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Abstract

N.V. Kuleshov'

Solid-state lasers emitting in the 1.5-1.6 um spectral range are very promising for eye-safe laser

range finding, ophthalmology, fiber-optic communication systems, and optical location. The aim of this
work is the investigation of spectrosposcopic and laser properties of gain medium based on borate crystal
for abovementioned lasers.

Spectroscopic and laser properties of Er,Yb:YAL(BO,), crystals with different concentrations of dopants
were investigated. Polarized absorption and emission cross-section spectra were determined. The ytterbium-
erbium energy transfer efficiency was estimated. The maximal energy transfer efficiency up to 97 % was
obtained for Er(4 at.%),Yb(11 at.%):YAlL,(BO;), crystal.

The laser operation of heavily doped crystals with erbium concentration up to 4 at.% (2.2:10%° cm™)
was realized. By wusing of Er(2at.%),Yb(11 at.%):YAlL;(BO;), crystal a maximal continuous-
wave (CW) output power of 1.6 W was obtained at 1522 nm with slope efficiency of 32 %. By using of
Er(4 at.%),Yb(11 at.%):YAl;(BO,), crystal a maximal peak output power up to 2.2 W with slope efficiency
of 40 % was realized in quasi-continuous-wave regime of operation. The spatial profile of the output beam

was close to TEM,,, mode with M* < 1.2 during all laser experiments.

Based on the obtained results, it can be concluded that Er,Yb:YAl;(BO,), crystals are promising active
media for lasers emitting in the spectral range of 1.5-1.6 um for the usage in laser rangefinder and laser-
induced breakdown spectroscopy systems, and LIDARs.

Keywords: erbium, ytterbium, borate crystals, diode-pumped, continuous-wave laser operation.
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JpOueBbIil Ja3ep, U3Jay4aroui B o0actu 1.5 MM,
C BBICOKOU BBIXOJHOM MOIIHOCTBIO

K.H. Fopﬁaqenﬂl, B.J. Kuceas', A.C. ﬂClOKEBI/I‘ll, E.B. Konopynnﬂaz, E.A. BOJIKOBaz,
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TBepaoTeNbHBIE JIa3ephl, U3TYYAIONINe B CIIEKTpalibHOW obmacTu 1.5—1.6 MKM, HAXOAST MIUPOKOE MPH-
MEHEHHUE B AaJIbHOMETPUH, O(TATBMOTOIOIMH, BOJOKOHHO-ONITHYECKUX CUCTEMaX U ONTHYECKON JOKALMH.
Lenpio TaHHOM pabOTHI SBISIOCH HCCIIEAOBAHUE CIIEKTPOCKOIMUYECKUX U TeHEPALMOHHBIX CBOHCTB aKTHB-
HOM cpeibl Ha OCHOBE KpUCTailia Oopara JUlsl yKa3aHHBIX JIa3epOB.

[IpoBeneHo uccienoBaHUE CHEKTPOCKONMYECKMX W TEHEPAllMOHHBIX CBOICTB  KPHUCTAaJUIOB
Er,Yb:YAIl;(BO;), ¢ pa3snuuHbIM colepKaHHEM HOHOB-aKTHBATOPOB. B pesynbraTe onpeneneHsl CIEKTPhI
MOIIEPEYHBIX CEYEHHUH MOTIOMIEHUS M CTUMYJIMPOBAHHOI'O MCITyCKaHUs B TIOJIIpHU30BaHHOM cBete. [Iposene-
Ha OIleHKa Y(P(PEKTUBHOCTH MIEPEHOCA IHEPTUN OT MOHOB UTTeOWs Ha HOHBI dpOust. MakcuMmanbHas 3ddex-
THUBHOCTb IlepeHoca dHepruu gocrurana 97 % nns kpucrtamia Er(4 at.%),Yb(11 at.%):YAL(BO,),.

PeannzoBana nasepHasi TeHepauusl Ui KPUCTAIOB C BBICOKMM COJIEpP)KaHHEM HMOHOB 3pOus
10 4 at.% (2.2:10% em ™). ITpu ucnons3oBanuu kpuctamia Er(2 at.%),Yb(11 at.%):Y Al;(BO;), nomnyyen He-
MIPEPBIBHBII PEKUM FeHEPALIMH C MAKCUMaJIbHOM BBIXOAHON MOIIHOCTHIO 10 1,6 BT Ha nyinne BosiHbl 1522 HM
npu auddepennuanbHoi s¢dextuBHocTH 32 %. B KBasnHenpepbIBHOM pEeKUME IM'eHEepaliy il KpUCTalia
Er(4 at.%),Yb(11 at.%):YAl;(BO;), MakcumanbHas IMKOBasi MOLIHOCTB AocTurana 2,2 Bt npu quddepen-
IUaabHON 3 QEKTHUBHOCTH MO MOTIOMEHHON MomHocT Hakauku 40 %. [Ipodwis pacnpeneneHus UHTEH-
CHUBHOCTH B HOIIEPEYHOM CEUEHUH Ja3epHOro My4yKa XOpOILo anrnpokcumupoBaics Gpynkauen ['aycca pac-
CUNTAHHOE 3HAUCHHE MAPAMETPa PacIPOCTPAHEHHS JTa3ePHOr0 Mydka M° He mpeBbImano 1,2, 4To COOTBET-
ctByeT IEM ), Mone pe3oHaTopa.

Ha ocHOBe nosTy4eHHBIX Pe3yIbTaTOB, MOXKHO CHENIaTh BBIBOJ, YTO AaHHBIC KPUCTAIUIBI SBIISIIOTCS HEp-
CHEKTUBHBIMU aKTUBHBIMH CpellaMH, [UISl Ja3epOB, U3IYUaloOlINX B CIIEKTPAIbHOM auanazone 1.5—1.6 Mk,
IUISl IPUMEHEHHUS B COCTaBE CUCTEM JIa3€pHON JaIbHOMETPHH, JIa3epHO-MCKPOBOI SMUCCHOHHOM CIIEKTpOMe-
TPUHU U JIUJAPOB.

Karoueble cioBa: 3pOuii, utTTepOuii, 6opaTsl, JMOAHAS HAKa4YKa, HEMPEPBhIBHAS Jla3epHasi TeHepaLusl.
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Introduction

Laser radiation at 1.5—1.6 um is located in the
eye-safe wavelength range and sensitive region of
Ge and InGaAs photodiodes. Other advantages of
this radiation are high transparency in atmosphere
and fused-silica waveguides. All this makes efficient
solid-state laser sources emitting in this spectral
range very attractive for compact laser range finding,
optical location and fiber-optic communication
systems.

The *I,3,— 1,5, transition of erbium ions is a
simple and reliable method for obtaining 1.5—1.6 um
laser operation. However, erbium ions suffer
from low pump absorption at the wavelength of
commercially available laser diodes near 980 nm.
This fact obliges to use additional co-doping with
ytterbium ions that strongly absorb pump radiation
and transfer it to the erbium ions. For efficient
operation of such Er-Yb co-doped lasers two main
spectroscopic conditions should be satisfied. The
first is short lifetime of the “I,,,, energy level that
prevents up-conversion processes and depopulation
of this level by means of energy back transfer. The
second condition is high enough *I 5, level lifetime to
keep quite low laser threshold. These conditions are
well satisfied in Er,Yb-glasses, but the glasses suffer
from poor thermo-mechanical properties (thermal
conductivity of 0.85 Wxm 'xK ") [1], which limits
the CW output power by a few hundred milliwatts.
A maximal CW output power for Er,Yb-glasses
didn’t exceed 353 mW with slope efficiency of
26 % [2].

The borate crystals co-doped with erbium and
ytterbium ions satisfy abovementioned spectroscopic
characteristics and possess high thermo-mechanical
properties (thermal conductivity of Er,Yb: Y Al;(BO;),
is 7.7Wxm 'xK™' and 6Wxm 'xK™' along
a and c axes, respectively) for efficient laser
operation [3]. Room-temperature laser operation
was demonstrated for following Er,Yb-codoped
borate crystals: GdCa,O(BO;), [4], LaSc,(BO;), [5],
YCa,0(BO;) [6], GAAL(BO;),[7, 8], LuAL(BO,),[9].
Efficient high power laser performance of diode-
pumped Er,Yb:YAL(BO,), (YAB) crystals was
demonstrated recently [10—12]. The maximal
output power up to 1 W with slope efficiency of
35% at several wavelengths between 1522 and
1602 nm was obtained using crystal with dopant
concentrations of 1.5at.% (0.8:10° cm™) for
erbium and 11 at.% (6.0-10°°cm™) for ytterbium
ions, respectively [10]. However, the optimization

of erbium concentration and determination of its
influence on the laser performance for oxoborate
crystals weren’t performed. Here we present the
investigation of the effect of erbium concentration
on the laser performance of Er,Yb:YAI;(BO,),
crystals and as a result efficient laser operation at
near 1.5 um.

Crystal growth and spectroscopic properties

Er,Yb:YAL(BO,), single crystals with different
erbium concentrations were grown by dipping seeded
high-temperature solution growth at a cooling rate
0.2 °C-0.5 °C per day in the temperature range of
1060 °C-1000 °C using K,Mo0;0,,-based flux [13].
As a result, Er,Yb:YAB crystals with high optical
quality and the size up to 20x10x10 mm have
been obtained The concentrations of the dopants
were measured by microprobe analysis to be
0.8:10° em™> (1.5 at.%),  1.1-10% ecm ™ (2.0 at.%),
1.7:10°° em > (3.0 at.%) and 2.2:10*° cm™ (4.0 at.%)
for erbium and 6.0-10°° cm™ (11 at.%) for ytter-
bium ions.

The polarized absorption  cross-section
spectra of Er,Yb:YAB crystal around 980 nm at
room-temperature are depicted in Figure 1. The
°F,,—’F, absorption band is centered at 976 nm
with a maximum absorption cross-section of about
2.75x10 % cm? and bandwidth of 17 nm (FWHM) in
6 polarization.
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g
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] ~ =
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e
<
0.5+
O T T T T T 1
900 925 950 975 1000 1025 1050
Wavelength, nm
Figure 1 — Room-temperature  polarized  absorption

spectra of Er,Yb:YAB crystal at 1 pm

The stimulated emission cross-section spectra
calculated by the reciprocity method using the Stark
energy level scheme of *I , and “I,,;, manifolds [3]
are plotted in Figure 2. A number of local maxima
are observed in both ¢ and & polarizations.

The energy transfer efficiency was measured
by the estimation of 2F5,2 level lifetime shortening
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in Er,Yb-codoped and Yb-single doped crystals
according to the formula [6]:

n=kit"' =1(1/t-1/1,),

where £ is the energy transfer rate, 1 is the ytterbium
°F,,, level lifetime in Er,Yb-codoped crystal, and
T, is the ytterbium 2F5/2 level lifetime in Yb single-
doped crystal.
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Figure 2 — Emission cross-section spectra of Er,Yb:YAB
crystal near 1.5 um

The values of energy transfer efficiencies in
Er,Yb:YAB crystals with different erbium and
constant ytterbium concentrations are shown in
Table 1. The energy transfer efficiency amplifies
with the increasing of erbium concentration up to
the value of 97 % for Er(4 at.%),Yb(11 at.%):YAB
crystal.

Table 1

The energy transfer efficiencies in Er,Yb:YAB
crystals

ErT Yb 2Fs/zs 2F5/2, us  Energy
Crystal ions, ions, ' (Yb (YbEr transfer
Y at <y’ at (y’ single-  co- efficiency,
©7 T doped)  doped) %
1.5 60 38
2.0 30 94
YAB 11.0 480
3.0 20 96
4.0 17 97

Laser experiments

The laser experiments were performed in
Z-shaped cavity. The details of active elements used
during laser experiments are plotted in Table 2.

The temperature of mounted on the
thermoelectrically cooled copper heatsink active

elements was kept at 18 °C. As a pump source a
15 W fiber-coupled (@ 105 pm, NA =0.22) laser
diode emitting near 976 nm was used. Pump beam
was collimated by a 80 mm focal length doublet and
then focused into 100 pm spot inside Er,Yb:YAB
crystal with another 80 mm length doublet. The
cavity-mode diameter at the active element was close
to the pump beam waist. The output couplers with
the transmittance of 1 %, 2 %, 5 % and 10 % were
used during laser experiments. The setup for laser
experiments is presented in Figure 3.

Table 2
The details of active elements
Crystal Er”"ions, Yb™ions, Widih, Orientation
y at. % at. % mm
1.5 c—cut
2.0 c—cut
YAB 11.0 1.5
3.0 c—cut
4.0 a—cut
Flat OC
%
Focusing system M1 M2
Laser diode
Crystal %
CF----- :

Figure 3 — Setup for laser experiments

The laser experiments were started with
Er(1.5 at.%),Yb(11 at.%):YAB crystal, which was
studied in our previous investigations [10, 14].
The best laser performance was demonstrated with
5% output coupler transmittance. Input-output
characteristics of continuous-wave laser are plotted
in Figure 4. The laser threshold was measured to be
about 1.5 W of absorbed pump power. The maximum
CW output power of 1.2 W with slope efficiency
near 26 % was obtained at 1522 nm at about 6.2 W
of absorbed pump power. After further increasing of
pump power, the rising of output laser power wasn’t
observed. It provides evidence for the influence of
thermal load in the crystal on laser performance.
To reduce the thermal load, laser experiments with
quasi-CW (QCW) pumping were performed. By
using a chopper with a duty cycle of 1:5 in the
pumping channel, the maximal output peak power up
to 2 W with slope efficiency of 35 % was obtained
atthe absorbed peak pump power of 7.3 W (Figure 4).
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Figure 4 — Input-output characteristics of CW and QCW
Er(1.5 at.%),Yb(11 at.%):YAB diode-pumped laser

For Er(2 at.%),Yb(11 at.%):YAB the CW laser
emission with a slope efficiency of near 27 % was
observed at 1543 nm and 1.7 W laser threshold of
absorbed pump power; however at an absorbed pump
power of more than 4 W the emission wavelength
switched to 1522 nm and the slope efficiency was
increased to 32 %. The maximal output power of
1.6 W was obtained in that case. The similar situation
with switching of emission wavelength was observed
for QCW regime of operation at an absorbed pump
peak power of more than 5.5 W. The maximal
output peak power of 2.7 W with slope efficiency
up to 41 % was obtained at an absorbed pump peak
power of more than 9 W (Figure 5). The wavelength
switching can be explained by the laser wavelength
dependence on the inversion density (or intracavity
losses). The intracavity losses depend on the output
coupler transmittance and thermal effects inside the
pumped volume of the crystal. Changes in the losses
during laser operation may lead to changing of the
wavelengths [7, 15].

3.0 -
Ppeak =2.7 W
n=41%
25 A =1522 nm
g 20 = W
E e QCW
2. 1.5
2
5 1.04
3 n=32%
0.5 A =1543 nm Ex(2 at.%),Yb(11 at.%):YAB
n=27%
0 A =1543 nm
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)

Figure 5 — Input-output characteristics of CW and QCW  Figure 7 — Input-output

Er(2 at.%),Yb(11 at.%):YAB diode-pumped laser

Figure 6 shows input-output diagrams of CW
and QCW Er(3 at.%),Yb(11 at.%):YAB diode-
pumped laser. For CW operation the slope efficiency
was reduced to 23 %. The maximal output power of
0.5 W in this case was limited by the damage of active
element. To our mind, this damage can be caused by
the residual internal stress for highly erbium doped
crystals. To prevent destruction of the crystal further
experiments were carried out with quasi-CW pumping.
The maximal output peak power of 2.5 W with slope
efficiency of 35 % was obtained at 1522 nm.

3.07
Ppeak =2.5 W
| n=35%
2.5 A =1522 nm
2 20- " Cw
5 e QCW
:
a 1.57
=
a
5 1.0
o
0.5 1 A =1522 nm
Er(3 at.%),Yb(11 at.%):YAB
or—T—V T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)

Figure 6 — Input-output characteristics of CW and QCW
Er(3 at.%),Yb(11 at.%):YAB diode-pumped laser

Laser experiments in QCW regime of
operation were held with available a-cut
Er(4 at.%),Yb(11 at.%):YAB  crystal. In case

of wusage c-cut and a-cut crystals the lasers
demonstrate close slope efficiencies at the slightly
different wavelengths (1522 and 1531 nm), respec-
tively [10, 14]. The laser threshold was measured to
be about 2.6 W of absorbed peak pump power. The
maximum QCW output peak power of 2.2 W with
slope efficiency near 40 % was obtained at 1531 nm at
about 9 W of absorbed peak pump power (Figure 7).

3.0 1
Ppeak =2.2 W
2.5 N =40%
; e QCW A =1531nm
5 201
z
2
5 1.5 7
&
3 1.0
0.5 1
Er(4 at.%),Yb(11 at.%):-YAB
0 T T T T '.l T T v T v T T T T T v T T 1
0 1 2 3 4 5 6 7 8 9 10
Absorbed pump power (W)
characteristics of QCW

Er(4 at.%),Yb(11 at.%):YAB diode-pumped laser
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Laser characteristics of Er,Yb:YAl;(BO,),
crystals with different erbium concentrations are
plotted in Table 3. The highest slope efficiency was
demonstarated with the outputcoupler transmittance of
5 % for crystals with different erbium concentrations.
The increasing of the laser threshold values up to

2.6 W for crystal with the erbium concentration of
4 at.% was observed. This fact is explained by the
increasing of reabsorption losses because of quasi-
three level scheme of laser operation. The spatial
profile of the output beam was close to TEM,,, mode
with M? < 1.2 during all laser experiments.

Table 3
Laser performance of Er,Yb:YAB crystal with different erbium concentrations
3+
Er*" ions, Yb cwW QCW
Crystal at. % ions,
e at. % Pabs= W n, % Prax W Popss W n, % Prae W
1.5 1.4 26 1.2 1.4 35 2
2.0 1.7 32 1.6 1.7 41 2.7
YAB 11.0
3.0 22 23 0.6 22 35 2.5
4.0 - - - 2.6 40 2.2
Conclusion Conference on Lasers and Electro-Optics, D. Scifres and

In conclusion, the effect of high erbium
concentration on the laser performance of Er,Yb: YAB
crystals was investigated. The results demonstrate that
there is no degradation of QCW laser performance for
erbium concentration up to 2.2:10%°° cm™ (4.0 at.%).
Itis rather different in comparison with Er,Yb-glasses
where decreasing of laser slope efficiency begins
from the erbium concentration of 1.0-10% cm™ [4].
Maximal CW output power of 1.6 W with slope
efficiency of 32 % and QCW peak output power of
2.7 W with slope efficiency of 41 % was obtained for
Er(2 at.%),Yb(11 at.%):Y AB crystals. The obtrained
result shows the prosperity of Er,Yb:YAB crystal
usage as an active medium of eye-safe 1.5-1.6 um
lasers for rangefinding applications.
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Abstract

Currently, along with growth in industrial production, the requirements for product quality testing are
also increasing. In the tasks of defectoscopy and defectometry of multilayer materials, the use of thermal non-
destructive testing method is promising. At the same time, interpretation of thermal testing data is complicated
by a number of factors, which makes the use of traditional methods of data processing ineffective. Therefore,
an urgent task is to search for new methods of thermal testing that will automate the diagnostic process and
increase information content of obtained results. The purpose of article is to use the advances in deep learning
for processing results of active thermal testing of products made of multilayer materials and development
of an automated system for thermal defectoscopy and defectometry of such products.

The proposed system consists of a heating source, an infrared camera for recording sequences
of thermograms and a digital information processing unit. Three neural network modules are used for
automated data processing, each of which performs one of the tasks: defects detection and classification,
determination of the defect depth and thickness. The software algorithms and user interface for interacting
with system are programmed in the NI LabVIEW development environment.

Experimental studies on samples made of multilayer fiberglass have shown a significant advantage of the
developed system over using traditional methods for analyzing thermal testing data. The defect classification
(determining the type) error on the test dataset was 15.7 %. Developed system ensured determination
of defect depth with a relative error of 3.2 %, as well as the defect thickness with a relative error of 3.5 %.
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ABTOMATHU3MPOBAHHAA CUCTEMA TEIJIOBOH e eKToOMeTpUun
MHOT'OCJIOMHBIX MATEPUAJIOB HA OCHOBE IJIy0OOKOI0 00y4eHus

A.C. Mowmor, P.M. I'anaran, B.IO. I'nnyxoBckuii

Hayuonanvuviii mexnuyeckutl ynugepcumem Yxpaurvl
«Kuesckuil nonumexnuyeckuit uncmumym umenu Meopsa Cuxopcrozoy,
np-m Ilo6eowl, 37, 2. Kues 03056, Yxpauna

Hocmynuna 12.03.2021
Hpunama k neuamu 15.03.2021

Ha ceronusimamii 7eHb, BMECTE C POCTOM TEMIIOB POMBILIICHHOTO MPOU3BOICTBA MOBBIILAIOTCS TAKKE
1 TpeOOBaHMsI K KOHTPOJIIO KauyecTBa MpoAyKIHH. B 3anauax nedexkrockonuu u 1eeKTOMETPUN MHOTOCIIOM-
HBIX MaTepHaJIOB MEPCIECKTHBHBIM SBJISIETCSl MCIIOB30BAHUE TEIUIOBOTO METOa HEPa3pyIIAIOLIETr0 KOHTPO-
7. B To ke Bpemsi, MHTepIpeTanys JaHHBIX TEIUIOBOTO KOHTPOJS YCIOKHEHA psSAoM (PakTopoB, UTO Je-
JIaeT UCTOJIb30BAHUE TPAAULIUOHHBIX METOIOB aHaju3a JaHHBIX HedddekTuBHBIM. [l03TOMY akTyanbHBIM
3aJJaHuEeM SIBJSIETCSl TIOMCK HOBBIX METOJOB TEIUIOBOIO KOHTPOJS, KOTOPBIC IO3BOJST aBTOMAaTH3MPOBAaTh
npolecc AMarHOCTUKH U MOBBICUTh MH()OPMATHBHOCTD MOJMYYCHHBIX PE3ysbTaToB. Llenbio cTaThu SBISIIOCH
WCIIOJIb30BAHUE JTOCTHIKEHUM B 00acTH TIyOOKOro oOydeHus! Uit 0OpaOOTKH pe3ylbTaToB aKTHBHOTO Te-
TUIOBOTO KOHTPOJISI M3 U3 MHOTOCIOWHBIX MaTepuasioB U pa3padoTKa aBTOMaTH3HMPOBAHHON CHCTEMBI
TEIUIOBOH Je(PEKTOCKONNHU U ACPEKTOMETPUH TAKUX U3/ICIHH.

[Ipennaraemas cucrema COCTOUT M3 MCTOYHHKA HArpeBa, TEIJIOBU30pa AJISl PErHCTPALlH IOCIeI0Ba-
TeJbHOCTEH TepMorpaMM M Onoka nugpoBoil 00padoTku uHpopManmu. s aBTOMaTu3upoBaHHOW 0Opa-
OOTKM JaHHBIX MCIOJIB3YIOTCS TPH HEHPOCETEBBIX MOMYIIS, K&JKABII M3 KOTOPBIX BBIMOIHSICT OJHY U3 3a/1au:
oOHapyxeHHe M Kiaccuukanusa AeeKTOB, ONpeneicHUe ITyOMHBI 3ajeraHus IeeKTa M ero pacKpbl-
TS (TommmHel). [IporpaMMHbIe anropuT™bl ¥ HHTEpQEiic B3aUMOICHCTBHUS ¢ CUCTEMOM BBITIOJIHEHBI B CPEIe
paspabotku NI LabVIEW.

OKCHepUMEHTAIbHBIE HCCIIEOBaHUS Ha 00pa3lax M3 MHOTOCIOHHOTO CTEKJIOTEKCTONMTA IMOKa3aiH
3HAUUTEIBHOE MPEUMYLIECTBO Pa3pab0TaHHON CHCTEMbI HaJ METOJaMHM, HCIOJIb3YIOMIUMHI TPaIUIMOHHBIC
AITOPUTMBI aHAJIM3a JaHHBIX TEIUIOBOTO KOHTpos. OmmbKka onpeneneHus Tuna (kiaccuuranum) aedexra
Ha TeCTOBOM oOpasie coctaBuna 15,7 %. Pazpaborannas cucrema obOecrnieuniia onpeaesacHne nyOuHbl Je-
(eKxTa C OTHOCHUTENBHON MOrPelIHOCTEIO 3,2 %, a TakKe TOJILIUHBI Je(eKTa ¢ OTHOCUTEIbHON MOrpemHo-
cThio 3,5 %.

KaroueBble ci10Ba: TEIUIOBOH KOHTPOIIb, KOMIIO3UIIMOHHBIE MaTEpHAIbI, TITyOOKoe 00yUYeHHE.
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Introduction

Nowadays, products made of multilayer and
composite materials are widely used in various
industries. In particular, composite materials are
increasingly used in aircraft industry, from which the
most responsible elements of aircraft construction
are made. At the same time, there is a tendency to
increase the requirements for product quality testing.
Timely detection of hidden defects makes it possible
to prevent significant material and sometimes human
losses. Due to a number of advantages, methods of
active thermal non-destructive testing (TNDT) are
used in composite materials testing tasks. Therefore,
it is important to create automated systems for
determining characteristics of defects based on the
results of active TNDT, which will have increased
informativeness, reliability and accuracy of
defectometry in conditions of significant levels of
noise and complex internal structure of the object of
testing (OT).

The results of multilayer materials testing are
influenced by a large number of random factors due to
changes in the properties of composites, which occur
due to complexity of their manufacturing processes,
a large number of types of possible defects that
cannot be formalized, imperfect inspection methods
and defectoscopic equipment. Features of properties
and physical characteristics of multilayer materials
complicate the use of many existing methods of
TNDT, which use mainly deterministic models
and their corresponding data processing methods.
Such methods do not provide the necessary noise
immunity, measurement accuracy and reliability of
testing [1].

A rather limited number of scientific papers
are devoted to the analysis of thermal fields for
the purpose of automated simultaneous detection,
classification of defects and determination of
their parameters. Initial researches were aimed at
performing defectometry by solving the inverse
tasks of TNDT. With the development of modern
technologies of digital data processing, development
trends have shifted to the application of latest
statistical methods and intelligent systems based on
deep learning.

Today, classical methods of digital signal
processing, such as Fourier transform or wavelet
analysis, are used to analyze the data of active
TNDT [2, 3]. In particular, the algorithm of dynamic
thermal tomography is implemented with the use
of these methods [4]. Another approach is based

on a comprehensive statistical analysis of the entire
recorded sequence of thermograms, which uses the
principal components analysis method [5]. Each of
these methods has its advantages and disadvantages,
but they are all used to solve a narrow range of tasks
and are not universal and adaptive [6].

In [7, 8] the method of recognition of three-
dimensional defects is described. It uses the method
of degree of similarity estimating for surface thermal
field of OT with the existing 3D surface models,
which were obtained by numerical modeling of
three-dimensional thermal conductivity task. This
approach in practice demonstrates low adaptability,
as it requires construction of mathematical models of
OT for each new testing task.

The work [9] is devoted to the study of deep
learning application for composites testing. Study
shows results of processing experimental data on
carbon fiber testing using two neural networks,
which provide both qualitative detection of hidden
defects and defectometry elements. The first neural
network is designed to detect defective areas, and
the second is used to classify defects by depth. The
high efficiency of the neural network in both types of
problems is proved.

The authors of [10] conducted a study of the
effectiveness of method for determining defects
depth in multilayer materials using deep learning.
It is presented and implemented a new algorithm
based on the use of a multilayer neural network to
determine the depth of defects in real time. Study
uses computer simulations to create an artificial data
set. An experimental validation of neural networks
efficiency was performed, which showed an up to
10 % error in determining defects depth at the level
of 0.5 mm.

Analysis of existing publications shows that the
use of modern intelligent systems allows to solve the
problems of thermal defectometry with increased
efficiency. Existing studies prove the prospects of
using deep learning for defect classification and
defectometry. The error in measuring defects depth
by traditional methods reaches 7—10 %, while neural
networks can reduce it to 2.5-3 %. At the same
time, existing works do not provide a quantitative
assessment of the effectiveness of determining
defects thickness using deep learning. The authors
mainly focus on solving one specific testing task,
while the modern approach requires a comprehensive
automated analysis of OT in order to describe it as
fully as possible. Currently, there are no systems
that in practice implement a simultaneous automated
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solution to the problems of detecting defects of
multilayer materials by the active thermal method,
their classification and defectometry.

Thus, there is a need to develop new methods
and automated testing systems for products
made of multilayer materials. A large number of
interconnected informative parameters, impossibility
of linear separation of defects classes on diagnostic
grounds, need for automation and increasing testing
informativeness require to use the latest data
processing systems, in particular, based on deep
learning algorithms.

Physical principles of active thermal
nondestructive testing

Dynamic thermal field is described by the
function 7(x,y,t). During the active thermal
non-destructive testing, the character of change
in instantaneous temperature values over time at
surface points of OT is considered. To obtain these
dependences, the OT is heated by a heat source for
a certain time. The process of heating and further
cooling of OT is registered using a thermal imager.
Resulting sequence of thermograms reflects the
change in temperature field on the surface of the OT
over time [11].

Considering the temperature dynamics at
individual points (pixels) of thermograms, which
correspond to the coordinates of OT surface,
it is possible build a temperature profile— a
chart of temperature change over time for this
point (Figure 1). As a rule, in defect-free areas,
the nature of temperature change is constant and is
considered known. In this case, we can enter some
reference temperature 7, ,(x,;, V,q> T), Which is
considered defect-free. In the defect zone, the regular
nature of the thermal field is disturbed and local
temperature differences 7, (x, y, 1), occurs, which
lead to a change in the temperature profile. Thus,
it is possible to calculate the value of temperature
difference between defective and defect-free areas:

AT(x,y,T)z Td(xiyst)_Tnd(xndaynds’c)'

The time topt, at which the value of AT(x, y, 1)
in this area of OT becomes the maximum, is called
the optimal time of testing:

ATy (%, 3, 1) = ALy gy (Top)-

As the size of the defect increases, its heating
rate decreases, which leads to a change in the shape

of the temperature profile. In particular, for deeper
defects the value of AT, ,, decreases and the time of
optimal observation t_,, increases.

opt

AT
o(x,,y,)

Figure 1 — Temperature profiles in different points of
thermogram

Quality of obtained thermograms significantly
depends on the characteristics of heat source and
instrument for recording the thermal field. Ensuring
uniform heating in practice is a difficult task, as the
nature of heating is influenced by imperfections of
the heat source and numerous external factors, such
as influence of external emitters, air movement
etc. Due to the anisotropy of -characteristics,
composite materials have different values of thermal
conductivity along the coordinate axes, which leads
to shape distortion of defects thermal imprints [12].
Therefore, task of testing process automating and
finding new or improving existing testing methods
that will provide high informativeness, reliability
and accuracy in such conditions is relevant.

Automated system of thermal defectometry
structure

Trends in the development of TNDT place the
following requirements on testing systems: a high
level of automation; high informativeness, speed
and productivity of testing; versatility and high
adaptability; high reliability of testing and accuracy
of defectometry. To meet these requirements, it is
necessary to use modern hardware and software. At
the same time, the general scheme of active thermal
testing remains unchanged. The object of testing is
exposed by a heat source. Inside a solid, thermal
energy is distributed in all directions due to the
diffusion process. In the presence of hidden defects,
the heat fluxes inside OT are redistributed, which
leads to the appearance of specific temperature
anomalies on its front and rear surfaces.

101



Ipubopul u memoowvl usmepenui
2021.—T. 12, Ne 2. = C. 98-107
A.S. Momot et al.

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 95-107
A.S. Momot et al.

The temperature field of OT is observed and registered
using an infrared camera. Temperature signals,
presented in the form of thermograms, are transmitted
to an automated data processing system on a PC to
detect defects and determine their parameters [13].
The choice of testing scheme, characteristics
of heat source and thermal imaging equipment
significantly affect the diagnostic result. The
efficiency of traditional methods of thermogram
sequence processing directly depends on these
factors. This reduces the versatility of testing systems
that use standard data processing algorithms. In
particular, changing the OT, heat source or thermal
imager in many cases leads to the need for a complete
recalculation of system parameters. The use of
modern methods of TNDT data processing on the
basis of deep learning allows you to add information
about new OT or take into account changes in testing
conditions without losing previous data. Because all
information about network experience is contained
in weights, retraining the system in the event of

types of defects will not necessitate changes in
further data processing algorithms.

Based on the analysis of existing schemes of
active thermal testing, it is possible to synthesize
the scheme of realization of automated TNDT data
processing system using an improved method of
determining the defects characteristics. This method
involves automated data analysis in three neural
network modules. The modular structure facilitates
construction and modification of the system
and increases overall efficiency of its work by
optimizing the settings of modules to solve specific
problems [14].

General block diagram of the automated system
for determining defects characteristics is shown in
Figure 2. The system is universal and can be used
for various testing schemes and regardless of the
characteristics of heat source, infrared camera or
OT parameters. The core of each neural network
module uses a deep feedforward network. Software
algorithms of the system are implemented in

inspection of new objects or the appearance of new NI LabVIEW environment.

| Software ]

Heater i Depth i

i estimation !

! P neural i

l i network i

i module v i

Olg;ct L Thermal i ;::;f;i{ : User i

g camera i g interface I

testing : classifier i
I

| Thickness 4 i

: estimation !

i > neural i

! network i

i module i

| |

Figure 2 — The structure of proposed automated active thermal defectometry system

Experimental studies of the proposed system

In order to conduct experimental studies of
the efficiency of automated thermal defectometry
system, two training and one test sample of multilayer
fiberglass were developed. This material is used as a
structural for manufacture of critical parts with high
strength. Developed samples are square plates of five
layers fiberglass. Total thickness of each sample is
5 mm, the thickness of one layer is 1 mm. The side
of the plate is 100 mm.

The scheme of the test sample is shown in
Figure 3. It contains hidden artificial defects of

three types: air cavities (white in Figure 3), paper
foreign inclusions (red) and aluminum third inclu-
sions (blue). Defects have a square shape, the size
of side is from 10 mm to 4 mm. Hidden artificial
defects are located at depths of 1 to 3 mm and have
different values of thickness: 1 mm, 2 mm or 3 mm.

The scheme of bilateral active TNDT was used
during the experiment. The power of infrared heat
source was 1 kW. To minimize the impact of thermal
radiation from the heat source on results, a steel
protective plate was used, which contains a hole and
a mount for OT. The plate with OT was located at
a distance of 100 mm from the heater. The distance
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from OT to the infrared camera is 400 mm. Testo
876 infrared camera was used to record a sequence
of thermograms.

100 mm

[_ o > ~
8mm m 100 mm/~ . ~/
| | » Y
6mm [ a
] [ o x [/

/[=lmm /=2mm /=3 mm

Figure 3 — Test sample scheme

The infrared camera and heat source are
controlled by operator in manual mode. Ambient
temperature during the experimental studies was
20 °C. At the beginning of experiment, the first
thermogram was registered OT at the initial time.
After turning on the infrared heater and putting it
to work, recording of thermograms begins. Time
interval between adjacent thermograms is 6s.
Heating and recording of the experimental sequence
of thermograms was carried out for 120 s. After the
thermograms recording procedure is completed,
the heater is switched off. Experiment resulted in a
sequence of 20 thermograms. Obtained results reflect
the process of OT thermal field changing at the stage
of heating.

Recorded thermogram sequences were exported
to a PC. The initial processing of thermograms was
carried out using proprietary Testo [RSoft software.
The resolution of the each obtained thermogram is
320%240 pixels. Thermograms are stored as arrays
of pixel temperatures. Based on the obtained results,
a set of initial data for further processing is formed.
The thermogram of test sample at the optimal time of
testing is shown in Figure 4.

€

55.0
50.0
45.0
40.0
35.0
30.0

25.0

>
-I-‘

Figure 4 — Thermogram of the test sample at optimal time
of testing

On the optimal thermogram it is possible to
distinguish visually 8 thermal prints of artificial
defects. Due to significant boundary effects,
information on bottom row of defects is lost. In
general, the OT thermogram is characterized by
uneven heating, which complicates its automated
processing by standard methods. Next, only the
region of interest (which is directly OT) is considered.

Figure 5a shows samples of temperature
profiles of the defect-free and defective areas for
different types of defects, lying at a depth of 3 mm.
An example of differential temperature signals from
artificial defects of the test sample, which are located
at different depths, is shown in Figure 5b.

—— defect-free area

30 f i
—air cavity

) 4 .
o 20 paper inclusion
= — aluminium inclusion__=~
10 e
% "16 20 42 55 68 8 94 107 120
Time, s
3
%) 2 _dl[' cavity on I mnrdepth
.. —— aluminium inc. on 2 mm depth
a1 paper inc. on 3 mm depth
0
94 107 120
Tlme, s
b

Figure 5 — Signals from the defect-free area and the defects
of test sample: a — temperature profiles at a 3 mm depth;
b — differential temperature signals at different depths

To form a set of training vectors for neural
network modules, two training samples were
developed and manufactured. The material, structure
and geometric dimensions of the training samples
correspond to similar parameters of test sample.
The procedure of training samples testing took place
according to the method and conditions described for
the test sample. Training samples contain artificial
internal defects in the form of air cavities, foreign
aluminum and paper inclusions with different
geometric dimensions, thickness and depth values.
In total, 6 artificial models with different parameters
were created for each type of defects.

As aresult, a set of temperature profiles vectors
with a total number of 6545 samples was formed.
This set includes 3605 examples of temperature
profiles from defect-free areas, 1414 profiles of
defects in the form of air cavities, 1019 profiles
of defects in the form of paper inclusions and
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507 profiles of defects in the form of aluminum
inclusions. Training dataset is characterized by a
certain unevenness, which arose due to the limited
number of training samples. The set of training
vectors was divided into training/validation/ test
subsets in the proportion of 70 % /15 %/ 15 %
respectively.

In order to process the experimental sequence of
thermograms of the test sample, neural networks of
appropriate modules for detection and classification,

Hidden Layer 1

Hidden Layer 2

determination of depth and thickness of defects
were created and trained. To solve these tasks, it
is advisable to choose the architecture of neural
networks for the detection and classification of
defects, which is shown in Figure 6. Architecture of
networks for determining defects depth and thickness
is similar. The input layer contains 20 neurons,
which corresponds to the number of thermograms in
sequence. The source layer contains 4 (according to
the number of classes) or 1 neuron.

W)

35

Output Layer
Output
4
15 4

Figure 6 — Architecture of defect detection and classification neural network

The Levenberg-Markard algorithm was used
as an optimizer. Loss function — MSE, metric —
MAE. According to the training results, MAE of
defects depth determination on the validation set was
0.028 mm, MAE of thickness determination was
0.019 mm.

The defects map, obtained by the results
of work of trained neural network module for
defects detection and classification, is shown in
Figure 7. All 12 artificial defects were detected
and unmistakably classified on the map. Defects
color on the map corresponds to their depth.

The shape and size of the defects are close to
true ones. In the image we can see some dots of
incorrectly classified temperature profiles, which
can be filtered by a median filter. In addition,
Figure 7 also shows binary defect maps obtained
using classical methods: optimal thermogram,
Fourier and wavelet analysis methods, principal
components analysis method (PCA), and dynamic
thermal tomography (DTT). Visually it is possible
to notice the increased efficiency of offered system
on the basis of deep learning in comparison with
classical methods.

From optimal
thermogram

Fourier analysis

DDT

Wavelet analysis

Proposed neural
network system

Figure 7 — The results of processing experimental data by traditional methods and using the proposed system
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Figure 8 shows the thermal tomogram obtained
by the DTT method and the image of test sample
internal structure, which was built on the results of
proposed system. At the defects boundaries there
are negative edge effects in the form of anomalous

200 0

a

emissions. This effect can be eliminated using
median filtering. In general, image of the internal
structure is reliable. Quantitative evaluation of
certain parameters and comparison of results with
traditional methods is given below.

b

Figure 8 — Results of processing experimental data: ¢ — thermal tomogram by DTT method; b — internal structure of

the OT (by proposed system)

Discussion

According to the results of quantitative
evaluation of effectiveness of defects detecting
in test sample by different methods (Table), it is
established that the best results are demonstrated

by developed automated system based on deep
learning. In particular, the use of neural networks
is only method by which it was possible to detect
all 12 artificial defects and automatically classify
them.

Table
Results of thermograms sequence processing by different methods
Criterion / method Thermogram Fourier Wavelet PCA DIT Neural
analysis analysis network

The number of detected p 10 7 1 3 12
defects
Defecf} classification 3 3 B 3 B 157
error, %
Tanimoto criterion, % 19.5 10.9 6.4 23.6 7.0 88.1
Depth estimation error, % - - — - — +3.2
Thickness estimation

- - - - - +3.5

error, %

The neural network module for defects detection
and classification allows to determine the size of
defects by their thermal imprints with the highest
accuracy among considered methods. Temperature
profiles were automatically classified with an error
of 15.7 %. The value of Tanimoto criterion [15]

at 88.7 % confirms the high reliability of constru-
cted defects map.

In considered conditions of testing the use of
deep learning is the only method that gives chance
to define defects depth effectively. Corresponding
neural network module allows to determine the depth
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of artificial defects of in test sample with a relative
error within £3.2 %. DTT method in a similar task
showed negative results, which makes it impossible
to assess the accuracy of determining defects depth.

Relative error in determining defects thickness
by neural network module is +3.5 %. Constructed
thermal tomogram of the internal structure of
sample is generally reliable, but at the boundaries
of some defects there are negative boundary effects.
Therefore, the thickness measurement must be
performed at the central points of thermal imprints
of the defects.

Consequently, the use of proposed automated
system based on deep learning demonstrates
the advantages of neural network modules over
traditional methods in all testing tasks. Due to the
high noise immunity and generalizing properties
of neural networks, the presence of non-uniform
heating has a weak effect on the efficiency of defects
detection in multilayer materials and the accuracy of
measuring their parameters.

Conclusion

In the paper offered to use the deep learning
approach for automation of thermal defectometry
of products from multilayer materials. The system
for implementation of this method consists of three
modules based on neural networks. Modules are
designed to solve tasks of defects classification
by type, determining their depth and thickness.
Experimentally established that developed automated
system allowed to detect and classify all artificial
defects embedded in the test sample, and to estimate
their depth with an error within +3.2 % and thickness
with an error up to £3.5 %. Defect maps constructed
as a result of processing experimental data using the
proposed system have a high reliability according to
Tanimoto criterion (88.1 %). In addition, the results
of comparative analysis show that the developed
system has an advantage over traditional methods in
qualitative and quantitative indicators.

The main direction for further research is to
optimize the architecture of neural networks of
relevant system modules by using the latest advances
in deep learning. In particular, it is proposed to
introduce normalization and dropout layers into
the network architecture, to change the training
optimization algorithm and activation function of
fully connected layers. An important task is also the
formation of a wide training samples dataset with

different defects and materials configurations. This
will expand the scope of developed automated system
without the need to retrain neural networks for each
individual task or type of multilayer material.
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Abstract

One of the ways to solve multiple problems of optical diagnostics is to use photovoltaic converters based
on semiconductors with intrinsic photoconductivity slightly doped with deep impurities which form several
energy levels with different charge states within the semiconductor’s bandgap. Peculiarities of physical
processes of recharging these levels make it possible to construct photodetectors with different functionality
based on a range of simple device structures.

The aim of'this work is to analyze peculiarities of conversion characteristics of single-element photovoltaic
converters based on semiconductors with intrinsic photoconductivity, to systematize their properties and
to represent structures of photovoltaic convertors as a device structures suitable for implementation in
measurement transducers of optical diagnostics systems.

Based on the analysis of the characteristics of the conversion characteristics of single-element photovoltaic
converters based on semiconductors with intrinsic photoconductivity and the requirements for their design,
a dash series of photovoltaic converters was developed for use in the measuring transducers of optical
diagnostics systems. The possibility of constructing func-tional measuring transducers for multiparameter
measurements of optical signals is shown.

Keywords: photovoltaic converter, device structure, deep impurity, conversion characteristic, measurement
transducer.

DOI: 10.21122/2220-9506-2021-12-2-108-116

Adpec ona nepenucku:

Taenosckuii K.JI1.

Benopycckuil HAYuOHANbHBIL MEeXHUYEeCKUL YHUsepcumen,
np-m Hesasucumocmu, 65, 2. Munck 220013, beaapyce
e-mail: tyavlovsky @bntu.by

Addpress for correspondence:

Tasnosckuii K.JI.

benopycckuii hayuonaneHblil mexHuuecKuil ynusepcumenn,
np-m Hezasucumocmu, 65, . Munck 220013, bBenapyce
e-mail: tyavlovsky @bntu.by

Jlna yumupoeanus:

R.I Vorobey, O.K. Gusev, A.L. Zharin, K.U. Pantsialeyeu, A.1. Svistun,

A.K. Tyavilovsky, K.L. Tyavlovsky, L.1. Shadurskaya.

Series of Photovoltaic Converters Based on Semiconductors
with Intrinsic Photoconductivity.

IIpuGOpBI U METOABI H3MEPEHHIA.

2021.—T. 12, Ne 2. — C. 108-116.

DOI: 10.21122/2220-9506-2021-12-2-108-116

For citation:

R.I. Vorobey, O.K. Gusev, A.L. Zharin, K.U. Pantsialeyeu,

AL Svistun, A.K. Tyavlovsky, K.L. Tyavlovsky, L.I. Shadurskaya.
Series of Photovoltaic Converters Based on Semiconductors

with Intrinsic Photoconductivity.

Devices and Methods of Measurements.

2021, vol. 12, no. 2, pp. 108-116.

DOI: 10.21122/2220-9506-2021-12-2-108-116

108



IIpubopsi u Mmemoowl usmepeHuil
2021.—-T. 12, Ne 2. - C. 108-116
R.1. Vorobey et al.

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 108-116
R.1. Vorobey et al.

IpubopHubii psax GpoTolrIeKTpUIECKUX NIpeodpasoBaTeiei
HA OCHOBE MOJYIIPOBOJIHUKOB € COOCTBEHHOU
(GoTonpoBOTUMOCTHIO

P.A. Bopobeii, O.K. I'yce, A.JI. ’Kapun, K.B. [1antesnees, A.U. CBuctyn, A.K. TsaBiaoBckuii,
KJI. Tasaoscknid, JI.A. Hlagypckas

benopycckuii nayuonanbHulil mexHu4ecKull ynugepcumen,
np-m Hesasucumocmu, 65, 2. Munck 220013, benapyco

Tlocmynuna 22.04.2021
Ipunama k nevamu 14.06.2021

OZIHI/IM U3 croco0oB PECHICHUA MHOI'OO6pa3HI)IX 3ada4 ONTHYECKOUN ANArHOCTHUKU ABJIICTCA HUCIIOJIB30-
BaHUE (POTOIIEKTPUIECKUX MpeodOpazoBaresiel Ha OCHOBE IMOJYPOBOAHUKOB C COOCTBEHHOH (POTOIPOBO-
JIUMOCTBIO, CITa00 JIETHPOBAHHBIX TITYOOKUMH MPUMECSIMH, (OPMHUPYIOITUMHI HECKOIBKO YPOBHEH C pa3HbI-
MU 3apsIOBBIMH COCTOSTHUSIMH B 3arpeniéHHol 30He. OcoOeHHOCTH (PHU3MYECKHX MPOIECCOB MEpe3apsiKu
3THX YPOBHEH MO3BOJISIOT CO3/IaBaTh (POTONMPUEMHUKH C Pa3TUIHBIME (PYHKITHOHAIHHBIMU BO3MOKHOCTSIMH
Ha OCHOBE psifia MPOCTHIX MTPUOOPHBIX CTPYKTYP.

Ilenpro paboOTHI ABISAETCS aHATN3 OCOOCHHOCTEH MPeoOpa3oBaTEIBLHBIX XapAKTEPUCTHK OTHOIICMEHT-
HBIX ()OTORNIEKTPUUECKHX MpeoOpa3oBaTernieii Ha 6a3e MOIYNPOBOIHUKOB C COOCTBEHHOW (hOTOPOBOANMO-
CTBIO, CHCTEMAaTH3aIHs X CBOWCTB, U MPEJICTaBICHNE CTPYKTYP, ipeacTasieHHbx OOI1 B Bune npudopHoro
psina (hOoTONIEKTPUIECKUX Tpeodpa3oBaTenieid Ui MPUMEHEHUSI B U3MEPHUTEIBHBIX MPeo0pa3oBaTelsiX CH-
CTEM ONTHYECKOM JUArHOCTHUKHU.

Ha ocHoBe ananm3a 0co6eHHOCTEH MPeodpa3oBaTeIbHBIX XapaKTEPUCTHK OIHOAJIEMEHTHBIX (hOTOdIIEeK-
TPUUECKHUX TIpeoOpa3oBarescii Ha 0asze MoNyIPOBOIHUKOB ¢ COOCTBEHHOH (hOTOMIPOBOAMMOCTHIO U TpeOoBa-
HUH K UX KOHCTPYKIHH pa3paboTaH MPUOOPHBIHA psij (hOTOIIEKTPUUIECKUX MTpeodpazoBarTeieil A IpuMeHe-
HUA B UBMCPUTECIIbHBIX Hpeo6pasoBaTenslx CUCTEM OIITHYECKOM JUArHOCTHUKH. IToka3ana BO3MOXKHOCTB MO-
cTpoeHus (PyHKIIMOHAIBHBIX U3MEPUTENBHBIX TIpeoOpa3oBaTeneil IIsi MHOTOMIapaMeTPHUECKUX U3MEPEHHH
OIITHYCCKHNX CUTHAJIOB.

KuaroueBble cioBa: (HOTOINEKTPUICCKUI TTpeoOpa3oBaTeb, MPUOOpHAsS CTPYKTypa, TIIyOOKas MPUMECh,

npeobpa3oBarebHast XapaKTePUCTHKA, H3MEPUTEIIBHBIN IPeo0pa3oBaTelib.
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Introduction

Optical diagnostics tasks are associated with
registration and analysis of optical radiation
parameters which are formed during interaction
of probing light with an object studied and light-
scattering media. In some cases, the source of
radiation is the object itself. At the same time
functional capabilities of optical diagnostics systems
and performance of their measurement transducers
are largely determined by photovoltaic converters
that convert one or several parameters of optical
irradiation including absolute and relative intensity
of spectral lines, half-width, shape of spectral lines,
etc. [1-4]. Therefore implementation of photovoltaic
convertors (PVCs) based on semiconductors with
intrinsic ~ photoconductivity into measurement
transducers for optical diagnostics is of great interest
since that PVCs provide a set of new qualitative
and quantitative characteristics using rather simple
device structure [5].

The aim of this work is to analyze peculiarities
of conversion characteristics of single-element
photovoltaic converters based on semiconductors
with intrinsic photoconductivity, to systematize
their properties and to represent structures of
presented PVC as a device structures range suitable
for implementation in measurement transducers of
optical diagnostics systems.

Fundamentals of photovoltaic converters
based on semiconductors with intrinsic
photo-conductivity

Physical principles of operations of PVCs
based on semiconductors with intrinsic pho-
toconductivity [5] could be described as integration of
processes inside sensitive region volume associated
with sequential recharging of various charge states
of deep impurity (Figure 1). In photodetectors with
intrinsic photoconductivity slightly doped with a
number of acceptor impurities [5] the impurity forms
two or three deep levels in several charge states.
In this case performance of device structure with
deep multiply charged impurities is determined, at
large, by recombination processes through impurity
levels [5, 6].

Several energy levels participating in formation
of PVC conversion characteristics (Figure 1)
provide switching capability for energetic, spectral
and transition sensitivity characteristics of PVC
making it possible to switch between several

conversion subranges (regions). The physical nature
of switching between different regions of conversion
characteristics of PVC based on semiconductors
with intrinsic photoconductivity slightly doped with
deep multiple charged impurity is due to a change
in lifetime and mobility [5] of minority carriers re-
sulting from their redistribution over recombination
levels and adherence of multiple charged impurity.
For PVCs based on semiconductors with acceptor
impurity the shift in lifetime and recombination
constant with level population change reaches
several decimal orders of magnitude [5-7] while
multiple charged donor impurity (Se, S, Zn for
Silicon) produces shifts below 1 %, which is due
to the fact that the energy levels of the impurity are
already filled (Figure 1, Se impurity).

Figure 1 — Band diagram of Silicon doped with
acceptor (Cu, Au) and donor (Se) impurities which form
multiple charge levels, with the given values of the
ionization energy

Formation of characteristics of PVCs with
intrinsic photoconductivity based on semiconductors
with a low concentration of deep multiply
charged impurity is described by updated model
of recombination processes for impurity with
arbitrary number (i) of levels inside semiconductor’s
bandgap [5,6]. The modeling'  determines
dependencies (1) of impurity levels population for
different charge states and dependencies of majority
and minority carriers’ lifetime on the power density
of optical radiation:

1. Shadurskaya L.I., Yarzhembitskaya N.V. [Method
for calculating the lifetime of nonequilibrium charge
carriers in semiconductors with several types of defects].
Teoreticheskaya i prikladnaya mehanika [ Theoretical and
Applied Mechanics]: sc. art. collection. — Minsk, 2005,
vol. 18, pp. 217-223 (in Russian).
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PVC design is relatively simple an could be
formed by photoresistive or surface-barrier device
structure with different configuration of planar and/
or two-sided system of electrodes some of which
could be semitransparent or represent, for example,
quarter-wave philter [4-5, 8]. The use of barrier
regions (heterojunctions, Schottky barriers) in device
structures makes it possible to obtain conversion
characteristics with the inversion of sign. In this case
the control action causing switching between different
regions of conversion characteristics can be various
factors [4-5, 9], including their combinations: input
optical radiation intensity (internal control), lowering
energy barrier height under photo-generated carriers
injection through it (internal amplification of a barrier
structure under forward bias), carriers injection from
external bias source via additional electrode (external
electrical control), recharging of multiply charged
impurity levels by additional controlling optical
radiation (external optical control). Functionality
and conversion characteristics parameters of these
PVCs could be controlled by appropriate choice
of structure and basic semiconductor material,
production technology, power supply and bias
modes, additional optical radiation [5, 9].

PVCs with internal control

The most simple device structure that is
formed by a bulk semiconductor with intrinsic
photoconductivity slightly doped with deep impurity
forming several levels inside bandgap for different
charge states (Figure 1)and an applied ohmic contacts
in planar (Figure 2a) or two-sided (Figure 20)
structure corresponds to PVC with internal control.

Figure 3 shows energy conversion characteristics
of PVC with intrinsic photoconductivity doped
with multiple charged acceptor (lines @ and b for
different semiconductor and impurity materials —
indices i, j) and donor (line ¢) impurities. For
comparison the energy sensitivity characteristic of
fotodetector based on semiconductor with impurity
conductivity (d) is also shown. For a PVC based on
a semiconductor with intrinsic photoconductivity
doped with a singly charged impurity only region I
of energetic sensitivity characteristic is implemented.
Internal control of the conversion characteristics
type (Figure 3) is realized due to the fact that at low

intensities of the optical signal [5] photoconduc-
tivity is caused by energy transition between the
valence band and the lower energy level of the
multiply charged impurity in the charge state (-1, -2)
that forms sensitivity region I (Figure 3). With a
further increase in the intensity of optical radiation
the lower level becomes completely filled and
photoconductivity is formed also by higher level in
the charge state (-2, -3). This leads to lengthening of
PVC energy characteristic (region II on Figure 3),
on a logarithmic scale, about twice comparing
with energy characteristic of photodetectors with
impurity conductivity. Region III is transitional and
is characterized by a nonlinear dependence of the
photocurrent i on the optical radiation intensity j.
In characteristic’s regions I and II this dependence is
linear. Significant increase of the dynamic range for
PVCs with intrinsic photoconductivity is a positive
property that determines the insensitivity of such
PVCs to intense "flares" but it should be noted that
absolute values of sensitivity of PVCs with intrinsic
photoconductivity are lower than sensitivity of PVCs
with impurity conductivity.

SN T

Figure 2 — Planar (a) and two-sided (b) device structures
of a PVC with internal control: 1 — semiconductor with
intrinsic photoconductivity slightly doped with deep
impurity; 2, 3 — contacts; S — input optical signal

Switching between the sensitivity subrange,
internally controlled by the intensity of the measured
optical radiation itself leads not only to an increase in
the dynamic range of the energy characteristic. The
formation of subranges with different sensitivity due
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to transitions between levels with different ionization
energies leads also to the shift in the "red" border
of PVC's spectral sensitivity. Combination of basic
semiconductor material type (Silicon, Germanium,
binary compositions) and impurity type (Fe, Pt,
Au, Cu etc.) provides switching between spectral
sensitivity characteristic types under the influence
of the intensity of the input optical radiation with
a different values of shift of sensitivity "red"
border (Figure 4). Switching time between sensitivity
subranges of PVC's energy and spectral conversion
characteristics is determined by the lifetime constant
of charge carriers.

/
i

%

2,
%

%,

Y, %

N
\

\/

Figure 3 — PVC's energetic conversion characteristics
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Figure 4 — Change of red border of spectral sensitivity for
PVCs with multiply charged impurity centers for different
materials

The use of optical filters in the form of films
with a passband around wavelengths A, and A,
makes it possible to form a single-element PVC
with switchable narrowband spectral characteristics.
Switching time between different characteristics is
determined by the lifetime constant of charge carriers.

Note that switching between sensitivity subranges
for all types of characteristics is realized only when
using acceptor type impurities. Since the levels of
the donor impurity are already filled at any injection
level, the switching between subranges does not
occur although the energy conversion characteristic
of the PVC is lengthened (line ¢ on Figure 3).

Photoresistive PVCs with external electrical
control

Population of different levels of multiply
charged impurity could be changed not only under
the influence of changes in the intensity of the input
optical radiation but also due to injection of charge
carriers into photosensitive region via additional
controlling electrode 4 (Schottky barrier) as shown
on Figure 5.

S, N T)

Figure 5 — Device structure of the PVC with external
electrical control

The shape of conversion characteristics of PVCs
with external electrical control does not differ from
the characteristics of PVCs with internal control but
switching between sensitivity subranges (Figures 3
and 4) can be performed at any time and at any
intensity of the input optical radiation by by passing
a current through the control electrode.

Photoresistive PVCs with external optical
control

Similarly to PVC with external electrical control,
the population of the levels of a multiply charged
impurity can be changed by additional optical
radiation M (Figure 6). Switching between sensitivity
subranges requires some threshold intensity of optical
radiation M [5, 9]. The switching process is similar
to that implemented in the previous device structures,
and also occurs in a time determined by the lifetime
constant of charge carriers. Since the processes of
changes in the level population and carrier lifetime
constants (1) do not depend on the physical nature
of the cause of change in the level population, it is
possible to implement combined optoelectronic
control in one PVC device structure (Figure 6b).

Another device structure that makes it possible to
significantly expand the range of realized parameters
values by the use of the combined technology is a
structure based on several semiconductor materials
epitaxially grown on a common sapphire substrate.
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Close values of a number of sapphire’s and many
semiconductor materials’ parameters (crystal lattice
constant, thermal expansion coefficients) make it
possible to fabricate device structures based on dis-
similar materials [10-13]. Figure 7 shows the basic
device structure of a photovoltaic converter based
on semiconductor 1 with a deep multiply charged

E

[ . A\

S, T) M

— <

3

a

impurity which characteristics are controlled by opti-
cal radiation M generated by light-emitting diode 4-5.
In this case the input optical signal S can be led into
the PVC structure both from the side of the semicon-
ductor layers S,, and through the substrate (S,) since
sapphire is also characterized by excellent optical
properties in the near and middle IR optical range.

S\, T)

Figure 6 — Device structure of the PVC with external optical () and combined (b) control

S,(J A, 1)

Figure 7 — Device structure that combines PVC structure
with external optical control and a controlling light-emitting
diode: 1 — PVC; 2, 3 — PVC contacts; 45 — light-emitting
diode; 6, 7 — light-emitting diode contacts; 8 — sapphire
substrate; S —measured optical signal; M — controlling
optical signal; i — insulating immersion layer

Such a structure (Figure 7) allows combining
the technologies of light-emitting devices based

on semiconductor compounds A*B>, photodetector
structures based on Si, Ge, Si: Ge and other materials,
integral structures of amplifier and signal processing
circuits and also "Non-Silicon" technologies on one
substrate [12, 13]. This structure can also serve as a
basis for designing functional PVCs.

PVC with internal amplification

In the PVC device structure shown on Figure 8
the main electrodes form Schottky barriers and
a PVC itself is essentially a diode structure with a
long base and a two oppositely connected Schottky
diodes. When using barrier structures as PVC, optical
modulation ofthe Schottky barrier height produces the
effect of internal photocurrent multiplication [9, 14],
which occurs at forward bias, in contrast to classic
avalanche and other devices operating at reverse
bias, and therefore at high bias voltages.

N

Figure 8 — Structure of a two-barrier photodetector with internal amplification in region I

113



Ipubopul u memoowvl usmepenui
2021.-T. 12, Ne 2. - C. 108-116
R.I Vorobey et al.

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 108-116
R.I. Vorobey et al.

Besides that a PVC design with oppositely
connected barrier structures implements spectral
response characteristic with a photovoltage sign
inversion [5,9]. In this case single-element two-
barrier PVCs allow to measure the intensity of optical
radiation with simultaneous determination of optical
radiation wavelength just by changing the power
supply mode of the photodetector without necessity
to use any optical dispersing elements which greatly
simplifies the design of the measuring transducer.

Functional PVCs

Forming the variety of single-element PVC
characteristics (Figures 2, 4-8) not due to the
complexity of the device structure, but due to the
use of peculiar features of the multistage physical
processes of recharging various deep impurities
levels makes it possible to build multifunctional

sensors that utilize basic single-element PVC designs
just by changing electrode configurations and bias
feed schemes [5, 8-9].

The principle of position-sensitive photodetec-
tor (Figure 10) is based on the use of the lateral
photovoltage measuring signal to determine the
X and Y coordinates of the light spot and the
position of the focused light spot to determine the Z
coordinate [9]. The device structure has 5 contacts to
get signals on X and Y coordinates and 2 contacts to
form signal on Z coordinate of the light spot of object
image. Photovoltage indices on PVC conversion
characteristics correspond to structure’s contact
numbers.

Physical determine  the

processes  that

dependence of the lateral photovoltage between
contacts 3-3* on the depth of the focused image
also lead to photovoltage sign inversion on a spectral
curve (Figure 9).

i=0
10°4

O
i:_2><

Figure 9 — Structure of a three-coordinate position-sensitive PVC and its characteristics

TE

|
T T

600 800

t >
1000 1200 A, nm
Figure 10 — Spectral characteristic of a three-coordinate
position-sensitive PVC

PVC structure based on semiconductor with
intrinsic photoconductivity thatis shown on Figure 11
acts an optical comparator comparing two optical
signals by such parameters as: optical radiation

intensity, monochromatic radiation wavelength,
position and shape of the optical spot [5, 9] of optical
signals S, and S, applied to different sides 4 and B
of a single-element functional PVC.

i [N

N SO
X

Figure 11 — Optoelectronic comparator based on single-
element two-barrier coordinate-sensitive PVC
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Since ionization of deep impurity with several
energy levels for different charge states can occur
under the influence of various factors, it is possible
to design functional PVCs sensitive to input
influences of various physical nature [4-5, 9] on a
basis of given structures range of PVCs based on
semiconductors with intrinsic photoconductivity.
PVC performance could be Improved or modified
by various technological methods, e. g. profiling the
surface of the PVC to reduce the optical reflection
coefficient.

Conclusion

Here was shown that device structures based
on semiconductors with low concentration of deep
impurity slightly doped with deep impurities forming
several levels with different charge states within
semiconductor’s bandgap could be used to create
photovoltaic converters with different functionality
using basic device structures range.

Analysis  of  conversion  characteristics
peculiarities of single-element photovoltaic con-
verters based on semiconductors with intrinsic
photoconductivity and systematization of their
performance and structures makes it possible to
represent possible PVC structures range as following:

— PVCs with internal control;

— Photoresistive PVCs with external electrical
control;

— Photoresistive PVCs with external optical
control;

— PVCs with combined control,;

— PVCs with internal amplification;

— Functional PVCs.

Using structures range of single-element
PVC based on a semiconductor with intrinsic
photoconductivity in measurement transducers for
optical diagnostics provides measurement of both
optical radiation parameters (intensity, wavelength)
with automatic or controlled switching between
measurement subranges and other physical quantities
for functional PVCs.

Examples of constructing functional PVCs using
a basic device structures range of single-element
PVCs based on a semiconductor with intrinsic
photoconductivity are shown.
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Abstract

The development of novel methods, scientific devices and means for measuring magnetic fields generated
by ultra-low current is among promising directions in the development of medical equipment and instruments
for geodetic surveys and space exploration. The present work is to develop a small sensor capable of detecting
weak magnetic fields, which sources are biocurrents, radiation of far space objects and slight fluctuations
of the geomagnetic field. Scientists estimate the strength of such magnetic fields as deciles of nanotesla.

The key requirements for the sensors of ultra-low magnetic field are: resolution, noise level in the
measurement channel, temperature stability, linearity and repeatability of the characteristics from one
produced item to another. The aforementioned characteristics can be achieved by using planar technologies
and microelectromechanical systems (MEMS) in such advanced sensors.

The work describes a complete R&D cycle, from creating the computer model of the sensor under
study to manufacturing of a working prototype. To assess the effect of the geometry and material properties,
the Jiles—Atherton model is implemented which, unlike the majority of the models used, allows considering
the non-linearity of the core, its hysteresis properties and influence of residual magnetization.

The dimensions of the developed sensor are 40x20x5 mm, while the technology allows its further
diminishment. The sensor has demonstrated the linearity of its properties in the range of magnetic field
strength from 0.1 nT to 50 uT for a rms current of excitation of 1.25 mA at a frequency of 30 kHz.
The average sensitivity for the second harmonic is 54 uV/nT.

Keywords: magnetometer, planar fluxgate, magnetic induction, Jiles—Atherton model, printed circuit board.
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IIpoexkTupoBanue MIAHAPHOIO GepPpPO30HIAOBOIO JATYMKA
10 TEXHOJIOTHHU MEeYATHBIX IJIAT

A.A. KOHOMeﬁHeBl, H.A. 3aT0HOB', M.U. Hnmancxaﬂ', I1.®. BapaHOBl, JINIR I/I.J'IBHIIIQHKOZ’3,
E.B. Ber0Typ0Ba4
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FOpeunckuii mexnonoeuveckuii uncmumym (gunuan) Hayuonanvrnozo ucciedosamensckozo
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3 Lo
Hnemumym ¢usuxu npounocmu u mamepuanosederus Cubupcrkoeo omoenenus Poccutickoti akademuu Hayx,
np-m Axademuueckuti, 2/4, . Tomck 634055, Poccus
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Hprymckuil HayuoHaIbHbLL UCCTe008AMENbCKULL MEXHUYeCKUL yHugepcumen,
va. Jlepmonmosa, 83, 2. Upkymck 664074, Poccusa

Hocmynuna 12.04.2021
Ipunama k neuamu 26.05.2021

Pa3paboTka HOBBIX METO/IOB, HAYUHBIX MPUOOPOB U CPEACTB JUISI U3MEPCHHS MArHUTHBIX TI0JICH, CO3/1a-
BAaEMBIX CBEPXCIA0BIMH TOKAMHU, SIBIISCTCS OJTHUM W3 MEPCIIEKTUBHBIX HAIMIPABICHUIN B Pa3BUTUU MEIUIIMH-
CKOM TEXHHKH, T€0JIE3NIECKUX U KOCMHYECKHX HCclieioBaHnid. L{enbo qanHoi paboThl SBIsUIach pa3padboT-
Ka MajoradapuTHOrO JIaTYMKA, CIIOCOOHOTO JIETEKTUPOBATh cladble MArHUTHBIC TIOJISI, NCTOYHUKAMH KOTO-
PBIX MOTYT OBITH OMOTOKH, U3JTyUEHHS JAIEKUX KOCMUYECKHX OOBEKTOB M CJIa0bie (IIYKTYallud MAarHUTHOTO
TIOJIST 3eMJTH. Y UEHBIC OTICHUBAIOT BETUYMHBI TAKUX MAarHUTHBIX MTOJICH B IECATHIC TOJIM HAHOTECIA.

Cpenu KITH0YeBBIX TPeOOBAHMIA K JaTUMKAM CBEPXCJIA00I0 MArHUTHOTO TOJISi MOYKHO OTHECTH pa3peliia-
IONIYIO CIIOCOOHOCTB, YPOBEHB IIYMOB B M3MEPUTEIFHOM KaHaje, TeMIEepaTypHYIO CTaOMIIbHOCTD, JIMHEH-
HOCTb U ITOBTOPSIEMOCTh XapaKTEPUCTHK OT U3Jeius K u3zenuto. [Ipempiaraercs 1o0UThHCS 3TUX XapaKTepH-
CTUK MyTEéM MPUMEHEHHUS TUTAHAPHBIX TEXHOJIOTUN M MUKPOIIEKTPOMEXaHUICCKUX CUCTEM MPHU U3TOTOBIIC-
HUU COBPEMCHHBIX TaTIYHKOB.

B pabore omucaH MONHBIN IUKI UCCIEAOBAaHUSA, OT CO3/IaHUS KOMIIBIOTEPHONW MOJIEIH HUCCIIETyEeMOTO
JIaTYMKa JI0 U3rOTOBJICHUS paboyero nmpoToruna. JIJis OleHKH BIUSHUS FEOMETPUYCCKUX TTApaMETPOB U BJIU-
SIHHS CBOMCTB MaTepHajia UCIONb30BaHa Mojienb Jxunca—ATepToHa, KOTopasi, B OTJIMYUE OT OOIBIINHCTBA
WCIIOJIb3yEeMbIX MOJIeNiel, TT03BOJISeT yYecTh HeTMHEHMHOCTh CepieuHUKa, ero IMCTepe3UCHbIE CBOMCTBA U
BIIUSIHAE OCTATOYHOW HAMAarHUYEHHOCTH.

laGaputhbl pa3pabOTaHHOIrO JaTUYMKa COCTABISAIOT 40X20X5 MM M TEXHUYECKH BO3MOXKHO €r0 YMEHb-
nrenue. PazpaboTaHHbIH JaTYMK MPOAESMOHCTPUPOBAIT JIMHEHHOCTh XapaKTEPUCTHK B nuanazone ot 0,1 HTn
o 50 mxTn mpu cpenHeKkBagpaTHIECKOM TOKe Bo30ykaeHus 1,25 MA Ha wactote 30 x['11. YcpenuEHusrii
KO3 GUIeHT TpeoOpa3oBaHMsI 110 BTOPOI rapMoHuKe cocTapiisieT 54 MkB/H T

KualoueBble cioBa: MarHUTOMETp, MJIaHAPHBIA (EPPO30OHIOBEIN MATYWK, MATHUTHAS WHIYKIIHS, MOJIENTb
Jlxunca—ATtepToHa, ieyaTHas IJiaTa.

DOI: 10.21122/2220-9506-2021-12-2-117-123

Adpec onsa nepenucku: Addpress for correspondence:

Hnvawenxo J[.11. Ilyaschenko D.P.

[Opeunckuti mexnonoeuueckuti uncmumym (guauan) Hayuonanvrozo Yurga Institute of Technology National Research Tomsk
uccnedosamenvckozo ToMCKO20 nonumMexHu4ecko2o ynusepcumemd, Polytechnic University,

ya. Jlenunepaockas, 26, e. IOpea 652055, Poccus Leningradskaya st., 26, Yurga 652055, Russia

e-mail: mita8@rambler.ru e-mail: mita8@rambler.ru

Jna yumuposanua: For citation:

A.A. Kolomeitsev, 1.A. Zatonov, M.1. Pischanskaya, P.F. Baranov, A.A. Kolomeitsev, I.A. Zatonov, M.I. Pischanskaya, P.F. Baranov,
D.P. llyaschenko, E.V. Verkhoturova. D.P. llyaschenko, E.V. Verkhoturova.

Designing a Planar Fluxgate Using the PCB Technology. Designing a Planar Fluxgate Using the PCB Technology.
TIpuGops! 1 METOIBI H3MEPEHUIA. Devices and Methods of Measurements.

2021.-T. 12, Ne 2. - C. 117-123. 2021, vol. 12, no. 2, pp. 117-123.

DOI: 10.21122/2220-9506-2021-12-2-117-123 DOI: 10.21122/2220-9506-2021-12-2-117-123

118



Ipubopul u memoowvl usmepenui
2021.-T. 12, Ne 2. - C. 117-123
A.A. Kolomeitsev et al.

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 117-123
A.A. Kolomeitsev et al.

Introduction

The measurement of magnetic fields is
among crucial problems in the fields of space and
geophysical studies [1-2], systems for navigation,
orientation and stabilization [3], in quantum
computer shields [4—6], magnetic resonance
imaging, visualization of brain functions, fault
detection and non-destructive testing [7] and many
other areas. One more example of magnetometer
implementation is a magnetic vacuum system
that allows minimizing the influence of external
magnetic fields on electronics. Such systems use
passive and active methods for shielding magnetic
fields. Passive methods are based on the shields
from materials with high magnetic permeability. In
active methods, the magnetic field is compensated
using a system of coils. The coils are a part of a
system with feedback; the magnetic field strength
is measured by the sensors located in the vicinity
of the shielded object. To measure absolute
magnetic field strength, magnetic vacuum systems
primarily use fluxgate magnetometers; however,
the increased quality of magnetic vacuum requires
improved characteristics, in particular, the fluxgate
sensitivity.

Another important field where fluxgates are used
is magnetocardiography [8—10], which differs from
widely used electrocardiography by its non-invasive
character and high sensitivity.

Existing SQUID-based magnetocardiogra-
phers [11] provide high-quality diagnostics of
cardiovascular diseases; however, such complexes
are affordable only for a small range of diagnostic
and treatment centers. This substantiates the
issue of the development of a sensitive magnetic
measuring sensor with a lower price as compared
to SQUID-magnetometers. In a number of articles,
the researchers have confirmed the possibility of
applying fluxgates for measuring the parameters of
cardiac activity [12—14]. One of the advantages of
fluxgates is the possibility of its miniaturization and
manufacturing by PCB or MEMS technology.

The present article describes a prototype
of a generic fluxgate manufactured by the PCB
technology.

Fluxgate design

When creating a generic fluxgate sensor, to
achieve maximum sensitivity and minimal noise
level, three directions can be distinguished:

— optimization of the planar geometry of the
sensor;

— enhancement of the methods for its excitation
and processing of the measurement information;

— implementation of novel nanostructured
materials for the magnetic core of the fluxgate.

In current work we chose the direction connected
with the optimization of the planar model of the
sensor geometry. Figure 1 depicts the planar design
of the fluxgate. The dimensions of the sensor are
40x28%2 mm.

=
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353
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Figure 1 — Fluxgate 3D model: 1 — excitation coils; 2 —
measurement coil; 3 — ferromagnetic core

The key element of the fluxgate is the
ferromagnetic core. The material of the core was
a strip from FINEMET® FT-3H amorphous alloy
(Hitachi Metals, Ltd., Japan). The chosen material
possesses high permeability, which will allow
decreasing the excitation current. In addition, high
permeability promotes high induction, while high
resistivity decreases eddy-current losses.

To assess the operability of the suggested
design, a finite-element modeling was performed in
COMSOL software (COMSOL, Inc., Sweden).

The hysteresis properties of the core material
were presented using the Jiles—Atherton hysteresis
model. Table 1 contains the model parameters
presented as diagonal matrices.

Figure 2 presents the magnetization curve
plotted for the implemented core material.

At the first stage of modeling, a sinusoidal
current of 1.5 mA with a frequency of 25 kHz was
fed to the excitation coil of the fluxgate with constant
magnetic induction of 9 uT along the sensitivity
axis of the fluxgate. Figure 3 plots the dependence
of the induced EMF in the fluxgate excitation
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coil on time and input voltage in the pickup coil.
For illustrative purposes, the temporal dependence

of the induced EMF amplitude is shown at a scale
of 1:1000.

Table 1
Jiles—Atherton model parameters of Finemet FT-3H core
Parameter Value Unit
Interdomain coupling: o {4.33,3.952,4.33} x107°
Saturation magnetization: M, {1.31, 1.33, 1.31 A/mm
Domain wall density: a {3.8,3.11, 3.8} A/m
Magnetization reversibility: ¢ {736, 652, 736} x107
Pinning loss: k& {4.11,3.38,4.11} A/m
6 ‘ — 0T
— 3uT
1 5t | — 6ul
{ 9uT
—~ § 4r
F
~ 0 L
< &
- 2t
-1 1+ .
; 0 . /A N
-120 80 -40 0 40 80 120 0 1 3 4
H (A/m) Harmonic number

Figure 2 — Hysteresis loop for the core from FINEMET®
FT-3H material
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Figure 3 — Input and output signal timing behavior at
exciting current of 1.5 mA

Evidently, the output signal of the fluxgate is
dominated by the second harmonic of the excitation
signal frequency. Over an equal time period,
the number of peaks of the output signal is twice
larger than that of the input signal. Therefore, the
operability of the model is confirmed in line with
the conventional differential fluxgate operation
theory.

Figure 4 shows the fluxgate output signal
spectrum recorded at various values of acting
magnetic induction. The excitation conditions are
the same.

Figure 4 — Dependence of spectral characteristic of the
output signal on the ambient field strength at an excitation
current of 1.5 mA

Obviously, the amplitude of the second
harmonic linearly depends on the ambient magnetic
field strength. Interestingly, the signal spectrum also
contains the fourth harmonic which also depends on
the ambient magnetic field strength.

Therefore, the modeling results have confirmed
the operability of the design.

Experimental specimen manufacturing

The experimental specimen of the planar
fluxgate was manufactured as follows.

Using the PCB technology, four separate printed
circuit boards were made on a textile laminate
substrate: two identical boards with excitation coils
and two identical boards with pickup coils. The
topology of the printed circuit boards is presented in
Figure 5.

The conductors on the printed circuit boards were
made from copper and then coated by a terne layer.

Figures 6a and 6b demonstrate the photographs
of the manufactured circuit boards with the elements
of the planar fluxgate.
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Figure 5 — Planar fluxgate printed circuit board topology
of exciting (a) and measurement (b) coils. Red lines
indicate conductors on the top layer of the printed circuit
board, green lines indicate conductors on the bottom layer
of the printed circuit board, cyan lines indicate vias, white
lines indicate a ferromagnetic core
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Figure 6 — Photographs of the manufactured printed
circuit boards with the elements of the planar fluxgate:
a — printed circuit board with excitation coil; b — printed
circuit board with pickup coil

The ferromagnetic core produced from
FINEMET® FT-3H material by mechanical cutting
was adhered to the opposite side of the first board
with the excitation coil. The adhesive used was
LOCTITE® STYCAST 2850FT (Henkel AG & Co.
KGaA, Germany). To cure the adhesive, LOCTITE®
Catalyst 24 LV (Henkel AG & Co. KGaA, Germany)
hardener was used with a ratio of the adhesive to the
hardener of 100:6. The duration of complete curing
was about 36 hours. The adhesive was cured in a
vacuum chamber at a pressure no more than 10~® atm.

To manufacture proper excitation coil, the first
board with the excitation coil and adhered core was
sandwiched with the second board with the excitation
coil. The excitation coils on the two boards were

connected through the vias. Then, the boards were
soaked with the LOCTITE® STYCAST 2850FT
adhesive with further curing in the vacuum chamber
at a pressure less than 10~ atm.

After curing, the bonded boards with the
excitation coil were sandwiched from the both sides
with the boards with the elements of the pickup coil.
The boards were connected with the elements of the

pickup coil through the vias by a copper wire with a
diameter of 0.05 mm.

Experimental

The performance test of the sensor included
the experimental determination of the dependence
of the second harmonic amplitude in the fluxgate
output signal on the amplitude and frequency of the
excitation current under a magnetic field strength of
45 uT induced by a system of axial coils [15]. The
experimental scheme is presented in Figure 7.

The scheme in Figure 7 includes a Fluke 5520A
Multi-Product Calibrator (Fluke Corporation, USA)
that was used to excite the fluxgate with a sine
signal with a preset amplitude and frequency. A
multimeter Agilent 3458A (Agilent Technologies,
USA) was used to measure the excitation current of
the fluxgate. A PXI-1042Q platform (NI, USA) with
a PXI-5124 module (NI, USA) was used to digitize
and analyze the spectrum of the fluxgate excitation
signal and its output voltage (amplified beforehand

through the amplification section of the synchronous
amplifier [16]) proportional to the measured
magnetic induction. The experimental data are given
in Table 2.

Following the data from Table 2, the maximum
sensitivity was achieved at a frequency of fluxgate
excitation of 30 kHz with an rms current of excitation
of 1.25 mA.

To determine the sensitivity and the measurement
range, the fluxgate was placed in the center of the
system of axial coils [15]. A high-precision current
source was used to set a direct current amplitude
flowing through the system of coils, so the magnetic
field induction in the center of the system would
vary from 0.1 nT to 50 uT. All the measurements
of the amplitude of the second harmonic in the
fluxgate output signal were averaged. To do so, 1000
measurements were automatically registered at a set

current value and then averaged.

The measured amplitudes of the second
harmonic in the fluxgate output voltage varying with
the magnetic induction are presented in Table 3.
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Figure 7 — Block diagram of the fluxgate testing

Table 2
Dependence of the amplitude of the second harmonic on the amplitude and frequency of the excitation
current
Current [mA]
fkrflqz‘iency 0.25 0.5 0.75 1.0 1.25 1.5
Voltage [V]
20 0.13 0.42 1.23 2.05 242 2.38
30 0.19 0.57 1.32 2.14 2.56 2.52
40 0.15 0.39 1.22 2.03 2.36 2.29
50 0.09 0.12 0.17 0.27 0.34 0.29
60 0.05 0.11 0.13 0.19 0.22 0.15
70 0.01 0.05 0.07 0.18 0.21 0.19
80 0.008 0.021 0.056 0.17 0.19 0.16
90 0.007 0.019 0.051 0.14 0.17 0.15
100 0.006 0.012 0.037 0.13 0.15 0.12
Table 3

Amplitudes of the second harmonic in the fluxgate output voltage varying with the magnetic induction

Magnetic induction [puT] 0.0001 0.001
Voltage [mV] 0.0052 0.0548
Magnetic induction [puT] 1 5

Voltage [V] 0.0564 0.268

0.005 0.01 0.05 0.1 0.5
0.261 0.542 2.71 5.68 28.3
10 20 30 40 50
0.545 1.082 1.623 2.165 2.641

Following the analysis of the data from Table 3,
the fluxgate is suitable for measuring the magnetic
induction up to 50 uT. Its characteristics remain
linear in the range of measured induction from
0.1 nT up to 50 uT. The average sensitivity for the
second harmonic is 54 pV/nT.

Conclusion

A computer model was elaborated that allows
assessing the sensitivity of the developed magnetic
field sensor with due consideration of the hysteresis
properties of the material. Based on the technological

capabilities, the models were developed that
allow manufacturing the elements of excitation
and pickup coils using the PCB technology. At
present stage, the dimensions of the sensor are
40x20%5 mm.

A working sensor prototype was manufactured.
The technological process of device assembly was
developed. The measurement scheme was developed
and the sensor's sensitivity was tested.

The optimal frequency and excitation current
were determined that allow achieving the maximum
sensitivity of the sensor. The measurement range
of the developed sensor was estimated.
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The conclusion on the viability of fluxgate
implementation for measuring weak magnetic fields
was made, including in magnetocardiography,
geodesy and space exploration.

Further decrease of the width of the printed
conductors that compose the excitation coils and
the pickup coil of the converter with the increase
of their density on the circuit board will increase
the induction and excitation frequency keeping the
excitation current amplitude unchanged. Further
improvement of the cutting and leaching technology
for the ferromagnetic core is necessary to decrease the
converter noise and manufacture identical fluxgates
using the technology of microelectromechanical
systems.
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Abstract

The improvement of efficiency, reliability and productivity of ultrasonic testing of objects with cohesion
between materials connected by welding, soldering, gluing, etc. is 'an important problem of the modern
production technologies. The purpose of the paper is to determine in 3D space the conditions for increasing
the sensitivity and reliability of the flaw detection in the cohesion zone between materials when the form
of defect interface can be different.

In the first part of the theoretical study the features of the formation of the acoustic fields of ultrasonic
waves scattered from solid's interface when spot of an acoustic beam crosses the boundary of the defective
region in the shape of an ellipse or a long strip have been investigated. In this case, the boundary conditions
in the defect area change discretely or linearly.

It was suggested to use a phase shift between reflected waves from the defect and defect-free interfaces
as the more informative parameter depending on the cohesion between materials. There is shown that there
are conditions to achieve sufficiently high sensitivity detection of interface defects when the scattered waves
receiving are to be at angles outside the main directivity lobe of the scattering field pattern. The evolution
features of the scattering field structure which are needed for the development of the method of evaluation
the cohesion of materials have been got.

Keywords: ultrasonic waves, diagram directivity (DD), reflection, wave scattering.
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Biansinne reoMeTpuu M TPAHUYHBIX YCJI0BHH B 00J1aCTH
CUEIJICHUSI MAaTepPHAJIOB HA pPacCcesiHUE YJIbTPa3BYKOBBIX
BOJIH. Y. 1. Teopernueckoe moae1MpoBaHue

A.P. Baes', A.JL. Maﬁoponl, H.B. JleBKkoBHY, J.B. IlaBoBcKnii’, M.B. Acaguas’

! Unemumym npuknaonoii pusuxu Hayuonansnoti akademuu nayk berapycu,
ya. Axademuuecxas, 16, e. Munck 220072, Berapyco

?Benopycckuii 2ocydapemeennviil ynusepcumen,
np—m Heszaseucumocmu, 4, 2. Munck 220030, berapyco

IO no monausy u eazugurayuu «Bermoneasy,
ya. B. Xopyorceii, 3, 2. Munck 220005, benapyco

Tlocmynuna 08.04.2021
Ipunama k nevamu 02.06.2021

[ToBwimenwe >3pGeKTUBHOCTH, HAAEKHOCTH U TPOU3BOJUTEIFHOCTH YIIBTPa3ByKOBOTO KOHTPOJIS COENHU-
HEHUSI MaTepHualioB CBapKOM, MalKOM, CKJICUBAHUEM U JIp. SIBISIETCS BaXKHOW HApOIHOXO3SIICTBEHHOU 3aj1a-
yeif. Llenb paboThI coCTOsIa B yCTAHOBIIEHUH YCIOBHH MOBBIMIEHUS YyBCTBUTEIHHOCTH M IOCTOBEPHOCTH
oOHapyxeHHus 1e(DeKTOB CIEIUICHNSI MaTepHajoB Ha OCHOBE MOJEINPOBAHUS TIOJNEH YIBTPa3BYKOBBIX MO,
paccestHHBIX Ae(eKTaMu pa3HOi TeOMETPHH.

BriepBbie B MakcHaTbHOM TIPUOIMKEHUH BBITIONTHEH PAacu€éT M aHAIH3 MOJIEH pacCesHus YIbTPa3ByKOBBIX
BOJTH TIPH TIEPEMEIIEHUH TSTHA aKyCTHIECKOTO JTyda B BHJIE AIIIUIICA WITH JITMHHOW MTOJIOCHI OTHOCUTEIHEHO
nedekTHOW 00IacTH ¢ AMCKPETHBIMU U TJIABHO M3MEHSIOIINMUCS B HEW TPAHWYHBIMHU yCIOBHAMHE. J[i1s Xa-
PaKTepUCTHKHU TIOCIEAHNX C TOYKU 3pEHUS B3aUMOJCHCTBHS YIIPYTOW BOJHBI C TPAHUIIEH CPell TTPETIOKEHO
HCITOJIB30BaTh MPEUMYIIICCTBEHHO (Da30BBIA CABUT O MEXTy BOTHAMH, PACCETHHBIMHU OT Ie(EeKTHON U 0e3-
ne(heKTHOW TpaHUIIbI, CYIIECTBEHHO CKa3bIBAIONIMIICS HA N3MEHEHUH MapaMeTPOB PE3yJIbTHPYIONIETO MO
paccestHus B ero nepudepuitHoii 3oue. T. e., 6 aBnseTcs BaXXHBIM ITapaMeTPOM, XapaKTePH3YIOITUM CTEIIEHb
CIETUICHHUST MaTePHAJIOB ¥ OKAa3bIBAIONINM TIPEBAJMPYIOIee BIMSHAE Ha YYBCTBUTEIBHOCTh MPEIaraeMoro
MeToJIa OOHAPYKECHHS CITa00 BBIABISICMBIX Me(EKTOB.

YcTaHOBIEHBI OCOOCHHOCTH JBOJIONUHU CTPYKTYPHI TIONEW paccesHUs, SBISIOMNECS TepBUYHBIMHU
JUTSE pa3pabOTKH METOAWK KOHTPOJS CIEIUIEHHS MaTeprajioB MpPeNIoOKeHHBIM MeTofoM. [Ipu mocratouno
MaJTbIX 3HAUYEHMSX YIiIa IpruéMa yIpTPa3BYKOBBIX KOJIeOaHUH B MEPUINOHATEHON TITOCKOCTH MAKCUMYM TyB-
CTBUTENFHOCTH U3MEPEHUH TOCTUTAETCS B TUHAMUYECKOM PEXHUME U MMPUEME PACCETHHBIX BOJH O] a3UMY-
TaTbHBIMHU YIJIAMH, COOTBETCTBYIOIIUMH 1-My AKCTPEMyMY IHArpaMMbl HaIPaBICHHOCTH TOJS PacCesHUs
OTIOPHOTO aKyCTHYECKOTO JTyda.

KiroueBbie ciioBa: AuarpamMma HaIllpaBJICHHOCTH, HepaS’BéMHOG COCAUHCHUC, PACCCAHUC YIIPYTUX BOJIH.
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Introduction

The development of effective methods and means
of ultrasonic testing of permanent joints (metal-to-
metal, metal-to-nonmetal, nonmetal-to-nonmetal)
allowing a reliable and safe functioning of critical
technical facilities in heating, construction and
operation of gas pipelines, in the chemical industry,
at enterprises of the auto-tractor construction,
instrument engineering and others is very relevant.
At the same time high reliability and sensitivity of
testing of weakly detectable by ultrasonic methods
defective areas of material joining (for example,
material sticking faults) in welding, spraying,
brazing, gluing and others, is an important applied
task [1].

Traditional methods of ultrasonic testing of
fixed assemblies mostly use "direct" amplitude
methods consisting in determining of amplitude
differences of acoustic signal passed or reflected
from a defective(ScS)) and non-defective (Sc.Sy)
surfaces of contacting surfaces. For this purpose
ultrasonic volume waves probing the object by
echoing, echoing, as well as shadowing can be
used. On the other hand, quality of adhesion of
materials characterized by stress tensor (c,); and
displacement value of wave (§;) on contacting
surfaces both during manufacturing and operation
of the object can be estimated by time variations of
surface, plate waves, their amplitude, phase [2—4].
And in [3, 4] detection of splits in objects with
high attenuation coefficient in polymer composites
and in multilayer adhesive structures, where low-
frequency plate mode is used as a probe, and
their velocity decreases as a result of diffraction
scattering on splits depending on "damage"
of the object, are considered. If comfortable
measurement conditions are provided, including
the condition of the object's contact surface, its
geometry, inspection performance requirements
and the instrumentation used, interferometric
measurement schemes are sufficiently sensitive to
assess the quality of material adhesion or coating
thickness gauging [5, 6].

It should be noted that combined methods
realized by using optoacoustic excitation of
ultrasonic waves and their receiving by both contact
and non-contact methods — are promising in solving
the above problems [7, 8]. In particular at pulse-laser
action a wide spectrum of waves interacting with
a defect area is excited in the object. At the same
time the "selectivity" effect allows the detection of

poorly detectable defect areas based on the signal-
response spectrum data. Increase of the method's
efficiency could be achieved by means of receiving
Lamb waves in simple electromagnetic-acoustic
way [8], if of course, the object is o a double-layer
plate with characteristic thickness #,>A,;, where A,
is maximum possible Lamb wave length. It should
be noted that by changing the configuration of
receiver measuring coil it is possible to search for the
elastic modes which are the most sensitive to defects
of splitting.

Analysis of the above methods of quality testing
of solid state joints shows that their sensitivity is
not high enough when using traditional measuring
methods, while the wuse of interferometer,
phase-frequency methods and laser technology
significantly complicates the conditions of testing.
It concerns requirements to geometry of objects,
state of their surface, etc. The authors [9] on the
basis of deterministic approach in 2D formulation
develop the method of detecting weakly detectable
defects, when the phase shift between the waves
scattered at the defect and defect free boundary
magnitude of 6 =n/4 —x. In [10] the ultrasonic
scattering fields in three-dimensional space - in
different planes of the directional cross section of
the ultrasonic scattering field DD, characterized by
equatorial (v = 0 —x) and azimuthal (y =0 —n/2)
angles are investigated. Moreover, the phase
shift between the waves scattered at the same at
the defective and defect-free boundaries time
is constant and its value varies in the range of
0=mn/4—m.

The aim of this part of the research is to carry
out a theoretical qualitative analysis of the acoustic
channel including the formation of reflected fields
of ultrasonic waves (UW) from a heterogeneous
boundary plane surface §* =S, + S, characterized
by different profile of S, boundary and phase shift
between the reflected waves and to determine
the optimum conditions for their detection and
achieve maximum sensitivity.

Note that the informative signal at the
receiving ultrasonic probe is formed only when
a moving spot of incident beam on the interface
intersects defect's boundary or defect is inside
the spot. Thus, we have possibility to observe the
more substantial changing of the UW side lobes
structure. Below the peculiarities of acoustic
scattering field formation ®(¢,y) are studied for
the case, when the defect surface S, has the form
of ellipse with eccentricity (¢ =a/b = 0.3-3) and
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area ratio S, =S,/S,=0-0.1 or as a strip, where
S, 1s the acoustic beam (4B) cross-section area of
its spot, and the phase shift between the scattered
waves changes in the range 6 =0-m. And this
variation is not only discrete, but also linear, which
is characteristic for cases of imperfect execution
of some joining technologies of materials. The
conditions for choosing the optimal scheme of
sounding are specified.

Analysis of peculiarities of acoustic channel

At this stage of development of suggested
method of diagnosing state (coupling) of contacting
materials, mainly aimed at studying peculiarities
of influence of geometry of defect area and its
position on formed ultrasonic scattering field. Also
important is the problem of detecting such defects
when the strength of "seizure" or adhesion of
materials in the defective area changes depending
on the coordinates {x, y} cS). L. e. at characteristic
angles of incidence of elastic waves on the local
zone we should expect changes in phase shift,
which is a function of 6 =0(c,, X, C,, C,, P).
And this should have some effect on the scattering
field under study. Thus the subject of the present
studies are peculiarities of DD formation in space
of scattering ultrasonic waves when a spot of an
acoustic beam with moving relative to the boundary
of the defective surface having the form of an ellipse
with varied eccentricity € = 0.3-3 or a long strip.
In this case the boundary conditions in the area
of wave incidence on the defect change discretely
or linearly vs. distance from the sport boundary
in x direction, where a and b are axes of an
ellipse (Figure la).

When variant Il is implemented, the problem
under consideration is represented as a superposition
of the fields of the two sources:

J=Jp =4S Kpo Fo(v, @) +
Ay Sp [Kg Fpo (W, 0, 0(x)) — Kzo Fop (W, 9)], (1)

where 4, is the amplitude of the acoustic wave
incident on the media boundary; K, and Kj, the
ultrasonic reflection coefficients from the defect-
free and defect bonded area of the materials,
respectively; J is the resultant scattering field of the
ultrasonic beam incident on the boundary surface
with the defect Sy=S,+Sy, Fy, Fo1, Fpy — are the
corresponding normalized integral functions where
F,, = F, s for the ScS),.

Z
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Figure 1 — Illustration for the theoretical analysis and
calculation of the ultrasonic reflected waves from

I
I

For numerical calculation in axial approximation
of acoustic fields, obtained at ultrasonic reflection
from adhesion surface of materials with defect
of different profile integral expressions obtained
below were used. This allowed us to reveal specific
features of ultrasonic wave (UW) field variations
scattered in the presence of a simulated defect area
S, of different geometry (Figures 4.2—4.4), including
an ellipse, a long strip of width b <r, and a semi-
infinite plane. Further by numerical experiment the
search of such conditions is carried out, at which the
possibility of revealing of defects of incoherence
with the minimum possible reflectivity is realized.
For this purpose we suggest to use those regions of
scattering fields (or angles of UW receiving), where
the minimum and maximum of the first order angles
of DD (Qpin1> Pmax1) are located in the equatorial
plane of DD section. We suggest to measure values
of scattering field amplitudes in its vicinity and to use
the amplitude of 4., as well as (for comparison)
the value of the zero-order maximum 4.
Dimensionless parameters are used as informative
ones characterizing the sensitivity of the method and
its effectiveness:

A*={|AA( Qi) /4
|AA((Pmax0) | /Amaxo} .

A"4((pmax1)|/A

max 1’ max1°
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The scattering of ultrasonic waves when
acoustic beam spot intersects defect
boundary

In this case the calculation of the summary
scattered field is realized according to formula (1)
but it is necessary to take into account the changing
of the defect’s boundary to intersect the boundary of
the acoustical spot S,,.

The results of numerical calculations of the
considered acoustic fields, including the characteristic
dependences of amplitude parameters |AA4|/4,,,, on
the geometry of the defect area, its position relative to
the acoustic beam spot and the phase shift 6 between
the scattered UW on the defective and non-defective
surface of the material interface are presented below.
Figures 2 and 3 present the amplitude characteristics
of the UW scattering field depending on the position
of the defect area centre in the form of ellipse with
different eccentricity, determined in the equatorial
planes of the DD y=0-m/2 for the indicated
receiving angles at different values of the phase
shift. Note that the indicated amplitude parameter
|AA4|/A4,,.«,» In fact, characterizes the sensitivity of
the measurement method for various input-receive
conditions of the UW. Figures 4 and 5 show data on
the maximum sensitivity of the method, depending
on the position of the defect area when its geometry
and phase shift 6 are changed. The data on the
effect of a more complicated adhesion mechanism,
characterized by a linear change in the value in the
direction normal to the boundary of the defect area,
which has the shape of a long strip, is illustrated in
Figure 6.

When variant I1 is implemented (defect surface —
long strip), the phase shift, where is the coordinate
of a point on the surface of the SD defect, counted
in its plane normal to the amplitude characteristics
of the UW scattering field depending on the position
of the defect area centre in the form of ellipse with
different eccentricity, determined in the equatorial
planes of the DD y = 0 — n/2 for the receiving angles
at different values of the phase shift. Note that the
indicated amplitude parameter |AA|/A4,,, in fact
characterizes the sensitivity of the measurement
method for various input-receive conditions of the
UW. Figures 4 and 5 show data on the maximum
sensitivity of the method depending on the position
of the defect area when its radius and phase shift 6 are
changed. The data on the effect of a more complex
material coupling mechanism characterized by a

linear change in the value in the direction normal to
the boundary of the defect area, which has the shape
of a long strip, is illustrated in Figure 6.

|AA]
Amaxi

1.2

0.8F

0.4

|AA]|
Amaxi

|AA]|
Amaxi

xa/To

Figure 2 — Amplitude characteristics of the ultrasonic
scattering field vs the position of the defect area centre
in the form of ellipse, determined for v =0 (a), w/4 (b),
1/2 (c¢) and different angles of wave reception ¢ at phase
shift 8 =n: eccentricity of the ellipse e=1 (1), 3 (2),
1/3 (3); angle of the UW reception ¢ = Qi1 (@), @paxs (),
Praxo (€); 7o/ Ak =15; S,/S,=1/9
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Figure 3 — Amplitude characteristics of the ultrasonic
scattering field vs the position of the defect area centre
in the form of ellipse, determined for y =0 (a), /4 (b),
/2 (c) and different angles of wave reception ¢ at the
phase shift 6 =m/4: eccentricity of the ellipse € =1 (1),
3 (2), 1/3 (3); angle of the UW reception ¢ = ¢,,;,; (@),
Omax1 ()5 Praxo (€); Fo/A=15; /Sy =1/9

The presented results of theoretical analysis
of the influence of geometrical parameters of
the model defect area on the generated acoustic

scattering field of UW at its relative crossing by the
spot of the acoustic beam convincingly indicate the
effectiveness of the suggested method of evaluation
the adhesion quality of materials which consists in
the application of a "non-mirror scheme" of UW
radiation-receiving. Those, not only the angles of
UW radiation and receiving but also the planes of
incidence of the source and receiver of the ultrasonic
probe may not coincide.
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Figure 4 — Maximum variation of ultrasonic amplitude at
displacement of acoustic beam spot relative to the centre
of circular defect (a) and half-plane boundary (b) as a
function of phase shift of waves scattered from the defect:
angle of ultrasonic reception in equatorial plane y = 0:

® = Omaxo (1)’ Prmint (2)’ Prmax1 (3)’ 7”0/7\, = 55 SD/SO =1/9

In case of orientation of the major axis of the
ellipse a (or "elongation") of the defect along the
x-axis (e=a/b>1) it is preferable to receive UW
in the plane determined by equatorial angle y—m/2
for @— {Qpax1> Pmins- But if the major axis of the
ellipse a directed along the y-axis then the situation
is the more preferable for ultrasonic receiving if
y—0. A similar tendency is maintained when the

129



Ipubopul u memoowvl usmepenui
2021.—T. 12, Ne 2. - C. 124132
A.R. Bayev et al.

Devices and Methods of Measurements
2021, vol. 12, no. 2, pp. 124-132
A.R. Bayev et al.

phase shift between scattered waves in a varying
range (1/8—1) m. The sensitivity of the suggested
method can significantly (by more than order
of magnitude) exceed the traditional "mirror"
version of testing. (The latter is implemented for
radiation-receiving) conditions at angles close to
each other). As seen from figures 2—5 the absolute
value of 8, = |AA4|/A,,,«, can be up to ~10 and more
times. With decreasing the defect area S, and
phase shift 6~n the value of amplitude 4 mostly
decreases irrespective of the equatorial angle. At
the same time, at phase shift 6~m and /R > 0.6, the
ambiguity of measurement can be observed if the
ultrasonic receiving is performed when ¢ — ¢, ,.;
(Figure 5).

|AA]
Am‘ax i
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0.2 0.4 0.6 0.8 Sp/So

|AA|
Aluaxi
351

25F

1.5}
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b
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Figure 5 — Maximum signal change when the acoustic
beam spot is displaced relative to the centre of a circular
defect as a function of its radius and phase shift 0 = 7/4 (a);
7 (b); angle of ultrasonic reception in the equatorial plane:

¢ = (Pmaxo (1)7 Prmin1 (2)’ Prmax1 (3)’ 7‘0/7\, =5

It is noteworthy that in the case of defect
modeling in the form of a strip with a linearly
varying phase shift (Figure 6), which is typical

for poorly detectable defects occurring in various
material joining technologies, the maximum
sensitivity is achieved exactly when ultrasonic
scanning is received in the equatorial plane of the
DD section y =m/2 and azimuth angles close to
@— Q.- Thus, in comparison with the mentioned
classical method, the calculated sensitivity of the
suggested method is almost ~50 times greater
when the varying value of the phase shift between
the waves scattered from the defect-free and defect
material boundaries ¢ = n/4.
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Figure 6 — Characteristic signal amplitude dependence of
ultrasonic scattering field vs displacement of the acoustic
beam spot centre relative to the defect area in the form
of a long strip with a linear change in phase shift in the x
direction: max(0) = (@); 14 (6); @ = Py (1); Py (2;
Qrax1 (3); 7o/A =5; defect width is of b = 2/3r,,
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Thus, based on these calculations and theoretical
analysis, the maximum sensitivity of the method is
achieved both by optimizing the parameters of the
acoustic channel in order to achieve the maximum,
and, importantly, by receiving the scattered signal
at the above characteristic angles of the primary DD
diagram of the scattering field, including y and .
If we consider the diagnostic state of the adhesion
quality of materials according to the scheme shown
in Figure 15, then in describing the acoustic path
it is necessary to take into account the features of
the ultrasonic traverse through the outer boundaries
of the object, accompanied by energy loss and the
shift of the acoustic beam due to refraction on the
boundaries. For example, when the echo method used
an acoustical signal passes twice only one external
surface of the object I. With weak divergence of
acoustic beams scattered from defective and defect-
free surfaces in the layer of object I, the condition
must be fulfilled:

0.5 hf (n cosa C,) > 1, h/L<<1,

where L is the distance from the surface I of the
object to the receiving point of UW.

In this case, as a result of refraction of the
acoustic beam at the interface I the transverse size
of the acoustic beam changes in cosp/cosa time.
Finally, the scattering field formation process takes
place exactly in the area I. If this condition is not
met, then the scattered waves incident at different
angles o, at the interface I will undergo a change
in amplitude due to the dependence D,, =D, (a,).
As a more detailed analysis of this phenomenon
shows, it will only affect some variation in the
amplitude-angle characteristics of the scattering
field which must be taken into account when
designing the measurement technique and
positioning the receiver probe with respect to the
object surface.

Conclusion

A theoretical model for detection of poorly
detectable adhesion defects based on optimization of
apertures and phases of imaginary ultrasonic sources
scattered by inhomogeneous boundary including
defects as a long strip and ellipse with variable
eccentricity (3—1/3), presence of discrete and linearly
variable phase shift between waves scattered by
defect and defect-free area is developed in axial
approximation.

Evolution features of the scattering field
structure, which are primary for the development of
techniques to evaluate the adhesion of materials by
the specified method, have been found. It is shown
that with sufficiently small values the maximum
sensitivity of the method is achieved in a dynamic way
and receiving of scattered waves under the azimuthal
angles corresponding to the first extremums of the
directivity diagram of the scattering field of the
reference signal (in the absence of defect).

In the case of numerical simulation of defects
in the form of a band with a linearly changing phase
shift, which is typical for weakly detectable defects,
the maximum sensitivity of the method is achieved
when receiving waves in the equatorial plane of the
scattering field of directivity diagram section y = m/2
and in the neighborhood of the azimuthal angle
of minimum of the first order. It is shown that in
comparison with traditional methods the sensitivity
of control of poorly detectable defects in conditions
when the phase shift between the waves reflected
from the defect and non-defective surface is tens of
degrees.
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Abstract

The paper considers the operation of radioisotope measuring devices under dynamic conditions, when
the Poisson pulse flux at the output of the radiation detector becomes unsteady and the nonlinearity of the
calibration curve of the device, the stochasticity of the radiation signal and the inertia of the meter significantly
complicate the task of estimating the measured physical parameter. of the device and analysis of the possibility
of'its application for linearization of the characteristics of the device, increasing the speed of the devices and
solving the measuring problem in real time.

The process of nonlinear transformation of the radiation signal in the system is analyzed on the basis
of the assumption about the exponential distribution of the intervals between the pulses of the information
flow at the output of the radiation detector. A generalized algorithm for the synthesis of a given transformation
function of a time-pulse computing device of a radioisotope device has been developed according to its
mathematical description. To describe the transformation function given by a set of points, it is proposed to
use its approximation by a power series.

The proposed calculation formulas are verified by modeling in the Scilab program on a specific example
of linearization of the curve of a radioisotope altimeter with a given tabular calibration characteristic.
The results obtained confirm the expediency of using time-pulse computing devices for linearizing
the conversion curve of radioisotope devices in real time.

Carrying out calculations according to the proposed algorithms by means of modern microelectronics
opens up new possibilities for expanding the field of application of radioisotope devices in dynamic problems
of industrial flaw detection, measuring the parameters of object movement, thickness of rolled products
and coatings, in devices for continuous monitoring of liquid media.

Keywords: radioisotope device, nonlinearity, linearization, exponential distribution, time-pulse conversion.
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HesuHeirHOEe BpeMAMMITYJIbCHOE NIPeodpa3oBaHue
B PaJIMOM30TOINHBIX NPUOOPAX: AaHAJIU3 U BO3MOKHOCTH
NpUMEHEHUSs

A.M. Boaoso3os

Bonoeoockuti cocyoapcmeenuvlil yHugepcumen,
ya. Jlenuna, 15, 2. Bonoeoa 160000, Poccus

Hocmynuna 09.03.2021
Hpunama k neuamu 18.05.2021

Paccmotpena paboTa pagroOM30TONHBIX U3MEPUTEIILHBIX PUOOPOB B IWHAMUYECKHX YCIOBHUAX, KOTIA
ITyaCCOHOBCKUI MOTOK MMITYJICOB Ha BBIXOJE JETEKTOPA M3ITyYEHHUs] CTAaHOBUTCSI HECTAIMOHAPHBIM, a He-
JMHEHHOCTH TPalypPOBOYHOM XapaKTEPUCTUKU MPUOOPA, CTOXaCTHYHOCTD PAAMAlMOHHOTO CUTHAJIA U HHEp-
HUOHHOCTh U3MEPHUTENS CYIIECTBEHHO YCIIOKHSIOT 3a/a4y OLEHKU H3MEpseMOoro (U3NIecKoro napamerpa.
Lenpio paboThl sBIISIACH pa3pabOTKa alTOPUTMOB HEJIMHEHHOTO BPEMSIMMITYJILCHOTO MPeoOpa3oBaHus ITy-
ACCOHOBCKOT'0 MpoILecca B CTPYKTYPE PaJioM30TOITHOTO MpHOOpa M aHAIN3 BO3MOKHOCTH €ro0 MPUMEHEHHUS
JUTSL TUHEApHU3allii XapaKTEePUCTHKH IPUOOpa, TOBBILICHHUS OBICTPOACHCTBHSI IPUOOPOB U PELICHUS U3MEPH-
TEJIbHOM 33/1a4M B PEKUME PEaTbHOTO BPEMEHH.

[Ipoananu3upoBaH NpoLECcC HEMMHEHHOro MpeoOpa3oBaHus PaAUaIOHHOTO CUTHANIA B CHCTEME Ha OC-
HOBE TMPEIIOIIOKEHUS 00 SKCIIOHCHIIMAILHOM PACHpe/ICIICHUN UHTEPBAJIOB MEXIy UMITylIbcaMu HH(opMma-
MOHHOTO MIOTOKA Ha BBIXOJIE IeTEKTOpa n3nyueHus. Pazpaboran 0000IEHHBIN alrTOpUTM CHHTE3a 3aJaHHON
¢GyHKIMH TpeoOpa3zoBaHusl BPEMSUMITYIBCHOTO BBIYMCIUTEIBLHOTO YCTPOMCTBA PaJHOM30TOITHOIO Nprudopa
no eé MareMaTHueckoMy omucaHuio. [y onmucanust QpyHKIMH NpeoOpa3oBaHUs, 33JaHHOW MHOXXECTBOM
TOYEK, MPEATIAraeTcs HCIOIb30BaTh €€ alMPOKCUMAIIUIO CTEIIEHHBIM PSIOM.

[Ipennoxenusle pacuéTHbie (HOPMYIBI TPOBEPEHBI MOJACIMPOBAHUEM B IIporpamme Scilab Ha KOHKpeT-
HOM NpUMEpE JMHEApU3ali XapaKTEPUCTHKH PaJUOU30TOITHOTO BBHICOTOMEPA C 3aJaHHON TaOIM4YHO Tpa-
JIyUPOBOYHOM XapakTepucTukoi. [TomydeHHbIe pe3ynbraTsl MOATBEP)KAAIOT IeTIECO00pa3HOCTh HCIIOIb30Ba-
HUS BPEMSAUMITYJIbCHBIX BBIYMCIUTENBHBIX YCTPOUCTB JUIs JINHEapU3allui XapaKTePUCTUKHU ITPpeoOpa3oBaHms
PanMoON30TONHBIX IPUOOPOB B PEIKUME PEATTLHOTO BPEMEHH.

[IpoBenenne BeIYMCIEHUN IO MPENIOKEHHBIM aJITOPUTMaM CPEJCTBAMU COBPEMEHHOM MHUKPOAIEKTPO-
HUKH OTKPBIBAET HOBBIC BOZMOKHOCTH AJISI pacIIUpeHust 00IaCTH MPUMEHEHUS! PaliOU30TONHBIX TPHOOPOB
B IMHAMUYECKHX 3aJja4ax MPOMBIIUICHHOH Ae(eKTOCKONNH, U3MEPEHNUS TapaMEeTPOB ABHKECHUSI 00BEKTOB,
TOJIIIMHBI TPOKATa U MOKPHITHI, B YCTPONHCTBaX HEMPEPHIBHOTO KOHTPOJIS KHUAKUX CPE.

KawoueBble ciaoBa: paJuoW3OTONHBIA MPUOOP, HENIMHEWHOCTh, JMHEApHU3alusl, SKCIOHEHINAIBHOE
pacripeneneHne, BpeMsIMMITYJIbCHOE IPeo0pa3oBaHue.
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Introduction

In severe operating conditions, radioisotope
measuring devices such as thickness gauges,
altimeters, density meters, level gauges, often
significantly  outperform  their = competitors,
which use different physical principles to solve
the problem. Despite the radiation hazard and
the complexity of operation, they still remain
indispensable in solving numerous problems in
the field of non-destructive testing of complex
technological processes [1-6].

All radioisotope devices use an indirect
measurement method. In them, the desired value
of the measured physical parameter is determined
based on the transformations of the radiation
detector signal associated with the measured
physical quantity of the nonlinear calibration
curve. The calibration curve in such devices is
established experimentally or theoretically based
on the results of studies of physical processes
in static operating modes. The output variable
of the calibration curve is the intensity (average
frequency) of the pulse stream formed at the output
of the ionizing radiation detector. The latter is
considered to be the simplest Poisson flow with
the properties of stationarity, ordinariness, and
absence of aftereffect.

In the existing practice of constructing
radioisotope measuring devices [1-2,7], the
measurement process is reduced to assessing
the flux intensity A followed by calculating the
nonlinear function of the reciprocal calibration
curve of the sensor. The estimation of the flow
intensity, in turn, is performed by quantizing the
process in time and counting the number of fixed
pulses N for the selected quantization interval T
according to the formula A = N/T. The quantization
interval T is selected based on the requirements
for the value of the statistical error of the meter.
In accordance with the assumptions about the
Poisson distribution of the information signal,
the statistical error of this information processing
process is inversely proportional to the duration
of the quantization interval. A typical conversion
algorithm is valid for slowly changing processes
and is completely unsuitable for measurements
under dynamic conditions when the measured value
changes over time.

In dynamic modes, the operation of
a radioisotope measuring device changes
significantly, the flow of pulses at the detector

output becomes unsteady, and in a typical signal
processing process, many contradictions appear,
leading to distortion and loss of information in the
channel. In this case, it is necessary to consider
not the intensity (average frequency) of the
random flow, but its instantaneous density as the
information parameter of the Poisson flow. The
estimate of the flow intensity carries a dynamic error
associated with averaging the process over time.
Here a conflict arises between the requirements for
minimizing the statistical and dynamic errors of
the meter, since the dynamic measurement errors
always increase with an increase in the quantization
interval [8].

If we assume that the time-varying input
variable (measurable value) has a limited
spectrum, then, according to the Kotelnikov—
Shannon sampling theorem [9], it can be
absolutely accurately represented by a set of
individual values (samples) following at equal
intervals, provided that the repetition rate of these
samples is at least twice the upper limit of the
signal spectrum. Based on this position, it would
be possible to choose the quantization interval in
the system according to the formula 7'< 1/2f,, ..,
where f,,. 1s the maximum frequency in the
spectrum of the useful signal.

However, the nonlinear transformation
inherent in the calibration curve of the device
significantly expands the spectral composition of
the information signal towards higher harmonics,
the problem of determining the upper limit of the
spectrum f,,., becomes dependent on the type of
nonlinearity and, for this reason, difficult to solve.
For these reasons, the requirement to linearize
the static characteristics of a radioisotope meter
used to estimate the parameters of objects under
dynamic conditions can be considered mandatory.
The problem of linearizing the characteristics of
radioisotope measuring systems is formulated
similarly to the same problems in systems of other
types — when processing a radiation signal, it is
necessary to calculate the conversion function in
real time, which is reciprocal to the calibration
curve of the meter. The article proposes to solve
this problem using the methods of pulse time
conversion, which provides fast calculations in
real time.

The purpose of the research was the
development of algorithms for the nonlinear pulse-
time transformation of the Poisson process in the
structure of a radioisotope device and the analysis of
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the possibility of its application for linearization of
the characteristics of the device.

Pulse-time transformation of the Poisson
process

The maximum operating speed of a
radioisotope meter can provide a transition from
counting pulses at the output of a radiation detector
to measuring time intervals t between pulses, as
is done in computing devices that perform time-
to-pulse conversions [10]. In such calculators, all
conversions are started at the moments when each
new pulse appears at the output of the radiation
detector and are performed as a function of the
measured interval f. As a result, with further
averaging, calculations in the function of the flux
intensity A can be replaced by calculations in the
function of the average time interval T = 1/A.

The time intervals ¢ between the pulses of the
Poisson flow are random quantities obeying the
exponential distribution law [11]:

p(t) =Aexp(—At) = exp(—t /1) /7, (1

where p(?) is the probability of occurrence in the
stream of pulses of the interval ¢; A is the flow rate;
t=1/A is the average value (mathematical
expectation) of the intervals between pulses.

Pulse-time conversion of a stream implies that
the calculation of a given nonlinear function is
performed at the moments of occurrence of each event
without any signal filtering. In this case, the filtering
problem is solved after a nonlinear transformation
and is reduced to evaluating the mathematical
expectation of the signal at the output of the time-
pulse converter. The mathematical expectation of the
signal at the output of the nonlinear converter F(t)
can be calculated by the formula:

F(o)= [ p(o) /@, )
0

where f(¢) is a nonlinear function calculated by the
time-pulse converter in each interval .

Equations (1) and (2) give a general formula for
calculating the conversion function of the pulse-time
converter:

F@ = ] fOexp(-/ Dt = Lif @), 3)
0

where L{f(f)} is the Laplace transform of the
function £(¢).

In this case, the function f(¢) acts as the original
of the Laplace transform, and the construction of
a time-pulse computing device is reduced to the
search for the original f(f) according to a given
mathematical description of the transformation
function F(t). For a number of specific functions,
this problem can be solved directly using the tables
of Laplace transforms [12] using the shift, similarity
theorem and damping theorems.

Practical implementation of the algorithm

Unfortunately, the physical theory of the
interaction of radioactive radiation with matter does
not provide sufficient solutions that would meet the
technological requirements of modern production
with an acceptable error. The calibration curve of a
radioisotope device, which describes the dependence
of the intensity of the pulse flux at the output of the
radiation detector on the measured parameter of the
material, is associated with complex processes of
multiple reflection and absorption of radiation in the
substance and, for this reason, is always nonlinear.
A common way to describe the transformation
function of the information processing in a
radioisotope device is its direct experimental
calibration, and to select a more or less adequate
calculation model of the transformation function
F (1), the mathematical apparatus for approximating
experimental data is used.

Here the most important is the problem of
choosing a class of a suitable approximating function
that can be implemented by means of a pulse-
time conversion takes into account the previously
obtained equation (3). Equation (3), which contains
the Laplace transform, is valid only for linear and
nonlinear functions f(¢) satisfying the conditions
for the existence of an image: for functions with
real and zero poles, integrable on any finite positive
interval of the ¢ axis; taking zero values for all
negative values of ¢ and increasing no faster than
the exponential function. Of the set of functions
satisfying these conditions, the most interesting
is the power transformation function F(t)=1", to
which the original also corresponds in the form of a
power function f(7) = t"/n!. Therefore, the solution
to the problem can be an approximation of the
transformation function of the computing device
F (1) with a power series:

K
F(= Y, a,t", )

n=0
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where the number of terms of the series K and its
coefficients a,(n = 0...N) are determined by the given
error and the chosen approximation method.

To implement the transformation according
to equation (4), it is necessary to use a time-pulse
device, which reproduces the function in the form of
a series in each cycle of calculations:

& I n
f= ;O;t : (5)

Linearization of the characteristics of a
radioisotope altimeter

As an example of using the proposed
technique, let us consider the problem of
linearizing the characteristics of a radioisotope
altimeter, for which the dynamic mode of
operation is relevant. The calibration curve of
the altimeter A(H) is given in [13]. The meter
operates in the range of heights H = 0.5+9 m with
changes in the pulse flow intensity in the range
A =500+5000 Hz (Figure 1).
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Figure 1 — Calibration curve of a radioisotope altimeter

The transformation function of the computing
device F'(t) in the form of a power series (4) of the
third order with coefficients a, = —2.66, a, = +16.64,
a, =-9.43, a; = 2.02 calculated on the given dataset
using the least squares method and is shown in
Figure 2.

The simulation of the pulse-time conversion
process was carried out in the Scilab program [14],
where a set of random intervals with an exponential
distribution was generated, processed according to
formula (5) and filtered subsequently. Figure 3 shows
the linearized meter response obtained by averaging
over 1000 tests.
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Figure 2 — Pulse-time converter conversion function
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Figure 3 — Linearized altimeter curve

The altimeter curve formed as a result of the
research is linear, which proves the validity of the
hypothesis about the possibility of using the pulse-
time conversion of the radiation signal to linearize
the meter curve.

Conclusion

The results obtained confirm the possibility of
using time-pulse functional converters to linearize
the conversion curve of radioisotope measuring
devices in real time. Carrying out calculations
according to the proposed algorithms by means of
modern microelectronics opens up new possibilities
for expanding the field of application of radioisotope
systems towards dynamic measurements in problems
of industrial flaw detection, in devices for measuring
the height, thickness of rolled products, thickness of
coatings, in continuous liquid media monitors, etc.
At the same time, the issues of implementing the
proposed algorithms by means of microprocessor
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technology and controllers thatare part of radioisotope
devices and solve the problems of filtering a useful
signal become relevant.
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Abstract

Improving the technology of diamond turning of aluminum alloys is of great importance for expanding
the application areas of metal-optical products based on aluminum in aerospace technology. The aim of this
work was to study the effect of surface inhomogeneities of the initial aluminum alloy substrates on their
optical and mechanical characteristics and to determine ways of improving the quality of aluminum reflector
mirrors manufactured using nanoscale single point diamond turning.

The investigated reflector mirrors were made from AMg2 aluminum alloy. The optical surface treatment
was carried out on a precision turning lathe with an air bearing spindle using a special diamond cutter with
a blade radius of < 0.05 um. The analysis of the surface structure of the AMg2 alloy substrates was carried
out by scanning electron microscopy/electron microprobe. The quality control of the surface treatment
of the manufactured reflector mirrors was carried out by atomic force microscopy. The reflectivity and
radiation resistance of these samples were also investigated.

It is shown that an important problem in the manufacture of optical elements from aluminum alloys is the
inhomogeneity of the structure of the initial material, associated with the presence of intermetallic inclusions.
Heat treatment of the AMg2 alloy substrates at T > 380 °C makes it possible to improve the quality of surface
and the radiation resistance of aluminum mirrors both by removing mechanical stresses and by partially
homogenizing the starting material. The optimum is heat treatment at the maximum allowable temperature for
the AMg?2 alloy T = 540 °C, as a result of which there is a complete disappearance of intermetallic inclusions
with an increased magnesium content. The use of high-temperature heat treatment of AMg2 alloy substrates
allows, in comparison with unannealed samples, to reduce the surface roughness from 1.5 to 0.55 nm,
to increase the reflectivity of mirrors at a wavelength of 1064 nm from 0.89 to 0.92, and to increase the laser
damage threshold from 3.5 to 5 J/cm™.

Keywords: aluminum alloys, single point diamond turning, reflecting mirrors, laser damage threshold.
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IloBbINIeHNE KAYECTBA MOBEPXHOCTH METAJIHYECKHUX
3epKaAJ-0TPaKaTeJell NPY HAHOPA3MEPHON aJIMAa3HOU
JIe3BUUHOI 00padoTKe

I'.A. I'ycakos, I'.B. lllaponos

Hucemumym npukiaonvix gusuvecxux npooaem umenu A.H. Ceguenxo
benopyccroeo eocydapemeaennozo ynueepcumema,
ya. Kypuamosa, 7, e. Munck 220045, Berapyco

Hocmynuna 14.07.2020
Hpunama k neuamu 26.05.2021

CoBepleHCTBOBaHUE TEXHOJIOTUH aIMa3HOT0 TOUEHUS AIFOMUHUEBBIX CIUIABOB UMEET BaKHOE 3HAUEHHE
JUTSL pacIIMPEHNUs 00J1acTeld MPUMEHEHHUS] METAITIOON THYECKUX U3/CIN Ha OCHOBE AMIOMUHUSI B aBUAILIHOH-
HO-KOCMUYECKOM TexHuKe. L{enbio HacTosmel padoTh! SIBISUIOCH UCCIIEI0OBAHUE BIUSHUS HEOAHOPOIHOCTEH
CTPYKTYpBI IOBEPXHOCTU HCXOJHBIX MOJIOKEK M3 aJIOMHUHHEBOIO CIUIaBa HA MX ONTHYECKUE U MEXaHHYe-
CKHE€ XapaKTEepPUCTUKU U ONpeieSieHHE IyTel MOBBIIICHUS KauecTBa aTFOMHUHHMEBBIX 3€pKal-OTpa)kaTelnei,
M3TOTaBIMBACMBIX C UCIIOJIb30BAaHNEM HAHOPAa3MEPHOM anMa3HOU JIe3BUHHON 00pabOTKH.

HccnenoBanHble 3epKana-oTpakaTesId U3rOTaBINBAINCH U3 aTIOMUHHEBOTO cilaBa AMr2. Ontuyeckas
00paboTKa NOBEPXHOCTH MPOU3BOIWIACH HA MPEIU3UOHHOM TOKApPHOM CTaHKE CO ILMHHJCIEM Ha BO3TYII-
HOM TIOJIINITHUKE C HUCIOJb30BaHUEM CIIELMAIBHOIO aJIMa3HOIO pe3lia ¢ pajnycoM 3aKpyTJIEHHs JIE3BHS
MeHee 0,05 MKM. AHaITU3 CTPYKTYpPBI MOBEPXHOCTH MOAIOKEK U3 criiiaBa AMr2 npoBOAMIICS METOIaMU pac-
TPOBOW IEKTPOHHOW MHUKPOCKOIHMH/3IEKTPOHHOTO MUKpO30oHIa. KoHTponp kadecTBa 00pabOTKM MOBEPX-
HOCTHU M3TOTOBJIEHHBIX 3€pKa-0Tpa)kaTesel OCyIECTBIIAIICS METOJIOM aTOMHO-CHUIIOBOM MuKpockonuu. HMc-
CJICZIOBAINCH TAKXKE OTpaXKaTelbHasi CIIOCOOHOCTH U JIyueBasi IPOYHOCTh JAHHBIX 00pa3IoB.

[lokazaHo, 4yTO BaXHOM TPOOJIIEMON MpPU HM3TOTOBJICHUM ONTHYECKUX IJIEMEHTOB M3 AIIOMHHHEBBIX
CIUIaBOB SIBIISIETCSI HEOJHOPOJHOCTh CTPYKTYPBl HCXOJHOTO MaTepuala, CB3aHHas C HAJMYMEM HMHTepMe-
TAJTMIHBIX BKIIOUeHUH. TepmooOpaboTka nmomnoxkek n3 cruaBa AMr2 npu T > 380 °C mo3BonsieT ynyu-
HINTh KA4eCTBO 00paOOTKH MOBEPXHOCTH M JTYUEBYIO MPOYHOCTH AIIOMUHHUEBBIX 3€PKajl Kak 3a CUET CHATHS
MEXaHNYECKUX HANPSKEHUH, TaK U 3a CUET YaCTUYHOM rOMOTeHH3alNN HCXOAHOT0 MaTepuaia. OnTuMab-
HOU sIBJIsIeTCSl TepMOOOPadOTKa MPU MaKCUMAaIIbHO JOMYCTUMOM a7t crmaBa AMr2 temmneparype T = 540 °C,
B pe3yJIbTaTe KOTOPOH MPOMCXOAUT MOJHOE WCUE3HOBEHHE MHTEPMETAJUIMIHBIX BKIIOYEHHH C MOBBILICH-
HBIM cojJiepkaHueM Maraus. [IpumeHeHne BBICOKOTEMIIEPAaTYPHOH TepMOOOPaOOTKH MOATI0XKEK ITO3BOJISIET,
M0 CPaBHEHHIO C HEOTOMOKEHHBIMU 00pa3liaMy, CHU3UThH MIEPOXOBATOCTh MoBepxHOCTH ¢ 1,5 mo 0,55 HM,
MOBBICUTH OTpa)KaTeIbHYIO CIOCOOHOCTH 3epKaj Ha AnuHe BoiHbI 1064 HM ¢ 0,89 10 0,92 1 moBbICHTH Tyye-
BYIO POYHOCTH € 3,5 10 5 Jik/cm’.
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Introduction

Analysis of the technical state of various
industries associated with the use of modern
structural composite materials, ceramics, non-ferrous
metals and alloys for the manufacture of super-
precision products shows that the most effective
processing method is diamond turning technology,
when deviations in the shape and roughness of the
processed surface should be within the nanometer
range (< 5 nm) [1-3].

At present, the technology of single point
diamond turning with nanoscale roughness is widely
used in the manufacture of metal-optical products,
primarily, reflector mirrors for transporting powerful
laser energy flows[4—6]. Strict requirements
are imposed on metals in the manufacture of
reflector-mirrors with high radiation resistance:
minimum values of physical, chemical and induced
inhomogeneities; low-level of internal stress;
good polishability; high reflectivity; high thermal
conductivity and minimum coefficient of linear
expansion. Due to good machinability, aluminum
alloys of the AMg2 and AMg6 types are often used
for the manufacture of reflector mirrors [5—10].
These alloys are the preferred material for mirrors in
aerospace engineering [5—7].

In the manufacture of metal-optical products,
the main attention is paid to the issues of ensuring
the accuracy of the shape and reducing the surface
roughness [5-10]. At the same time, inhomogeneities
of the surface structure and residual internal stresses
inherent in aluminum alloys [6, 10] can significantly
affect the optical and working characteristics of
reflector mirrors, especially in the case of high-
power laser radiation. However, these problems are
covered to a much lesser extent [11-13].

The aim of this work was to study the effect
of surface heterogeneities of the AMg2 aluminum
alloy substrates on their optical and mechanical
characteristics and to determine a ways to improve the
quality of aluminum reflector mirrors manufactured
using single point diamond turning.

Research methods

The investigated reflector mirrors were made
from AMg2 aluminum alloy. The original billets
were discs 100 mm in diameter and 8 mm thick.
Preliminary machining of the surface was carried
out with a carbide cutter. In order to remove
residual mechanical stresses and homogenizing of

the substrates surface they were heat treated in air
in the temperature range from 200 to 540 °C. The
duration of annealing was 10 h, followed by cooling
in an oven. The maximum annealing temperature
was limited by the melting of the AMg?2 alloy. The
final optical surface treatment was carried out on
a precision lathe MK 6501 (Belarus) with an air
bearing spindle using a special diamond cutter with a
blade radius less than 0.05 pm.

The analysis of the surface condition of the
initial billets from the AMg2 alloy and the billets
subjected to mechanical-thermal treatment was
carried out by scanning electron microscopy (SEM) /
electron microprobe using a LEO 1455 VP electron
microscope (Carl Zeiss, Germany) with an Aztec
Energy Advanced X-Max 80 attachment. (Oxford
Instruments, UK). In addition, the microhardness
of the samples was measured using a PMT3
microhardness tester. The quality control ofthe surface
treatment of the manufactured reflector mirrors was
carried out by atomic force microscopy (AFM)
on a Solver P47 Pro scanning microscope (NT-
MDT, Russia). The reflectivity of the mirrors in
the spectral range 200 ... 2500 nm was monitored
on a precision spectrometer Lambdal050 (Perkin
Elmer, USA). The study of the reflector mirrors
laser damage threshold was carried out using pulsed
radiation (A = 1.064 pm, t = 20 ns) of the YAG:Nd*"
laser model LS-2137 (Lotis-TII, Belarus). The laser
pulse energy was recorded using an IMO-3 energy
meter (Etalon, Russia). Sony ICX415AL CCD image
sensor was used to control the spatial distribution of
energy in the laser spot. The measurements were
carried out in the single-pulse mode. The average
energy density of laser radiation on the sample
surface varied in the range from 0.5 to 15 J/cm®.

Results and discussion

According to the data of the -electron
microprobe, the averaged chemical composition
of the initial alloy corresponds to the AMg2 grade.
However, it is characterized by the presence of
intermetallic inclusions, the size of which reaches
10 microns (Figure 1, sample No. 1). The first
type of inclusions (light areas in Figure 1) has the
composition Al, ;FeMn,,. The second type (dark
areas) has the composition Al;MgSi. The hardness
of these inclusions differs significantly from the
hardness of the aluminum matrix, which negatively
affects the quality of the surface treatment. In
addition, the presence of intermetallic inclusions
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on the surface of the substrates can reduce their
radiation resistance. Hence, it is necessary to
carry out preliminary homogenizing annealing of
the aluminum alloy billets in order to reduce the
inhomogeneity of the impurities distribution. For
the AMg2 alloy, the recommended homogenizing
annealing temperatures are in the range of
510 ... 540 °C. in the machining

In addition,

Signal A=QBSD  Date :26 Oct 2017
Photo No. = 8790  Time :10:36:22
EHT =20.00 kv

WD= 15mm

a

Signal A=QBSD  Date :26 Oct 2017
Photo No. = 8807 ~ Time :11:08:36
EHT = 20.00 kV

WD= 15mm

[

of AMg2 alloy intermediate recrystallization
anneals are usually used to partially or completely
soften the material and increase its plasticity.
Recommended temperature ranges of annealing are
150... 200 and 350... 420 °C. Based on the above,
for the experiments, we have chosen the following
temperatures for preliminary heat treatment of the
AMg? alloy billets: 200, 380 and 540 °C.

.
Signal A= OBSD  Date :26 Oct 2017
Photo No. = 8797  Time :10:47:15
EHT =20.00 kV

Mag = 5.00KX WD= 15mm

b

Signal A= OBSD  Date :26 Oct 2017
Photo No. = 8819 Time :11:48:08
EHT =20.00 kV

WD= 15mm

d

Mag = 5.00 KX

Figure 1 — Microphotographs of the surface of the initial sample of aluminum alloy AMg2 (a) and samples after
annealing at various temperatures: b — 200 °C; ¢ — 380 °C; d — 540 °C

The effect of preliminary heat treatment on the
size and composition of intermetallic inclusions in the
AMg? alloy is shown in Figure 1. It can be seen that
annealing at T = 200 °C does not affect the size and
composition of intermetallic inclusions (Figure 1,
sample No.2). At T=380°C, a decrease the size
of inclusions with an high magnesium content is
observed. For inclusions with a high iron content, no
changes are observed (Figure 1, sample No. 3). As a
result of annealing at T = 540 °C, inclusions with a high
magnesium content disappear completely. Inclusions
with a high iron content are preserved, but they are
somewhat reduced in size (Figure 1, sample No. 4).

Figure 2 shows the effect of preliminary heat
treatment on the microhardness of aluminum alloy
substrates. The initial alloy is in a cold-worked
state, therefore, for it a noticeable decrease in
microhardness with an increase in the load is
observed (sample No. 1). Homogenizing annealing
at T > 200 °C leads to softening of the surface of the
initial alloy (sample No. 2). The microhardness of the
samples decreases with an increase in the annealing
temperature up to 380 °C (sample No. 3). A further
increase in the annealing temperature does not lead
to a noticeable change in the microhardness (sample
No. 4).
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Figure 2 — Microhardness versus load for the investigated
samples of substrates made of aluminum alloy AMg2,
heat-treated at various temperatures: (m) — initial sample;
()—T=200°C; (A)-T=380°C; (¥)-T=540°C

After homogenizing annealing, all substrate
samples underwent superfinishing treatment using
nanoscale single point diamond turning to obtain
optical surface clarity. The surface roughness of the
manufactured reflector mirrors was studied using an
atomic force microscopy. The measurement results
are shown in the table and in Figure 3. It is clear that
homogenizing annealing has a positive effect on the
surface finish of the AMg2 alloy with a diamond
turning. So for the original sample No. 1, not
subjected to annealing, after finishing, the measured
value of the surface roughness R, is 1.5 nm. For a
sample annealed at T=200°C, R,=1.1 nm. For
samples No. 3 and No. 4, annealed at T > 380 °C,
the surface roughness R, is less than 1 nm.

Table

Values of the surface roughness of the expe-
rimental samples depending on the heat treat-
ment modes

Ne R,,nm Rq, nm
1(initial) 1.5 2.0
2(200 °C, 10 h.) 1.1 1.7
3(380°C, 10 h.) 0.65 0.84
4(540°C, 10 h.) 0.55 0.75

A decrease in surface roughness naturally leads
to an increase in the reflectivity of the manufactured
mirrors. So for a sample annealed at T =540 °C, the
reflection coefficient at a wavelength of 1064 nm inc-
reases compared to the original sample from 0.89 to
0.92, and at a wavelength of 532 nm — from 0.86 to 0.89.

Figure 3 — Atomic force microscopy image of the surface
relief of specimen of mirror No. 4 with R, = 0.55 nm

For the manufactured reflector mirrors, tests for
laser-induced damage threshold were carried out.
The measurements were carried out in the mode
of single laser pulses with a duration of 20 ns. The
diameter of the laser spot on the mirror surface
was 2.2 mm. The pulse energy was varied in the
range from 70 to 300 mJ. Taking into account the
real spatial distribution of energy in the laser spot,
the energy density on the mirror surface varied
in the range from 0.5 to 15 J/cm®. An example of
determining of the mirror surface damage threshold
under the action of laser radiation is shown in
Figure 4. It can be seen that the laser we used has
a substantially nonuniform energy distribution over
the cross section of the laser spot. This pattern is
typical for commercial solid-state lasers. For a pulse
with an energy of 100 mJ (Figure 4b), the power
density of laser radiation varies over the spot cross
section in the range of 0.5...8.0 J/cm®. The average
energy density W, is 2.4 J/em?. For a pulse with an
energy of 270 mJ (Figure 4d), the power density
varies within the range of 1.25... 13.00 J/em?, and
W,=6.5J/cm®. Analysis of the distribution of
damage on the mirror surface (Figures 4a and 4c)
for several laser pulses with different energies al-
lows to determined the threshold energy of laser
radiation with high accuracy.

According to the test results, it was found that for
the initial aluminum alloy (sample No. 1), the threshold
energy density of laser radiation is 3.5 J/em®. This
value significantly exceeds the damage threshold of
~ 1 J/em® recorded for aluminum substrates subjected
to abrasive or electrochemical polishing [13—14]. It is
obvious that an increase in the radiation resistance of
aluminum reflector mirrors is provided by a decrease in
the surface roughness and an increase in its reflectivity.
Thus, the promising nature of single-point diamond
turning as a highly efficient method of forming optical
surfaces on aluminum alloys has been confirmed.
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Figure 4 — Image of the surface of mirror No. 4 after exposure to a laser pulse with an energy of 100 (a) and 270 mJ (c),
the spatial distribution of energy in the laser spot at a pulse energy of 100 (b) and 270 mJ (d)

Heat treatment of substrates in the temperature
range from 200 to 380 °C does not lead to a
noticeable change of the reflector mirrors damage
threshold. So for samples No. 2 and No. 3, threshold
energy densities are in the range of 3.5...4.0 J/cm?,
For a sample annealed at T = 540 °C, the threshold
energy density is about 5 J/cm®, which is = 30 %
higher than for the original sample. Detailed
studies of the nature of the high-power laser pulses
destruction of the mirrors surface manufactured

using the single-point diamond turning technology
from initial AMg2 aluminum alloy show that
degradation begins in the areas of localization of
intermetallic inclusions. Thus, the increase the
laser damage threshold of the sample annealed at
T =540 °C compared to the initial alloy can be
associated with its partial homogenization.

The obtained results were used in the manufacture
of various metal-optical products from aluminum
alloys with increased radiation resistance (Figure 5).

Figure 5 — Optical products from aluminum alloys manufactured at Research Institute of Applied Physical Problems:
a —laser mirrors with high radiation resistance; b — corner reflectors and scanners; ¢ — multifaceted prism mirrors

for video surveillance systems
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Experimental operation of these products shows
that the combination of technologies for preliminary
heat treatment of aluminum alloy billets and single-
point diamond turning makes it possible to increase
the competitiveness of manufactured optical ele-
ments and expand their application areas.

Conclusion

Investigations of the influence of inho-
mogeneities of the surface structure of AMg2
aluminum alloy substrates on their optical and
mechanical characteristics have been carried out
and the ways of improving the quality of aluminum
reflector mirrors manufactured using the single-point
diamond turning have been determined.

It is shown that an important problem in the
manufacture of optical elements from aluminum
alloys is the inhomogeneity of the structure of the
initial material, associated with the presence of
intermetallic inclusions. Preliminary annealing of
billets from AMg2 alloy at T >380°C makes it
possible to improve the surface treatment quality and
the laser damage threshold of aluminum mirrors both
by removing mechanical stresses and by partially
homogenizing the initial material. The optimum is
heat treatment at the maximum allowable temperature
for the AMg?2 alloy T = 540 °C, as a result of which
there is a complete disappearance of intermetallic
inclusions with an increased magnesium content.

Experimental studies have shown the possibility
of obtaining mirror roughness R, = 0.55 nm and the
laser damage threshold of about 5 J/cm”. Based on
the obtained results a technology of aluminum alloys
single-point diamond turning for the manufacture of
metal-optical products with high radiation resistance
has been developed.
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CTpyKTypHBIE pelieHus, o0ecneyuBaoIine YBeJIn4eHue
AMHAMHUYECKON TOYHOCTH BOJHOBOI'0 TBEPAOTEIHHOI0
rUPOCKOINA

J.M. MajioTun

Tynvcxuil 2ocyoapcmeennvlil yuugepcumen,
np-m Jlenuna, 92, 2. Tyna 300012, Poccus

Hocmynuna 30.03.2021
Ipunama k neuamu 02.06.2021

Pa3paboTka BOTHOBBIX TBEPAOTEIbHBIX THpockoioB (BTI) siBisieTcst oAHUM U3 IEPCIIEKTUBHBIX HATIPAB-
JICHUU pa3BUTHS TUPOCKONUYECKUX JATUYUKOB YrioBoi ckopocTu. BTI' ¢ mo3unuii TEXHOJIOTMH U3rOTOBJIE-
HHUs, CHCTEMbI HACTPOMKU U YyIPABJICHHUs, & TAK)KE TOYHOCTHBIX XapaKTEPUCTUK UMEET PsAJl IPEUMYILIECTB
10 CPaBHEHHMIO C APYTHMH BUIaMu rupockonoB. [Ipu pazpabotke BTI cTpeMsiTcst yMEHBIIUTD COOCTBEHHBIH
YXOJI TUPOCKOIIA, CMEIEHHs HYJIEBOI'O CHTHalla, HEIMHEMHOCTh MaclTaOHOTO KO3 uIreHTa B pabodeM
uHTEepBasie TeMneparyp. OHaKo MpH CO31aHUK MPUOOPA 3a4acTyI0 HE YIeNseTcs JODKHOTO BHUMAHHUS CY-
LIECTBYIOLIMM BO3MOKHOCTSIM TIOBBIIICHUSI TUHAMUYECKOH TOYHOCTH TMPOCKOIa 3a CUéT pa3paboTKu mep-
CTHEKTUBHBIX CTPYKTYPHBIX PEIlEHH MOCTPOSHHUS KOHTYPOB PETYJIHPOBaHUS U 00paOOTKH MH(POPMAIHH.
Pemmenue 1ol po0IeMbl U SBIISIIOCH IIEJIBIO PA0OTHI.

C ucnonbp30BaHNEM METO/I0B TEOPUH aBTOMATHUECKOTO PEryJINPOBAaHUS BBIIIOJHEHBI HCCIIEI0OBaHMSI 1~
HaMHKH BOJIHOBOT'O TBEPAOTEIBHOIO THPOCKOIA C METALNINYECKUM PE30OHATOPOM U IIbE30JIEMEHTAMHU B Pe-
KHME 3aMKHYTOT'O KOHTypa KOMIIEHCAIIMH KOPHUOJIMCOBOTO YCKOpeHHs. [16e303/1eMEeHThI BBITOTHSIIOT (DyHK-
LMY TaTYMKOB MEPEMEIICHUN U CUJIBL.

IIpemiokeHsl 1 PacCMOTPEHBI ABAa IEPCHEKTUBHBIX CTPYKTYPHBIX PELIEHUS IOCTPOEHUS KOHTYPOB
perynupoBanusi u o6pabotku nHpopmanun BTI. YcraHOBICHBI COOTHOLICHHUS Ul BBIOOpA MapamMeTpoB
3BEHBEB ATHUX KOHTYPOB, 00ECIEUMBAIOIIMX MOBBIILICHHE JUHAMHUYECKONW TOYHOCTH TMpOCKomna. B mepBom
Clly4ae IpeJUI0oKEeHHasl CTpyKTypa nocrpoeHus BT 1o3BosSeT CyIEeCTBEHHO YMEHBIIUTh JUHAMUYECKUE
MOTPEIIHOCTH, 00YCIOBJICHHBIE pazanyreM MacmTabHoro koddpduunenra BT npu paziuyHbIX yacToTax
H3MepsIeMON YIJIOBOM CKOPOCTH B ToJioce Mpoityckanus. Takas ctpykrypa nocrpoenusi BTI moxert ObITh
PEKOMEHI0BaHa MPH PELICHUU U3MEPUTENILHON 3a/1a41, B KOTOPOI HEOOXOIMMO TOYHO U3MEPHUTDH BEIINUUHY
YIJIOBOW CKOPOCTH, a (ha30BOe OTCTaBaHUE BBIXOAHOTO CHT'HAJIA 10 OTHOIICHHUIO K U3MEPseMOH yTIIOBOH CKO-
POCTH MMEET BTOPOCTENIEHHOE 3Ha4eHHE. BO BTOpOM cilydae IMpeIoKEeHHON CTpyKType noctpoenust BTT
COOTBETCTBYET NepeaaToyHass GYHKUUS OTHOCHTEILHON MOTPEIIHOCTH U3MEPEHHS C acTaTU3MOM BTOPOTO
nopsizika, a abCOMOTHASI OTPEITHOCTh U3MepeHus B ojioce yactot 10 ' He mpebimaer 0,1 %.

KuiroueBble c10Ba: BOJTHOBOM TBEPAOTEIbHBIN THPOCKOIL, CTPYKTYPHBIE PEILIEHUS, TUHAMUYECKAsI TOYHOCTb.
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Abstract

The development of wave solid-state gyroscopes (VTG) is one of the promising areas of development
of gyroscopic angular velocity sensors. VTG from the standpoint of manufacturing technology, tuning and
control systems, as well as accuracy characteristics, has a number of advantages compared to other types
of gyroscopes. When developing VTG, they strive to reduce the gyroscope's own care, zero signal bias, and
the non-linearity of the scale factor in the operating temperature range However, when creating the device,
due attention is often not paid to the existing opportunities to improve the dynamic accuracy of the gyroscope
by developing promising structural solutions for building control circuits and information processing.
The solution to this problem was the goal of the work.

Using the methods of the theory of automatic control, the dynamics of a wave solid-state gyroscope with
a metal resonator and piezoelectric elements in the closed-loop mode of Coriolis acceleration compensation
are studied. Piezoelectric elements perform the functions of displacement and force sensors.

Two promising structural solutions for constructing VTG control and information processing circuits are
proposed and considered. Relations are established for selecting the parameters of the links of these contours,
which provide an increase in the dynamic accuracy of the gyroscope. In the first case, the proposed structure
for constructing the VTG allows us to significantly reduce the dynamic errors caused by the difference in
the scale coefficient of the VTG at different frequencies of the measured angular velocity in the bandwidth.
Such a structure for constructing a VTG can be recommended when solving a measurement problem in which
it is necessary to accurately measure the angular velocity, and the phase lag of the output signal in relation
to the measured angular velocity is of secondary importance. In the second case, the proposed structure
of the VTG construction corresponds to the transfer function of the relative measurement error with second-
order astatism, and the absolute measurement error in the frequency band of 10 Hz does not exceed 0.1 %.

Keywords: wave solid-state gyroscope, structural solutions, dynamic accuracy.
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BBenenue

Pa3zpaboTka BOJHOBBIX TBEPAOTEIBHBIX THPO-
ckonoB (BTI') siByisieTcss 0fHUM M3 MEPCIIEKTUBHBIX
HaTpaBJICHUH Pa3BUTHS THPOCKOMMYECKUX IaTINKOB
yrinoBoii ckopoctu. B BTI, ¢dyHkunonupyrommm
B peXHMe JaTYMKa YIJIOBOM CKOPOCTH, peau3yercs
yAep)KaHue CTOSYeld BOJIHBI OTHOCUTEIBHO KOPITY-
ca TUpOCKOINa, a BTOPUYHAs BOJIHA, BO3HMKAIOIAS
IIpH BpallleHUH OCHOBaHMsI, KoMreHcupyercs. Cuia
KOMIICHCAIIUU COJIEPKHUT HH(OPMALIUIO 00 YrIIOBOH
CKOpOCTH BpailleHus ocHoBaHus. [Ipu aToM obecrie-
YUBaeTCs IIUPOKas MoJIoca MPOIyCKaHUsl THPOCKO-
I1a ¥ BBICOKAs 4yBCTBUTENbHOCTh. BTI' ¢ mo3unuit
TEXHOJIOTMU M3TOTOBJICHHUS, CUCTEMBI HACTPOUKH U
yIpaBlieHHs, a TaKKe TOYHOCTHBIX XapaKTEPHCTHK
HUMeeT PsJ] MPEUMYIIECTB MO CPABHEHUIO C IPYTUMHU
BHJIaMH THPOCKOIIOB: TIOJTHOCTBIO OTCYTCTBYIOT Bpa-
LIAIOIIHECs YaCTH, MaJIO€ KOJIMYECTBO KOMIIOHEHTOB
KOHCTPYKIIUH, MO3TOMY paboumii pecypc mnpuodopa
okaspIBaeTcs o4yeHb OonbmuM (ot 15000 yacoB u
0oJiee); CIIOCOOHOCTh TEPEHOCUTh OOJIbINKE TEpe-
Ipy3KH; KOMIIaKTHOCTh; HeOoJbIas mMacca U raba-
PHUTBHI, COXpaHEHHE WHepUUaabHOH HH(opMamn
MIPU KPaTKOBPEMEHHOM OTKIIIOYEHUH JJIEKTPOIHUTA-
HUSl; HU3Kasg SHEProéMKOCTh; Majoe BpeMs I'OTOB-
HOCTH; ciabasi 3aBUCHUMOCTb OT TeMIIepaTypbl OKpY-
JKAOIEeH cpelpl MPU BBIOJTHEHUH OMPEACICHHBIX
KOHCTPYKTHUBHBIX M TEXHOJOTMYECKHX YCIIOBHUH;
CTOMKOCTbh K MOHH3HUPYIOLIEMY U3ITYUYEHHIO C BBICO-
Kol sHeprueii [1].

3a pyo6exxom [2—7] u B Poccun [8—13] BemyTcs
uccinenopanus u paszpadborku BT ¢ paznudnbiMu
(dhopmamu pezonaropoB. BTI' ¢ 00béMHBIM pe3oHa-
TOpOM (TMoNTyc(EepUIEeCKUM HITH LUIUHIPUICCKIM )
HUMEIOT XapaKTePUCTHUKH TOYHOCTH (Ipeid, HecTa-
OwibHOCTh MaciTabHOTO Kod(hduIMeHTa u ap.),
JOCTaTOYHBIE JJISl HCTIOBb30BaHMS UX B HH(OpMaIu-
OHHO-U3MEPUTEIBHBIX CHCTEMaxX M HHEPLUAIbHBIX
HABUTAIIMOHHBIX CUCTEMAaX Pa3JIMYHBIX KIaCCOB TOY-
HOCTU [2—4]. YV pe30oHaTOpoB M3 MeTajula YPOBEHb
BHYTPEHHETO TpeHHs OOIbIle, YeM Yy PEe30HATOpPOB
13 KBapIEBOTO CTEKJIAa. XapaKTEePUCTUKU PE30HATO-
POB U3 MeTaiia XyXe, 4eM y Pe30HaTOpOB U3 KBap-
nesoro crekna. Ognako y BT ¢ metannuueckumu
pe3oHaTopaMu K HACTOSAIIEMY BPEMEHHU YXKe J0-
CTUTHYT YPOBEHb HECTAOMILHOCTH CMEIIEHUS HyJIs
0,1-15 rpaj/d ¥ OHM UMEIOT 3HAYUTEIILHO MEHBIIIYIO
cebecronmoctb, yeM BTI' ¢ pezonaropom u3 KBap-
LEBOrO CTEKJa, YTO OOYCIIAaBIMBACT AajJbHEHIIYIO
MEPCHEKTHBY YIIyULICHUS UX XapaKTEPUCTUK U MPU-
MEHEHHUSI.

IIpu comepmrenctBoBannu BTI™ Gombioe BHU-
MaHHUe yJIeIsIeTCs BOIpOcaM pa3padOTKH KOHCTPYK-
MU YyBCTBUTEIILHOTO JJIEMEHTa, TEXHOJOTHU €ro
W3TOTOBJIGHUSI W OanmaHCUpOBKHU. llepcriekTuBHBIC
KOHCTPYKIIMM YYyBCTBUTEJIbHBIX djeMeHToB BTI
C METAJUTMYECKUM PE30HATOPOM [6, 9] MMeroT Jare
BCEro IMWIMHAPUYECKYIO (GOpMy, Ha ITOHHYIO IIO-
BEPXHOCTH KOTOPOI HaKJIEEHBI MTbE302JIEMEHTHI, FC-
MOJIb3YEMbIE JIJIs1 BO3OYKICHHUS U M3MEpPEHUs KoJje-
Oanwii. KOHCTpPYKINSA, IMMO3BOJISIONIAS yMEHBIIHUTH
rabaputaeie pa3mepbl BTI' 6e3 yMeHbIeHUS pas-
MEpOB pe30HATOpa, MpuBeAcHa B padore [6]. B pa-
6ore [9] moKazaHo, YTO AJIT U3TOTOBJICHHUS BBICOKO-
IoOpoTHOTO MeTayutndeckoro pesonaropa BTT ¢ 3a-
JTAHHBIMHU CBOMCTBAMH XOPOIIIUM BEIOOPOM SIBIISIETCS
npeuu3nonHbiil cruiap 21HKMT-BU. Ycerpanenue
ne(eKTOB U3TOTOBJICHHUS PE30HATOPA, KOTOPHIE IPH-
BOJST K Pa3HOYACTOTHOCTH M Pa3HOAOOPOTHOCTH,
IocTuraeTcs OamaHCHUPOBKOW. ba3oBBEIM MeTomoM
SIBISICTCSI OaTaHCUPOBKa 110 4-1 opMe pacmpenerne-
HUS 1e(PEKTOB Macc, a MOCIEAHUM ITATIOM SBISIETCS
KammOpOBKa, B pe3ysibTaTe KOTOPOH MPOU3BOAUTCS
OKOHYATENIFHOE OTpeiesieHIe TapaMeTPOB CHUCTEMBI
YIpaBICHHS.

IIpu paspaborke BTI' cTpeMsTcsi, yMEHBIIHUTD
cobctBeHHBIM npeiid rupockoma [10], cMmemeHus
HYyJIEBOTO CHUTHaja, HEIMHEHHOCTh MAacIITaOHOTO
kod(dummenTa B pabodyeM HHTEpBaje TeMIIepa-
1yp [11]. OmHako mipu co3manuy npudopa [12] 3aua-
CTYIO HE WCHOJB3YIOTCS CYIIECTBYIOUINE TOTEHITH-
aJbHBIE BO3MOYXHOCTH TOBBIIICHHUS IHHAMAYECKON
TOYHOCTH THPOCKOMA 3a CYET pa3pabOTKH MEpCIeK-
THUBHBIX CTPYKTYPHBIX PEHICHUN ITOCTPOCHHS KOHTY-
POB PETyJIUPOBaHUSI U 00PaOOTKH HH(HOPMAIIHH.

Lempro cTaThy SABISLIACH pa3paboOTKa CTPYKTYP-
HBIX pEIIeHUI MOCTPOEHUSI KOHTYPOB PEryiInpoBa-
Hus 1 00paboTku nHpopmaruu BT, ycranoBieHue
COOTHOIICHWH JUIsI BBIOOpa TapaMeTpOB 3BEHBHEB
3THX KOHTYpPOB, 00ECTICUNBAIONINX TTOBBIIICHUE IH-
HaMHUYECKOH TOYHOCTH TMPOCKOIIA.

JIMHAMUKa BOJHOBBIX TBEPIOTEJIbHBIX
TMPOCKOIIOB

B pabore [13] paccmorpena amHamuka BTIT
B PSKHME 3aMKHYTOTO KOHTYpa KOMIICHCAITUH KO-
puonmcoBoro yckopenusi. Crpykrypnas cxema BTT
MpeJCTaBleHa Ha pucyHke 1.

s ompenmeneHuss — mapaMeTpoOB  KOHTY-
poB perynupoBanus BTIT B pexume paTdmka
yrioBoit ckopoctu (JIYC) mcmonp3oBanack mepe-
naTtodHas (QYHKIUS pa3oMKHyTOW cuctemsl BTD
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C TPONOPIUOHALHO-UHTETPATBHBIM PETYISTOPOM
10 OTHOAFOIIEH BEIXOIHOTO curHamia [13]:

(dhynakmus 3amkHyTo cxembl BT B pexxume JIYVC
C TIPONOPIHOHATEHO-UHTETPABHBIM PETYJISATOPOM

U, (p) 10 Oru0ArOIIEN BBIXOAHOIO CUTHAJIA:
W ( ): out \P) _
raz
o(p) U, (p)
W ( )_ out _
k (1) zaml (D( )
k wigl 1 P
kbbekpz wtgkwtg2 witg3 5 p+
Wi,
= . hyUp| €L 11 6)
(T + 1) p *
wig P _ witg?2
1 2 ( wtgkwtglkwtg3 +1)
I[J'IH OIpEACTICHUS MOJIOChI IPONYCKaHUA U AU~ + p+]

HaMHUYECKOH TOYHOCTH MCII0JIb30BaHa IepeaaToOYHast kg 2kwig3 Tighwig2kwig3

U,

T ke

wigl
T
w Wig
X - = -
—* _““ Tyegp +1
’E‘:wzgl
r

k

U ()

F 9

Pucynok 1 — CtpykTypHas cxeMa BOJIHOBOTO TBEPIOTEIbHOI0 THPOCKoMa: kj, —

ks &

HANPSIKCHUE; Kyyops Kyyyens Ky

rupockona; 7,

wigl>

TBEPIOTEIHHOTO THPOCKOIIA

Figure 1 — Wave solid-state gyroscope block diagram: k, — coefficient Brian; U, —

)

kodddunuent bpaitana; U, — BxoaHOe

— ko3 pUIHMEHTHI Tepesiadn B KOHTypaxX PeryJMpoBaHKsi BOJIHOBOTO TBepJIOTeJ'II)HOFO
wig — HOCTOSIHHASL BDEMEHH YyBCTBUTEIIBHOTO 3JIEMEHTa BOJIHOBOTO TBEPJOTEIBHOTO TUPOCKONA; k
3G PUIEHT epeJaull Mbe303JIEMEHTOB; ® — U3MepsieMast yIiioBasi CKopocTs; U,

> Rpz ™
¢ — HAIIPSDKCHUE Ha BbIXO/I€ BOJIHOBOI'O

k,

1nput Voltage kutglﬂ wig2> Mwigd

transfer coefficients in the loop wave solid-state gyroscope; 7,,, — the time constant of the sensing element wave solid-

state gyroscope; kpz
U, — the output voltage wave solid-state gyroscope

Bgeném 0603HaueHNE ®,,,
Basi CKOPOCTb, TOT/IA!

— U3MCPCHHAaA yIJio-

Opm (P) _
Wzam2 (p) ;z)mp)
kwt 1
_wigl
p+1
i kg2 e
1 ) N ( wtgkwtglkwtg3 + 1) P+l
kwthkwth wtngZngwtg3

MTOCTPOCHBI

— the transmission coefficient of the piezoelectric elements; ® —the measured angular velocity;

o(p) - Oizm (p)

W zams3 (p) = (D(p) =
1 1
p+ p )
_ kwthkwth» wtgkwtg2kwtg3
1 2 N ( wtgkwtglkwtg3 + 1) D+l
kwthkwtg3 wtg kwthkwtg3

Ha ocnoBanuu nepenarounsix ¢pynximii (1), (2)

sorapu(pMUICCKHUEC aAMIUIATYTHO-
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(azoBble yactoTHbIe XapakrepucTuku (JIADOUX) pa- .
30MKHYTOH (PUCYHOK 2) M 3aMKHYTOM (puUCYHOK 3) G @ 10
cucreM BTI' B pexxume IYC ¢ nponopuuoHaibHO- g 5 —12 “"“x\
HMHTETpaJIbHBIM PETYIIITOPOM IPH CIEAYIOUIUX Mapa- E E ) ~
metpax mputopa [13]: k, = 0,4; Uy, =1 B k. = 1; E gl-m \“\.\\
kg = 100; k.5 = 800; T,,, = 1,6 c. 4 5% —= o
CormnacHo pucyHKy 2 CUCTEMa YCTOWYINBA, 3arac N
1o (paze B pa30OMKHYTON CHUCTeMe cocTaBisieT 73,4°. ’é‘ B0 -45 \\\
SR -
— 5 - 90! i il — “—hh—hﬁ
150 8 E 10! 102 108 10° 10°
100 Sy YacroTa (pam/c)
Frequency (rad/sec)

Amnmuryaa (ob)
Magnitude (dB)
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-90

-135}

®asza (rpan)
Phase (deg)

180 L

107 10! 10° 10t 10° 10° 10*
UacToTa (pazn/c)

Frequency (rad/sec)

Pucynoxk 2 — Jlorapudmuueckas amIummTyaHoO-(pa3oBas
YaCTOTHAsl XapaKTEPUCTUKA PA30MKHYTONU CUCTEMBI BOJI-
HOBOT'O TBEPAOTEIBLHOIO TUPOCKOIA C IPOIIOPLUOHAIBHO-
HMHTETPAJIbHBIM PETYIATOPOM

Figure 2 — Logarithmic amplitude phase frequency
response of an open-loop wave solid-state gyroscope
system with a proportional-integral controller

Pucynok 3 — Jlorapudmuyeckas —aMIUIATYTHO-(pa30Bast
YaCTOTHAs! XapaKTEPUCTHKA 3aMKHYTOW CHCTEMBI BOJIHO-
BOTO TBEPAOTEIBHOIO T'MPOCKONA € MPONOPLUOHATIBHO-
UHTETPaNbHBIM PETYIATOPOM

Figure 3 — Logarithmic amplitude phase frequency
response of the closed wave solid-state gyroscope system
with a proportional-integral controller

C Uenmpl0 yMEHBIICHHS IMHAMUYECKOH TII0-
IPEIIHOCTH TUPOCKOINA BBIXOJHON CHUTHAJI MOJaIUM
Ha BXOJ] KOPPEKTUPYIOLIETO 3BEHA C MEPeAaTOYHOM
¢byHKIMEH BUIA:

W(p)zUoutl(p)z 1 ’ kwil

Uour (P)  Tjzp+1 k

CrpykrypHas cxema BT B aTom ciyuae npen-
CTaBJICHA Ha PUCYHKE 4.

e ‘iz =

wig?2

tvb.v:
— Ky
kwgl
e s |
ks ] Tyrep +1 -
Twig2
r
kpz
K
U1 (2) 1 U ()
s kg3
Tzp~+1

Pucynok 4 — CtpykTypHasi cxeMa BOJIHOBOT'O TBEPJIOTENILHOTO rupockona: U, — HallpsyKeHUE Ha BBIXOZE BOJTHOBOTO
TBEPAOTENBHOIO TUPOCKOIIA TTOCIIE KOPPEKLHUH; T, — IOCTOSIHHAsL BPEMEHHU KOPPEKTUPYIOLIET0 3BEHA, OCTaJIbHBIE 000-

3HAYCHUS MPUBEACHBI B IOJINCH K PUCYHKY 1

Figure 4 — Wave solid-state gyroscope block diagram: U,

outl —

output voltage of the wave solid-state gyroscope after

correction; 7). — the time constant of the correction link, the remaining designations are given in the caption to Figure 1
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Kpowme Toro, morpedyeM BBITOTHEHUS YCIOBUS:

k

kwth thgkwtglkwtg?)

1 1

wigl

28

kwthkwth

OrTcrozna:

2 2
kiwigs =48 kyga /kirgls e £=0,707. (5)

[epenarounsie pynkiun BTT npuHIMaioT Bua:

Uit (P)
Wzama (p) = Z)M(p) =
k
_ bUbx 1 ; ©)
PR [ ptl
kwthkwtg3 kwthkwtg3
Oizm (P)
W zams (p) = ngp) =
- 1 @
2428 [ p+l
kwthkwtg3 kwthkwtg3
B »stom cmywae mepemarouHas —QyHKIHS

BTI (6) oSxBuBaneHTHa TMepeNaTOYHONW (YHKIIHU
¢unpTpa barTepBopTa BTOpOro moOpsaKa U HUMeEeT
MakcuManbHO Iiockyo JIAUX B mosjoce mpomyc-
KaHus rupockona. Kpome Toro ynaércs yMeHbIINTD
AMIUTUTYly IIYMOBOH COCTABISIIOIIECH BBIXOAHOTO

k
witg?2
CHUTHAJIA B ITOJIOCC YaCTOT BBIIIC YaCTOTHI 0)1 = g .

kwtgl
Paccmorpennas crpykrypa mnoctpoeHust BTIT mo-
3BOJISIET CYIIECTBEHHO YMEHBIINTH JWHAMHUYECKHE
MOTPEITHOCTH, OOYCIIOBIIEHHBIE pAa3IWYNeM Mac-
mradHoro ko3pdummenta BTIT mpm pasmuanbix
4acTOTax U3MEPSIEMON YIII0BOM CKOPOCTH B I0JIOCE
nponyckanus. Takas crpykrypa nocrpoenuss BTT
MOJKET OBITh PEKOMEHJOBaHA NMPHU PEIICHUU H3Me-
PUTETBHON 3a7a9d, B KOTOPOH HEOOXOAMMO TOYHO
M3MEPHUTh BEJIMUNHY yTIIOBOM CKOPOCTH, a (a3oBoe
OTCTaBaHUE BBIXOJHOTO CHUTHAJa IO OTHOIICHHUIO
K U3MEPSIEMOM YIJIOBOW CKOPOCTH MMEET BTOPO-
crerneHHoe 3HayeHue. Ha pucyHke 5 mpezacrasie-
bl JIAUX, moctpoennsie Ha ocHOBaHuu (3) u (7),
a Ha pUCYHKE 6 — TpaduKy epeXxOqHBIX MTPOIECCOB,
nmoctpoeHHsle Ha ocHOBaHUM (3) u (7) Kak peakuus
Ha CTYTIEHYATOE BO3JICHCTBHEC C aMIITUTY 01 1 pas/c.
B cnyuae (7) mapamMeTpsl CHCTEMBI OTIPEIEIeHBI C YU E-
TOM cooTHoIeHus (5) u paBusel: k, =0,4; U,. =1 B,
k 1 =500, k,,,;=980, T, =1,6c.

wigl = wig3 witg

> kwtg2

O (hexkTHBHOCTh MPEIOKEHHOH CXEMBI TOCTpOe-
Hust BTT' MOXHO IIPOMILIIOCTPUPOBATH CIIETYOLIUM
npumepoM. B ciydae (3) macmtaOHBIN KOdpPULIHN-
eHT BTI npu usMepeHuu yriioBoil CKOpocTd, u3me-
HSIOLIeHcs 10 TApMOHUYECKOMY 3aKOHY € YacTOTON
200 pan/c, oTnmyaeTcs OT MacmTabHOro koaddu-
nuenta BTI' npu u3MepeHun NoCTOSHHOM yIJIOBOM
ckopoctH Ha 8,5 %. B cnyyae (7) macmrabHbIi KO-
s¢¢unment BT npu u3mepeHHn yrioBoi CKOpo-
CTH, M3MEHSIONIeNcs MO0 rapMOHHYECKOMY 3aKOHY
¢ yactoroit 200 paj/c, oTIMYaeTcss OT MacIITaOHOTO
ko3 dummenta BTT npu m3mepeHnH MOCTOSHHOM
YTJI0BOM ckopocTH Beero Juib Ha 0,2 %.

10
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= = -20 ' -

E\ é -30 /\
g g -40] _ .
g & -so0
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Yactorta (pazn/c)
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10°

Pucynok 5 — Jlorapudmuueckast ~ aMIUIUTYAHO-9acTOT-
Hasl XapaKTepHCTHKA 3aMKHYTOW CHUCTEMBI: | —B cOOT-
BETCTBUH C InepepaTounHoil pynkuueit (3); 2 — B COOTBET-
CTBHHU ¢ TiepeaTouHoil ¢pynkuuei (7)

Figure 5 — Logarithmic amplitude-frequency response of
a closed system: 1 —in accordance with the transfer fun-
ction (3); 2 — in accordance with the transfer function (7)

58]

1

L

mizm ] paﬂ/c
s, - rad/sec

0.015 0.02
Bpewms. ¢

Time, sec

0.005 0.01 0.025

Pucynok 6 — I'pauku mepexoaHbIX Mporeccos: 1 — B co-
OTBETCTBHHM C Tepenaroynoil gynknueii (3); 2 — B cooT-
BETCTBHH C IiepeiaTouHol GpyHnkuueit (7)

Figure 6 — Transition graphs: 1 —in accordance with the
transfer function (3); 2 — in accordance with the transfer
function (7)
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B Ttom cmydae, korga Henmb3s nmpeHeOpeds pa-  TPenrHOCTh M3MEpPEHUs YTIIIOBOW CKOPOCTH B TIO-
30BBIM OTCTAaBaHWEM BBIXOJHOTO CUTHAJIa IO OT- JIOCE MPOIYCKAHWS, MOXKET OBITh pEeKOMEHJOBaHa
HOUIGHHUIO K M3MEpPSIEMOM YIJIOBOM CKOpPOCTH M  CTpyKTypa noctpoeHus BTI', npuBeaénHas Ha pu-
B TOXE BpeMsi He0OXOJAMMO MUHMMH3UPOBATh MO-  CYHKE 7.

bx

fy 172 fy 172

W Pz
noise

; 1
S . X el — .
k

rz

b

- kﬂf{gi

Pucynok 7 — CTpykTypHas cxema BOJHOBOTO TBEPAOTEILHOI'O THPOCKOIIA: B OTJIUYKE OT PUCYHKA | IPUMEHEHO ToCIie-
JOBATENBHOE BKIIIOYCHHUE [IBYX H30POMHBIX 3BEHBEB C IaPAMETPAMHU K1, K\, OCTAIIBHBIE 0003HAYEHNUS IPHBEACHDI
B MOAIHKCH K PUCYHKY |

Figure 7 — Wave solid-state gyroscope block diagram: in contrast to Figure 1 the sequential inclusion of two isodromic

links with the parameters k,,,,, £, 1s applied, the remaining designations are given in the caption to Figure 1

tgl> Mwig2

[Tpu aToM cpaBemBhI nepeaarounsie pynxuu (8), (9), (10):
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IlepenaTtounast (QyHKIMS OTHOCHTENHHOHN IIO-
rpemHOCTH U3MepeHus (10) mMeeT Hylb BTOPOTO
nopsiika B Touke p =0, 4TO COOTBETCTBYEeT acTa-
TU3My BTOporo nopsaka. JIAOUYX nepemarodHoit
¢byakunn (4) u (10) mpeacTaBiIeHBl HA pUCYHKE 8.

50
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L (=]
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Awmmuryzaa (ab)
Magnitude (dB)

w100 1wt 1o

e
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Frequency (rad/sec)

Pucynok 8 — Jlorapudmrrdeckasi aMIUIATY THO-9aCTOTHAS
XapaKTepUCTUKA TepeaToOYHOl (DYHKIUH OTHOCHUTENb-
HOW TOTPENIHOCTH M3MEpsSeMON BEIMYHMHBL: | —B COOT-
BETCTBHH C MepelaToYHOl (yHKuueH (4); 2 — B COOTBET-
CTBHU ¢ niepenarouHoit pynkuueii (10)

Figure 8 — Logarithmic amplitude-frequency response
of the transfer function of the relative error of the
measured value: 1 —in accordance with the transfer
function (4); 2 —in accordance with the transfer
function (10)

I'padukn n3mepsieMoit yriaoBoi CKOPOCTH C aM-
muTyno 1 pag/c m wacroroit 62,8 pam/c m abco-
JOTHOW TIOTPENTHOCTH W3MEPEHHs Ui CTPYKTYp-
HBIX CXE€M Ha pUCYHKe | U pucyHke 7 mpeacTaBIeHbI
COOTBETCTBEHHO Ha pucyHKe 9 u pucynke 10.
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Pucynok 9 — I'paduiku BpeMEHHBIX 3aBHCHMOCTCH W3-
MepsieMoll yrioBoit ckopoctu (1) m abcomroTHOH mO-
TPEIIHOCTH U3MepeHus (2) Juist CTPYKTYPHOW CXEMBbI Ha
pucyske 1

Figure 9 — Graphs of the time dependences of the
measured angular velocity (1) and the absolute
measurement error (2) for the block diagram in Figure 1
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Pucynox 10 — ['padukn BpeMEHHBIX 3aBUCHMOCTEH H3Me-
psieMoit yrioBoii ckopoctu (1) n abCOoMOTHON NOTpeIIHo-
CTH M3MepeHus (2) Uil CTPYKTYPHOM CXeMBbI Ha PUCYHKE 7

Figure 10 — Graphs of the time dependences of
the measured angular velocity (1) and the absolute
measurement error (2) for the block diagram in Figure 7

Ecmu Ha pucynke 9 abconroTHas MOTPENIHOCTh
M3MEpPEHUsT YTIOBOW ckopocTH cocTaBisieT 4,3 %,
TO Ha pucyHke 10 aOCONFOTHAS MOTPEIIHOCTD U3ME-
pEHHSI YTIIOBOH CKOPOCTH COCTaBJISIET BCETO JIMIIb
0,1 %.

3akJaroueHue

[IpenoxeHsl 1 pacCCMOTPEHBI JBa MEPCTIEKTHB-
HBIX CTPYKTYPHBIX PELICHHs OCTPOCHUSI KOHTYpPOB
peryaupoBaHusi 1 00paboTKH WHPOPMAIIUH BOJIHO-
BBIX TBEpIOTENbHBIX rupockoroB (BTI). Ycranos-
JICHBI COOTHOLICHUS Ui BBIOOpA MapaMeTpoB 3Be-
HBEB ITHX KOHTYpOB, O0ECIEUMBAIOMINX yBEIHUYe-
HHUE JMHAMHYECKON TOUHOCTH FMPOCKOTIIA.

B mepBom ciydae mpennokeHHast CTPYKTypa
noctpoeHust BTI' mo3BosisieT CyIECTBEHHO yMEHb-
HIUTh JAWHAMHUYECKHE MOTPEIIHOCTH, 00YyCIOBJICH-
HBIC pa3iauaneM MacimTadHoro kodddumuenra BTT
IPH Pa3IUYHBIX YacTOTaX H3MEpSeMOW YIJIOBOH
CKOPOCTH B IOJIOCE TpOIycKaHus. Takas CTpyKTy-
pa moctpoenusi BTI' Moxer ObITh peKOMEH0BaHA
MIPU pelIeHNH U3MEPUTENbHON 3a/auM, B KOTOpOH
HEOOXOJMMO TOYHO H3MEPUTHh BEJINYMHY YIJIOBOH
CKOPOCTH, a ()a30BOE OTCTaBaHHE BHIXOJHOTO CUTHA-
J1a [10 OTHOUIEHUIO K U3MEPSEMOH YIIIOBOM CKOPOCTH
UMEET BTOPOCTENEHHOE 3HaueHHe. MaciTaOHbIH
koo dumment BTI" npu m3mepeHnu yrioBol CKo-
POCTH, U3MEHSIOLIEHCS 110 TAPMOHUUYECKOMY 3aKOHY
¢ vactotoi 200 paji/c OTIMYaeTCs OT MacIITaOHOTO
koadpdurmenta BTI npu m3MepeHnn mocTossHHON
YIJIOBOM cKOopocTH Beero auib Ha 0,2 %.

Bo BTOpom ciywyae mpemsiokeHHOW CTPYKTY-
pe noctpoenuss BTI' cooTBeTcTBYET mepegaToyHas
(yHKIHUSI OTHOCUTENBHOM NOTPEITHOCTH H3MEPEHUS,
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KOTOpasi IMEET HyJIb BTOPOTO MOpsA/IKa B Touke p = 0,
YTO COOTBETCTBYET AacTaTU3My BTOPOTO TOPSAKa,
a abCoIOTHAsI TIOTPENIHOCTh U3MEPEHHUsSI B TIOJIOCE
yactoT 10 ' He npessiaet 0,1 %.
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N3mepenne BEPOATHOCTH CTUPAHUA JBOMYHOI0 CUMBOJIA «0»
B OAHO()OTOHHOM ACUHXPOHHOM KaHaJIe CBA3H ¢ NPUEMHHUKOM

HA OCHOBeE CUéTYUKA (POTOHOB
A.M. Tumodeen

benopycckuii 2cocyoapcmeennulil yHugepcumem uH@opmMamuky u paouos1eKmpoHuKi,
ya. 1. Bposku, 6, 2. Munck 220013, Benapyco

Ilocmynuna 28.04.2021
Ipunama x newamu 11.06.2021

[Ipu n3MepeHnr MaTOMOITHBIX ONTHYECKAX CUTHAIIOB IPUEMHBIE MOTYITH KaHAJIOB OTHO(POTOHHOM CBSZH
JOJDKHBI 00ecTiednBaTh HAMMEHBIINE ITOTEePH TieperaBaeMoit HHpopMalu. B 9Tol cBs31 11emecoo0pas3Ho uc-
MIOJIb30BaTh CYETYMKHU (DOTOHOB, KOTOPBIE SBISIOTCS BHICOKOYYBCTBUTEIFHBIMU, OJTHAKO XapaKTePU3YIOTCS
OIMMOKAMH PETUCTpaNnu NaHHBIX. [l03TOMy 1emb paboThl — MCCIe0BaTh BIMSHUE WHTEHCHBHOCTH PETH-
CTPUPYEMOTO ONTHYECKOTO M3IYYEHHUS TPH Tepeaade JBOUIHBIX CUMBOJIOB «0» Ha BEPOSTHOCTh CTUPAHUS
9THX CHMBOJIOB B KaHaJle OTHO(QOTOHHOM CBSI3H, COAEPIKAIIEM B Ka4eCTBE MPUEMHOTO MOAYIIS CIETUHK (POTO-
HOB Ha 0a3e TaBUHHOTO (OTONPUEMHHKA C BKIFOUEHHEM I10 CXeMe TTAaCCHBHOTO TaIlIeHUs JIABUHBL.

Ha ocHOBe MeTOAMKYN yMEHBIICHUS TOTePh MHPOPMAILINN OTIPE/IeTICHBI HIDKHUN W BEPXHUH TTOPOTOBEIE
YPOBHH 3apEeTUCTPUPOBAHHBIX HA BBIXOJE CYETUMKA (POTOHOB UMITYIIECOB, & TAKXKE CTATHCTUYECKUE pacipe-
JIEJIEHUS] CMECH YHCIIa TEMHOBBIX U CHTHAJILHBIX UMITYJIBCOB Ha BBIXO/IE€ CYETUMKA (DOTOHOB IPH PETHUCTPAIIH
JBOUYHBIX CUMBOJIOB «0» P ,o(/N) 1 JBOMYHBIX cUMBOJIOB «1» P, (NN), IpH KOTOPBIX BEPOSTHOCTb CTUPAHUS
JIBOUYHBIX CHMBOJIOB «0» P(—/0) MUHUMAaIbHAS.

DKCIIepUMEHTaJIbHbIE PEe3yNbTaThl MOKa3aId, YTO ISl JOCTH)KEHUST MHUHUMAJBHON BEPOSTHOCTH CTH-
paHust XBOMYHBIX cuMBOIOB «0» P(—/0)=0,11-10" BaHO mOIGHpATh HE TONBKO MHTEHCHBHOCTH HC-
[10Ib3YEMOT0 ONTHYECKOTO M3Iy4deHus J,, HO ¥ HapsKEHUEe NUTaHus JaBuHHOTO ¢ortonpuémuuka U, .,
MIPH KOTOPBIX MEPTBOE BpeMs CUETYNKA (DOTOHOB MUHHUMAINIBHO, & €ro KBaHTOBas 3PPEeKTHBHOCTH PEerHUCTpa-
uu MakcuManbHa: J, > 98,9410 otn. en. m U, = 52,54 B.

KiroueBble ciioBa: cuéTunk (POTOHOB, KaHaT OAHOPOTOHHOI CBSI3U, BEPOSTHOCTH OLTMOOYHOM pEerucTpanuu
JIBOMYHBIX CHUMBOJIOB.
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Abstract

Receiving modules of single-photon communication channels should provide the least loss of trans-
mitted information when measuring low-power optical signals. In this regard, it is advisable to use photon
counters. They are highly sensitive, but are characterized by data logging errors. Therefore, the purpose
of this work was to investigate the effect of the intensity of the recorded optical radiation during
the transmission of binary symbols «0» on the probability of erasing these symbols in a single-photon
communication channel containing a photon counter based on an avalanche photodetector as a receiving
module with a passive avalanche suppression scheme.

The lower and upper threshold levels of pulses recorded at the output of the photon counter, as well as
the statistical distributions of the mixture of the number of dark and signal pulses at the output of the photon
counter when registering binary symbols «0» P ,(N) and «1» P, (N) were determined. For this, a technique
was used to reduce information loss. As a result, the minimum probability of erasing binary symbols «0»
P(—/0) was achieved.

The performed experimental results showed that to achieve the minimum probability of erasing binary
symbols «0» P(—/0) =0,11-107%, it is important to select not only the intensity of the used optical radiation Jo,
but also the supply voltage of the avalanche photodetector U, at which the dead time of the photon counter is
minimal, and its quantum detection efficiency is maximum: J;, > 98,94- 1072 rel. units and U = 52,54 V.

Keywords: photon counter, single-photon communication channel, probability of erroneous registration of
binary symbols.
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BBenenue

[Ipu mocTpoeHnn COBPEMEHHBIX CHCTEM CBS3H
Ba)KHO 00eCIeunBaTh JOCTATOYHO BBICOKYIO HaEK-
HOCTb HCIMOJNB3YEMBIX JUISI 3TOr0 TEXHMYECKUX
cpenct [1, 2]. DTO CTaHOBUTCS KPUTHUUYECKU BaXK-
HbIM B cilyd4asX, KOTrJa NpHu Imepeaaye U INpuéme
nHpOpMaUK TpeOyeTcsl PEIIUTh ONpeAeIEHHbIE
3aiaun B cdepe MHPOPMANUOHHON O0e30MacHOCTH
(HampuMep, TapaHTHUPOBATh KOH(PHICHINAILHOCTD
repe1aBaeMbIX JJAaHHBIX, UX LIEJIOCTHOCTH U Ip.). Pe-
LIEHHE TaKUX 337a4 HOCHUT, KaK IPaBUiI0, KOMIUIEKC-
HBIA XapakTep M MOXKET ObITh AOCTHIHYTO 3a CUET
HCTIOJBb30BaHMs KaHAIOB OAHO(POTOHHOH CBSI3M [3—
10].

OTMeTHM, 4TO B KaHaJIaX 0JHO()OTOHHOM CBS3U
KaX/Iblii ABOMYHBIA OUT (cMMBOJ) mepenaércs Mo-
CPEACTBOM MpeAeIbHO CI1ad0ro ONTHYECKOTO H3Iy-
YEeHHUsl CO CPEAHUM 4YuciIoM (GOTOHOB He Ooree He-
CKOJIBKUX JICCSATKOB. Mcronbp30BaHue CTOMNb C1aboro
ONTHYECKOT'0 HW3JIYYEHHUs] TO3BOJISIET 00eCHeuuTh
a0COJIOTHYIO CKPBITHOCTh U KOH(QHICHINAILHOCTD
nepeaaBaeMoil MHPOpMAIMK 3a CYET MPUMEHEHUS
KBaHTOBO-MEXaHUYECKOTO pecypca MpH KOIUpOBa-
HUU NIepeiaBaeMbIX JaHHBIX. [Ipy 3TOM perucrpanus
OINITHYECKOT'0 M3ITyYCHHUS B KaHaJax 0JHO(OTOHHOM
CBS3M BO3MOJKHA IIOCPEJCTBOM BBICOKOYYBCTBH-
TEJIbHBIX NMPUEMHBIX MOJYJIEH, TAKUX, KaK CUETUU-
ki QoToHOB [4—16]. OnHako cuéryrku (HOTOHOB
BBHJly HEUJICAJIbHOCTH CBOMX XapaKTEPUCTHK MOTYT
MPUBOAUTH K OImMOKaM NpH Mepeaade HHPopma-
UM, B pe3yJIbTaTe Yero ypoBeHb HHPOPMAIHOHHON
0€30I1aCHOCTH CUCTEMBI CBSI3U MOXKET OBITh YMEHbB-
LIeH, a Tak)Ke CHWKeHa €€ MpPOIyCKHasi croco0-
HOCTh [17]. IlpuumHON TaKuX OIIMOOK SIBIISICTCS,
B YACTHOCTH, MEPTBOE BpeMs Cu€ryrka (OTOHOB,
KOTOPOE MPUBOJUT K TaK HA3bIBAEMBIM «IIPOCUETAMY.

MépTtBoe Bpems cuéTurka GOTOHOB — 3TO BpeMmsl,
B T€YEHUE KOTOPOI'0 CYETYHK (POTOHOB HE UyBCTBU-
TEJIeH K MaJalolleMy Ha HEr0 ONTHYECKOMY U3Iyde-
o [7, 8].

OfHMM U3 KpUTEpUEB OLEHKH HaAEKHOCTU
KaHasa OJHO(OTOHHOM CBSI3H, COIEPIKAIIETO B Ka-
YyecTBe MPUEMHOTO MOIYJSl CYETUMK (DOTOHOB, SIB-
JSIETCS.  BEPOSITHOCTh  OIIMOOYHOW  perucTpanuu
JaHHBIX [4, 5]. MccnenoBanus, BBIMOJIHEHBIC B pado-
tax [17, 18], mokazanu, 4To MPUMEHUTENHHO K KaHa-
JaM 0JTHO()OTOHHOM CBSI3U BEPOSITHOCTH ONIHOOYHOM
perucTpanru JaHHBIX ONpeeNseTcss IByMs COCTaB-
JSIOMIMMU:  BEPOSITHOCTBIO CTHUPAHUS JIBOMYHOIO
CHUMBOJIa, a TAK)KE BEPOSATHOCTHIO PETUCTPALIUH pa3-
HOMMEHHBIX CUMBOJIOB.

BeposiTHOCTD cTHpaHWs JBOMYHOI'O CHMBOJIA —
3TO BEPOATHOCTb TOTO, YTO MPHU Mepeiade TBOMUHO-
ro cumBona («0» mm «1») Ha BBIXO/Ie KaHalla CBS3U
He OyZIeT 3aperucTpupoBad HU CUMBOIT «0», HU CHM-
BoJa «1» [17-20].

B cmydae mepenaun aBondgHOTO cMMBOna «0»
M0Jl BEPOSITHOCTBIO PETUCTPAIMM Pa3HOMMEHHBIX
CHUMBOIIOB Oy/IeM MTOHUMATh BEPOSITHOCTh PErucTpa-
MU Ha BBIXO/JIE KaHala CBSI3U CUMBOJA «1» mpu Ha-
muann cumBolia «0» Ha Bxoze kaHana cBszu P(1/0),
a B cilydae nepeadd ABOWYHOTO CUMBOJIA «1» — Be-
POSITHOCTh PETUCTPAIlUU HA BBIXOJIC KaHaa CBS3H
cumBona «0» mpu HaNMWYUKM CUMBOIA «1» Ha BXOje
kanasa cBs3u P(0/1) [17-20].

BeposTHOCTh CTHpaHUS ABOWYHOTO CHUMBOJIA
MOXKET MMETh MECTO KaK TpHW Meperade JTBOMYHO-
ro cumBoia «0», Tak ¥ TpU Tepeaade IBOMYHOTO
cumBona «1», M 3aBHCUT OT MHTEHCHBHOCTH PETH-
CTPUPYEMOTO OITHYECKOro usiaydeHus. OpHako
B JIUTEPATypHBIX MCTOYHMKAX OTCYTCTBYET OIICHKA
BJIMSIHMSI MHTCHCUBHOCTH PETUCTPUPYEMOIO OITH-
YECKOTO W3JIY4YCHHs TpU TIepegade WHGOpMaIuu
B KaHayie OTHO(OTOHHOM CBSA3H, COEpIKaIIeM B Ka-
YyecTBe MPUEMHOTO MOLYIIS CYETYHMK (POTOHOB, Ha Be-
POATHOCTH CTUPAHUS TBOUYHOTO CHMBOJIA.

OOBEeKTOM HCCIIEOBaHUS SBIISJICS ACHHXPOH-
HbIIl [IBOMYHBIA HECHUMMETPUYHBIA OIHOPOIHBII
BOJIOKOHHO-OTITHYECKHUI KaHaJ CBA3M O€3 MaMsTH U
CO CTHpaHueM, COACPIKAIINI B KaueCcTBe MIPUEMHOTO
MOJYISI CYETYNK (POTOHOB Ha Oa3e TaBUHHOTO (OTO-
npuémunka OJ1-115J1, Bkirou€HHBIN MO cxeme mac-
CUBHOTO TallleHus JaBUHBI. BEIOOD B KauecTBe 00beK-
Ta MCCIICJIOBAHMUS TAKOTO KaHalla CBS3M 00YyCIIOBICH
TEM, YTO BOJIOKOHHO-ONITUYCCKUH KaHaIl XapaKTepH-
3yeTcst HanOOoJIbIIei TIPOITyCKHOM CITOCOOHOCTEIO 10
CPaBHEHHUIO C APYTHUMH CPEAAMHU Iepeslauu JaHHbIX,
HanpuMep, METaJUIMYECKUMHU IPOBOIAMH, OTKPHI-
TBIM MPOCTPAHCTBOM U TIP. ACHHXPOHHBIH CIOCOO
nepeaadu u npuéma nHpopMaluu He TpeOyeT Hau-
YHsI TOTIOTHUTENBHBIX JIMHUAHN CBSI3U JJIS TIEpefadn U
npuéma cuaxpouMiyinbeoB [17-20]. Cxema naccus-
HOTO TallCHUs MMEET MEHBIIYIO MOTPEIIHOCTh W3-
MEpPEHHI PErUCTPUPYEMOTrO M3IY4YEHHUs Onaromapst
OTCYTCTBHIO MTPUHYIUTEIHHOTO TaICHHUs JIABUHHOTO
Mpo00s, YTO BBHITOHO €€ OTIINYAET OT JPYTHUX CXEM —
AKTUBHOTO TaIlICHUSI U UMITYJIbCHOTO CMEIICHUS P-1i-
mepexona (co cTpodompoBanueM). DOTOTPHEMHUKI
®JI-115J1 ucnonb3yroTcst it pabOThl B OJMIKHEM
UK-nuamazone n 3a CY€T MPUMEHSEMOTO MpPH UX
M3TOTOBJICHUHA KPEMHHEBOTO TIOIYIPOBOJHUKOBOTO
Marepuana XapakTepu3yrTcs MEHBITUMH [TyMaMH,
CBSI3aHHBIMH C YMHOXXCHHEM HOCHUTEIICH, U JTydIlien
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MMOPOTOBOM YYBCTBHTEIBHOCTHIO 110 CPAaBHEHUIO
C TePMAHHUEBBIMH ¥ TaJUIMEBBIMH (HOTOTPUEMHH-
kamu. Takke ciemyer OTMETHTh, YTO KPEMHHUEBBIC
TaBUHHBIE (POTONPUEMHHKH MTO3BOJISIOT PEaTH30BhI-
BaTh peXXHUM cU€Ta (OTOHOB IMPU KOMHATHBIX TEMIIE-
parypax [8, 21-27].

IIpenmeTrom wuccreAoBaHUS SIBIAJIOCH  yCTa-
HOBJICHUE BIIMSHUS TaKWX IapamMeTpOB JIABUHHOTO
(oTtonpréMHIKA, KAK HHTEHCUBHOCTh PETHCTPHUPYE-
MOTO ONTHYECKOTO M3IYUYCHHUS U HANPSHKSHUE MTUTa-
HUS, HA BEPOSITHOCTh CTUPAHMS JIBOMYHBIX JAHHBIX
B KaHaJIe OMHO(DOTOHHOU CBSI3H.

Ilensro maHHON PaOOTHI SBISUIOCH HCCIICIOBA-
HUE BIUSHUS WHTEHCHBHOCTH PETUCTPUPYEMOTO
ONTHYECKOTO W3IYUYESHHsI MpH Tiepeaade JBONIHBIX
cuMBOJIOB «(0» Ha BEPOSITHOCTh CTUPAHUS ITHX CHM-
BOJIOB B KaHase 0JJHO()OTOHHOM CBS3H, COJIEpIKaIIeM
B Ka4eCcTBE MPHUEMHOTO MOAYJSA CYETUNK (POTOHOB
Ha 0a3e JaBUHHOTO (OTONMPUEMHHUKA C BKIIOUCHUEM
0 CXeMe MAaCCHBHOTO TallleHHs JTaBHHBI.

Bblpame}me IJISA OCHKHU BEPOATHOCTH
CTUpaHus IBOMYIHBIX CUMBO0JIOB «0»

Hanpuelimue paccyxaeHusi OyAyT OCHOBaHBI
Ha TOM, YTO Iepeaada MH(opManMu OCYIIECTBIIS-
eTcst 10 0OJHO(OTOHHOMY KaHAITy CBSI3U JABOMYHBIMH
cumBoaMi («0» n «1») B TeueHHE HIUTEIBHOCTH
BpeMeHU T,. [Ipuuém npu nepepade cumsonos «0»
u «1» HCHONB3YIOTCSI ONTHYECKHE CUTHAJIBI MOIL-
HocThio W, u W, coorBerctBeHHO (W, < W), KOTO-
pBle colepKaT OT OJHOTO 0 HECKOJBKUX JECSITKOB
(OTOHOB M TPAHCIUPYIOTCA B KaHAN CBS3U B Teue-
HHME BpeMEHH OJHO(MOTOHHOW mepenaun At =T, /2,
a npuéM — ¢ momouplo cuéTyuka (OTOHOB, BbI-
MOJIHEHHOTO Ha 0a3e JaBUHHOTO (oTonpuéMHU-
Ka, BKJIIOUYEHHOIO M0 CXEME NAacCHBHOIO TaIICHUS
naBuHbl [8]. CrnenoBareiabHO, B TEUEHUE BPEMEHU
t, = T, /2 TaHHBIE B KaHAaJ CBSI3H HE NEpEeIatoTCs, T. €.
MEXIY KaKIOH Mapoil CHMBOJIOB HAXOAUTCS TaK Ha-
3bIBAEMBIN «3aLIUTHBIN» BpeMeHHON nHTepBai. [lo-
CKOJIbKY CHUMBOJIBI «0» 1 «1» mepenaroTcst UMITyJib-
CaMHM pa3InuHON MOIIHOCTH, TO Ha BBIXOJE CUETUH-
ka (hoToHOB 3a Bpemsa Af hopMHUPYETCs pa3IudHOe
KOJINYECTBO 3JIEKTPUUYECKUX HMITYJIBCOB, KOTOPOE
OyzeT mpsiMO MPONOPLUOHAIBHO MOIIHOCTH ONTH-
4ecKoro usiydeHus. Bcemu motepsimu uH(poOpma-
UM, 32 UCKIIOUEHUEM MOTEPh B CUETUMKE (DOTOHOB,
nmpeHeOperaem.

BeposiTHOCTD  cTHpaHMs JBOWYHBIX CHMBO-
0B «0» mams paccMaTpuUBaeMOro KaHaua CBSI3U
paBHa [18]:

o le—l [(n, +”s0)(A’_Td)}N exp[—(nt +ns0)(At—Id)] _
N=0 N!
N1
= 2 BV, 1)

rae N| — HIKHUM TIOPOTOBBIH YPOBEHb pPErHCTpa-
LUU; 1, — CPEHAs CKOPOCTh CU€Ta TEMHOBBIX UM-
IyJIbCOB Ha BBIXOJE CUETYMKA (DOTOHOB; 71, — CPE-
HAs1 CKOPOCTh cuéTa CUTHAIBLHBIX HUMITYJIbCOB Ha BbI-
xojie cuéTurka (OTOHOB IPH Tepeaade CUMBOJIOB
«0»; At—cpennee BpeMs OmHOGMOTOHHOH Tepena-
YM; T, — CPEAHssl AJIUTEIbHOCTE MEPTBOTO BPEMEHHU
npojuieBatomterocs tuna; P (N ) — craTucTudeckoe
pacrpeneneHue CMECH Yrcia TEMHOBBIX U CUTHANb-
HbIX HMITYJIbCOB Ha BBIXOAC CcUéTyurKa (I)OTOHOB
MIPU PETUCTPAIIUH TBOMYHBIX CUMBOJIOB «0».

HwxHuii moporoBbiii ypoBeHb pErucTpalud —
3TO HAWMEHBINIEe YUCIIO 3apPETUCTPUPOBAHHBIX Ha
BBIXOJIe CYeTYHKa (DOTOHOB MMITYJIBCOB, TIPU KOTO-
pOM JenaeTcst BEIBOJ, UTO Iepenan cuMBOI «0».

IIpu perucrpauuu HMMITyJIbCOB B KOJIMYECTBE,
MCHBIIIEM Nl’ MMPUHUMACTCA PCIICHUEC, YTO CUMBOJI
orcyrcTByeT [17, 18].

TeMHOBBIE U CUTHAIBHBIE — 3TO UMITYJIBCHI, KO-
TOpBIE TIOSBISIOTCS HA BBIXOZE CUETYMKA (DOTOHOB
COOTBETCTBEHHO B OTCYTCTBHH ONTHYECKOI'O CUT'HA-
Jia U B pe3ysibTare BO3ACHCTBUS (JOTOHOB PETHCTPHU-
pyemoro m3nydeHus [8].

CKOpOCTh CYETa TEMHOBBIX HMITYJIHCOB OIpe-
JIeIISIeTCsT KaK YUCIIO0 UMITYJILCOB, (hopMUpyrOmuxcs
Ha BBIXOJI¢ NPUEMHOIO MOJYJIS B €IMHUILy Bpeme-
HU, KOT/Ia PETUCTPUPYEMOE OIT THIECKOE M3ITyUCHHE
orcytctByeT [7, 8]. CkopocTh cuéra CHTHATBHBIX
HUMITYJIBCOB OINPCACIACTCA KaK 4YHCJIIO HMMITYJIbCOB,
(dhopmupyIOIIMXCST HAa BBIXOJE MPUEMHOTO MOJYJIS
B €JIMHUILY BPEMEHH IPH BO3CUCTBIH (DOTOHOB M3-
nydyeHus. s oueHku ckopocTei cuéra TEMHOBBIX
1 CUTHAJIBHBIX UMITYJIbCOB UCIIOJBL3YIOT UX CPCAHUC
3HAYEHHUS 11, U Ny COOTBETCTBEHHO [7, 8].

BaxHO Takke OTMETHUTb, YTO ITOCKOJIBKY CUET-
YK ()OTOHOB MOCTPOCH Ha 0a3e JIABUHHOTO (OTO-
NpUEMHUKA C BKIIIOUYEHHEM I10 CXE€ME€ MacCHBHOTO
TauleHMsl JIABUHBL, OH XapaKTEpHU3yeTcs MEPTBBIM
BpeMeHeM TposieBaromierocss tuma [8]. nurens-
HOCTh MEPTBOT'O BPEMEHH MPOJIEBAIOIIETOCS THIIA
3aBUCUT OT HMHTCHCHBHOCTHU ONTHUYCCKOI'O H3JIy4Yc-
HUA, TIO3TOMY JII OLICHKU 3TOr0 BPEMCHU UCIOJIb-
3YIOT €ro cpeaHee 3HaueHue [§8]. YuurteiBas To, 9TO
perucTpupyomas anmapaTrypa, BXOJAIIas B COCTaB
cuétunka (OTOHOB, Kak MpaBHIO, UMEEeT MEPT-
BOC BpEMs, MHOI'O MCHbLIIECC, YCM MépTBOC BpEMs
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nmaBUHHOTO (poTompuéMHMKa [8], IMTETHLHOCTHIO
MEPTBOrO BPEMEHU PETUCTPHUPYIOMICH armapaTypbl
npeHedperacM W TPU JATBHEHIINX PACCYXKICHHUIX
€ro paccMaTpHUBaTh HE OyIeM.

Onucanue METOAMKHU MPOBEACHUA
IKCIMIEPUMEHTAJTBHBIX uccjaeI0BaHuH

CrarucTuyeckue pachpeneNeHns, BXOASALINE
B BeIpaxkeHue (1), MOTYT OBITH TIOTyYEHBI C UCTIONh-
30BaHUEM YCTAHOBKH, CTPYKTypHasi cxeMa KOTOpOH
MpEeICTaBlIeHa U OonKcaHa B [28], mOITOMY B JaHHOM
paboTe oHa He mpuBeAeHa. PacuéT HIKHEro moporo-
BOTO YPOBHsI perHcTpauuy N, BBINOJIHSJICS B COOTBET-
CTBHH C METOJMKOH [28] ¢ BEIOOPOM B KauecTBe KpH-
Tepus A4St €€ pea3aliil MUHUMAJIBHOTO 3HAYCHUSL:

N, N,
1= D Pyo(N)+ Y, Pyy(N)
N=N, N=0

Kp= @)

>

N, N,
I+ 3 By(N)= 3 Bu()
N=N, N=0
rae N, —BEpXHHUIl MOPOTOBBI YPOBEHb pErucTpa-
muy; P, (N)— cTraTuCTUYeCKOe  paclpeeleHue
CMECH YHCJIa TEMHOBBIX U CUTHAJIBHBIX UMITYJIbCOB
Ha BBIXOJIe CUETYMKA (DOTOHOB TPU PETUCTPAIHH
JBOMYHBIX CUMBOJIOB «1».

BepxHuili moporosbslii ypOBEHb PETUCTPALUH —
9TO HauOoJIblIee YHUCIO 3aPErHCTPUPOBAHHBIX
Ha BBIXOJIe CYETUYMKA (JOTOHOB MMITYJIBCOB, TIPH KO-
TOPOM JI€aeTCsl BBIBOJ, YTO TepenaH CUMBOI «0».
[Ipu mpeBbIIEHNN 3aperuCTPUPOBAHHBIX UMITYIIb-
coB yncina N, IenaeTcs BBIBOJ, UTO NEpeaH CUMBOIT
«1» [28].

[Ipu peanuzanny METOJUKH YMEHBIIEHHS II0-
Tepb nHpopMmalyn [28] HadaabHOE 3HAUCHUE KPUTE-
pust K, BBIOMpaJIoch PaBHBIM 10°, KOTOpOE yCTaHaB-
JMBAJIOCh Ha TEPBOM 3Tane (GOPMHPOBAHHS MacCH-
BOB JAHHBIX CTATUCTUUYECKUX PACHPECICHUMN cMecu
YKcila TEMHOBBIX M CUI'HAJIbHBIX UMIYJIbCOB P (N)
1 UHTEHCUBHOCTEMN ONTUYECKUX CUTHAJIOB J, a TAKkKe
Ha TpPEThEM OJTalle OMNpPENeJCHUSI MHTEHCUBHOCTHU
ONTHYECKOI0 CHUTHANA [UIsl Mepefadyd JBOUYHBIX
CUMBOJIOB «1». OTMETUM, YTO TpPU BBHIMOTHECHUH
METOAMKHU [28] TakKe HOMyCKAETCs HCIOIb30BaTh
B KauecTBe KpUTepHs HamOoIbIee 3HaUYEHHUE Kpfl,
OJIHAKO B 3TOM CJIy4ae Ha IEpBOM U TPETheM €€ ITa-
Max B KaUYeCTBE HAYAJIILHOI'O 3Ha4YeHUs1 kpurepus Kp
HEOOXOIMMO YCTAHABINBATE 3HaYeHHe 107,

TakuM 00Opa3oM, BXOTHBIMH MapamMeTpaMiu sB-
nsnuch [28]:

P, (N)= {Pst(N)(”,Pst(N)(Z),Pst(N)(i),..-,at(N)("i)}; 3)

4)

rae P, (N)" - i-oe cratucThueckoe pacripesiesienne
CMECH YHMCJIa TEMHOBBIX U CHTHAJIBHBIX UMITYJIHCOB
Ha BBIXOJIe CU€TuhKa (OTOHOB, COOTBETCTBYIOIIEE
[-0ff WMHTEHCHBHOCTH ONTHYECKOro curHama J'),
i=2+m (m onpenensercss 00bEMOM HAKOTUICHHBIX
JAHHBIX YHCIIA UMITYJIbCOB).

BrIxogHBIME TTapamMeTpamMu SIBIISITUCH TTOPOTO-
BbI€ YPOBHHU 3apETUCTPUPOBAHHBIX UMIIYJIbCOB N, U
N, U CTaTUCTUYECKHE PACIPEAEIECHUS] CMECH YUCIIa
TEMHOBBIX W CHUTHAJBHBIX HUMITYJIHCOB Ha BBIXOE
cuéTunka (QOTOHOB TPU PETUCTPAIMU JBOMYHBIX
cuMBOJIOB «0» P ,o(N) 1 JBOUYHBIX CUMBOJIOB «1»
P (N). Takxe BBIXOAHBIMU IapaMeTpaMu sBIIs-
JIUCh NHTEHCUBHOCTH PETUCTPUPYEMBIX ONTHUECKUX
W3ITyYeHHUH MPH Tepeaayde TBOUYHBIX CUMBOIIOB «0»
J\, ¥ IBOMYHBIX CUMBOJIOB «1» J;, COOTBETCTBYIOLIHE

14
by

PSt(N)(ié), J( ) " 1>St(N)<if>, J(i{), KOTOpPBIE BBI-

Oupaauch U3 MacCHBOB MaHHBIX (3) m (4) B mopsa-
K€, IPeAyCMOTPEHHOM METOINKOI YMEHBIIIECHHS T10-
Teps mHpopManuu [28]. Paccumrath BepOSITHOCTH
CTUpPaHUSI TBOMYHBIX CUMBOJIOB «0» MOXHO ITyTEM
MOJICTaHOBKH B (opmyny (1) craTHCTHYECKUX pac-
npenenennit P, (N) npu BEIOpaHHOM 3HaYeHUU N,.

JKCHepUMEHTAIbHbIE Pe3yJIbTAThl M UX
o0cyxaenmne

BrimoHeHBI WCCIeIOBaHNS 3aBUCHUMOCTH Be-
POSITHOCTH CTHpaHHS ABOWYHBIX CHMBOJIOB «0» OT
WHTEHCUBHOCTH ONTHYECKOTO CHTHANA, WCIOJIb3ye-
MOTO JUISl TIepeIadyl 3TUX CHMBOJIOB, TIPOUILTIOCTPH-
pOBaHHbIE HA pUCYHKE 1.

HwxHuit 1 BepxHUN NOPOroBbIE YPOBHU 3ape-
TUCTPUPOBAHHBIX HA BBIXOZIE CUETYHNKA (DOTOHOB MIM-
MyJIbCOB, a TAK)K€ CTATHUCTUYECKHE PaCTIpeNeICHUS
CMECH YHMCJIa TEMHOBBIX W CHTHAJIBHBIX WMITYIIbCOB
Ha BBIXOAE cYE€TyhKa ()OTOHOB TIPH PETHCTPAINH
JIBOMYHBIX cHUMBOJIOB «0» P ,(N) ompenensuuch
10 METO/IMKE, OMUCAHHOM BbIlIe. Pacuér BeposiT-
HOCTH CTHpaHHUS JBOWYHBIX CHUMBOJIOB «0» P(—/0)
BBITIONTHEH IyTEM TIOACTAHOBKM CTAaTHCTUYECKUX
pacnpenenenuii P (N) U HIKHEro INOpPOrOBOIO
YPOBHS 3apETUCTPUPOBAHHBIX HA BBIXOJNIE CUETUHKA
¢oronos ummynscos N, B Gopmyny (1). Usmepe-
HUS TIPOBOIMIIMCH TIPU PA3NAYHBIX 3HAYCHHUAX Ha-
MpsDKEHUST TUTaHWS JIABHHHOTO (POTONIPUEMHHKA
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C HCIIONB30BaHUEM yCTaHOBKH [28]. OTMeTHM, 4TO
JUTSL pean3aliy pexnMa cuéra GOTOHOB HaIpsIKe-
HUS IMTaHUS JJABUHHOTO (hoTOnpuEMHIKA BHIOMpa-
JIUCh BONU3M HAIPSDKEHUS €r0 JIABHHHOTO TPO0os,
KOTOpOE€ ONpeeNsioch Mo MeTojuke [8] u cocras-
nso 52,71 B. THTEHCUBHOCTH ONTHYECKUX H3IY-
4yeHHi J;, UCIIONb3yeMbIX AJIs Mepeadyn JBOUYHBIX
cuMBOJIOB «0», HOpPMHPOBaHBI Ha MaKCHMaJbHOE
3Ha4YeHHe M3 HCCleayeMoro auana3zona. Bee mccie-
JIOBaHUS TPOBOAWIUCE TIpu Temrieparype 293 K.

P(-/0)4
1,0
038
0,6

0,41

0.0 . l" Jg» OTH. €)1
0,2 04

1,0

0,6 0,8 Jy tel. units
Pucynok 1 — 3aBHCHMOCTh BEPOSATHOCTH CTHPAHHS JIBO-
WYHBIX CUMBOJIOB «(0» OT MHTEHCUBHOCTH OIITHYECKOI'O
CHUrHaJjia, PICHOJ'IB3yeMOI>i U niepegadnu 3TUuX CHUMBO-
JIOB; HAIIPSXKCHUC MUTAHUA JIABUHHOI'O (bOTOHpI/IéMHI/IKa
OJ-115J: 1-xU,,,=5248B; 2-+U_,,=5254B;
3-U,,. =52,65B

Figure 1 — Dependence of the probability of erasure of
binary symbols «0» on the intensity of the optical signal
used to transmit these symbols; supply voltage of the
FD-115L avalanche photodetector: 1 —x U=52.48V;
2-+U=5254V;3-U=52.65V

W3 pe3ynbpTaToB, MPEACTaBIEHHBIX Ha PHCYH-
ke 1, BUIHO, 9TO Kaxkaas u3 3aBucumocteit P(—/0) ot
J, IMeeT cXoKne TeHIEHLUUN U3MEHEHMs Ul BCeX
WCCIIeyeMbIX HaNpsDKEHWH THUTAaHWS JIABUHHOTO
¢dotonpuémunka. C yBeTUYCHHEM WHTCHCHUBHOCTH
ONTUYECKOro curuaia J, zasucumoctu P(—/0) ot J,
CMaJaloT BIUIOTH JI0 CBOETO HAMMEHBIIETO 3Hade-
HUS, TIOCJIe YeTO MPAKTHYECKH He MEHSIOTCA. DTO
BeChMa XOPOIIIO COTJIACYeTCs C pe3yabTaTaMu MaTe-
MaTHYeCKOTO MOJIETMPOBAHHUSA PACCMATPHUBAEMOTO
KaHaJia CBsI3H, OJyYeHHBIMU B pabote [18] mpu nc-
CJIeZIOBAaHUHU 3aBUcUMOCTEN P, (7)), 1 00BACHSET-
Cs1 CIIEYIOIIUM.

IIpu HEOONMBPIIMX 3HAYCHUSIX WHTEHCHBHOCTEH
ONTUYECKOro CUrHanga J, CpeiHss CKOpPOCTb cuéra
CHUTHAJbHBIX HMITYJBCOB Ha BBIXOJIE CUETYMKA
(boToHOB 1pu nIepeaue CUMBOJIOB «0» 71, HE BEJIUKA.

CrnenoBaTenbHO, BEPOSITHOCTh PErMCTPallii Ha BBI-
xoze cuéTunka (POTOHOB MUMITYJIBCOB B KOJMYECTBE,
PABHOM HW)KHEMY MOPOTOBOMY YPOBHIO pErucTpa-
mmu N, win 66nblieM, 4eM N, Tarke Mana. B pe-
3yJIbTaTe BEPOSITHOCTh CTHPAHHS TBOMYHBIX CHUMBO-
noB «0» P(—/0) Becbma BbICOKa (CM. pUCYHOK 1).

C yBenn4eHHeM HHTEHCHBHOCTH ONTHYECKOIO
CUrHajga J, cpeiHss CKOpOCTb CYETa CUTHAJIbHBIX
UMITYJIbCOB Ha BBIXOJIe CYETYHKA POTOHOB ITPH Iepe-
Jlaue cUMBOJIOB «0» pacTér. DTO NPUBOIUT K YBEIH-
YEHHIO BEPOSITHOCTH PEruCTpallii Ha BBIXOJE CUET-
4yrKka (POTOHOB MMITYJIbCOB, PABHOM HJIH OOJbIIEM
N,, nostomy 3aBucumoctu P(—/0) ot J, cmamarT
BILJIOTH /10 CBOETO HAaMMEHBIIETo 3HaUYeHUsI.

BaxxHO OTMETHTB, YTO MPU MPOYUX PABHBIX Ma-
pameTpax mMpuéMa BEpOSTHOCTb CTHpAHHs JBOMY-
HBIX CHMBOJIOB «0», COOTBETCTBYIOIIas HaUMEHb-
mel W3 HUCCIeAyeMOro Juana3oHa HHTEHCHUBHO-
CTH ONTUYECKOro curHaina J,= 1,79'1072 OTH. €/I.,
YMEHBIIAETCS C YBEJIMUCHUEM HANIPSKEHUS TUTAHUS
MaBUHHOrO (OTONPUEMHHKA ¥ paBHa: 98,85-107
s U, = 52,48 B; 85,67 1072 ans U,.,=52,54 B;
29,8310 mua U, = 52,65 B.

OObsicHAETCST 3TO POCTOM CpPEOHEH CKOPOCTH
cyéTa TEMHOBBIX MMITYyJIbCOB Ha BBIXOJE CUETUMKA
(GOTOHOB 1, MpPH yBEINYEHUN HANPSOKEHHs IHTa-
HUSI TaBHHHOTO (hoTompuéMHUKA. Takol pocT cro-
COOCTBYET YBEIMYECHHUIO CpEeIHEH CKOpOCTH cuéTra
CMECH TEMHOBBIX M CUTHAJIBHBIX UMITYJILCOB Ha BBI-
xozae cuéruyrnka (OTOHOB IPH Mepeaade CUMBOJIOB
«0» ng,, paBHOM (1, + ny). B 3TOM Cilydae MakcuMyMm
CTaTUCTUYECKOTO PACHPEACICHUS CMECH YHCIIa TEM-
HOBBIX M CUTHAJIbHBIX UMITYJIbCOB P ,(N) pu nepe-
Jlade CUMBOJIOB «0» cMelaeTcs B CTOPOHY OOIbIINX
3HaYeHUH N IIpU OJMHAKOBONW HMHTEHCUBHOCTH J),
HO 0oJiee BBICOKOM HAIPSKEHUH MUTaHMS JTaBUHHO-
ro ¢poronpuémuuka [18].

OTmeTnM, 4YTO yKa3aHHBIE OCOOEHHOCTH W3-
MEHEHUs CTaTUCTUUYECKUX pacrpeneseHui P (N),
MPOSBIISIIOIIMECS C POCTOM HAIPSDKEHUS THUTAHUSA
JIAaBUHHOTO (OTONPUEMHHKA, TONyYEHHBIE MO pe-
3yJIbTaTaM BBITIOJIHEHHBIX dKCIIEPUMEHTAIbHBIX HC-
CJIETOBAHUN, UMEJTH CXO0XKHI BUJ C TEOPETUIECKUMU
pactpenenenusmu [ 18], mosToMy B ITaHHO# paboTte
pacnpenenenus P, (/N) He IpUBEAEHBIL.

B pesynbraTe npu npounx paBHBIX apamMeTpax
npuéMa ¢ pOCTOM HAIPSKEHUSI TUTAHUS JIABUHHOTO
¢doronpuémuuka U, BEpOATHOCTb CTHPAHUS JIBO-
WYHBIX CUMBOJIOB «0» P(—/0) yMeHbIIAETCsI.

[Tpuuém 310 HAOMIOMAETCS BO BCEM IHUara3oHe
WHTEHCHBHOCTH OIITHYECKOTO CHTHajla, Ha KOTO-
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pom 3aBucumoctu P(—/0) ot J, caparoT BIIOTb 10
CBOETO HAWMEHBIIETO 3HA4YeHHS (CM. PUCYHOK 1).
Tax, HanpuMep, MPU WHTEHCUBHOCTH ONTHYECKOTO
cursana J, = 30,94 102 otH. €ll. BEPOSITHOCTb CTH-
PaHMs IBOMYHBIX CHMBOIOB «0» paHa: 74,19-107
s U, = 52,48 B; 34,46- 1072 st U,..=52,54B;
8,26-10 s U, = 52,65 B.

Y cTaHOBIIEHO, YTO NP MPOYMX PABHBIX ITapamMe-
Tpax IpuéMa ¢ yBeJTHMUCHUEM HalpspKEHHUS TUTaHUs
JABUHHOTO (pOTONPUEMHHUKA MHUHUMAIIbHASI BEPOSIT-
HOCTh CTHUPAHHs IBOMYHBIX CUMBOJOB «0» P(—/0),
MOJTyYECHHAasl B UCCIIEyeMOM AHMana3oHe MHTCHCUB-
HOCTH OINTHYECKOTO CUTHasla, YMEHbBIIAETCs, OfHa-

Ko 3ateM pactér: 60,01-107% mia U, = 52,48 B;
0,11:10° gama U, =5254B; 021107 s
U, = 52,65 B.

DT0 00YCIOBJIEHO TEM, YTO TPU YBEIHUYCHHH
HaIpPsOKEHUS MTUTaHKS JIABUHHOTO (DOTONMPHEMHUKA
MEPTBOE BpeMs CUETUYMKA (POTOHOB YMCHBIIACTCS,
Mepexo/isi B HACHIIICHUE, a KBaHTOBas 3(dexTus-
HOCTh PETUCTPAIlUN BHAUYAJIE PACTET U MMOCIIE JOCTH-
JKEHUSI MAKCUMAaJIbHOM BEIMYMUHBI YMEHbIaeTcs [8].

[lo »TuM e mpUYMHAM HAWMMEHbINAs WHTCH-
CHBHOCTb ONTUYECKOTO CHUTHana J,, Ipu JOCTHXKe-
HHUU KOTOpo# 3aBucumoctu P(—/0) ot J;, nepexonsat
B HaCBIILIEHHE, C pocToM U, . IpHU NPOYUX PABHBIX
napaMerpax npuéMa TakKe BHauYale yBEINYHMBaA-
eTCsl, OJHAKO 3aTeM CHWXkaercs. Tak, Hampumep,
HaceleHue 3aBucumocteit P(—/0) or J,, koTopoe
OTIPEIEIISIIOCH N0 5%-HOMY OTKJIOHEHHIO BEPOSTHO-
cti P(—/0) oT €€ MUHMMAaNbHOTO 3HAYCHUS JIsI CO-
OTBETCTBYIOIIICTO HANPSKCHUS MUTAHUS JTABUHHOTO
(oronpuémHuuka, Habnoa10ch npu J, > 60,56- 1072

s U, =52,48B; mpu Jy>9894-10° s
U, =5254B; npu J,>98,74107  nnsa
U,.=52,65B.
Jak/ouenue

[TprMEHHUTENFHO K aCHHXPOHHOMY JBOMYHOMY
HECUMMETPUYHOMY OIHOPOJHOMY BOJIOKOHHO-OII-
THYECKOMY KaHaJly CBSI3H 0e3 MaMsTH U CO CTUPaHU-
€M, COZIepJKallleMy B KauecTBE HMPUEMHOTO MOy
cuéTuuk (OTOHOB Ha Oaze JABUHHOTO (HOTONPHEM-
Huka OJ[-115J1 ¢ BkIrOUeHHEM IO CXEME MaCCUBHO-
rO TalleHus JaBUHBI, BBIOJIHEHA OLIEHKA BIMSHUS
UHTEHCUBHOCTU ONTHUYECKOTO CUrHana J,, UCIOIb-
3yeMOro il mepenaydl JBOMYHBIX CHMBOJIOB «0»,
Ha BEPOSITHOCTb CTHUPAHHUS 3TUX CUMBOJIOB P(—/0).

Ha ocHOBe METOOMKHM YMEHBIICHHUS TOTEPb
nHGOpPMAMM ONpesieIeHbl HWKHUH N, U Bepx-

HUI N, MOpPOTOBBIE YPOBHH 3aperuCTPHUPOBAHHBIX
Ha BBIXOJIE CYETUNKA (DOTOHOB MMITYIIBCOB, a TAKKe
CTAaTHCTUYECKHUE PaCTPEeTICHUI CMECH YUCIIa TeM-
HOBBIX M CHUTHAJILHBIX WMITYJIHCOB Ha BBIXOJIE CUET-
gypKa ()OTOHOB IIPH PETHCTPAINH TBOMYHBIX CHMBO-
10B «0» P (N), Ipu KOTOPHIX BEPOSITHOCTb CTHUPA-
HUS 9TUX CUMBOJIOB P(—/0) MUHUMAThHAS.

BrImonTHeHHBIE DKCTIEPUMEHTAIBHBIE PE3YITbTa-
THI TIOKa3aJld, YTO /IS YMEHBIICHHS BEPOSTHOCTH
CTHUpaHHUS JABOWYHBIX CUMBOJIOB «0» P(—/0) BakHO
mo0uparh HE TOJIBKO MHTEHCUBHOCTH HCIIOJIB3Yye-
MOTO OINTHYECKOIO U3Iy4eHUs J,, HO U HaIPsKEHUE
NUTaHUs JTaBUHHOTO (oronpuémuuka U, . D10 mo-
3BOJSIET JOCTUYh MUHHMMAJIbHBIX MOTEPh HHGpOpPMa-
MU B MCCTIETOBAHHOM KaHaJie CBS3H.

YCTaHOBIEHO, YTO C YBEIMYEHHEM HHTEHCHB-
HOCTH ONTHYECKOro curuana J, 3aBucumoctu P(—/0)
0T J,, CajarT M, JOCTUras CBOEr0 HAHMMEHBILIETO
3HAYEHUS, IEPEXOAIT B HacklmeHue. Crnan 3aBUCH-
moctH P(—/0) ot J, IPOUCXOIUT B JUAIa30HE UHTEH-
CHUBHOCTHM ONTUYECKOIO CUTHaNa J), Ha KOTOPOM C
pOCTOM J,, CpeiHssA CKOPOCTh CUETA CUTHAIIBHBIX UM-
MyJIbCOB Ha BBIXOJIE CU€TUMKa (DOTOHOB IIPHU Tiepea-
4ye cuMBoIOB «0» ny, yBenuuusaercs. OnpeneneHo,
YTO B TAKOM JMAaIla30HE MHTCHCUBHOCTEH OMTHYE-
CKOI'0 CUrHana .J; BEpOSTHOCTh CTUPAHUS IBOUYHBIX
cumBosioB «0» P(—/0) ymenbmaercst ¢ poctom U,
IIPH [IPOYUX PABHBIX IMapamMeTpax mpuéma.

[TomydeHo, 4TO MHUHHMMAalbHas BEPOSTHOCTH
OIMMOOYHOM  PErucTpaluu  JBOMYHBIX  CHMBO-
70B «0» JUTsl UCCIIEZIOBAHHOTO KaHajia CBS3H PaBHA
0,11 102 u COOTBETCTBYET J, > 98,94 102 oTH. e
n U,,=52,54B, npu koTopslx MEPTBOE BpeMs
cuéryrka (POTOHOB MHUHUMAIILHO, & €r0 KBaHTOBas
3¢ (EKTUBHOCTD PETUCTPAIIUN MaKCUMAJIbHA.,

Pesynbrarel, moONy4YeHHBIE B JIaHHOW pabo-
T€, MOTYT OBITh WCIIOJb30BAHBI MPU CO3JAHHH CH-
CTEM KBaHTOBO-KpUITOrpaUYeCKOl aCHHXPOHHOU
CBSI3U, COJIEPKALIMX B KAU€CTBE MPUEMHBIX MOAYJIEHN
Cc4€TYNKHU (POTOHOB ¢ MEPTBBIM BpEMEHEM MpojiIe-
BAaIOIIETOCS THUMA W XapaKTEpU3YIOMIMXCS HU3KOU
BEPOSTHOCTHIO OIIMOOK JIETUTHMHOTO TPUEMHOTO
000pyI0BaHHUS.

ABTOpY HacTOsIICH pPabOThI MPEACTABISIFOTCS
BECbMa AaKTyaJlbHBIMU MCCJIEIOBAHUSA, HaIpPaBJIeH-
HbIe Ha OOOCHOBaHHME BBIOOpa JIABUHHOTO (HOTO-
MPUEMHHKA, UCTIOIB3YEMOTO TPH TTOCTPOCHUN CUET-
gyuka QoToHOB. Takue (QOTONPHUEMHUKH MOTYT OT-
JIUYAThCS KaK 10 CTPYKTYpE IMOIYNMPOBOIHUKOBBIX
oOnacTel, Tak ¥ Mo TIoMaal GOTOUyBCTBUTEIHHOM
MOBEPXHOCTU. B 3TOI CBsI3U B XOn€ AalbHEHIINX
KOMIUIEKCHBIX HCCIIEZIOBAaHUH TJIAHUPYETCS OIpe-
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eJTUTh, KaK JTH TapaMeTphl BIUSAIOT HA BEPOST-
HOCTB OIINOOYHOM PETHCTPAIIUN JBOMYHBIX JaHHBIX
MIPUMEHUTEIIEHO K aCHHXPOHHOMY JBOMYHOMY He-
CUMMETPUYHOMY OJHOPOJHOMY OJHO(OTOHHOMY
KaHaJy CBSI3M 0€3 MaMATH U CO CTHPAHHEM.
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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 2-2,5 MM, dJIEMEHTHI CXeM 3—5 MM, OT/IeTbHbIE 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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