is set via the
feedback channel through the frequency matching
and correction unit (3) and the resonance sensor (4);

— additional rotation of the arc and stabilization
of plasma flows occurs due to the arc stabilizer (9),
controlled by the arc stabilization control unit (8);
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—to ensure the stabilization of the preset
operating temperature in the laboratory setup,
a thermal sensor (6) is installed on the nozzle.
Temperature control and regulation is carried out by
the chiller (7) through feedback channels through the
temperature control unit (5);

— to control the size of the received particles in
the installation there is an automatic regulation of
the arc length. The arc length is controlled by the
voltage of the arc gap and is controlled by feedback
channels through the arc gap length control unit (13);

— automatic maintenance of the current of the
specified parameters, carried out by the plasma
power supply (1) through the feedback channels,
including through the current sensor (14) and the unit
for comparison and current correction (15).

Thus, the control system of the installation
automatically regulates four main parameters:
the frequency of ultrasonic vibrations, the current
in the plasmatron, the length of the arc gap, and
the operating temperature in the nozzle, the change
of which makes it possible to control the size of the
particles obtained.

Conclusion

Models of the processes of distribution
of velocities and temperatures in the plasma-forming
channel at the minimum and maximum diameters
of the channel are obtained.

The design features and optimal geometric
parameters of the plasmatron nozzle have been
determined: the inlet diameter is 3 mm; the outlet
diameter is 2 mm. The design of the executive
equipment has been developed and designed, which
implements the investigated process of generating
droplets of the micro- and nanoscale range.
A plasmatron nozzle was manufactured, which forms
the necessary directions of plasma flows for the
formation of surface waves on the surface of a liquid
metal droplet under the influence of the investigated
instabilities.

An algorithm has been developed for controlling
the executive equipment that implements the process
of generating drops of micro- and nanoscale range.
Thus, the control system of the laboratory facility
automatically regulates four main parameters: the
frequency of ultrasonic vibrations, the current in the
plasma torch, the length of the arc gap and the ope-
rating temperature in the nozzle change of which al-
lows you to control the size of the particles obtained.

In contrast to the existing electric arc
plasmatrons, which are designed for metal proces-
sing, this development has a different purpose and
is designed to produce powders of the micro- and
nanoscale range.
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Abstract

The purpose of the research was to create an algorithm for determining and correcting the output

parameters of the navigation module and the flight-navigation complex of unmanned aerial vehicles which
provides control of an aviation gyro-stabilized platform with a multispectral optoelectronic system during
flight and tracking various objects of observation.

Principles of control of an aviation technical vision system located on an unmanned aerial vehicle on a
two-degree gyro-stabilized platform with the possibility of full turn around two perpendicular axes along the
course and pitch are considered. Stability of tracking of observation objects at a distance of up to 10000 m
is ensured by the use of a multispectral optoelectronic system including a rangefinder, thermal imaging and
two visual channels.

Analysis of the object of observation and the method of its support are carried out. An algorithm is
proposed for integrating a Global Navigation Satellite System and a strapdown inertial navigation system
based on the extended Kalman filter which includes two stages of calculations, extrapolation (prediction)
and correction. Specialized software in the FreeRTOS v9.0 environment has been developed to obtain a
navigation solution: latitude, longitude and altitude of the unmanned aerial vehicle in the W(GS-84 coordinate
system, as well as the pitch, heading and roll angles; north, east and vertical components of velocities in
the navigation coordinate system; longitudinal, vertical and transverse components of free accelerations
and angular velocities in the associated coordinate system based on data from the receiving and measuring
module of the Global Navigation Satellite System and data from the 6-axis MEMS sensor S7/M300.

Keywords: aviation technical vision system, optoelectronic system, algorithm, orientation angles, navigation

module.
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AJropuTM ynpasJjeHHus 0eCIUIOTHBIMHU JIeTATeJIbHbIMHA
anmapaTaMu B rpouecce BU3yajJbHOr0 CONPOBOKACHUSA
00bEKTOB C U3MEHACMOM TPACKTOPUEH IBUKCHUS

A.A. Ognocroponnes’, JI.A. Oxnocroponuesa’, P.B. ®énopues’, I.B. Kanep?, A.1O. Jleonos?,

JI.B. POMaHOBZ, JI.H. qepHﬂKOBCKHﬁ1’3, A.O. Muxaiizio”?
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Lenbro MPOBOAMMBIX MCCIICIOBAHHH SIBJISUIOCH CO3/IAHUE aJITOPUTMA OIPE/ICIICHHS] B KOPPEKIIMU BBIXOHBIX
rapaMeTpOB MOJIYJIsl HABUTAIIUH M MAJIOTA)KHO-HABUTAITMOHHOTO KOMIUIEKCA OSCITHIIOTHBIX JICTATEIIbHBIX allapa-
TOB, 00ECIICUMBAIOIIIETO YIIPABJICHUE aBUAIIMOHHOM THPOCTAOMIM3UPOBAHHON TIAT(HOPMOI C MYJTBTHCIICKTPATb-
HOU ONTUKO-3JICKTPOHHOM CHCTEMOM B TIPOIIECCE TOJIETA M COMPOBOMK/ICHUS PA3IIMUHBIX O0BEKTOB HAOFOICHHSI.

PaccMoTpeHBI IPUHIUIIBL YIIPABJICHUST aBUAIIMOHHOW CUCTEMOI TEXHHUYECKOTO 3PCHUs, pa3MEIIEHHON
Ha OECITUJIIOTHOM JICTATEILHOM alllapare Ha JIBYXCTENECHHON TMPOCTAOMIN3UPOBAaHHON TuIaThopMe ¢ BO3-
MO>KHOCTBIO TIOTHOTO Pa3BOPOTA BOKPYT IBYX MEPIECHIUKYIISIPHBIX OCEU MO KypCy M TaHTaxy. YCTONuu-
BOCTh COITPOBOXKJIEHHUS 00BEKTOB HaOMr0ieHUs Ha paccTossHuu 10 10000 M obecnieunBaeTcsl IpUMEHEHUEM
MYJIbTUCTICKTPATIBHON ONTHKO-3JICKTPOHHOW CHUCTEMBI, BKJIFOUAIOIICH JalbHOMEPHBIN, TeIIIOBU3SHOHHBIN U
JIBa BU3yaJIbHBIX KaHAaa.

BrimonHen aHanu3 oObekTa HAOMIOACHUS M METOJIMKA €ro COMpPOBOXJICHUs. lIpemioxkeH aaroputm
WHTETpally CITyTHUKOBOW PaMOHABUTAIIMOHHON CHCTEMBI U OecIiaT(OpMEHHOM WHEPIIMAIBHON HaBHUTa-
IIMOHHOM CHCTEMbI Ha OCHOBE MHTErpaibHOro (hmibrpa Kanmana, mpenycMmarpuBarolieil JBe CTaJud BbI-
YUCIICHUH: SKCTPANOJSIIHIO (IIPEJICKa3aHne) U KOPPEKIHI0. B MOIyh HaBUTaluu BCTPOCHO CICIIHAIH3U-
pOBaHHOE MpOrpaMMHOE oOecreueHue ik MHOT03aJauHON ONEePallMOHHOM CHCTEMBbl PEAbHOTO BPEMEHU
FreeRTOS, obecrieunBaroniee MoTy4eHUE HABUTAIIMOHHOTO PEIICHUS: MIUPOTHI, JOJITOTHl U BBICOTHI Oec-
MUJIOTHOTO JIETATEIBLHOTO anmapara B cucteMe koopauHat WGS-84, a Takxke yriioB KpeHa TaHTaxa U Kypca;
CEBEpHO, BOCTOYHOM U BEPTUKAIBHON COCTABJISIONINX CKOPOCTEH B HaBUTALIMOHHOM CUCTEME KOOPJIUHAT;
MPOJIOJIBHOMN, BEPTHKAILHOW U MOTEPEUYHON COCTABIISIONINX CBOOOHBIX YCKOPCHUN M YIJIOBBIX CKOPOCTEH
B CBSI3AHHOU CHCTEME KOOPAMHAT HAa OCHOBE JAHHBIX OT MPUEMO-HU3MEPUTEIBHOTO MOJYJIS CIYTHHUKOBOH
PaJMOHAaBUTALIMOHHOM CUCTEMBI U TaHHBIX OT 6-oceBoro MOMC-gatuuka STIM300.

KirueBble cjoBa: cucTeMa TEXHHYCCKOIO 3pCHUA aBUAllMOHHAs, OINTHUKO-3JICKTPOHHAsA CUCTEMaA, aJIr'o-
pUTM, YTJIBI OPUCHTALINN, MOJYJIb HaBUT'allWuH.
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Introduction

Airborne vision and navigation systems of an
aircraft are a combination of various devices: a radar
station (radar), a thermal imager, a television (TV)
camera, a laser locator (lidar), etc., which ensure the
performance of various tasks related to observing
objects in difficult weather conditions as well as in poor
visibility conditions. Each of the sensors represents
specific characteristics of the environment (brightness,
thermal, radar, or optical-location contrasts of objects),
but separately does not provide enough information
about the underlying surface. The use of information
coming simultaneously from several sensors requires
solving a number of auxiliary mathematical problems.
One of them is associated with the fact that images
from different sensors are generally formed in
different coordinate systems [1]. The concept of a
multispectral vision system also makes it possible to
improve flight safety by automatically correcting the
current coordinates of the location of the aircraft in
space, taking into account the terrain.

Modern trends in the creation of systems for
tracking objects in multipurpose aircraft provide
for software and hardware integration of onboard
equipment in the form of container reconnaissance
complexes. For example, the Russian development
of the "Sych" family includes a three-level container
complex:

— multispectral  optical-electronic
(UKR-OE) (TV/IR/low-level ranges);

— X-band surface radar reconnaissance complex
(UKR-RL/BKR-3), represented by a two-way small-
element radar system (radar) with a passive phased
antenna array (PFAR) "Pika-M" with a resolution of
about 0.3 m in SAR/ISAR and instrumental range of
more than 300 km;

—a multi-band passive radio-technical reco-
nnaissance complex (UKR-RT), which allows
detecting and analyzing the frequency parameters
of enemy radio-emitting sources (modern enemy
airborne radars of AN/APG-77/79/81 types in aisle
tracking and even LPI modes, active radar homing
heads (GOS) air combat missiles and anti-aircraft
missiles (SAMs), as well as surveillance radars and
illumination radars) [2].

One of the important directions for improving
onboard avionics is the development of hardware and
software systems for "enhanced vision" (Enhanced
Flight Vision Systems, EFVS). According to the
functional characteristics of the systems of improved
vision are divided into three typical classes [3]:

complex

— Enhanced Vision System (EVS);

— Synthetic Vision System (SVS);

— Automated Vision System (AVS).

In papers [4-5], basic algorithms for the
functioning of strapdown inertial navigation
systems (SINS) are considered.

The purpose of the research was to create
an algorithm for determining and correcting the
output parameters of the navigation module and
the flight-navigation complex of unmanned aerial
vehicles (UAVs), which ensures the control of an
aviation gyro-stabilized platform with a multispectral
optoelectronic system during flight and tracking
various objects of observation.

Multispectral optical-electronic system
of technical vision based on an aviation
gyro-stabilized platform

When using UAVs, the task often arises
of tracking an object of interest for a long period
of time. There may also be additional requirements
for observation parameters:

— providing a given viewpoint;

—keeping the object of interest in the center
of the frame, and for adjusting the circular flight
path and transferring the coordinates of the circle
center to the flight and navigation complex (FNC);

—maintaining a given angle of inclination
in terms of distance to the object, etc.

To fulfill these parameters, it is not enough to
control only the position of the sighting axis of the
aviation technical vision system (STZA), but it is also
required to issue corrective signals to the autopilot.

Let's consider the options for solving this
problem in more detail. Multichannel STZA as part
of the UAV allows not only to consider objects of
interest in the visible and infrared ranges of the
spectrum, but also to determine their geographical
coordinates in the selected frame of reference, as
well as the speed and direction of movement, if any.

There are two options for solving this problem.

The first is the constant delivery of the
coordinates of the object of interest to the flight-
navigation complex [6-9]. In this case, all the
functionality of these parameters is implemented in
the flight and navigation complex.

The second option is the transfer of the
required flight trajectory to the flight and navigation
complex. In this embodiment, the functionality of
the observation parameters is implemented in the
STZA (Table).
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Main technical characteristics of the «Sychy aviation technical vision system

Parameter name

STZA-1

STZA-2

A variant of the implementation

of a gyro-stabilized optoelectronic

platform (GOES)

Root mean square error of stabilization

Interfaces:
— management

— transmission of video information

Guidance speed (maximum)
Working temperature

Power consumption

Overall dimensions (diameter X height)

The weight

two-stage, single-circuit

50 mrad
RS422/485, Ethernet,
CAN Ethernet, HD-SDI
300°/s
ot —40°C mo +50°C
150 watt
250%340 mm
12.8 kg

double-degree,
double-circuit in azimuth

25 mrad

60°/s

16 kg

Visible camera — 1 (TV channel)

resolution
field of view
optical zoom

digital zoom

1920 1080 pix. (RGB)

2.3°-63.7°
30x
12x

Visible camera — 2

resolution
field of view
optical zoom

Detection/recognition range
(visible range cameras 1 and 2):
— person

— vehicle

1920 %1080 pix. (RGB)
4.0°; 8.0°
2%

6200/2500 m
10000/5000 m

1920 1080 pix. (RGB)

2.4°, 4.8
2x

6900/2600 m
10000/5800 m

Laser rangefinder

working wavelength 1.53...1.57 pm
measurement range 100...10000 m
Measurement accuracy, not less +5m
Thermal imager

detector type refrigerated
resolution 640x512 pix.
spectral range 3...5um
field of view 2°...27°
optical zoom 12x
digital zoom 2x
Detection/recognition range:

— person 4200/1700 m
— vehicle 10000/4000 m
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The composition of the "Sych" STZA includes a
gyro-stabilized platform with a useful opto-electronic
load: two cameras of the visible range of a wide and
a narrow field of view; thermal imaging module for
working with objects of observation in the night
mode; laser rangefinder module with a receiving
and transmitting channel; built-in navigation
system (GPS, GLONASS) (Figure 1) [10]. In the
extended version, the STZA can be connected to a
ground-based hardware and software complex.

| Turn in azimuth
\i} (course) 360°

Thermal

Survey TV imaging
channel channel
Pitch
—. turn
360°

Rangefinder /.

transmission

channel Detailed TV

channel

Figure 1 — Layout of the main modules of the aviation
technical vision system on a gyro-stabilized platform

In the process of work, the monitoring object
is automatically tracked; determination of the
direction and speed of movement of the object;
determination of the distance to the object and its
characteristics (location coordinates and overall
dimensions). For the convenience of transmission
over the radio channel, hardware-software com-
pression of video information is carried out. When
accompanying an object during flight, a picture-in-
picture display mode is possible for observation at
different distances. If it is temporarily impossible to
transmit a signal via a radio channel, recording of video
information is provided in the built-in memory of the
device in an equivalent volume of 20 hours of flight.

Analysis of the object of observation and
the method of its support

An object of observation can be understood as
any object resolved by an optoelectronic system under
specific conditions. The tracking algorithm built into
it allows updating the reference image, allowing you
to continuously observe the object from different

angles and distances. Partial overlap of the object (up
to 50 % of the area) is not an obstacle to continuous
tracking. Short-term full coverage is also possible,
for example when driving behind trees, poles
or road infrastructure. The vision system is capable
of tracking objects moving in a tangential direction
at a speed of more than 100 km/h at a distance of at
least 60 m. The maximum flight altitude is limited by
the tactical and technical characteristics of the UAVs.

The coordinates of the object are calculated
by the STZA on-board computer with access to the
signals of the global navigation satellite system.
If the signal from the satellites is noisy, distorted or
absent altogether, then for a limited period of time
the correct operation of the device is still possible
if an inertial module with a magnetic sensor is used
as part of it.

Determination of the position of the observed
object is based on solving a direct geodetic problem.
The reference point is the UAVs coordinates received
from the navigation module (Figure 2).

Gyro-stabilized
optical-electronic

system (GOES)
I Eg o Turni Target axis [ljzilvgllglzzr;i
urning et
e (N angles position | complex (FNC)
v values
A A

‘ Signal

processing -
module

Corrective signals and

Positioning values of the feedback

sighting axis, coordinates
for aiming

Control commands

Operator's
workplace

Figure 2 — Scheme of information exchange when
implementing the control algorithm for unmanned aerial
vehicles in the tracking mode

To calculate the azimuth and spherical distance
to the object, it is necessary to convert the line
of sight vector from the body coordinate system to
the global one. The starting vector is determined by
the gimbal/camera rotation angles.

The orientation angles of the inertial module
define the transition matrix from one basis to
another. The resulting line of sight vector allows
you to find the azimuth and angle of the observation
point in the global coordinate system. These
angles are referenced to the object relative to the
north direction and the local horizon, respectively.
Knowing the vertical angle and height of the UAVs
above the ellipsoid, you can find the spherical
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distance to the point of intersection of the line
of sight with the ellipsoid.

However, the object is rarely located strictly
at zero height. For decoupling from the ellipsoid,
a special elevation map is used.

Observation of the object is carried out during
the capture by the automatic tracking machine. After
capturing an object for tracking, the reference image
of the object is the frame area corresponding to the
capture rectangle. In this case, it is not necessary that
the entire object falls into the rectangle. The capture
algorithm works on any contrasting part belonging to
the object. The tracking rectangle may not always be
in the center of the video frame. A special algorithm
allows you to move from the line of sight of the
camera to the object anywhere in the frame.

The calculation of the speed and direction of
movement is based on the change in the obtained
coordinates of the object in time. Smoothing values
is based on a linear approximation of the trajectory
in a sliding window. The window size adjusts to the
speed of movement. It is assumed that at high speeds
the maneuverability of ground objects is limited.
Therefore, the averaging window increases, reducing
the effect of the random component of the error.
When driving at low speeds, significant changes
in direction are possible, so the averaging window
decreases.

Used coordinate systems and their
relationship

Providing the specified functionality of the
navigation unit of the combined anti-jamming
multisystem inertial-satellite navigation receiver is
implemented by establishing the initial relationship
between the following coordinate systems (CS):
geocentric inertial (i-frame), geocentric (geodesic)
rectangular connected to the Earth (e-frame),
navigation (n-frame) and asso-ciated (b-frame).

An inertial coordinate system is an ideal
reference frame in which ideal inertial sensors
(accelerometers and gyroscopes) have zero
readings. The inertial CS X'Y'Z" has its origin in the
center of the Earth and axes that do not rotate with
respect to distant galaxies. Its Z' axis is parallel to
the Earth's axis of rotation and is directed towards
the North Pole. The X" axis is directed to the vernal
equinox, and the Y’ axis forms a right orthogonal
triple of vectors with the first two. The projections
of vectors on the axis of this CS have a superscript
i (inertial).

The geodetic coordinate system XY “Z¢ has its
origin at the center of mass of the Earth and an axis
whose position is fixed in relation to the Earth. The
axis X“ is directed to the midpoint of the reference
meridian. The axis Z° is parallel to the Earth's axis of
rotation and is directed to the North Pole, and the axis
Y* forms with the first two a right orthogonal triple
of vectors. The projections of vectors on the axis
of this CS have the superscript e (earth). Geodetic
coordinates are used to determine the position of an
object on the Earth's surface. The position of a point
is specified by latitude B, longitude L and altitude H.
Latitude is determined by the angle formed by
the normal to the Earth's reference ellipsoid and
the equatorial plane. Reference ellipsoid is an
approximation of the shape of the Earth's surface
by an ellipsoid of revolution, used on a certain area
of the earth's surface. Longitude is measured by the
dihedral angle between the plane of the meridian
passing through the point and the plane of the
reference meridian.

The WGS-84 CS will be used as a geodetic.
The radii of curvature of the reference ellipsoid CS
WGS-84 R, and R, are calculated from the following
relations:

R, =a/(1-¢€’sin’ B)"?;
R, =a(l1-e*)/(1-¢€’sin* B)*”,

where a=6378137 m — equatorial radius of the
Earth; ¢® = 6,694379990141x 10> — the square of the
eccentricity of the earth ellipsoid; B — latitude of the
point at which the radii of curvature of the reference
ellipsoid are calculated.

The navigation coordinate system X"Y"Z" is a
local CS with a vertex aligned with the center of mass
of the object. The axis X" is directed to the north along
a tangent to the meridian, the axis Y" is directed to the
parallel to the east. The axis Z" is orthogonal to the
reference ellipsoid and directed downward. Thus, the
navigation CS is formed by the axes directed north-
east-down (north, east, down — NED). The projections
of vectors on the axis of this CS have a superscript
n (navigation). The navigation CS rotates in the
geodesic space with an angular velocity, associated
with the rates of change in latitude B and longitude L,
caused by the movement of the object relative to the
quasi-elliptical surface of the Earth.

A coordinate system is a Cartesian coordinate
system X°Y’Z’ the axes of which are directed
along the construction axes of the object. The axis X”
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coincides with the longitudinal axis of the object and
is directed towards the front part, the axis ¥ bcoincides
with the transverse axis of the object and is directed to
the right side, the axis 7" is perpendicular to the plane
X’Y? and complements the CS to the right triplet
(directed downward). The projections of vectors on
the axis of this CS have the superscript b (body).
The position of a body coordinate system relative to
the navigation coordinate system is defined by three
angles called roll, pitch, and heading angles. Heading
angle ¥ — the angle measured in the horizontal plane
X"Y" from the axis X" clockwise, to the projection
of the longitudinal axis of the object on this plane.
The pitch angle 0 is measured in the vertical plane
between the axis X’ and its projection onto the
horizontal plane X"Y". The roll angle y is measured in
the transverse plane between the axis Y and the line
of intersection of the specified plane with the horizon
plane. When the right side of the object is below the
horizontal plane, the roll is considered positive.

Algorithm for the integration of Global
Navigation Satellite System and Strapdown
Inertial Navigation System

Integration of Global Navigation Satellite
System (GNSS) and Strapdown Inertial Navigation
System (SINS) is carried out according to a loosely
coupled scheme, when they work independently of
each other, but contains a block that processes and
corrects data from both systems. This is done using
an extended Kalman filter (KF) [12-15].

The input of the KF receives the difference
between the values of the velocities and coordinates
obtained using the SINS and GNSS algorithm.
The Kalman filter estimates errors in determining
angular orientation, velocities and coordinates.
These estimates are used to correct the values
of the corresponding parameters in the SINS
algorithm. The corrected values are fed to the system
output (Figure 3).

r -
SLA vy
qp o
e
s q
\ 4 & q
+ W
or"
siNs [ o
< v
) + i Véins
A n
wf; 5iNs
SAV
\
+ (Tins — Tinss) o Kalman
- | filter
A \
+ Vins — vgNSi)
n A
VGNSS
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GNSS
b
SsystemWin
b
5SYSTF,M f

Figure 3 — Block diagram of the integration of a Strapdown Inertial Navigation System and Global Navigation Satellite

System
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The KF also makes it possible to evaluate the sys-
tematic components of the errors of inertial sensors,
which makes it possible to correct the readings of the
linear acceleration sensors (SLA) (accelerometer)
and the angular velocity sensor (SAV) (gyroscope).

The refined values of the navigation parameters
are used for subsequent calculations of the KF
matrices.

The algorithm used for the loosely coupled
inertial satellite navigation system is based on the
error compensation scheme of the SINS algorithm.

To determine the errors of the SINS algorithm,
difference measurements are used, obtained on the
basis of data from both systems (SINS and GNSS).
These measurements are formed by subtracting from

the vectors of geodetic coordinatesr, and speed

Vi of the same vectors obtained from the GNSS —

n

Fonss and v

SNSS °

The obtained difference measurements are
processed by a discrete Kalman filter in accordance
with Figure 3.

The KF state vector (output) has the following
form:

X = [(6rn)T '(Svn )T (\II)T '(SSYSTEM Wi[;bb)T '(SSYSTEbe)T ]T,

where &r' —vector of errors in determining
coordinates using the SINS algorithm, size 3x1;

V" — vector of errors in determining the speed
using the SINS algorithm, size 3x1;

¥ =B, L, H]" — vector-column of WGS-84
coordinates, where B - latitude, L — longitude,
H —height (unit of measurement — [rad, rad, m],
respectively);

V' =[v,, v,, v;]" — column vector of velocity in
the accompanying CS (unit of measurement — [m/s]);

y — vector of the final rotation of the azimuthal
error and errors of constructing the vertical by the
SINS algorithm, the size 3x1;

b .
Ogysre Wy, — Vector of systematic components

of gyroscope errors, size 3x1;
b .
SSYSTEM f7 —vector of systematic components

of accelerometer errors, size 3x1;

b _r. b b b T g i
wy, =[w, Wiy w,_]" — vector column of indi

cations of a 3-axis SAV (unit of measurement —
[rad/s]);
fr=0f0f £ — vector-column - of  rea-

dings of a 3-axis of measure-

ment — [m/s’]).

SLA  (unit

The KF measurement vector (input) has the
following structure:

T rar
Z =[(rgns —Tanss) (Vs —Vonss) |-

Each iteration of the KF is divided into two
phases: extrapolation (prediction) and correction.

At the first stage, the state of the system is
estimated at each moment of time based on the data
of the previous iteration and the given dynamic
model of the system (taking into account its
inaccuracy).

The KF prediction stage is as follows:

Xik-1 = Ecxk—uk—] ;

Fo =155+ 4,dt,;

Pk|k—1 = F;chflUcle}cT + Qk;
A =G.dr;
0, = 4,04(;

O = diag(c7,0,),

where k — filtering step number;
)'Z'H , —predicted value of the KF state vector

at the k-th moment of time, size 15x1;

F, — the fundamental matrix of the state of the
KF, size 15%15, describing the dynamic model of the
system;

Py, —the covariance matrix of the predicted
vector of the state of the system at the current step
k, size 15%15;

A — transient perturbation matrix of the KF, size
15%6;

Q —process covariance matrix (model noise),
size 6x6.

At the second stage (correction), based on new
measurements, the predicted value is corrected (also
taking into account the inaccuracy and noisiness of
this information). The initial conditions at the current
iteration of the functioning of the KF algorithm are
the assessment of the system state (observation
matrix) and the error in the assessment of the previous
iteration. The estimation error is the measurement
noise covariance matrix R, in which the variances
of the corresponding vector components are found
on the diagonal.

After calculating the matrix of gains K, the
system estimate is updated: the KF state vector x,

and the covariance error matrix P, are updated for
the current and subsequent iterations.
The stage of KF correction is as follows:
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R, = diag(G7yss- O rignss );
Ve=z,-Hx, ;

K, = Pk|k—1HkT (HkPk|k—1HkT + R)_I;
)Ack‘k = fcklk_l +K. ¥,

By =Uysqs =K HO) By

5x15

where o —Root mean square (RMS) vector of

rGNSS
errors in determining geodetic coordinates using an

GNSS receiver;
G.cnss — RMS vector of the errors in determi-

ning the speed using the GNSS receiver;

y—vector of deviation of the measurement
result from the extrapolation result, size 6x1;

ifk‘ . — estimate of the state vector of the KF at

the k-th moment of time, size 15x1;

Py — covariance matrix of the system state
vector estimate, size 15x15.

In the proposed algorithm, the system of
linearized differential equations of errors of the
SINS algorithm is used as the equations of state of
the system in the KF. The error equations set the
relationship between the errors of the elements and
the inaccurate input of the initial conditions, on the
one hand, and the errors of the SINS output data, on
the other. This choice made it possible to estimate
not only the coordinate and velocity errors of the
SINS, but also the angular errors and systematic
errors of the inertial sensors, based on the difference
signals of coordinates and velocities. That is, despite
the absence of direct information about these errors
in the measurement vector, the information about the
object's orientation in space is corrected.

The operation algorithm of the navigation unit is
shown in Figure 4.

Setting initial data

Output of
navigation
parameters

SINS
working?

Yes

Performing the KF

prediction step

Implementation of the
PK adjustment stage

|

Refinement of the
SINS algorithm
parameters

Updating GNSS

)
L

data?

Figure 4 — Block diagram of the navigation block algorithm
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Despite the fact that the frequency of the
navigation solution issuance by the GNSS receiver
is lower than the SINS operating frequency, the use
of the KF algorithm made it possible not to carry
out additional interpolation of navigation informa-
tion from the GNSS receiver. This is achieved due
to the fact that the KF prediction stage is performed
with the frequency of receiving information from the
SINS. And the stage of correction is performed upon
receipt of the GNSS measurements. Thus, at the
moments of arrival of information from the GNSS,
both prediction based on the given dynamics of the
system and the vector of measurements are used to
estimate the state vector. At other times, the state
vector is estimated only on the basis of the given
dynamics of the system. Calculation results are
issued on request via the RS485 interface.

Navigation solution software

The navigation module has built-in specialized
software for the FreeRTOS real-time multitasking
operating system, which provides the formation of a
navigation solution (coordinates, speed, orientation)
based on data from the receiving and measuring
module of the Global Navigation Satellite System
and data from the 6-axis MEMS sensor STIM300, as
well as determining the orientation of the object and
the possibility of information exchange (receiving
data and control commands, issuance of navigation
parameters and data on technical condition).

After turning on the power supply (about 0.5 s),
a rough alignment of the initial parameters for SINS
is carried out. At the stage of rough alignment,
the roll and pitch angles are determined according
to the readings of SLA and SAV. In this case, the
initial coordinates and the heading angle take the
values set by default, the velocity components are
equal to zero. If an alignment by GNSS is used,
the rough alignment timer must be set for more
than 1 min (time sufficient to initialize the GNSS
receiver) (Figure 5).

At the stage of exact alignment, the roll and pitch
orientation angles are specified. It is recommended to
set the exact alignment timer in the range of 10-20 s.

The input data for the program are:

—SLA and SAV data received from ST/M300,
which are received via the UART interface and have
a binary representation. For a description of the data
format, see the STIM300 documentation. Data is
transmitted at 250 Hz without request. Data decoding
is done in the STIMParser class;

—data of the GNSS-receiver. The data is
received via the UART interface and has a binary
representation. Data is transmitted at a frequency of
1 Hz, processed by NTLBinaryParser drivers.

Power on

|

Coarse
exhibition

[

Exact
exhibition

12

Navigation

Figure 5 — Graph of states of the navigation module:
1 — activation of the rough exhibition timer; 2 — triggering
of the exact exhibition timer; 3 —command options:
"Alignment on Global Navigation Satellite System",
"Alignment on known coordinates", "Alignment on
known coordinates and course", "Alignment on Global
Navigation Satellite System and course"

The general structure of the program is shown
in Figure 6.

Navigation
module Main_app

jiil®

Polling function
SLA and SAV

Polling function
GNSS

Navigation
problem solving
function

UART exchange
function

Figure 6 — Software structure of the navigation module
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SLA  and SAV  polling function
(stimChanByteRx) — a function for controlling
the STIM300 module. Provides initialization of
STIM300, reception of data of angular velocities
and linear accelerations and their return through
variables of the STIMParser (stim300_parser.h).

GNSS polling function (nt1058 A ByteRx,
nt1058 B ByteRx) — a function for controlling
the GNSS receiver module. Implements receiving

and returning data through the nav sol ¢
structure (ntlbinary parser.h).
Function for solving the navigation

problem (sinsUpdate) — provides the calculated data
through the nav_data_t structure (common_data.h).

UART exchange functions (navChanByteRx,
navChanTx) — a set of functions that implement
the information exchange protocol via the UART
interface (RS485).

The output is a navigation solution:

— latitude WGS-84;

— longitude WGS-84;

— height WGS-84;

—roll angle;

— pitch angle;

— heading angle;

—northern, eastern and vertical components
of velocities in the navigation coordinate system;

— longitudinal,  vertical and  transverse
components of free accelerations in a bound
coordinate system;

—longitudinal,  vertical and  transverse
components of angular velocities in the associated
coordinate system.

—the quaternion of transformation from the
associated coordinate system to the navigation one.

The output data is transmitted on request
via the RS485 interface, in accordance with the
communication protocol.

Conclusion

The proposed multispectral optical-electronic
system of technical vision based on an aviation gyro-
stabilized platform with two degrees of mobility
and a two-loop stabilization system provides stable
detection and tracking of objects at a distance of up
to 10000 m in the visible and infrared ranges of the
spectrum.

The tracking algorithm allows updating the
reference image, allowing you to continuously
observe the object from different angles and
distances. Partial overlap of the object (up to 50 %

of the area) is possible, as well as its short-term full
coverage with other objects.

An algorithm for the integration of a Global
Navigation Satellite System and a Strapdown Inertial
Navigation System based on the extended Kalman
filter has been developed, through which the errors
in determining the angular orientation, velocities
and coordinates are estimated. These estimates are
further used to correct the values of the corresponding
parameters in the algorithm of the Strapdown Inertial
Navigation System.

Specialized software has been developed in
the FreeRTOS environment, which provides the
calculation of a navigation solution (coordinates,
speed, orientation) based on data from the receiving
and measuring module of the Global Navigation
Satellite System and data from the 6-axis MEMS
sensor STIM300.
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Abstract

The widespread use of polyolefin foams in strategically important industries is due to their high thermal,
sound and vibration insulation properties. The aim of the work was to evaluate the non-uniformity of elastic
properties over the area of sheets of polyolefin foams of various types using the acoustic non-contact shadow
amplitude method of testing and confirmation by the structural analysis method.

The article presents the developed installation and a new method of non-contact acoustic testing
of sheets made of closed-cell polyolefin foams based on recording the amplitude of the pulse that passed
through the sheet and allowing to assess to the unevenness of its elastic properties during scanning. Studies
of uneven elastic properties were carried out on sheets of closed-cell polyolefin foams of the /[SOLON 500
and ISOLON 300 brands which differ in material and manufacturing technology (technique of cross-linking,
method and multiplicity of foaming).

It is shown that the absolute amplitude of the signal and its spread relative to the average value is affected
by the structure of the foam polyolefin material and its heterogeneity over the area of the studied sheet
determined by the production technology which is confirmed visually using microscopy.

Studies have shown the effect on the indications unevenness of the method of obtaining and the apparent
density of the material. It is shown that the most uneven elastic properties and structure belong to sheets
of polyolefin foam obtained by chemical cross-linking technology (the unevenness of A was 6.5 %). Among
the physically cross-linked sheets of polyolefin foam the most uniform in structure and elastic properties are
samples made of ethylene vinyl acetate with A = 3.8 %, as well as sheets with a high foaming rate (A = 3.9 %).
The unevenness of structure of the studied sheets of polyolefin foams was confirmed by optical microscopy
of sections in two mutually perpendicular directions.

Keywords: polyolefin foam, elastic properties, acoustic shadow method, unevenness, structure.
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OueHka HEPpABHOMEPHOCTH YIIPYTHMX CBOMCTB JIMCTOB
U3 3aKPBITOSTYECHCTHIX MEHONOJINO0Ie(PUHOB
AKyCTH4€CKHUM METOI0M

O.11. Bornaﬂl, J.B. 3.110614}[1, 0O.B. MypaBbeBal’z, C.M. MOJ]I/IHZ, A.B. II.HaTyHOB1

1 . . .
Hbicesckuii cocyoapcemeennulii mexuuueckuii yHusepcumem umenu M. T. Karawnuxosa,
va. Cmyoenueckas, 7, . Hocesck 426069, Poccus

2 . . . . .
Yomypmekuii pedepanvroiii uccreoosamenvckuii yenmp Ypanovckoco omoenenus Poccutickoii akademuu Hayx,
va. um. Tamovaner Bapamsunotl, 34, 2. Vcesck 426067, Poccus

Hocmynuna 19.12.2020
Hpunama k nevamu 17.02.2021

[upoxoe KCIoab30BaHUE IEHOMOIHONIESHUHOB B CTPATErHYESCKH BAYKHBIX OTPACIISIX MPOMBIILICHHOCTH
00yCJIOBJIEHO MX BEICOKUMH TEILIO-, 3BYKO- H BAOPOU30JSIIMOHHBIMU CBOMcTBaMH. Llenbio paboThl siBisIach
OLIEHKA HEPaBHOMEPHOCTH YIPYTUX CBOWCTB MO IUIOMIAAN JIMCTOB MEHOMOINOICPHHOB Pa3IMYHBIX THUIIOB
C MCIIOJIb30BAHUEM aKyCTHYECKOTO OECKOHTaKTHOTO TEHEBOTO aMIUIUTYAHOTO METOJa KOHTPOJS W TOA-
TBEP>KJIEHUEM METOJIOM CTPYKTYpPHOT'O aHaIM3a.

Pazpaboranbl ycTaHOBKA M HOBasi METOAMKA OECKOHTAKTHOTO aKyCTHYECKOI'0 KOHTPOJIS JIMCTOB M3 3a-
KPBITOSYCHUCTHIX MTEHONOINONC(UHOB, OCHOBAHHASI HA PErHCTPALlMH aMIUTUTYAbl UMITyJbCa, MPOILIEAIETO
CKBO3b JIMCT, M MO3BOJIAIONIAst OLIEHUTh HEPABHOMEPHOCTh €T0 YIPYTUX CBOMCTB B MPOIECCE CKAHUPOBAHMSL.
HccnenoBanns HepaBHOMEPHOCTH YIPYTUX CBOMCTB MPOBEAEHBI HAa JUCTAX M3 3aKPBITOSYEHUCTHIX MEHOIO-
moneduHoB Mapku ISOLON 500 u ISOLON 300, pa3nuuaromuecsi MaTepHaioM U TEXHOJIOTHEN U3rOTOBIIe-
HUS (CIOCO0 CHIMBKH, METOJ] M KPATHOCTH BCIICHUBAHUS).

[lokazaHo, yTO Ha aOCOJIOTHYIO aMIUIUTYAY CUTHala u e€ pa3dpoc OTHOCHUTENBHO CPEIHErO 3HAUCHUS
BJIMSICT CTPYKTypa Marepuaia neHonoanoaedruHa u e€ HeoAHOPOAHOCTD 10 IUIOIAJH UCCIIEAYEMOro JIHCTa,
orpejiensieMast TEXHOJIOTHEH IPOU3BOICTBA, YTO OATBEPKAECHO BU3YaIbHO C MCIOJIb30BaHHEM MUKPOCKOITHH.

HccnenoBanus mokasany BIMsSHUE HA HEPAaBHOMEPHOCTH MMOKa3aHUH cr1oco0a MmoTyueHHs U KaKyencs
TUIOTHOCTH MaTepuaia. [lokazaHo, 4To Hanbosee HepaBHOMEPHBIE YIIPYTrUe CBOWCTBA M CTPYKTYPY UMEIOT
JIMCTHI U3 ICHOTIOINOJIE(PUHOB, TTOJyUYEHHBIX 10 TEXHOJIOTUH XUMUYECKOW CIIMBKH (HEPaBHOMEPHOCTH A co-
craBuia 6,5 %). 3 pusnyecku CIIMTHIX JINCTOB MEHOMOINOIE(HUHOB HAM0OJIee PABHOMEPHBIMH 110 CTPYKTY-
pe ¥ yIpyruM CBOHCTBaM SIBJISIFOTCSL 00pas3iibl, U3TOTOBIICHHBIC U3 dTHIICHBHHMIaeTaTa ¢ A = 3,8 %, a Taxke
JICTBI C BBICOKOM KpaTHOCTBIO BerieHHBaHUs (A = 3,9 %). HepaBHOMEPHOCTH CTPYKTYpBI MCCIEIOBaHHBIX
JICTOB NIEHOTOJINOJIE()UHOB MOATBEPIKACHA ONTUYECKOH MUKPOCKOIHEH CPe30B B ABYX B3aUMHO MEPIICH U~
KYJISIDHBIX HallpaBJICHUSX.

KuroueBsble ci1oBa: IeHONONOJICHUH, YIIPYTHE CBOMCTBA, aKyCTUYECKHI TCHEBON METO/I, HEPAaBHOMEPHOCTD,
CTPYKTYpa.
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Introduction

Polyolefin foam is a cross-linked gas-filled
polymer material with a closed or open cellular
structure. Polyolefin foams are featured by low
values of density, thermal conductivity, water
absorption, vapor permeability, high chemical
resistance, flexibility and elasticity, sound-
absorbing properties, resistance to temperature and
mechanical influences, as well as environmental
safety. The non-uniformity of the elastic properties
of polyolefin foams can lead to the fact that the
latter will not meet the requirements of heat and
sound insulation and vibration damping which is
unacceptable for particularly important strategic
objects.

Technical requirements for the production of
polyolefin foams are defined by GOST R 56729-2015
(EN 14313: 2009)) which involves selective testing
of characteristics. The main methods of studying
the sound absorption of polyolefin foams are tests
in a reverberation chamber [1] (GOST 31704-2011
(EN ISO 354: 2003)) and tests in an impedance tube
with two or four microphones [2, 3]. None of the
methods regulated by the state standards allows us to
assess the uneven properties of the produced sheets
of polyethin foams.

Due to the fact that most of the characteristics
of polyethin foams are related to their mechanical
properties, the acoustic method of research is
the most physically justified since it uses elastic
vibrations of the same physical nature. Therefore
the study of the acoustic properties of polyolefin
foams is of particular interest to scientific schools.
Most studies of the acoustic properties of polyolefin
foams are limited to the study of sound absorption
under various conditions and its dependence on
porosity, apparent density, tortuosity of pores,
and radiation frequency [1-9]. A number of
studies [1-9] show the possibility of improving the
acoustic characteristics (sound absorption, sound
attenuation, and vibration damping property) by
optimizing the structure and synthetic formula with
various inorganic and organic fillers [3, 10—13].
The influence of porosity and tortuosity of pores on
the speed of sound, Poisson's ratio, elastic modu-
lus, and radiation frequencies is studied [14—17].

The questions of the uniformity of the
distribution of acoustic properties over the thickness
ofpolyolefin foams are evaluated using the simulation
of the macroscopic foaming process [18, 19]. There
is information about studies of the uneven acoustic

properties in gas pipeline metals, which characterize
the tendency to failure [20, 21].

The aim of the work was to evaluate the
non-uniformity of elastic properties over the area
of sheets of polyolefin foams of various types using
the acoustic non-contact shadow amplitude method
of testing and confirmation by the structural ana-
lysis method.

Materials and methods

The object of the study was sheets of polyolefin
foam, which is a hydrophobic polymer material
obtained by chemical or physical cross-linking.
Chemical cross-linking of polyolefin foam is
realized by appending chemicals into the material,
while the sheet has a rough surface and a closed
fine-pored structure (pore size < 1 mm). Physical (ra-
diation) cross-linking of polyolefin foam is realized
by irradiating the material with an electron beam,
while the sheet after processing has a smooth
surface and a closed microporous structure. The
pore size of polyolefin sheets depends on the
multiplicity of foaming K of the material, which
occurs in a special vertical or horizontal furnace
and determines the apparent density of the material
p (T12244-037-00203476-2012 Cross-linked polyethy-
lenes of the ISOLON 500 and ISOLON 300 brands):

p:E’

where N = 1000 kg/m’.

The greater the multiplicity of foaming, the
larger the size of the pores in the sheets of polyolefin
foam and the lower their apparent density.

Studies to assess the uneven properties of
polyolefin foam by the shadow acoustic method were
carried out on closed-cell samples of the ISOLON
brand, manufactured according to TI 2244-037-
00203476-2012 with dimensions of 180%150x4 mm.
The samples are made of polyethylene foam and
ethylene vinyl acetate obtained by different methods
(physically and chemically cross-linked, foamed in
a horizontal and vertical furnace). The properties of
the studied sheets of polyolefin foams are presented
in Table 1.

The estimation of the unevenness of the
samples of polyolefin foams is realized using the
contactless acoustic amplitude shadow transmission
method [22, 23], based on the registration of changes
in the amplitude of the acoustic signal that passed
through the sample.
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Table 1
Properties of the studied sheets of polyolefin foams
Grade Stock Typ.e of A methqd Thickness, F oaming Apparent X
cross-linking  of producing mm multiplicity K density p, kg/m

ISOLON 500 polyethylene  physically foamed on a 4 30 3
3004 AV W foam cross-linked  vertical furnace
ISOLON 500 polyethylene  physically foamed on a 4 10 100
1004 AV W foam cross-linked  vertical furnace
ISOLON 500 ethylene physically foamed on a 4 15 66
1504 SV W vinylacetate  cross-linked  vertical furnace

. foamed on
ISOLON 500 polyethylene  physically a horizontal 4 20 50
2004 AH B foam cross-linked

furnace

. foamed on
ISOLON 300 polyethylene  chemically a horizontal 4 20 50
2004 AH D foam cross-linked furnzace

The block diagram of the experimental setup
for the study of uneven sheets of foam is shown in
Figure 1. An electric pulse from the probing pulse
generator 1 is fed to the radiating acoustic converter 2.
The emitted acoustic wave passes through a sheet of
polyolefin foam (object of study 3) and is received
by an acoustic transducer 4, which converts it into
an electrical signal. The registered electrical pulse
enters the processing unit 5, in which it is amplified
and its amplitude is recorded using a peak detector,
the value of which is transmitted to the ADC of the
microcontroller 6. Data from the microcontroller is
transmitted to a personal computer 7, on the screen
of which the measurement results are displayed using
specialized software. Using a microcontroller 6,
powered by a personal computer 7, the probe pulse
generator 1 is also controlled.

A mandatory requirement is the use of identical
emitting 2 and receiving 4 acoustic transducers
located coaxially on opposite sides of the object
of study 3. To minimize the influence of acoustic
noise and interference on the measurement results,
to increase the accuracy and reliability of the
measurement, the object of study 3, emitting 2 and
receiving 4 acoustic transducers are acoustically
isolated using a sound-proof chamber 8.

Main characteristics of the
experimental setup:

— informative parameter-the amplitude of the
transmitted signal;

developed

— type of acoustic transducer-W-06A;

— operating frequency range: 7-15 kHz;

— applied voltage to the emitter — 20 V;

— amplification constant- not less than 40 dB;

— method of excitation-delta pulse;

— protection against air acoustic interference;

— installation power supply-from the USB port
of the main computer (+5 V);

—the distance between the emitter and the
receiver — 35 mm;

—the diameter of the acoustic transducer is
40 mm.

To assess the unevenness of the elastic
properties, a transverse-longitudinal scan of the sheet
surface is performed through transducers with a step
of 30 mm, with the exception of 15 mm at the edges
in order to avoid the appearance of an edge effect.

3 —

s -

N 5

Figure 1 — Block diagram of the experimental setup:
1 — probe pulse generator; 2 — emitting acoustic trans-
ducer; 3 — object of study; 4 —receiving acoustic trans-
ducer; 5—processing unit with amplifier and peak
detector; 6 —microcontroller; 7 —personal computer;
8 — sound insulation chamber

6
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The amplitude of the signal transmitted through
the sheet of polyolefin foam depends on the structure
and thickness of the object under study. In particular,
for porous materials, acoustic energy losses will be
affected by acoustic (elastic) properties (acoustic
impedance, density, sound absorption, sound velocity,
elastic modulus determined by the sheet structure —
foaming coefficient, porosity, pore tortuosity
coefficient, and other structural characteristics of
the material [22, 23]. In this case, a local change
in the elastic properties over the sample area leads
to fluctuations in the amplitude of the transmitted
signal during the scanning of the sheet. Thus, a local
increase in the density of a sheet of polyolefin foam
or a local decrease in the multiplicity of foaming
(uneven foaming) leads to a decrease in the amplitude
of the acoustic signal transmitted through the object
relative to the average value.

In the case of an inhomogeneous porous layer,
which includes a sheet of polyolefin foam, the
coefficient of passage of an acoustic wave through
the layer is more complex and can be described
taking into account the Biot-Frenkel equation, the
equation of the classical theory of elasticity for the
case of two-phase media [16].

In addition to evaluating the uniformity of
the properties of polyolefin foams, the developed
method and experimental setup can be used to detect
various defects in the production and operation of
sheets, such as dents, cuts, foreign inclusions, and
others [22].

Results and discussion

To assess the uniformity of the properties of
the sheets of polyolefin foam during production, the
amplitude of the transmitted signal through the object
of study was measured. The measurements were
carried out at 30 points over the area of the polyolefin
sheet in two directions along the sheet (direction
1-6) and across the sheet (direction [-V). Average
list penopoliuretana amplitudes of the transmitted
signal are presented in Table 2. It is seen that the
amplitude of the transmitted through the sheet signal
is influenced by the type of stitching and the apparent
sheet density at constant thickness of the sheet. For
physically cross-linked sheets of polyolefin foam, a
decrease in the amplitude of the transmitted signal
is observed with an increase in the apparent density.
Comparing sheets of polyolefin foam with the
same apparent density (50 kg/m®) obtained using
a different type of cross-linking that affects the

synthetic formula of the sample (physically cross-
linked ISOLON 500 2004 AH B and chemically cross-
linked ISOLON 300 2004 AH D), it can be concluded
that chemically cross-linked polyolefin foam is more
transparent to the acoustic wave, since it has a large
amplitude of the transmitted signal in contrast to the
physically cross-linked one, and therefore has worse
sound-absorbing properties.

Table 2

The value of the average amplitude of the
transmitted signal over a sheet of polyolefin foam

The average amplitude of

Grade the transmitted signal on
the sheet A4, relative unit

ISOLON 500 3004 AV W 655

ISOLON 500 1004 AV W 236

ISOLON 500 1504 SV W 280

ISOLON 500 2004 AH B 262

ISOLON 300 2004 AH D 406

In order to make a comparative assessment
of the degree of unevenness of the acoustic properties
of the samples of polyolefin foam in a wide range of
amplitudes, the measured values of the 4, amplitude
of the transmitted signal were normalized by the ave-
rage value of 4 for the studied sheet of polyolefin foam:

The results of scanning the studied sheets of
polyolefin foam are presented in Figure 2 in the form
of surfaces with isolines corresponding to a certain
percentage of deviation from the average values.
It can be seen that the most uneven in its pro-
perties is the sheet of ISOLON 3002004 AH D
foam (Figure 2e) (chemically cross-linked foam, foa-
med on a horizontal furnace), for which the deviation
of the normalized amplitude from the average value
of the signal transmitted through the sheet reaches
A=+6.5%. In this case, the greatest deviation is
observed along line I along the entire sheet (direction
1-6), as well as along line 5 in positions I1I-V.

The smallest deviation from the uniformity
of pro-perties is observed in the samples
ISOLON 500 3004 AV W (Figure 2a) A=+3.9%
(physically cross-linked foam, foamed on a vertical
furnace), for which the value of A=+3.9% and
ISOLON 500 1504 SV W (Figure 2¢) (ethylene vi-
nyl acetate physically cross-linked, foamed on a
vertical furnace, for which A=+3.8 %.
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A=139%

A=+6.5%

A=%4.9%

u 1.040-1.060
m1.020-1.040
u1.000-1.020

0.980-1.000

0.960-0.980
m0.940-0.960
m 0.920-0.940

Figure 2 — Surfaces, describing the distribution of the normalized signal amplitude over the area of a sheet of polyolefin
foam: a — ISOLON 500 3004 AV W, b — ISOLON 500 1004 AV H; ¢ — ISOLON 500 1504 SVJ; d — ISOLON 500 2004 4,B;

e —1SOLON 300 2004 AH D

Comparing  the  results of  samples
ISOLON 500 AV 3004 W (Figure 2a) and
ISOLON 500 1004 AV W (Figure 2b), made of foam
on one technology, but a different rate of expansion,
and, consequently, the apparent density (Table 1),
we can conclude that the increase in the multiplicity
of foaming leads to a reduction in inequality
in the worksheet, which made for a sample of
ISOLON 500 AV3004 W  A=+39%, and for
ISOLON 500 1004 AV A=+4.9%. This is due to
the fact that at small values of the multiplicity of
foaming, the spread of pore sizes in the sample is
greater than at a large multiplicity of foaming.

The studied samples ISOLON 500 2004 AH B
(Figure 2d) and ISOLON 300 2004 AH D (Fi-

gure 2¢) are made of polyethylene foam foamed
in a horizontal furnace, have the same foaming
multiplicity of 20 and the same apparent density
of 50kg/m’> (Table1l), but were produced
using  different  cross-linking  technologies
(ISOLON 500 2004 AH B — physically cross-lin-
ked, ISOLON 300 2004 AH D — chemically cross-
linked). All other things being equal, the chemical
cross-linking of the polyethylene foam leads to an
unevenness across the sheet of A=+6.5 %, while the
physical cross-linking leads to A ==+4.7 %.

To confirm the uneven foaming of the sheets of
polyolefin foams, the structure was photographed
using an Altami MET 1M metallographic microscope
with a WF10X/22 mm eyepiece and a planachromatic
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lens at infinity PL L 5X/0.12 with an increase ISOLON 500 1004 AV W, ISOLON 500 1504 SV W,

of 50x and an operating distance of 26.10 mm with  yellow light filter for samples
the following shooting parameters: the method of ISOLON 500 2004 AH B,ISOLON 300 2004 AH D),
contrast in reflected light-polarization (polarized image resolution — 1024x822. Photos of the

light), illumination — bar with light filter (blue structure of the sheets of polyolefin foams are
light filter for samples ISOLON 500 3004 AV W, shown in Figure 3.
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Figure 3 — Image of the structure of polyolefin foam sheets: @ — ISOLON 500 3004 AV W; b — ISOLON 500 1004 AV W,
¢ —ISOLON 500 1504 SV W; d — ISOLON 500 2004 AH B; e — ISOLON 300 2004 AH D
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The study of the structure of the samples was
carried out on sections which was made along the
thickness of the sheet in two directions: along the sheet
(direction 1-6) and across the sheet (direction I-V),
while the direction of sounding of the sheet along the
thickness is shown by an arrow. In all the samples
studied, there is a clear orientation of the porous cells in
the direction 1-6 along the sheet, which coincides with
the direction of the rolled product during the foaming
process. In this direction, the pores have an elongated
shape, and the intercellular space conditionally has the
form of channels, which contributes to better sound
transmission along the sheet. In the direction -V
across the sheet, on the contrary, the porous cells have
amore rounded appearance and sound transmission in
this direction is difficult due to the absence of obvious
channels in the intercellular space, which is typical
for all the samples under study.

Analysis of the structure of the studied samples
of polyolefin sheets in the direction of sounding
(vertical image) shows that the size of the porous
cells in the thickness of the sheet may differ several
times for all samples. For sheets with minimal
values of nonuniformity of amplitudes across the
sheet A ==+4% (ISOLON 500 3004 AV (Figure 2a)
and ISOLON 500 1504 SV W (Figure 2c¢)), it can be
seen that the inter-cell space has a minimal spread
in thickness. At the same time, the difference in
the thickness of the space between the porous cells
increases with an increase in the unevenness of
the amplitudes along the sheet A. For example, for
the sample ISOLON 500 1004 AV W (Figure 2b),
it can be seen that the intercellular space around a
small pore is thicker than near a large pore, this is
due to the low value of the foaming multiplicity, as
a result of which the pore growth did not have time
to develop evenly over the entire thickness. For the
samples ISOLON 5002004 AH B (Figure 2d) and
ISOLON 300 2004 AH D (Figure 2e), an increase in
the difference in the thickness of the inter-cell space is
also observed, especially for chemically cross-linked
foamed polyethylene foam in a horizontal furnace.

Conclusion

A method and a device for assessing the uneven
distribution of elastic properties of polyolefin sheets
by the acoustic amplitude-shadow non-contact
method have been developed.

It is shown that the absolute signal amplitude and
its spread relative to the average value are affected

by the structure of the polyolefin foam material and
its heterogeneity over the area of the studied sheet,
which is confirmed visually using microscopy.
Studies have shown the effect on the unevenness of
the indications of the method of production and the
apparent density of the material. Based on the results
obtained, it can be concluded that it is inappropriate
to use chemically cross-linked sheets of polyolefin
foam for strategically important areas of industry
due to the large heterogeneity of properties, which
can cause negative consequences. The lowest
indicators of unevenness of the structure and elastic
properties are the sheets of polyolefin foam obtained
by physical cross-linking from a material of ethylene
vinyl acetate with a low apparent density, and,
consequently, a high foaming coefficient.

The developed method is quite simple to
implement, has high reliability and reproducibility,
and can be used not only to assess the unevenness
of elastic properties, but also to detect various types
of defects, including in production conditions,
in order to prevent areas of the sheet with defects and
a high degree of heterogeneity for further use.
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Abstract

The correlation method of the coolant flow measuring is widely used in research practice including
for studying of turbulent coolant flows in scale models of elements of nuclear power plants. The aim of this
work was to develop a technique for assessing the effect of noise recorded by a measuring system on the flow
rate readings obtained using the correlation method.

A technique to assess the effect of noise as well as the relative position and acquisition period of sensors
is presented. An insignificant concentration of a salt solution (NaCl or Na,SO,) is used as a passive impurity
which creates a conductivity gradient of the medium recorded by a conductometric system. Turbulent
pulsations at the interface between two concurrent isokinetic flows in a channel with a square cross section
are used as the signal source for the correlational algorithm.

Paper presents the values of the turbulence's transport time between spatial conductometers,
the results of estimating the spectral power density and band of the recorded signal and also the signal-
to-noise ratios of the measuring system obtained on their basis which are subsequently used to estimate
the confidence interval of the transport time.

As a result of measurements the relationship between the confidence interval value and the
signal length were obtained. The measurements which were carried out at different relative positions
of conductometers make it possible to make a conclusion about an increase in the spectral width
of the signal and, as a consequence, a decrease in the length of the confidence interval with increasing
of distance between sensors.

The presented work is an approbation of this approach for its application as part of an experimental
model of a nuclear reactor in order to determine per-channel flow rates in the channels of the core simulator
using mesh conductometric sensors taking into account the effect of noise.

Keywords: spatial conductometry, wire mesh sensor, modeling of processes in the elements of nuclear
power units.
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Pa3zpaborka u anpodanust METOAUKU OLIEHKU TOYHOCTH
KOPPEJSIIIMOHHOI0 ONpe/ie/IeHUsI CKOPOCTH MOTOKA
TENJIOHOCHUTEJISI IIPU UCCIIeIOBAHUAX T'HAPOAUHAMUKHI
TYpPOYJIEHTHBIX IIOTOKOB B 3JIEMEHTAX SIJICPHbIX PEaAKTOPOB

N.A. KonoBanos, A.A. UecHokoB, A.A. bapunos, C.M. Imutpuen, A.E. Xpo6ocTos,
M.A. Jleruanos, C.C. bopoaun, M.A. MakapoB

Huoicecopodckuii eocyoapcmeennviil mexuuueckuil ynusepcumem umenu P.E. Anexceesa,
ya. Mununa, 24, 2. Huocnuu Hoseopoo 603950, Poccus

Hocmynuna 27.01.2021
Hpunama k neuamu 01.03.2021

KoppenaunoHHblil METOA U3MEPEHHUs pacxo/ia TEIUIOHOCUTENS HaXOAUT IIUPOKOe NPUMEHEHHUE B UCCIIE0Ba-
TEJIECKOU MTPAKTUKE, B TOM YUCIIC AJISl U3YUCHUS TYPOYICHTHBIX MOTOKOB TETIJIOHOCHTEINS B MACIITAOHBIX MOJICIISX
AIIEMEHTOB SIIEPHBIX YHEPIeTUIECKUX YCTAHOBOK. Llenbio TaHHOM paboTHI SBISLIACH OTPAOOTKA METOAUKH OLICH-
KH BJIMSHUS IIIyMa, PETUCTPUPYEMOTO U3MEPUTEIBHOI CUCTEMOM, Ha MTOKAa3aHUS CKOPOCTU MOTOKA, TOJTyUCHHBIE
C IPUMEHEHUEM KOPPEJSLIMOHHOIO METO/1a.

[IpencraBieHa METOANKA OIEHKH BIUSHUS IIIyMa, a TAKXKE B3aMMHOTO PACIIONOKEHHS M MEPHO/ia OTpoca dyB-
CTBUTEJIbHBIX 3JIEMEHTOB Ha OCHOBE KOHIYKTOMETPUYECKOM M3MEPUTENIbHOM CHCTEMBI: NMPOCTPAHCTBEHHBIX KOH-
JTYKTOMETPOB ceTyaToi KOHCTpyKImHU. HesHaunrtensHas xoHmeHTparws pactsopa conu (NaCl wmm Na,SO,) uc-
M0JIb3YeTCs B KaUeCTBE MaCCUBHON MPUMECH, CO3JAt0ILEeil rpalueHT MPOBOAMMOCTH CPE/lbl, PETMCTPUPYEMbI KOH-
JlyKTOMETPUYECKOW CUCTEMOH. B kadecTBe mepeHOCHMMBIX BO3MYIIEHHI B paboTe UCMONB3YHOTCS TYpOYJICHTHBIC
MyJbCAllMK Ha FPpaHMLE pa3/iesia AByX CIIyTHBIX CTPYH C OMMHAKOBBIMH CKOPOCTSMH B KaHaJIe KBaJJPATHOTO CEUEHUSL.

[IpencraBneHbI 3HaUEHHSI BPEMEHU TPAHCIIOPTA TYpOYJICHTHOCTH MEXTy IPOCTPAHCTBCHHBIMU KOHTyKTOME-
TpaMmH, pe3yJIbTaThl OLIEHKHU CIIEKTPAIbHON IUIOTHOCTH MOLIHOCTH M IIMPHUHBI PETUCTPUPYEMOr0 CUTHAJIA, a TAKXKe
MOJTy4EHHbIC HAa UX OCHOBE OTHOIICHHS CUTHAJI-IITYM U3MEPUTEIbHON CHCTEMBI, B TAIbHCHIIIEM HCIIOTb30BaHHBIC
JUTSL OLIGHKH JIOBEPUTEIBHOIO MHTEPBaJia BpEMEHH TPAHCIIOPTA.

B pesynbTate u3mMepeHnii Moxy4eHsl 3aBUCHMOCTH BETMYHHBI JOBEPUTEILHOTO HHTEPBAIa OT BPEMEHHU PETH-
CTpaLMy OKa3aHUN MPOCTPAHCTBEHHBIX KOHAYKTOMETPOB. MI3MepeHus, NpoBeEHHbIE IIPU Pa3INYHOM B3aUMHOM
PAacIoNOKEHUH KOHAYKTOMETPOB, MO3BOJIIOT CAENATh 0OOOMIAIONINI BBIBOJ O POCTE CIEKTPATbHOW IIHPHHEI
CUTHaJa U, KaK CJIEJCTBHE 3TOr0, yMEHbILIEHHE JJIMHbBI JOBEPUTEIBHOTO HHTEPBAJIA C YBEIMYECHUEM PACCTOSHUS
MEXKIY JTaTIYNKaMH.

[Ipencraiennas paboTa sSBIIETCS anpodanneil JaHHOTO TTOAX0Aa IS €0 IPUMEHEHHS B COCTABE IKCIIEPH-
MEHTAJIILHON MOJIETH SIAEPHOTO PEaKTOpa C IEIbI0 OMPEACICHHUS OKAHATBHBIX PACXOA0B B KaHAJIAX UMHUTATOPA
AKTUBHOM 30HBI IIPU MOMOILIM CETYATBIX KOHIYKTOMETPUUYECKUX JaTYUKOB C YUETOM BIMSAHUS LIyMa, PETUCTPH-
PYEMOro U3MepHUTEIbHON CUCTEMOH.

KJ'IIO‘-IeBBIe cJioBa: HpOCTpaHCTBeHHaSI KOH}IyKTOMeTpI/IH, CCTanI)II;'I JAaTYHK, KOHIIyKTOMeTpI/ILIeCKI/Iﬁ JaTYHUK,
MOJIETTMPOBAHKE TTpoLieccoB B SDY.
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Introduction
Nowadays special attention is paid to
experimental studies of the hydrodynamic

characteristics of the coolant flow in scale models of
elements of nuclear power plants which are aimed
at validating the computational models necessary to
substantiate the reliability and safety of structures [1].
The question about the control of the indicators of
the coolant flow rate in the elements under study
when carrying out such experiments is often arised.

At the moment the correlation method for
measuring the flow rate of a coolant is widely known
the main requirement of which is the presence of
a certain passive scalar flow function convectively
transferred along with the flowing medium. It allows
one to implement correlation measurements using
various methods for measuring the properties of the
flow: temperature, content of radioactive isotopes,
optically distinguishable impurities, etc. [2-3].
This approach assumes determination of the transit
time of the disturbance of the measured quantity
(the so-called turbulence transport time) between
the sensitive elements of the system which are
located at some distance from each other.

The paper [4] presents a method of using a
conductometric measuring system for the correlation
determination of the flow velocity [5—7] based on
the determination of the cross-correlation function
maximum as the time of turbulence transport
between sensors. To improve the measurement
accuracy and reduce the influence of the most intense
pickups a digital low-pass filter was used in the
specified work [4] when processing the measuring
signal [8]. However the question about assessing the
contribution of the "noise" passed by the low-pass
filter to the relative error in determining the position
of the cross-correlation function maximum remains
open.

This problem directly affects the measuring
accuracy of the coolant flow rate in the elements of
nuclear power plants therefore in the case of research
facilities it can have a significant impact on results
of experimental data processing which are used to
substantiate the reliability and safety of the structures
under study.

In correlation measurements of the flow
velocity the duration of the realization is very
important according to which the cross-correlation
function is calculated. Therefore the question
about the methodology for choosing of the optimal
sampling rate of measuring elements (in this case
conductometric sensors) arises, which would

satisfy the conditions for maintaining an acceptable
measurement accuracy at the maximum sampling
rate of readings.

From the above it follows that the purpose of this
work was to determine the confidence interval when
finding the turbulence transport time between the
measuring elements and to estimate the dependence
of the confidence interval length on the recording
period of the flow rate readings.

Test facility

The general layout of the stand (Figure 1)
assumes the organization of an experimental regime
with isothermal mixing in an open circulation loop
(for studies flows with different concentrations of
impurities were used) and non-isothermal mixing
when flows with different temperatures were used.

The equipment of the stand makes it possible to
create both laminar and turbulent flow regimes (with
Re up to 20-10%) at different temperatures, flow rates
and tracer concentrations in the coolant flow. The main
parameters of the test facility are shown in Table 1.

Table 1
Parameters of the test facility
Parameter Value
Total heaters power, kW 12
Flow through test model, m*/hr to 2.1
Temperature of the mixing flows, °C 10-60

Experiments

Measurements were carried out in a test model
with a square cross section of 50x50 mm?’, the
general view of which is shown in Figure 2. The
model repeats in general details of the test model
geometry from [9]. Wire mesh sensors (WMS) were
installed in a zone of intense mixing at different
distances from each other.

Measurements were carried out in the flow range
up to 2.1 m*/h (Re = 20-10%).

The main parameters of the experimental modes
are presented in Table 2.

For each mode "non-contrast measurements"
were made in which there was no impurity tracer in
the mixed flows creating a gradient of the medium
conductivity. In this case reading signals’ fluctua-
tions of the mesh sensors were determined only by
the noises recorded by the measuring system. These
measurements were used to estimate the noise level
and to determine the signal-to-noise ratio.
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— hot line

— cold line

R entry section

— supply pump

drainage line

X

A\

Figure 1 — Hydraulic diagram of the test facility: 1 — hot line circulation pump; 2 — hot line supply pump; 3 — cold line
circulation pump; 4 — cold line supply pump; T1 — cold tank; T2 — hot tank; DT — drainage tank; TM — test model

Wire mesh sensor 2

Wire mesh sensor 1

100 100 100 100 100
<
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Flow 1 ; - % wacwalia aracewaa f %553@%4”5,};;7 ‘
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N : o 35D T G
20 590 O I 600 L 500 |40] |16
1875
Figure 2 — Test model
Table 2
Main parameters of the experimental modes
. . Distance
Temperature Conductivity Conductivity between wire Duration
Re-10° of the mixing of salty flow, of bulk flow, S
o mesh sensors, of realization, s
flows, °C uS/cm uS/cm mm

45.0 1302.0 1030.0 640 120
20 449 1335.0 1045.0 440 120
449 1311.0 1029.5 240 120
44.7 1318.0 1029.0 40 120
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Measurements of the coolant velocities in the
cells of the wire mesh sensors were carried out in
accordance with the procedure described in [4]. The
accepted cell numbering is shown on Figure 3.

DO®1EIEIANEE)
(2)10(132039@E06Y
GH19EIEI@IGDEY
%@

2028(0@49(52/60
13212967@363/6D
(6142260384046
(D19636DEI@EIE)
(8)16)24/32/@0 485664

Figure 3 — Cells layout of wire mesh sensors

The experimental data are instantaneous and
averaged conductivity fields, mode parameters,
and averaged values of flow velocities in the model
obtained by the correlation method.

Method of experimental data processing

In accordance with the method described
in [10] estimation of the confidence interval for the
turbulence transport time estimate between sensors is
reduced to the determination of the normalized root-
mean-square error of the cross-correlation function
which for the frequency-limited "white noise" has
the form [11]:

82[R<“,(t)]=ﬁ(2+(M/S)+(N/S)+(M/S)(N/S)), (1)

where: R, (1) — the value of the mutual correlation
function at the moment of time t; 7 — duration of
realization, s; B — spectral width of white noise, Hz;
MJS, NIS — the signal-to-noise ratio of the first and
second WMS, respectively.

Assuming that the measurement signal S(¢) can
be considered as frequency-limited "white noise"
from expression (1) we obtain:

2[R, (1)]= ﬁ(z +(S/M)+(S/N)+(S/M)S/N)). (2)

In this case, the band of the measurement signal
B can be defined as the frequency interval containing
95 % of the energy of the signal under investigation.
The definition of B was made based on the analysis

of the energy spectrum of the conductivity pulsations
in the mixing zone obtained by the method of the
modified Welch’s periodogram using the expression:

B
0.95-W = [ P(f)-df, 3)
0
where: W —the power carried by the signal in the
entire considered frequency range, W; P(f)— the
function of the spectral power density, W-s;
f—frequency of pulsations of electrical conducti-
vity in the measuring area, Hz.

The signal-to-noise ratio (Figure4) was
estimated individually for each sensor as the average
quotient of spectral densities of the noise and signal
in the band range B:

SU).
M(f)

where: S(f), M(f) - the functions of the spectral
power density for contrast (signal) and non-contrast
(noise) mixing, respectively, W-s; f— frequency of
pulsations of specific electrical conductivity in the
measuring area, Hz.

1 B
SIM=—- d 4)
M=z Ly 4

0' : — Signal
10" : --B (23.56 Hz)
f ! Noise

2 107 :

2107 .

a t i

ST '

10+ ' -
_15! '

10 ‘ _— ‘
102 10" 10 100 102 100 10t

Frequency, Hz

Figure 4 — Summary chart of power spectrum densi-
ty (PSD) during "contrast mixing" (signal) and "non-
contrast" mixing (noise) in cell 28 for experiment with
Re =20-10° (distance between WMS 240 mm)

Finally, the 95% confidence interval in
determining of the position of the maximum
of the cross-correlation function was determined
based on the expression:

[_2 ’ Gi(r ) < Tmax <2 Gi(Tmax )]’

)
where: 7., —the time shift corresponding to the
position of the maximum of the mutual correlation
function (turbulence transport time), s; ©,(T,.) —
the variance of the normalized root-mean-square

error, defined as:
Gi (Tmax ) = (82 [R_xy (Tmax )])1/4 .

max

(6)
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Analysis of results

As a result of processing the experimental data
in accordance with the method described above,
the cross-correlation functions of the realizations
of the first and second WMS were obtained,
the averaged values of the flow rates in the measu-

ring cells of the sensors were obtained, and the
confidence interval was evaluated when determi-
ning the position of the maximum of the cross-
correlation function. Figure 5 shows the graphs of
the cross-correlation function with the designated
confidence intervals for the mode Re=20-10 at
various distances between the sensors.

Relative conductivity in cell 28 L =40 mm

100 T I
—WMS 1
—WMS 2
0 - |
_100 1 1 L 1 1 1 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
. Correlation in cell 28 L =40 mm
T T T T T
0.5 1
(U | :: | | e ——
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time, s
- Relative conductivity in cell 28 L =640 mm
T T
50
0
-50 ‘
0 0.5 1 1.5 2 2.5

Correlation in cell 28 L = 640 mm

1 L u

-0.1 ! :
0.5 1

1.5 2.5

Time, s

Figure 5 — Normalized electrical conductivities and cross-correlation functions in test with Re = 20-10* with different

distances between wire mesh sensors for cell 28

Graphs show that with an increase of the dis-
tance between the measuring planes of the wire mesh
sensor from 40 mm to 640 mm (approximately equal
to the scale of the main energy-carrying vortices) a
significant decrease in the level of signal correlation
is observed.

Numerical estimates of the deviations in
determining the position of the function maximum
were obtained, as well as the variance of the
normalized mean square error of the maximum
position. Also average values of the measuring

signal band and data on the average flow rate were
obtained. The results are recorded in Table 3.

Studies of dependence of the confidence
interval length on the duration of realization were
carried out on the basis of dividing the initial
signal realization (duration 120 s) into windows
with durations ranging from 1 to 120 s (120 and
1 window, respectively). Further, in accordance
with the technique (1)—(6), the confidence interval
of the cross-correlation function maximum position
was estimated for each window.
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The results of the experimental data processing
for the mode with Re = 20-10° at a distance between
the WMS of 40 mm are shown in Figure 6 as
the dependence of the absolute interval length on the
interrogation period of the WMS.

S

o
=)
]
]

Confidence interval length,

20 40 60 80 100 120
Discretization time of wire mesh sensor, s

140

Figure 6 — Dependence of confidence interval on
discretization time (time window) of wire mesh sensors

The graph shows the exponential dependence
of the confidence interval length and consequently,
the measurement accuracy on the duration of the
realization (time window).

The dispersion of 1, values was taken as a
criterion for stability of determining of the cross-
correlation function maximum position for each
window within one realization (Figure 7).

Dispersion T
m

20 40 60 80 100 120
Discretization time of wire mesh sensor, s

0 140

Figure 7 — Dispersions of turbulence transport time per
discretization time (time window) of wire mesh sensors

The graph shows that the variance values do not
exceed 107 s This indicates that the readings of
the first and second wire mesh sensors are correlated
along all the considered window lengths.

Conclusion

The experimental data analysis made it possible
to estimate the confidence interval of the cross-
correlation function maximum position for the
correlation method of measuring of the flow rate of
the coolant turbulence transport time based on the

correlation methodlogy. The obtained value of the
relative deviation in determining of the turbulence
transport time between the measuring planes of the
mesh sensors indicates a low contribution of the
"noise" recorded by the conductometric measuring
system to the signal under study.

A decrease in the distance between the sensors
allows one to obtain a higher value of the correlation
coefficient which, in turn, can affect the accuracy of
determining of the position of the cross-correlation
function maximum when measuring the flow velocity
with a low degree of turbulence. However, this
entails an increase in the relative error in the study of
high-speed flows due to decrease in the total time of
turbulence transport between mesh conductometric
Sensors.

The results of the work can be used to determine
the optimal relative position and interrogation period
of sensors designed to register changes in time of a
certain scalar quantity (temperature, concentration,
radioactivity, etc.) when using sensors to determine
the flow rate by the correlation method of measuring
the speed for correlation flow rate methodology.
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Abstract

The aim of the work was a multivariate calibration of the concentration of unrefined sunflower oil,
considered as adulteration, in a mixture with flaxseed oil. The relevance of the study is due to the need
to develop a simple and effective method for detecting the falsification of flaxseed oil which is superior
in the content of essential polyunsaturated fatty acids to olive oil. A few works only are devoted to identi-
fying adulteration of flaxseed oil, unlike olive oil.

Multivariate calibration carried out using a model based on the principal component analysis, cluster
analysis and projection to latent structures of absorbance spectra in UV, visible and near IR ranges. Calibra-
tion uses three methods for spectral variables selection: the successive projections algorithm, the method
of searching combination moving window, and method for ranking variables by correlation coefficient.

The application of the successive projections algorithm, ranking variables by correlation coefficient
and searching combination moving window makes it possible to reduce the value of the root mean square
error of prediction from 0.63 % for wideband projection to latent structures to 0.46 %, 0.50 %, and 0.03 %,

respectively.

The developed method of multivariate calibration by projection to latent structures of absorbance spectra
in UV, visible and near IR ranges using the spectral variables selection by searching combination moving
window is a simple and effective method of detecting adulteration of flaxseed oil.

Keywords: spectral analysis, principal component analysis, projection to latent structures, spectral

variables selection.
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Bb100p nepemMeHHbIX B YIbTPadu0/1eTOBOM, BUAUMOM
U OJIMKHEeM HH(PPAKPACHOM AMANA30HAX

JJIS KAJIMOPOBKH CMECH PACTUTEIbHBIX MaceJl

10 CIIEKTPAM ONTHYECKOU MJIOTHOCTH

M.A. Xoxacesny, /I.A. BopuceBn4

Huemumym guszuxu umenu b.1. Cmenanosa Hayuonanrwnou akademuu nayk Berapycu,

np-m Hezasucumocmu, 68, 2. Munck 220072, Berapyco

Hocmynuna 29.01.2020
Hpunama k newamu 01.03.2021

LICJ'ILIO pa60T1>1 SABJIAJIaCb MHOTOIIapaMeTpuiCCKasn KaJ'II/I6pOBKa KOHICHTpAanuu HCpa(i)I/IHI/IpOBaHHOFO

MOJICOTHEYHOT'0 Maciia, pacCMaTpuBaeMoro B kauecTBe (ajbcudukaTa IbHIHOTO Macia. AKTyaIbHOCTb UC-
cienoBaHus 00ycIoBIeHa HEOOXOAUMOCTBIO pa3padOTKU MPOCTOro M 3PPEKTUBHOTO METOAa OOHAPYKEHHUS
¢anscuduKanny JbHIHOTO Macia, MPEBOCXOSIIETO IO CONEPKAHNIO HE3aMEHUMBIX MOJMHEHACHIILICHHBIX
JKUPHBIX KHCJIOT OJMBKOBOE MAciio, BBISIBICHHUIO MOJACIOK KOTOPOro B OTJIMYKE OT JIBHSIHOTO MOCBSIICHO
00JIBIIIOE KOJMYECTBO PadoT.

MHoronapaMeTprieckas KaTuOpoBKa MPOBOAMIACH C IIOMOIIBIO MOJEH, OCHOBAaHHOM Ha METO/IE TJIaB-
HBIX KOMIIOHEHT, KIIaCTEPHOM aHaIN3€ U MPOCKLINHU Ha JaTEHTHBIE CTPYKTYPBI CHEKTPOB ONTHYECKOM ILIOT-
HocTH B Y®-, BuanMom u OnmmxkaeM MK nuanazonax ¢ mpuMEHEHHEM TPeX METOAOB BBIOOPA CIIEKTPaIbHBIX
MEPEMEHHBIX: METO/a MOCIIeI0BATEIILHOIO MPOCUUPOBAHUS, METOJa MTOMCKa KOMOMHALIMU CIOBUTAIOIINXCS
OKOH M METO/1a PAaH)KUPOBAHMS IEPEMEHHBIX 10 KO3()(HUIIMEHTY KOpPEISILUH.

[TokaszaHo, 4TO IPUMEHEHHE METOJIOB MOCIEAOBATEIHLHOTO MPOCIMPOBAHUS, PAHKHUPOBAHUS MIEPEMEH-
HBIX 110 KOA(QQHUINUEHTY KOPPEJSLIUH U IOMCKAa KOMOMHAIIMN CABUTAIOLINXCS CIIEKTPATBbHBIX OKOH MO3BOJISI-
€T YMEHBILINTh BEIMYMHY CPETHEKBAIPATUIHOTO OTKIOHEHHS KamuOpoBKH ¢ 0,63 % 11t MIMPOKOMOIOCHON
MIPOEKLINHU Ha JaTeHTHbIE CTPYKTYpHI 10 0,46 %, 0,50 % u 0,03 %, cOOTBETCTBEHHO.

Pa3paOoTaHHbBI METOA MHOTONApaMeTPUUYECKOM KaIMOPOBKH C MOMOMIBIO MPOCKIMU HA JIATCHTHBIC
CTPYKTYPBI CIIEKTPOB ONTHYECKON IIOTHOCTU B Y @-, BuanMoM u OmmxaeM UK nuanazonax ¢ npuMeHeHHeM
BBIOOpA CIIEKTPAIBbHBIX IEPEMEHHBIX Iy TEM IMOMCKa KOMOMHAIIMN CABUTAIOIIUXCS OKOH SIBJISIETCS] IPOCTHIM U
3¢ PEKTUBHBIM CPEACTBOM OOHApYX EHUS Paabcu()UKALMH JIbHSIHOTO Maca.

KuroueBsble ci1oBa: crieKTpajabHBIN aHAJIN3, METO/I IIaBHBIX KOMIIOHEHT, TPOEKIUS Ha JJATEHTHBIE CTPYKTYPHI,
BBIOOP CIIEKTPATBHBIX [IEPEMEHHBIX.
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Introduction

Food adulteration is a serious problem around
the world. Products of animal and vegetable
origin with a high content of fat are most subject
to falsification. Meat, fish, oils, dairy products,
etc. account for almost 68 % of adulterated food
products [1]. Vegetable oil is one of the most
widely demanded foods. Olive oil, which is wrongly
considered the most beneficial for human health,
is the most often adulterated vegetable oil. A large
number of studies are devoted to the detection of
falsification of olive oil using optical spectroscopy
methods such as fluorescence and UV and visible
spectroscopy [2], Raman spectroscopy [3], combi-
nation of near and mid IR spectroscopy [4], etc. But
olive oil is inferior to flaxseed oil in the content of
essential polyunsaturated fatty acids, among which
the content of alpha-linolenic (omega-3) acid can
reach 64 %. Only a small amount of studies has
been focused on detecting flaxseed oil adulteration.
For example, Fourier spectroscopy was used to
detect the falsification of flaxseed oil with olive
oil [5] and mid-IR spectroscopy was used to detect
the adulteration of flaxseed oil by soybean and
sunflower oils [6].

Earlier [7], we carried out a multivariate
calibration of the concentration of unrefined
sunflower oil, considered as adulteration, in a
mixture with flaxseed oil using a model based on
the principal component analysis (PCA) [8], cluster
analysis and projection to latent structures (PLS) [9]
of absorbance spectra in UV, visible and near IR
ranges. To further reduce the root mean square error
of prediction (RMSE,), in this work we compared
three methods for spectral variables selection: the
Successive Projections Algorithm (SPA) [10], the
searching combination moving window interval
PLS (scmwiPLS) and the method using correlation
coefficients ranging [11].

The objects of the study were specially prepared
samples of binary mixtures of unrefined sunflower
and flaxseed oils with a percentage from 0 to 100 %.
Absorbance spectra were measured on a Shimadzu
UV-3101PC spectrophotometer with a step of
I nm in two ranges: from 335 to 690 nm and from
1130 to 2200 nm with a slit width of 1 nm and
3 nm, respectively. The interval 1698-1766 nm,
corresponding to the first overtone of the C—H
vibrations of the -CH,— group [12, 13], is very noisy,
therefore, it was not taken into account in further
consideration.

Spectra processing and multivariate
calibration

Before applying the PCA method, it is
necessary to form a rectangular matrix of spectra
of the studied samples. In this matrix rows are
samples, columns are spectral variables. According
to the dependence of the total explained variance
of the spectral data on the number of principal
components, it was determined that 99.7 % of the
total variance is described by the first principal
component. Using the linear approximation of the
scores to the first principal component, samples that
deviate significantly from the general dependence
are identified as outliers. These samples correspond
to 10 %, 25 %, 30 %, 60 %, 65 %, 70 % and
72.5 % concentrations of sunflower oil and were
removed from further consideration.

To create the PLS model, the remaining samples
were divided into training sampling and test one by
the hierarchical cluster analysis in the Euclidean
space of the first principal component of absorbance
spectra. For a planned experiment, this method
gives smaller values of RMSE,; [14] compared to
uniform partitioning by a calibrated parameter or
the frequently used Kennard—Stone algorithm [15].
The values of scores to the first principal component
were aggregated to 6 clusters. 6 spectra with scores
that were closest to the centers of the clusters
were selected to the test sampling. The remaining
18 samples constituted the training sampling. Thus,
75 % of the samples are used to build the model and
25 % to validate it.

After the stage of dividing the samples into
training and test samplings, one can proceed to
calibrating the content of sunflower oil in a mixture
with flaxseed oil using a wideband multivariate
PLS with all 1345 spectral variables. Figure 1
shows that the optimal number of latent structures
is 6, since RMSE;,, in this case is minimal and equal
to 0.63 %.

Due to the collinearity of spectral data and
possibility of low signal-to-noise ratio for individual
spectral variables and even in rather wide spectral
intervals, the use of the entire measured spectral
range may not be optimal for calibration accuracy.
To improve the quality of the multivariate model,
it is advisable to reduce the number of variables
taken into account in the simulation. The spectral
variables selection is an important step in improving
the quality of calibration and stability of the model
with possible verification using additional samples.
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Figure 1 — Dependences of the RMSE.y, (root mean
square error of cross-validation) for the training sampling
and RMSE, for the test sampling for the wideband PLS

We consider three following methods for
spectral variables selection. The first method is
based on ranking the variables using the correlation
coefficients between spectral counts and the
calibrated parameter found for wideband PLS
with six latent structures. In this case, the spectral
variables are excluded from the multivariate model
one by one in accordance with the decreasing
correlation coefficient. RMSE, is determined
at each step. The minimum value of RMSE,
specifies an optimum set of spectral variables
that corresponds to the best model for the applied
method. Figure 2 shows that this minimum value
of RMSE; =0.50 % is achieved when removing
1106 spectral variables for 239, taken into account
in the multivariate model.

The second considered method is SPA. At
the first stage of algorithm fulfillment, for the
1345 variables available in our case, a set of
1345 ordered sequences of spectral variables
is constructed, the first elements of which are
different. In the multidimensional space of
spectral variables the remaining 1344 variables
are projected onto the space orthogonal to the
selected first variable. The largest projection
value determines the second in order variable.
Similarly, all the following spectral variables in
considered sequence are ranked by projections
on the subspace orthogonal to the subspace of
the variables already selected. For each element
of the generated set of ordered sequences of
spectral variables, PLS is constructed starting
with the first ten spectral variables for certainty,
and ending with a set of all 1345 variables.

For every number of spectral variables taken into
account in the multivariate models for variables
sequence considered, the optimal number of latent
structures was selected based on the minimum
value of RMSE,. The global minimum of RMSE,
was found from 1795575 = 1345x%1335 values.
Here 1345 is the number of elements in the set of
ordered sequences of spectral variables and 1335
is the number of PLS models with an increase in
the number of spectral variables from 10 to 1345.
Based on the global minimum of RMSE,; of the
sunflower oil concentration in a binary mixture of
vegetable oils, the required sequence of spectral
variables was determined, which ensures maximum
calibration accuracy for variables selection method
applied. In our case, the required sequence of
spectral variables began with wavelength of
1781 nm and consisted of only 14 variables. It is
rather small number of selected variables and its
further reduction is impractical. Often the final
stage of SPA execution aims to reduce number
of selected variables, taking into account the
correlation coefficient of the spectral variables and
the calibrated parameter.

2.0 -
1.6 1

1.2 1

RMSE,, %

0.8 1

0.4 T T T r r T
200 400 600 800 1000 1200

Number of extracted spectral variables

Figure 2 — Dependence of the RMSE, on the number
of extracted spectral variables in ranking method using
correlation coefficients between spectral counts and
calibrated parameter

The third used method is searching combination
moving window interval PLS (scmwiPLS) [14]. In
contrast to the two previous methods, the described
method operates not with individual spectral
variables, but with a continuous interval or, as it is
often called in multivariate analysis, a window [16].
The algorithm for applying this method is as follows.
First, you need to select the width of the windows
that shift along the spectrum. In the scmwiPLS
modification we use, the number of spectral variables
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in window exceeds the number of latent structures
by one in order for PLS to be able to reduce the
dimension of the variable space by at least one. Note
that, unlike SPA, the number of latent structures (6 in
our case) does not change during the whole algorithm.
Second, the spectral position of the first window
should be determined. It shifts across the entire
spectral range and is fixed in the place where RMSE,
of PLS model based on selected spectral variables
is minimal. Third, it is necessary to determine the
position of the added windows until they fill the
entire measurement range. Subsequent windows are
similarly shifted within the entire spectral range of
measurements and are alternately combined with the
selected ones, provided that the minimum value of
RMSE;, is reached for the combined set of windows.
And finally the search for the minimum value of
RMSE,, depending on the number of windows,
determines the desired set of spectral variables for
scmwiPLS. Figure 3 shows the dependence of the
RMSE, on the number of combined windows in
scmwiPLS. The minimum root mean square error
of prediction equals 0.03 % and corresponds to the
combination of 38 windows with 7 variables or 266
spectral variables.
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Figure 3 — Dependence of the RMSE, on the number of
combined windows in scmwiPLS

Figure 4 shows dependence of concentration
of sunflower oil predicted by the scmwiPLS on
its measured concentration in a binary mixture
of sunflower and flaxseed oils for training and
test samplings. It indicates the high quality of the
multivariate model with spectral variables selection,
which can be characterized by the value of the
residual predictive deviation RPD. RPD is equal to
the ratio of the standard deviation of the calibrated
parameter and RMSE,. RPD exceeds 1000 for the
described scmwiPLS model.
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Figure 4 — Concentration of sunflower oil predicted by

the scmwiPLS vs measured concentration in a binary
mixture of sunflower and flaxseed oils

Figure 5 shows the spectral variables selected
using the three investigated methods and the example
of the absorbance spectrum of sunflower and flaxseed
oils mixture.
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Figure 5 — Absorbance spectra of the mixture of sun-
flower (12.5 %) and flaxseed (87.5 %) oils and spectral
variables selected using the three investigated methods

Spectral variables selection using the ranking
of correlation coefficients (239 variables) and the
SPA method (14 variables) allows reducing the
value of the root mean square error of prediction
of sunflower oil concentration from 0.63 % for
wideband PLS to 0.50 % and 0.46 %, respectively.
These selections are advisable for classical
spectroscopy, since the variables selected by
both methods are close to the spectral features
of the studied objects. The spectral variables
selection by scmwiPLS method (266 variables)
is less consistent with classical spectroscopy,
since a significant part of the selected variables
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does not describe the characteristic features
of the studied spectra, but allows RMSE,
to be reduced by more than an order of magnitude
to 0.03 %. Thus, it can be noted that an increase
in the calibration accuracy is achieved by using a
formal method of variables selection, a feature of
which is the use of narrow spectral intervals instead
of separate wavelengths.

Conclusion

On the example of the calibration of the
concentration of unrefined sunflower oil, considered
as a falsified flaxseed oil, it was confirmed that
the spectral variables selection is a necessary and
important part of multivariate models to improve
the accuracy.

It was found that from the considered methods
applied to the projection to latent structures of the
absorbance spectra for calibrating the concentration
of sunflower oil in a mixture with flaxseed oil, a
smaller root mean square error of prediction (0.03 %)
is achieved for searching combination moving
window method in comparison with the successive
projection algorithm (0.46 %) and the ranking
of spectral variables by the correlation coef-
ficient (0.50 %).
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Crarpy, HalpaBleHHBIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPSTH TpeOOBaHMSAM «MHCTPYKIMHM O MOpsiIKe
odopmienns kBanu(pUKAIMOHHON HaydYHOH paboThI (AUCCepTalyn). ..», yrBepxaeHHol [locranosnenrem BAK Pb
01 28.02.2014 1. Ne 3

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

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

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
TUKH, HTHOOPMATHBHOCTh, HAYYHAs! HOBH3HA.

4. Ctarhsl TPEICTABISIETCS B pacliedaTaHHOM |
B DJICKTPOHHOM BH7E B (popmare TEKCTOBOTO pEAaKTO-
pa Word for Windows, HabOp — CIIIOIIHBIM TEKCTOM
(6e3 memenus Ha KOMOHKHN). OOBEM CTaTHU HE TOIKEH Tpe-
BEIIATh 14 cTpaHut, BKIouas TekcT (mpudt Times New
Roman, pasmep 12 1., uarepsan 1,5), Tabnuisl, rpaduyie-
CKHUI Marepuall, BCI0 He00X01uMyI0 HH(OPMAIMIO Ha aH-
TJIUHACKOM $I3BIKE.

5. Ha nepBoii cTpanuiie CTaTby YKa3bIBAIOTCS: MHJIEKC
VJIK, HazBaHue crarbu, GpaMuiiuu aBTOpoB (paMuius aB-
TOpa, C KOTOPBIM CIIElyeT BECTU IEPEHHCKy, OTMEeUaeTcs
3BE3JJ0YKOM U YKa3bIBAETCsl €0 aJpec JIEKTPOHHOW IM0Y-
THI), HA3BaHMUA W TOYTOBBIC ajpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTPaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTauuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBelIeHNE, B KOTOPOM JICNIAeTCsT Kpar-
KMt 0030p CJIETaHHOTO B MUPE ¥ KOHKPETHO (pOpMyIHpyeT-
Cs1 11e71b pabOThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIS
pe3yabTaThl ¢ yKa3aHWEM WX HOBHM3HBI, NMPEUMYIIECTB U
BO3MOKHOCTEIl TNPHUMEHEHHS; CIINCOK HCIIOIb30BAHHBIX
MCTOYHUKOB. AHHOTAlUs, KIIIOUEBBIE CIIOBA, CITUCOK HC-
MOJIb30BAHHBIX MCTOYHUKOB TPEJCTABISIOTCS HA PYCCKOM
Y aHITIMHCKOM SI3BIKAX.

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

7. I'padmaeckuii mMarepuan JOJKEH OBITH KOHTpAcT-
HBIM W 4€TKUM. HeoOxommmo Impuaep:KuBaThesi €INHOO-
Opasuss TEXHHKHM HCIIOJHEHUSI OIHOTHITHBIX HWILTIOCTpa-
. PucyHok pomkeH pacrnonarartbes Irociie  adsara,
coziepKallero cchliky Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojapaszienia M crarbu. M3o-
OpasuTelbHbIil Marephai BCTAaBJSIETCSI B TEKCT CTaThH,
a Tarxke Haércs B BHAC OTHCNBHBIX (aitios (dpopmar tif,
jpg, paspemenue He meHee 300 dpi). Texct Ha prcyHKax
HabMpaeTcs OCHOBHOH TapHUTYPOI; pa3Mep KeTJis Con3Me-
pUM C pa3MepoM pHCyHKa (KelaTelbHO 8 MmyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IMOAPHCYHOU-
HBIMH TroAmucsiMi. PparMeHTsl pHUCyHKa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMHU JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagnucw Ha pHCyHKax M TOJNIHMCH K PHCYH-
KaM Jal0Tcs Ha PyCCKOM M aHIVIMICKOM si3bIKax. Bee co-
KpameHus: 1 0003HaueHus! JOIDKHBI ObITh pactmppoBa-
HBl B ITOJAPUCYHOYHOW TIOMNMHMCH. PHCYHKH >KenarelbHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITh YKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BECJIMYHWH U Mac-
mraboB. Ha rpadukax He HYXKHO JaBaTh KOOPAWHATHYIO
CEeTKy, €CIIM 3TO He ocuwuiorpamma. Bo Bcex cimydasx
Ha PUCYHKaX JOJDKCH OBITh MpHUBEAEH MacIITa0.

8.V rpadukoB, WMEONMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUYKM Ha-
IIpaBJICHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsonnx
co00if rpauKy 3aBHCUMOCTEH, HE CIIEIyeT JeaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIMIIb 3aCEUKH Ha OCSX, PUYEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecnu ocn Ha pu-
CYHKax ouu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3HMILUH
OYEpEeHON 3aceuKH, IJe 3aCe4ka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEMEHHON U
enunMIa m3Mepenus. Ecim ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCS
0003HAYCHNUS TIEPEMEHHBIX 0e3 eTUHHI] U3MEPEHIIS.

9. INomyToHoBEIe (hoTOrpadmy MPUOOPOB FITH UX Ya-
CTeH NPENCTABIAIOTCS NPH MyONUKAUK B TEX CIydasx,
KOTJIa OHU HECYT CYLIECTBEHHYIO MH()OPMAIHIO, KOTOPYIO
HEJb3s1 BEIPA3UTh MHBIM cTIocoO6oM. PoTorpaduu 10IKHBI
OBITH BBICOKOKaYE€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3IMYUMBIMH JAETAISIMH.

10. WMmmoctpatmun (rpaduku, anarpaMMbl, CXEMBI,
4yepTekKH), pucoBaHHbie cpeactBamu MS Office, momKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. Hemomyctumo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3JIeMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTIMCH PHUCYHKA (CTPENKH, MOA-
MMMCH) BBUAY OONBIIOrO PHCKa MX MOTEPH HA 3Tamax pe-
JaKTUPOBaHUS 1 BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HWH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJIOHKY), 17—17,5 cM (Ha ABE KOJOH-
ku) Wik 23 cM (Bo Bech JHUCT). [103TOMY KemaTeabHO U30-
OpaskaTh OT/AEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4yTOOBI TIPH YMEHBLIEHUH MaciiTada pUCYyHKa JI0 OJHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPENTH BbI-
coty 1,5-2 MM, dJIeMEHTHI cXeM 3—5 MM, OTJIeIbHbBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn n 0603HaYSHNUS HA WLTIOCTPAIUSAX CIie-
JyeT pacrojararb Tak, 4TOObl OHM HE CONPHKACAIINCH
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wunocTpanuiu
JKETIaTeITFHO He TOOABIATE CEPHIi (IIBETHOW) ()OH FITH CETKH.

12. Tabmumpl HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kaknas tabnuia nmeer 3aroioBok. Ha Bce TaOmmipst
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W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOYHBIN — 9 T, MOA-MOJACTPOUHBIN — 7 NT, CHMBOJI —
14,5 nt, moncumBon — 12,5 nt. Ctunu: Teket, QyHKIHUs,
yucno, kupwunia — mpudt «Times New Romany, Bek-
top-marpuiia — mwpupt «Times New Romany, >xupHbIif;
TpeYecKnuid MaJbli, rpedecKid OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoii; nepemennas — mpudrt «Times New
Roman», kypcus.

17. OtnenbHBIE CTpOYHBIE OYKBBI M CIHELIHAJIbHBIC
CHUMBOJIBI HAaOHWpAIOTCSI B TEKCTe TapHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dopmynr © OyKBEHHBIX OO0O3HAUCHHI HEOOXOAWMO YYH-
TBIBATh CJICIYIONINE MpaBUia: PYCCKHH an)aBUT He HC-
MOJIB3YeTCs; IpeuecKre OyKBbI, MAaTeMaTHIeCKIE CHMBOJIBI
(grad, div, In, min, max u ap.), eauHuLbl u3mepenus (BT,
JIx, B, xr u ap.), kKupmuinyeckue OyKBbI, COKpAIEHUS OT
PYCCKHX CJIOB (qcp); 0003HaUYCHNsT XUMHUECKHUX JJIEMEHTOB
Y COCMHEHMH (B T. 4. B MHJEKCE) HAOMPAIOTCS MPSIMO; Jia-
THHCKHE OyKBBI — IEPEMEHHBIE M CHMBOJBI (HH3HUECKUX
BETHYHUH (B T. 4. B MHICKCE) HAOMPAIOTCS KYPCHBOM; BEK-
TOPBI — )KUPHBIM MIPUPTOM (CTPEIIKH BBEPXY HE CTABATCH).

18. Hagepranne oOo3HaueHWd B dopMmynaax U B OC-
HOBHOM TEKCTE JIOJDKHO OBITH ITOJHOCTBIO HMJCHTHYHO.
B pacmmdpoBke Qopmyn, KoTopash HaYMHAETCS CIOBOM

«T7e», CHMBOJIBI M UX TOPSIOK JOJDKHBI COOTBETCTBOBATD
CHMBOJIaM ¥ X TIOPAAKY CII€I0BaHUs B (hOpMyIax.

19. Cricok MCHONb30BAHHBIX MCTOYHUKOB COCTABIISI-
eTcsl B IOPSIIKE YIOMUHAHHS CCBUIOK TI0 TEKCTY, JOJDKCH
coziep>Karh MoJHble OubIorpaduyeckue JaHHbIE U PUBO-
JIUTCSI B KOHIIe cTarbi. He pekomeHnyeTcsi 1aBarh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHi, CTaThbH U3 AIIEKTPOHHBIX XKYP-
HastoB Oe3 uaeHTudukaropa DOI, yueOHbIC MOCOOUS, HH-
TepHeT-pecypchl. CCBUIKM Ha HEOIyOJIMKOBaHHBIE PaOOTHI
He JomycKatorcs. JKenarenbHo, YTOObI KOJNYECTBO CCHUIOK
6sut0 He MeHee 10; camonmTHpoBanue — He 6omee 20 Y.

20. ABTOpHI Ha OTAEJIBHOM CTPaHUILIE IPEIOCTABIISIIOT
0 cebe crenyromme CBeIeHUs: (paMuiIHs, UMsl, OTYECTBO,
yueHasl CTEIICHb W 3BaHHE, MeCTO pabOoThl M 3aHMMacMasi
JIOJDKHOCTB, aJIpeC IEKTPOHHOM CBSI3H.

21. Crarbu, n3nararolue pe3ynsTaThl HCCIEI0BAHNM,
BBITIOJIHEHHBIX B YUPEXJICHHUSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE pa3pelieHUe Ha OINMyOJMKOBaHHE B OTKPBITOM
nevarH.

22. Ilpu HeoOXOANMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBalOTCs HAaMEeHOBaHWe (OH/a, OKa3aBIiero (GpuHaH-
COBYIO TIOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IIPO-
rpaMMBI, B paMKax KOTOpOW BBIIIOJHEHa pa0doTa, Ha pyc-
CKOM U aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTh 3a Halpa.Jie-
HHE B peJJaKIHUIO cTaTeil, paHee y)ke OImyOIMKOBAaHHBIX HIIH
NPUHATBIX K NEYaTH APYTUMH U3IAHUSMH.

24. Crarbu, HE COOTBETCTBYIOIIME NEPEUHCICHHBIM
TpeOOBaHUIM, K PACCMOTPEHHIO HE NMPUHUMAIOTCS U BO3-
BpalaroTcs apropam. JlaToi NoCTyIJIeHUsI CUUTAETCS IEHb
MOJTy4EHUS peAaKiyeil mepBOHaYaIbHOTO BApHaHTa TEKCTa.

25. Pemakiusi mpeaocTaBiIseT BO3MOXHOCThH IIEPBO-
0YEpEHOTO OIyONMKOBAHUS CTaTEH JMIAM, OCYIIECTBIIs-
FOIIIM TIOCJIEBY30BCKOE 00yUeHHEe (aCIHpaHTypa, JOKTOP-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEpIICHUS OOYyYCHUS;
HE B3MMAeT IIJIaTy C aBTOPOB 32 OIyOJIMKOBAHUE HAYYHBIX
CTaTel; OCTaBIsIET 32 coOO0W MpaBO MPOM3BOJUTH peIaK-
TOPCKHE TPaBKH, HE UCKAXKAIOIINE OCHOBHOE COAEpKaHNe
CTaThH.
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