NMPUBOPbI N METOODbI
NW3SMEPEHUW

DEVICES AND METHODS
OF MEASUREMENTS

Vol. 12

Ne 3

100 JIET 3 “"—m

XPAHUM TPAIMLIMH, XKMBEM HACTOSIIHM, CO3[AEM BYAYIIEE

2021



http://pimi.bntu.by ISSN (print): 2220-9506

NMPUBOPbLI U METOAbI
U3MEPEHUI

Hay4Ho-TexHn4ecknn xxypHan

OcHoBaH B 2010 .

Yuypeautenb
Bernopycckui HauMoHarnbHbI TEXHUYECKUN YHUBEPCUTET

BbixoanT 4 pasa B rog

XypHan BkntoyeH B 6a3bl AaHHbIX:

Web of Science Core Collection (ESCI),

EBSCO, DOAJ, WorldCat, OpenAIRE, Google Scholar, PUHL,
OBC «JlaHb», HOB «KnbeplleHnHka», CoumoHeT

Tom 12 Ne 3 2021

IVIABHBIN PEJIAKTOP
I'yceB O.K., 0.m.H., npogeccop, npopexmop benopycckoeo HAYUOHANILHOZO MEXHUYECKO20 VHUBEpCUumema
(2. Munck, Benapycy)

3AMECTHUTEJIb ITTABHOTI'O PEJAKTOPA
Maasipeeuu A.M., uien-koppecnonoenm HAH Benapycu, 0.¢.-m.n., npogheccop, npopexmop benopyccrkozo
HAYUOHANBLHO20 MeXHUYecKo20 yHusepcumema (2. Munck, benapycs)

PEJAKIIMOHHAS KOJJIET' IS
AnexceeB B.A., 0d.m.n., npogheccop, yuenwiti cexpemapv Hoce8cko2o 20CyO0apcmMEeHHO020 MEXHUUECKO20
yrusepcumema umeru M.T. Karawnuxosa (2. Hocesck, Poccus)
Annmuk B.M., 0.¢p.-m.n., npogheccop, npogeccop rageopvr pusuku meépooco mena benopyccrozo
eocyoapemeentozo yHugepcumema (2. Murnck, bBenapyco)
Byoyauc A., 0.m.n., npogeccop, enasnvlii Hayunwviii compyonux Hayunoeo yenmpa mexamponuxu Kaynacckozo
mexHono2uueckoeo ynugepcumema (e. Kayuac, Jlumea)
Baiin A.A., 0.m.n., npogpeccop Tapmyckoeo ynusepcumema (2. Tapmy, Dcmonust)
Buba Sl., 0.m.n., npogheccop, oupexmop Huncmumyma mexanuxu Puodicckoco mexuuueckozo ynugepcumema
(2. Puea, Jlameus)
Lyrren M., 0.m.n., 3asedyiowuil Kageopoi memponocuu u NPUKIAOHOU IJIeKmpomexHuxu JKuiuHcko2o
yuueepcumema (e. Kununa, Croeaxust)
JAmvutpueB C.M., 0J.m.n., npogeccop, pexmop Huowcecopoockoeo 2ocy0apcmeeHHo20 — MexHUUecKo2o
yHusepcumema umenu P.E. Anexceesa (2. Huocnuui Hoeeopoo, Poccus)
Mouunak C., npogheccop Ilpoussodcmeenno-ucciedosamenvcko2o yewmpa Texnonozuueckoeo uncmumyma
wmama Jrcopoocus (e. Amnanma, CLLIA)
Kapun AJL., o0.m.n., npogeccop, npogheccop kagpeopvl «HUnpopmayuonno-usmepumenbuas mexuHuka u
mexnonocuuy» benopycckozo nayuonanvrnozo mexnuyeckozo ynusepcumema (2. Munck, benapyce)
Kykosckmuii I1., 0.m.n., npogheccop, 3asedyiowuii kagedpoil s1ekmpureckux annapamos u MexHukU EblCOKUX
Hanpsiscenuil JIOIUHCK020 mexHuuecko2o yHugepcumema (2. Jlroonun, onvua)
Koarynosuu T.H., 0.m.1., npogpeccop, Jlodrunckuii mexnuueckuil ynusepcumem (2. Jlrooaun, [lonvwa)
KomapoB ®.®D., uien-koppecnondenm HAH Benapycu, 0.¢h.-m.H., npogheccop, 3asedyowuil nadbopamopuet
anuonuxu Mncmumyma npukiaonvix pusuueckux npoonrem umenu A.H. Cesuenro beropycckoeo 20cyoapcmeeniozo
yuueepcumema (2. Munck, Benapycv)




Ipubopul u memoowvl usmepeHuil Devices and Methods of Measurements
2021.—T. 12, Ne 3 2021, vol. 12, no. 3

Kyaewos H.B., 0.¢.-m.n., npogeccop, 3asedyiowuii ragheopoii «Jlazepnasi mexwuka u mMexHOIO02USLY
benopycckozo nayuonanvrnozo mexnuyeckozo ynueepcumema (2. Munck, beaapyce)

Kyunnckmii ILB., 0.¢p.-m.H., oOoyenm, Oupexmop Hucmumyma RBpuKkiaoHvix @uauyeckux npoobiem
umenu A.H. Ceguenxo Benopycckozo eocydapcmeennoeo ynusepcumema (2. Munck, benapyco)

Kamn A., npogeccop Uncmumyma ¢pomonuxu Cmpacknaiiockoeo ynusepcumema (2. I naseo, Benukobpumarus)
Mareoc X., k.¢).-m.1., Ooyenm, ynusepcumem Posupa u Bupxunuii (2. Tappaeona, Hcnanus)

Inaunenxo B.A., unen-xoppecnondenm HAH bBenapycu, 0.m.n., npogpeccop, samecmumens Oupekmopa
I'l] «bermuxkpoananuz» OAO «MHTEI'PAJI» — ynpasnsrowas komnanus xonounea « AHTEI'PAJDy (e. Munck,

benapyce)
IneckaueBckmii F0.M., uren-xoppecnondenm HAH Benapycu, 0.m.u., npogheccop (2. Munck, benapyco)
Horpeonsik A ., 0.¢p.-m.n.,  npogeccop,  3asedyrowuii  rkagpeopou  nanosrekmponuku  Cymcko2o

2ocydapcmeennoco ynusepcumema (e. Cymul, Ykpauna)

PacnonoB BSI., o.m.n., npogpeccop, 3asedyiowuii  xkageopou  «Illpuboper  ynpasnenusy  Tynvckozo
eocyoapcmeenHozo yHugepcumema (2. Tyna, Poccus)

Tumuuk I'.C., 0.m.1., npogheccop, dexan npubopocmpoumenvroo axyremema, Hayuonanvhvitl mexuuueckuil
yHusepcumem Yxpaunol « Kuesckuii nonumexuuueckuii uncmumym umernu Meops Cuxopckozoy (2. Kues, Ykpauna)
e JIn, 3amecmumens oupexmopa Cesepo-Bocmounoeo HUH mexnuku damuuxos (2. Xapoun, KHP)

Yuxuk C.A., akademux HAH Benapycu, 0.m.n., npogeccop, Ilepeuiii samecmumens Ipedceoamens [Ipesuouyma
HAH Benapycu, 3asedytowuti kagedpou « Mukpo- u nanomexnuxa» beiopyccko2o HayuOHaibHo20 MexXHU4ecKo2o
yHusepcumema (2. Munck, benapycs)

Mxanapesuy A.IL., akademux HAH Benapycu, 0.¢.-m.1., npogeccop, oupexmop HTL] «/IDMTy» Benopycckozo
ONMUKO-MexXanu1eckozo ooveounenus (2. Mumnck, bearapycy)

Omames K.B., 0.¢b.-m.n., npogheccop, 3asedyrowuii kapedpoi «IKCnepuMeHmanioHas U meopemuiecKkast
@usuxay benopyccrkoeo nayuonanbHoeo mexnuyeckozo ynugepcumema (2. Munck, benapycs)

H30anue 3apezucmpuposano ¢ Munucmepcmee ungpopmayuu Pecnyonuku benapyco 25 urons 2010 2.
Pezucmpayuonnwiii nomep 1372
B coorBercTBHM ¢ pemiennem BAK ot 8 urosist 2011 r. Ne13/1 :xypHau Bk/o4eH B [lepeyeHb HayYHBIX U3AAHMI 115
Ony0JIMKOBAHMS Pe3yJIbTATOB JUCCEPTALMOHHBIX HCCJIeJ0BAHMII; HAyYHOe HanpaBJeHHe: «CpeacTBa U MeTO/Ibl H3MeEPEeHHii,
KOHTPOJIsI, THATHOCTHKH M OLIEHKH Ka4ecTBA 00bEKTOB H MPONEccOB)» (TeXHMYecKne U (PU3HKO-MaTeMaTHYecKHe HAYKH)
ISSN 2220-9506

Toonucka ocywecmensiemes: uepes noumogusle omoenenus cesisu no « Kamanozy eazem u scyprnanos Pecnyonuxu Beiapyco».
TToonucnvie unoexcor — 74835; 748352.

OtBercTBeHHBbIN cexpeTaph pepakuuu: laxnesuy JI.H.
Penaxrop: Yabaposa O.J1.
HaGop 1 BepcTKa BBINOIHEHBI B peAakiiu xKypHana «[IpuOopbl 1 METOIbI H3MEPEHUID».
IMoanucano B neyats 08.09.2021. ®opmat Oymaru 60x84 1/8. Bymara menoBaHHasi.
T'apuutypa Times New Roman. ITedars mudposas. Yeo. neu. 1. 9,65. Vu.-u3a. 1. 3,77. Tupax 100 ok3.
JlaTa Beixoaa B cBeT 15.10.2021. 3aka3 Ne 589.
Ortneuarano B benopycckoM HanmoHansHOM TexHHUeckoM yHHEBepcutete. JIIT Ne 02330/74 ot 03.03.2014. IIp. HesaBucumoctn, 65, 220013, . Munck

AJIPEC PEJAKIIUH:
benopycckuii HallMOHAJIBHBIA TEXHUYECKUHA YHUBEPCUTET
np—Tt HesaBucumocry, 65, 220013, r. Munck, PecriyOnuka benapycs,
ten.: +375 (17) 293 96 67, daxc: +375 (17) 292 67 94
e-mail: pimi@bntu.by
http://pimi.bntu.by
© «IIpubops! 1 MeTOIBI H3MEpEHHit», 2021




http://pimi.bntu.by ISSN (print): 2220-9506

DEVICES AND METHODS
OF MEASUREMENTS

Scientific and Engineering Journal
Founded in 2010

Founder
Belarusian National Technical University

Issued four times a year

The Journal is included in the following databases:
Web of Science Core Collection (ESCI),

EBSCO, DOAJ, WorldCat, OpenAIRE, Google Scholar,
RISC, Lan, CyberLeninka, Socionet

Volume 12 Ne 3 2021

EDITOR-IN-CHIEF
Oleg K. Gusev, Doctor of Science (Engineering), Professor, Vice-Rector of Belarusian National Technical
University (Minsk, Belarus)

DEPUTY EDITOR-IN-CHIEF
Aliaksandr M. Malyarevich, Corresponding Member of the National Academy of Sciences of Belarus,

Doctor of Science (Physics and Mathematics), Professor, Vice-Rector of Belarusian National Technical University
(Minsk, Belarus)

EDITORIAL BOARD
Vladimir A. Alekseev, Doctor of Science (Engineering), Professor, Scientific Secretary of M.T. Kalashnikov
Izhevsk State Technical University (Izhevsk, Russia)
Victor M. Anishchik, Doctor of Science (Physics and Mathematics), Professor, Department of Solid State Physics,
Belarusian State University (Minsk, Belarus)
Algimantas Bubulis, Doctor of Science (Engineering), Professor, Kaunas University of Technology (Kaunas,
Lithuania)
Arvid A. Vain, Doctor of Science (Engineering), Professor, University of Tartu (Tartu, Estonia)
Janis Viba, Doctor of Science (Engineering), Professor, Director of Institute of Mechanics, Riga Technical
University (Riga, Latvia)
Miroslav Gutten, Doctor of Science (Engineering), Head of Department of Metrology and Applied Electrical
Engineering, University of Zilina (Zilina, Slovakia)
Sergei M. Dmitriev, Doctor of Science (Engineering), Professor, Rector of R.E. Alekseev Nizhny Novgorod State
Technical University (Nizhny Novgorod, Russia)
Steven Danyluk, PiD, Professor, Production and Research Center, Georgia Institute of Technology (Atlanta, USA)
Anatoly L. Zharin, Doctor of Science (Engineering), Professor, Information and Measuring Technologies
Department, Belarusian National Technical University (Minsk, Belarus)
Pawel Zukowski, Doctor of Science (Engineering), Professor, Head of Department of Electrical Devices and High
Voltages Technology, Lublin University of Technology (Lublin, Poland)
Tomasz N. Koltunowicz, Doctor of Science (Engineering), Professor, Lublin University of Technology (Lublin,
Poland)
Fadey F. Komarov, Corresponding Member of the National Academy of Sciences of Belarus, Doctor of Science
(Physics and Mathematics), Professor, Head of the Elionics Laboratory, A.N. Sevchenko Institute of Applied
Physical Problems, Belarusian State University (Minsk, Belarus)




Ipubopul u memoowvl usmepeHuil Devices and Methods of Measurements
2021.—T. 12, Ne 3 2021, vol. 12, no. 3

Nikolay V. Kuleshov, Doctor of Science (Physics and Mathematics), Professor, Head of Laser Equipment and
Technology Department, Belarusian National Technical University (Minsk, Belarus)

Petr V. Kuchynski, Doctor of Science (Physics and Mathematics), Director of A.N. Sevchenko Institute of Applied
Physical Problems, Belarusian State University (Minsk, Belarus)

Alan Kemp, PhD, Professor, Institute of Photonics, University of Strathclyde (Glasgow, United Kingdom)
Xavier Mateos, PhD, Associate Professor, Rovira i Virgili University (Tarragona, Spain)

Vladimir A. Pilipenko, Corresponding Member of the National Academy of Sciences of Belarus, Doctor of
Science (Engineering), Professor, Deputy Director of the State Center «Belmicroanalysisy» of JSC «(INTEGRAL» —
«INTEGRAL» Holding Managing Company (Minsk, Belarus)

Yuriy M. Pleskachevsky, Corresponding Member of the National Academy of Sciences of Belarus, Doctor
of Science (Engineering), Professor (Minsk, Belarus)

Alexander D. Pogrebnjak, Doctor of Science (Physics and Mathematics), Professor, Head of Department
of Nanoelectronic, Sumy State University (Sumy, Ukraine)

Vladimir Ya. Raspopov, Doctor of Science (Engineering), Professor, Head of Control Devices Department, Tula
State University (Tula, Russia)

Gryhoriy S. Tymchyk, Doctor of Science (Engineering), Professor, Dean of the Faculty of Instrumentation
Engineering, National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute» (Kyiv, Ukraine)
Tse Li, Deputy Director of Northeast Scientific Research Institute of Sensor Technology (Harbin, China)

Sergei A. Chizhik, Academician of National Academy of Sciences of Belarus, Professor, Doctor of
Science (Engineering), the First Vice Chairman of the Presidium of the National Academy of Sciences of Belarus,
Head of Micro- and Nanotechnics Department, Belarusian National Technical University (Minsk, Belarus)
Alexey P. Shkadarevich, Academician of the National Academy of Sciences of Belarus, Doctor of Science (Physics
and Mathematics), Professor, Director of the Scientific and Technical Center «LEMT» of the BelOMO (Minsk,
Belarus)

Konstantin V. Yumashev, Doctor of Science (Physics and Mathematics), Professor, Head of Experimental and
Theoretical Physics Department, Belarusian National Technical University (Minsk, Belarus)

ADDRESS:
Belarusian National Technical University
Nezavisimosti Ave., 65, Minsk 220013, Belarus
Tel.: +375 (17) 293 96 67, fax: +375 (17) 292 67 94
e-mail: pimi@bntu.by
http://pimi.bntu.by
© «Devices and Methods of Measurementsy, 2021




Ipubopsl u memoowvl usmepeHuil Devices and Methods of Measurements
2021.—T. 12, Ne 3 2021, vol. 12, no. 3

COAEPXAHHUE

CpencrBa usmepeHuii

B.A. Anexcees, B.I'. Kocmun, A.B. Yconvyesa, B.Il. Yconvyes, C.U. IOpan

Pacmiupenne ¢GyHKIMOHAJBLHBIX BO3MOXKHOCTeH  (OTOAGASAMM  IKCHMEPHBIM  Jia3epoM
B OPTATBMOJIOTHM (171 ENGLISI) ..ottt ettt et st e e eabeesnaeenseenees 175

U .A. Konosanos, A.A. Yecnokos, A.A. bapunos, C.M. /[mumpues, A.E. Xpobocmos, M.A. Maxapos

[Ipuvmenenne 3IEKTPOMMIEIAHCHOTO METOAA HM3MEPEHHiII MPH HCCIAETOBAHUN MY3bIPHKOBBIX
PEKUMOB Te4EeHHS TBYXKOMIOHEHTHOTO MOTOKA (171 ENGIISH).......c.ooveveieieiiieieeeeeeee e 183

B.JI. Conomaxo, A.A. Bazoon

OmnpenenieHne MOTPelHIHOCTH MepeAavyd pa3Mepa eIWHUIBI /JUIMHBI NPH U3MepPeHUH JuaMeTpa
HAHOYACTHUL C NOMOUIbI0 aHaJu3aTropa AuddepeHUHANBbHON JIEKTPHUECKONH TNOIBHKHOCTH
YACTHIL (171 ERGIIST) ...ttt n s 194

MeToabl u3MepeHud, KOHTPOJIs, TUATHOCTUKH

H.A. Hoxnouckuii, U.U. Anukees, C.A. Bvipko

Hu3ko4acToTHBI AJIMUTTAHC KOHAEHCATOpPa € PadoYuM BelIeCTBOM «HU30JSATOP —YACTHYHO
PAa3ynopsiI04eHHbII MOJTYNPOBOIHUK—H30JIATOPY (i1 ENGLISH).......ocooieiiiiiiiiieeeeeeeee e 202

A.P baes, A.U. Mumvrogey, M.B. Acaduas, A.JI. Maiiopos
HNmnynscHO-Ta3epHOe BO30y:KAeHHE M TNPOXOXKIEHHE YJIHTPA3BYKOBBIX BOJH 4epe3 HAHO-

MATHUTHYEO KHIKOCTD (171 ENGIIST) ..ottt 211
B.H. Axumos

Hudposoii cieKTpaJbHBINH AHATN3 METOAOM YCPEeAHEHHBIX MOAU(GUIMPOBAHHBIX MEPUOAOTPAMM

¢ MpUMeHeHneM OHHAPHO-3HAKOBOT0 CTOXACTHYECKOT0 KBAHTOBAHMSI CHTHAJIOB (in English).......... 220

A.FO. Kymenos, A.Il. Kpens, E.B. I'nymenxo

OneHka TOYHOCTH H3MepPEeHHMsi MATHUTOOTPBIBHOIO YCWJMA JaTyukamu npubopa HT-800
JJISl PAHHET0 BbIABJIEHHSA Ae()EKTOB X U3TOTOBICHUS (i1 ENGLISH).......ccooveeeiiiiiiiiiiiiiieeee 230

P.B. Jlykawesuu, I'A. Pokog

Pacuér nosoxenus 3¢p(peKTHBHOIO LEHTPA IHEProBbIIeIeHHs] CHUHTH/IISIIIMOHHBIX JeTeKTOPOB
IJIS 33724 KAJIMOPOBKH MPHU MAJBIX PACCTOSTHUAX «UCTOUHUK—IETEKTOP» (in English)..................... 239




Ipubopsl u memoowvl usmepeHuil Devices and Methods of Measurements
2021.—T. 12, Ne 3 2021, vol. 12, no. 3

CONTENTS

Measuring Instruments

V.A. Alekseev, V.G. Kostin, A.V. Usoltseva, V.P. Usoltsev, S.I. Yuran
Expanding of Excimer Laser Photoablation’s Functionality in Ophthalmology............................... 175

1.A. Konovalov, A.A. Chesnokov, A.A. Barinov, S.M. Dmitriev, A.E. Khrobostov, M.A. Makarov
Application of Electrical Impedance Measurements’ Method for Studies of Bubble Flows.............. 183

V.L. Solomakho, A.A. Bagdun

Determination of the Error in Transferring of Length Unit’s Size when Measuring the Nano-
particles’ Diameter Using an Analyzer of Particles’ Differential Electrical Mobility........................ 194

Methods of Measurements, Monitoring, Diagnostics

N.A. Poklonski, I.1. Anikeev, S.A. Vyrko

Low-Frequency Admittance of Capacitor with Working Substance “Insulator—Partially
Disordered Semiconductor—INSUIAtOr”.............c.ooooiiiiiiiiiiie e 202

A.R. Baev, A.I. Mitkovets,M.V. Asadchaya, A.L., A.L. Mayorov

Impulsively-Laser Excitation and Propagation of Ultrasonic Waves through Nanomagnetic »11

V.N. Yakimov

Digital Spectral Analysis by means of the Method of Averag Modified Periodograms Using
Binary-Sign Stochastic Quantization of Signals...................cococooiiiiiiiiicccceee e 220

A. Kutsepau, A. Kren, Y. Hnutsenka

Evaluation of the Magnet Breakaway Force Measurement Accuracy of the NT-800 Sensors
for Early Detection of Defects of Their Manufacturing...................coccoooiriiiiiiiiieieieeeeee 230

R. Lukashevich, G. Fokov

Calculation of the Effective Energy Release Center’s Position of Inorganic Scintillation Detectors
for Calibration at Small “Source—Detector” DiStances.................ccoccevieieriieieniieieeeeeee e 239




IIpuboper u memoowl usmepeHuil Devices and Methods of Measurements
2021.—T. 12, Ne 3. = C. 175-182 2021, vol. 12, no. 3, pp. 175-182
V.A. Alekseev et al. V.A. Alekseev et al.

Expanding of Excimer Laser Photoablation’s Functionality
in Ophthalmology
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Abstract

One of the significant weaknesses of excimer laser-based vision correction devices is the difficulty
of achieving a required change in the refractive properties of the cornea to sharply focus the image
on the retina with distance from the working area (ablation zone) center to the periphery due to a change
in the laser beam incidence angle. The study is aimed at improving the quality of laser action on the eye
cornea by introducing an optical corrective system into the existing excimer laser vision correction equip-
ment, ensuring the coincidence of the direction of the laser beam incidence on the corneal surface with the
normal.

It has been shown that the greater the reflection coefficient, the lower the absorbed energy, and the
shallower the laser radiation penetration and ablation depths, which reduces the laser action opportunities
and quality. When using excimer laser vision correction devices, it has been proposed to change the angle
of the laser beam incidence on the cornea with a distance from the working area (ablation zone) center
to the periphery during the surgery by introducing an optical corrective system based on a lightweight
controllable and movable mirror, which allows achieving the coincidence of the direction of the laser beam
incidence on the corneal surface with the normal.

The studies have shown that the coincidence of the laser beam incidence on the corneal surface
at any point with the normal when using a priori data on the specifics of the patient's eye allows expan-
ding the functional opportunities of excimer laser photoablation, i. e., expand the ablation zone by 30 %
and eliminate the possibility of errors caused by the human factor. The technique proposed can be used
for excimer laser vision correction according to PRK, LASIK, Femto-LASIK, and other methods. To
implement this approach, a patented excimer laser vision correction unit has been proposed with a PC-
controlled optical shaping system comprising galvo motor platforms and galvo mirrors installed on them.

Keywords: photoablation, optical correction system, excimer-laser vision correction, angle of incidence
of the laser beam on the cornea.
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Paciuupenne pyHKUMOHAJIBHBIX BO3MOKHOCTEMN
(poToadaAALMU IKCUMEPHBIM JIa3epoOM B 0PTAIbMOJIOTUH

B.A. AneRceeBl, B.I. Kocnmz, A.B. YCOJIBIIEBal, B.II. YCo.m,ueBl, C.1. IOpaH3

"Wowcescruii eocyoapcmeenHolil mexuudeckuil ynusepcumem umenu M. T. Karawnuxosa,
ya. Cmyodenueckas, 7, . Hocesck 426069, Poccus

Zl[eHmp xoppexyuu 3penusi « IKCHy,

yn. Jlenuna, 101, e. Hoceeck 426000, Poccus

3 .
Ubicesckas cocyoapemeentast cebCKoXo3AUCMEEeHHASL AKA0eMUS,
yi. Cmyodenueckas, 11, e. Hoiceeck 426069, Poccus

Tlocmynuna 12.08.2021
Ipunama k nevamu 22.09.2021

OnHUM W3 CYIIECTBEHHBIX HEAOCTATKOB YCTPOWCTB UIS KOPPEKIMH 3PEHHSI HAa OCHOBE SKCHMEPHBIX
JIa3epoB SBISIETCA TPYAHOCTHh JOCTH)KCHUS 33JaHHOTO HM3MEHEHHWsS TPEIOMIISIIOIINX CBONCTB POTOBHIIBI
IU1sT 9€TKON (POKYCHPOBKH M300paKEHUS Ha CeTYaTKE C YIOAJICHHEM OT IeHTpa padodeit 30HbBI (30HBI a0IIs-
M) K ieprudeprn B CBS3M ¢ M3MEHEHHEM YTJIa TIaJCHUS Ja3epHOTO Jy4da. Llenpro rccnemoBaHus SBISIIOCH
MTOBBIIIICHNE KadeCcTBa Ja3epPHOTO BO3/IEHCTBHS Ha POTOBHUITY TJIa3a 3a CYET BBEJIEHHUS B CYIIECTBYIOMIYIO all-
naparypy Ui SKCUMep-JIa3epHON KOPPEKIIUY 3PEHUST ONMTHYECKON KOPPEKTUPYIOIIeH CHCTEMBI, 00eCTIe H-
BaIOIIEH COBMA/ICHNE HAMMPABICHNUS JIA3epHOTO JTyda, TIa/Iaf0IIero Ha TOBEPXHOCTh POTOBHIIBI, C HOPMAIIBIO.

ITokazano, 4To yem OoJbIre KO3 PHUIMEHT OTPAKEHHSI, TEM MEHBIIIE TIOTJIOMEHHAS YHEPTHS, TEM MEHb-
11e TITyOWHa TTPOHUKHOBEHHS JIA3€PHOTO M3ITYYCHHS W MEHbIIE TyOnHa aOJsIuH, YTO CHIDKAET BO3MOXK-
HOCTH W KayeCTBO JIa3e€pPHOTO Bo3aercTBUS. [IpemioskeHo mpu NCTIONB30BAaHUN YCTPOWCTB TSI SKCHUMEp-Jia-
3epHON KOPPEKIIMU 3pEHUS W3MEHATH B IMPOIECCEe OMEepaIiuil Yroj MaaeHus JIa3epHOTo JTyda Ha POTOBHUILY
C YIOAJICHHEM OT IIeHTpa pabodel 30HBI (30HBI a0JAINHN) K iepudeprn 3a cU€T BBESACHHS ONTHUYESCKOU KOp-
PEKTHUPYIOMIEH CHCTEMBI Ha OCHOBE YIPABIISIEMOTO, JETKOTO TOABIKHOTO 3€pKaja, 9TO MO3BOJISET TOOUTHCS
COBTA/ICHUS HATIPABJICHHUS JIA3EPHOTO JTyYa, TaIaf0IIEeT0 Ha TOBEPXHOCTh POTOBHIIBI, C HOPMAIIBIO.

IIpoBenénnplie nccneqoBanns OKa3alld, YTO COBMAICHUE JIA3€PHOTO Jy4a, aIalolero Ha MOBEPXHOCTh
POTOBHIIBI B TIOOOW TOYKE C HOPMANbIO, TIPH MCTIOIB30BAaHUH AlIPHOPHOHN WH(MOpMAIUK 00 WHIANBHIYab-
HBIX 0COOEHHOCTSIX TJIa3a MaMeHTa, TTO3BOJISICT PACITUPUTD (DYHKIIMOHATHHBIC BO3MOXXHOCTH (DOTOAOISATINN
SKCHMEPHBIM J1a3epOM, a UIMEHHO, YBEIHUUTh 30HYy abmsaruu Ha 30 % ¥ UCKITIOYUTH BEPOSTHOCTH OMIMOOK
n3-3a genoBedyeckoro (axropa. [IpeanoxxkeHHass METoAnKa MOXKET OBITh UCTIOIH30BAHA ISl AKCUMEpP-JIa3ep-
HO¥ Koppekituu 3perns mo MeroankaM PRK, LASIK, Femto-LASIK u mp. Jlns peanuzanun JaHHOTO TIOIX0-
Jla TIpeTo’KeHa 3aIrIIEHAAs TATeHTOM YCTaHOBKa JUTS SKCUMEP-JTa3epHON KOPPEKIINHU 3PEHNS C YIIpaBIisie-
MO OT KOMIIBIOTEpa ONTHYECKON (popMUpYIOIMIEH CHCTEMBI, BKITIOUAIOMIEH MIaTPOPMBI C TaTEBOIIPHUBOIOM
Y YCTaHOBIIEHHBIMHU Ha HUX TaJIbBO3EPKAIaMHU.

KiroueBble cjioBa: GoToadnsanys, ONTHYECKas KOPPEKTUPYIOIIAsi CUCTEMA, SKCHUMEP-JIa3epHasi KOPPEKIUs
3peHHs, YToJl IaJeHHs JIA3EPHOTO JIyda Ha POTOBHILY.
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Introduction

Ophthalmology was the first medicine branch
to use lasers [1-4]. Various lasers with wave-
lengths from 193 nm to 10.6 um are used to treat eye
diseases. The nature of laser radiation impact differs
for various biomaterials with specific properties.
Accordingly, in each case, specific parameters are
chosen: wavelength, duration of exposure, power,
pulse repetition rate, etc. [5]. The laser radiation
wavelength determines the application area of the
laser in ophthalmology. Excimer lasers emit energy
in the UV range (193-351 nm wavelength). These
lasers allow removing specific surface layers of
tissue with an accuracy of 500 nm using photoabla-
tion (evaporation).

Vision correction technology is based on
profiling the cornea's outer surface. Removing
tissue in the central area corrects myopia [6],
evaporation of the cornea peripheral part allows
correcting hyperopia, and dosed removal in
different cornea meridians allow eliminating
astigmatism [7]. Despite the widespread use of
excimer lasers for vision correction, such devices
have a significant drawback, i. e., the difficulty of
achieving a required change in the refractive cor-
nea properties (upward or downward) to accura-
tely focus the image on the retina with a distance
from the working area (ablation zone) center to
the periphery due to a change in the laser beam
incidence angle. This limits side vision; peripheral,
binocular vision deteriorates; in the dark, problems
occur, associated with a contrast decay, nocturnal
myopia, glare, and halos. Higher-order aberrations
are also difficult to correct.

In this regard, the study is aimed at improving
the quality of laser action on the eye cornea by
introducing an optical corrective system into the
existing excimer laser vision correction equipment,
ensuring the coincidence of the direction of the
laser beam incidence on the corneal surface with the
normal.

Approaches used

Like any optical system, the human eye
features optical defects — aberrations deteriorating
the vision quality by distorting the image on the
retina. Aberration is any angular deviation of a
narrow parallel light beam from the point of ideal
intersection with the retina as it passes through
the entire optical system of the eye. In technical

optics, the optical system quality is determined by
the aberrations of a plane or spherical front of a
light wave passing through this system. Thus, an
eye without aberrations has a flat wavefront and
ensures the most accurate point source image on the
retina (the so-called Airy Disk, the size of which
depends only on the pupil diameter). But normally,
even with 100 % visual acuity, optical defects of
the light-refracting eye surfaces distort the beam
path and form an incorrect wavefront distorting the
image on the retina. The quantitative characteristics
of the image’s optical quality are the root-mean-
square errors in the real wavefront deviation from
the ideal one. German mathematician Zernike sug-
gested using a series of polynomials to describe
wavefront aberrations. An optical system is
considered good if the Zernike coefficients are close
to zero and, therefore, the wavefront root-mean-
square error is less than 1/14 of the light wave-
length (Marechal criterion). This coefficient allows
forecasting visual acuity by simulating the image
of any optotypes on the retina.

There are excimer laser-based vision correction
devices, using the following laser methods and
technologies to correct vision:

— Flying Spot technology. Its distinctive feature
is the flying spot system — the excimer laser beam
“flies” all over the treatment area surface and
polishes the cornea by shooting a large number of
laser pulses. The damage is minimal due to split-
ting the energy into mini-pulses;

— Eye Tracking technology. The vision correction
excimer laser is equipped with a control system
pointing the laser beam at the area to be treated
with micrometer precision. This laser technology
compensates for the patient’s all involuntary eye
movements. Its precision allows using it to treat
patients with eye twitching syndrome (nystagmus);

— Topographic Laser Treatment technology.
The topographic excimer laser system allows using
it, considering the specifics of each eye. This means
that only certain cornea areas will be evaporated,
while the rest are saved. Topographic technology
is espe-cially widely used for postoperative
correction (e. g., scars, irregular astigmatism).

All the absorbed laser radiation energy E is
spent to heat the biological tissue volume V| to the
boiling point 7, — (E,) and evaporate this biological
tissue volume (£,) (with the widespread assumption
of identification of biological tissue with water).
The E energy is determined by the equation:
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E=E, +E,=P,t=C,mAT+ym=C,phyATdy/44+
+ pydy A =phy (C, AT+7) dy/A4, (1)
where P

. 1s the absorbed radiation power, W;
t is the time of the biological tissue exposure to
laser radiation, s; C, is the specific heat capacity
of biological tissue, kJ/deg-kg; m is the mass of
heated and evaporated biological tissue, kg; p is the
biological tissue density, kg/m®; d, is the Gaussian
beam diameter, m; 4, is the radiation penetration
depth at the 1/e” level; AT is the increment of the
biological tissue temperature when heating, °C
(AT =T-136.6 °C); y is the specific energy of water
evaporation, kJ/kg.
Considering the calculated value of the
coefficient 4 = 2.31, equation (1) will take the form:

E=0.34 pdy’hy (C, AT+ ). )

According to equation (2), the energy spent
on heating and evaporating biological tissue is
proportional to the radiation penetration depth 4
and the temperature 7 required to achieve any ther-
mal and, hence, surgical effect (ablation tempe-
rature 7 = 250-300 °C).

Ablation (from Late Latin ablatio — taking
away) is removing material from a solid surface with
a stream of hot gas. Laser ablation is removing ma-
terial from a surface with a laser pulse. At low laser
power, materials evaporate or sublime in the form
of free molecules, atoms, and ions, forming a
weak non-luminous plasma, usually dark, over
the irradiated surface. When the laser pulse power
density exceeds the ablation regime threshold, a
micro explosion occurs, forming a crater on the
material surface and a luminous plasma.

The absorbed energy E is less than the inci-
dent energy and depends on the reflection coeffi-
cient (K,):

E=[1- (K, +K,)|PtS, 3)

where P is the radiation power, W; ¢ is the exposure
time, s; S is the irradiation area, mz; Kref 1s the laser
beam reflection coefficient; K. is the transmittan-
ce of the irradiated biological tissue.

For wavelengths of 0.63 and 0.89 pm, the
biological tissue transmittance is 0.12 and 0.41, re-
spectively.

According to equation (3), the higher the
reflection coefficient, the lower the absorbed energy,
and the shallower the laser radiation penetration
and ablation depths.

Figure 1 plots the dependence of the reflection
coefficients for the TM-wave (the light polarization
state, where the electric vector is perpendicular to the
incidence plane) and the TE-wave (the polarization
state, where the electric vector lies in the polarized
light incidence plane) on the incidence angle. For
unpolarized light, the curve will pass in the middle.

As the plot shows, with an increase in the
incidence angle over 10°, the reflection coefficient
starts increasing, and with an angle over 60°, it starts
growing sharply.

Krer
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f
08 /|
0.6 [l 1
/|
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//’
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Figure 1 — The dependence of the reflection coefficients
K, for the polarized light 7E-wave (curve 1) and 7M-
wave (curve 2) on the incidence angle

When the laser beam deviates from the normal,
the reflection coefficient increases and can reach
unity when the laser beam is fully reflected. Consi-
dering that the incidence angle is the angle between
the laser beam incident on the cornea surface and
the normal to the surface at the incidence point
(Figure 2), in the working area center, the laser
beam incidence angle OAO is zero, and with a maxi-
mum working area diameter of 8.2 mm, depending
on the distance from the optical shaping system to
the cornea, can reach 60° (OBC angle).

The correction system operating principle
and the study results

To reduce the laser beam deviation from the
normal and, accordingly, the beam reflection coef-
ficient, an optical corrective system is required.
Directing a laser beam OB with a given laser radia-
tion wavelength using this system onto a reflective
surface, i.e., a relatively lightweight control-lable
movable mirror with a coating capable of reflecting
the laser beam at a relatively high speed and located
appropriately, the coincidence of the direction of the
laser beam incidence on the corneal surface with the
normal can be achieved (OCB angle in Figure 3).
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Figure 2 — The angle of the laser beam incidence on the
cornea

0

Mirror

Figure 3 — The angle of the laser beam incidence on the
cornea with a mirror

The proposed approach allows expanding the
device functionality by changing the laser beam
incidence angle on the cornea with distance from
the working area (ablation zone) center to the pe-
riphery. It also allows changing the laser operating
modes directly during the surgery, while eliminating
the likelihood of errors caused by the human factor.

The technical result obtained in this case is
achieved by introducing an optical correcting sys-
tem comprising platforms with a galvo drive and
galvo mirrors installed on them into the excimer
laser vision correction device consisting of an
excimer laser, a laser operating mode control unit,
an optical shaping system, a computer, and an algo-
rithm controller [8].

The proposed technique can be used for excimer-
laser vision correction according to PRK.

The studies have shown that the coincidence
of the laser beam incidence on the corneal surface
at any point with the normal when using a priori
data on the specifics of the patient's eye allows

expanding the functional opportunities of excimer
laser photoablation. The technique proposed can be
used for excimer laser vision correction according
to PRK (Photorefractive Keratectomy), LA-
SIK (Laser Keratomileusis), Femto-LASIK, and
LASEK [9-12]).

Along with obtaining a required corneal pro-
file, the corneal surface quality in the ablation zone
is of great importance [13—15].

For the stable operation of the complex propo-
sed, the mirror rotation should be controlled until the
laser beam coincides with the normal. To do this, the
mirrors are made semitransparent, and a reflected
light flux sensor is installed in the center of the
mirrors. By the reflected light flux energy, the beam
coincidence with the cornea normal is controlled.
The sensor is installed on the reverse side of the
mirror does not interfere with the mirror operation in
directing the light flux to a given area of the cornea.
The sensor is connected to a digital measuring sys-
tem transmitting data to a computer, which estimates
the beam coincidence with the normal and generates
control signals to move (rotate) the mirrors.

The problem of adjusting the mirrors to achieve
the laser beam coincidence with the normal is
reduced to that of finding an extremum on the
reflected radiation energy curve. Adjustment takes
a certain time and is performed under the condition
of the minimum laser beam energy not affecting the
cornea. After the adjustment, with the chosen mirror
positions, a therapeutic or surgical procedure can
start with an increase in the laser energy.

However, there is an issue with the cornea
surface irregularity. If the beam aperture is less than
the corneal surface irregularities, then the beam
tuning will be complicated since the beam reflection
will depend on the shape and size of the surface
irregularities.

When the laser beam probes the cornea, the
reflection of the beam from the surface, associated
with the corneal irregularity, will depend on the
corneal surface irregularity (Figure 4), where d, is
the expanded beam aperture, d, is the beam aperture
less than the irregularity element size 4. In this case,
if the beam aperture is less than the irregularity
size (d, < h), then the beam reflection will depend on
the irregularity element geometry. If the beam apertu-
re is much more than all the irregularities (d, >> h),
then the maximum reflection will be achieved when
the beam coincides with the normal. It is also known
that according to Rayleigh law, the irregularity size

179



IIpubopsr u memoosl usmepeHuil
2021.—T. 12, Ne 3. — C. 175182
V.A. Alekseev et al.

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 175-182
V.A. Alekseev et al.

should be less than the probing radiation wavelength
to talk about the corneal surface smoothness.

Therefore, the beam tuning aperture should be
several times larger than the size of irregularities.

In this case, there are two approaches to choosing
the aperture:

1. The tuning aperture is the same as that the
treatment one.

2. The tuning aperture is larger than the treatment
one.

To compare different approaches, statistics on
the nature (irregularities) of the cornea in different
patients should be obtained.

d,

.

Figure 4 — The laser beam reflection from the cornea
surface

A different laser radiation wavelength can be
used for tuning, which may improve the tuning
accuracy, but in this case, the optical transmission
scheme should coincide with that of the main
laser. To do this, fiber-optic lines and schemes for
converting radiation from two lasers to a common
one for probing the cornea can be used.

The created complex has two operating modes:

1 —adjusting the complex on a patient at low
radiation energy with an enlarged aperture using one
or two lasers.

2 — aworking situation when the main laser beam
aperture reduces with an increase in the radiation
energy to that required for the specific treatment.

To check the correctness of using the proposed
technique to set the laser radiation exposure modes,
a step wedge has been reproduced' when changing
the direction of the laser beam incidence on the
material (plexiglass). For the experiment, PMMA
acrylic glass has been used to adjust and set the Laser
Scan unit modes from zero to 30°. To measure micro

" GOST 24930-81. Facsimile Equipment Gray Scale.
Moscow: Publishing House of Standards, 1981, 7 p.

irregularities on the sample outer surface, an MII-4
interference microscope was used”.

According to the scientific and technical
requirements for the surface roughness, the arith-
metic mean deviation of the profile and the height
of the profile irregularities taken at 10 points at the
same step have been determined and calculated.
The random value of the profile irregularities
x; has a discrete random distribution; then the
arithmetic mean profile deviation is determined by
the formula:

N
PR
Mx) = “

where N is the number of surface micro irregularity
measurements for one wedge step.
The results of the calculation by equation (4) are
shown in Figure 5.
0.6 [

RO ¢
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. .
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The angle of the laser beam direction on the material, degrees

Figure 5 — The arithmetic mean deviation of the surface
micro irregularities

The central limit theorem allows asserting
that whenever a random variable is a result of adding
a large number of independent random variables, the
variances of which are small compared to that of the
sum, this random variable distribution law turns out
to be virtually a normal law. Since random variables
are always generated by an infinite number of
reasons, and most often none of them has a variance
comparable to that of the random variable itself, then
most of the random variables occurring in practice
are subject to the normal distribution law. The
literature data do not contradict this. According to the
law of large numbers, the random micro irregularity
mean values have a normal distribution. There-
fore, according to the three-sigma rule (3c0), almost

? Interference Microscope MII — 4 [Electronic
resource]. Microscopes and Accessories [Site]. URL:
http://www.mbs10.ru/mii-4.html  (date of  access:
03.17.2021).
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all values of a normally distributed random variable
lie within the interval (M(x) — 3c; M(x) + 30) with
a probability of 0.997, where M(x) is the mathe-
matical expectation. For clarity of data presen-
tation, the variance has been calculated. The
calculation results are shown in Figure 6.

. 2 4
Variance, mm™- 10

25 30 35

The angle of the laser beam direction on the material, degrees

Figure 6 — Dispersion of the surface profile deviation

From a visual point of view, dispersion is an
indicator of the plexiglass surface micro irregu-
larity. Dispersion is a measure characterizing the
spread of values of a random micro irregularity
variable x, relative to its mathematical expectation
M(x). If the variance is small, then the random
variable values x; are close to each other. If it is
lar-ge, the values x; are far from each other. The
random variable x; variance is calculated by the
following formula:

D(x)= ﬁ&xi _ M),
i=1

where n is the random variable x; measurement
number.

Conclusion

The analysis of the optical corrective system
characteristics has shown that changing the laser
operating modes directly during the surgery is
promising for expanding its functionality by
changing the laser beam incidence angle on the
cornea with distance from the working area (abla-
tion zone) center to the periphery, thereby elimina-
ting errors caused by the human factor.

The changes to the system design allow
controlling the beam aperture and radiation
energy. Depending on the algorithm chosen, two
operating modes are possible: tuning and treat-
ment. Thereat, in the tuning mode, a laser with a
different radiation wavelength can be additionally
used. These procedures can be controlled by a

computer. Improving the system functionality
allows for an effective treatment. The calculation
and experimental results show that the ablation zone
can be increased by 30 %.

The scientific and technical solutions provided
herein can be used in both creating new treatment
complexes in ophthalmology and improving existing
ones.
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Abstract

One of the important tasks in carrying out a computational justification of the reliability and safety
of equipment that is part of the projected nuclear power plants today is the modeling of the bubbly regime
of the coolant flow. In this regard the aim of this work is the use of extended methods of using matrix
conductometric systems which are widespread in research practice for study of gas-liquid flows.

The work uses a method of primary processing of experimental data aimed at eliminating of excess
conductivity in the cells of the developed wire mesh sensor which makes it possible to obtain the values
of the true volumetric gas content in the investigated area.

Subsequent analysis of the possibilities to estimate the volumes of registered gas bubbles by the
gradient method as well as the size of the interface in the sensor cells which plays a key role in modeling
the interfacial heat and mass transfer.

Comparison of readings values with the control instruments cues showed a good agreement.
The presented work is an adaptation of the use of a conductometric measuring system for the study
of multicomponent flows with the aim of further application for the study of two-component flows
in the channels of the core simulator using wire mesh sensors.

Keywords: wire mesh sensor, two-layer wire mesh sensor, bubble flow.
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IIpuMeHeHne JIEKTPOUMIIETAHCHOI0 METO/1a U3MEPEHU
[P MCCIETOBAHUM NY3bIPHKOBBIX PEKUMOB TeYeHUA
JABYXKOMIIOHEHTHOI'0 MIOTOKA

N.A. KonoBanos, A.A. HecHokoB, A.A. bapunos, C.M. /Imutpues, A.E. XpodocTos,
M.A. Makapos

Huoicecopoockuil eocyoapcmeennulil mexnuveckuti yuugepcumem umenu P.E. Anexceesa,
vi. Mununa, 24, 2. Huscnuii Hoseopoo 603950, Poccus

Hocmynuna 28.09.2021
Hpunama k neuamu 08.10.2021

OnHO# M3 BaXXKHBIX 3a[a4 NPU NPOBEACHUU PACUETHOTO OOOCHOBAHMS HANEKHOCTU U OE30MACHOCTH
O60py,I[OBaHI/IH, BXOAICTO B COCTAaB IMPOCKTHUPYCEMBIX SJACPHBLIX SHECPICTUYCCKUX YCTAHOBOK, Ha CETOIAHA
ABJIACTCA MOJACIIMPOBAHUE ITY3bIPLKOBOI'O PEKMMaA TCUCHU S TCIIJIOHOCUTCIIA. B cBs3u ¢ 3THUM, LICJIbIO HaHHOﬁ
paboTHI SBJISLIOCH H3yUeHUE 0COOEHHOCTEH IBMIKEHUS ra30BOT0 My3bIPs B )KUAKOH cpejie, a Takke 0TpadoT-
Ka 1 paClIMpEeHUC METOANUYCCKUX 0CO6CHHOCT€I>'I MMPUMCHCHUA MATPUYHBIX KOHAYKTOMCTPUYCCKUX CUCTEM,
MOJIYYUBIIUX INHUPOKOC PACIIPOCTPAHCHUC B HCCHCHOBaTCHBCKOﬁ IMMPAKTUKE, TSI UCCICAOBAHUA Ta30XKUI-
KOCTHBIX ITOTOKOB.

B pabore m3noxeH crnocod mepBUYHONW OOPaOOTKH SKCIIEPUMEHTANBHBIX JIAHHBIX, HAMpPaBICHHBINA
Ha YCTpaHEHUE N30BITOYHOM IIPOBOIMMOCTH B sTYCHKaX Pa3pabOTaHHOTO CETYATOrO JIJATYMKA, YTO TIO3BOJIHIIO
HOJIyYUTh 3HAYCHHUSI HCTUHHOTO 00BEMHOT0 Ia30CoIepKaHKs B HCCIIelyeMOoil 001acTu.

[Mocnenyromuii aHaIN3 TO3BOJIUII OLIEHUTh 00BEMBI PETHCTPUPYEMBIX Ta30BBIX My3bIpel TpaIueHTHBIM
METO/IOM, @ TaKKe BEJIMYMHY IUIOTHOCTH MeX(pa3zHOH MOBEPXHOCTH B siUCHKaX AAaTUMKa, KOTOpask Urpaer
KIIIOYEBYIO POJIb IPU MOAEIMPOBAHMH MEK(A3HOTO TEIIO- U MacCOOOMEHa.

CpaBHeHI/Ie MOJIYYCHHBIX BCJIMWYUH C MOKa3aHUAMU KOHTPOJbHO-U3MEPUTCIbHBIX HpI/I60pOB OKCIepu-
MEHTaIbHON YCTAaHOBKH I10Ka3aj0 XOpOIIYyH CTCICHbL COOTBETCTBUA. HpeﬂCTaBHCHHaH pa60Ta SABJISICTCA
aﬂaHTaHHCﬁ IIPUMCHCHUA KOHI[yKTOMCTpPI‘ICCKOﬁ HSMGPHTGHLHOP'I CHUCTEMBI 1A UCCIICAJOBAaHNUA MHOI'OKOM-
IIOHCHTHBIX ITOTOKOB C LICJIBIO HaﬂbHeﬁIHeFO MPUMCHCHUS JI1 UCCIICAOBAHUA JIBYXKOMIIOHCHTHBIX ITOTOKOB
B KaHaJIaxX UMUTATOpa AKTHUBHOM 30HBI IIpU IMOMOIIX CETYATBIX KOHAYKTOMCTPUUCCKUX NATUYUKOB.

KuroueBbie cj10Ba: ceTyaTblii KOHJIYKTOMETPUUYECKMM JaTYMK, JBYXCIOMHBIA JAaTUMK, IIy3BIPHKOBOE

TCUYCHUC.
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Introduction

Justification of the reliability, safety and
efficiency of nuclear power plant circuits is an
important task for developers. The success is directly
related to the introduction of new technical solutions
which in turn require a preliminary numerical
simulations.

The operating modes of power equipment are
determined by a set of hydrodynamic processes often
accompanied by the presence of a two-component
flow. For example some Russian projects of low
and medium power NPPs use gas pressurizers
which causes the dissolution of N, in the primary
coolant. During normal operation of the system, the
concentration of dissolved gas in the pressurizer and
the primary coolant comes to a certain stationary
distribution, however power variation and a change
in the primary coolant temperature in a number of
modes causes the release of a gas phase as well
as a change in the conditions of gas solubility in
the coolant, which can lead to a violation in the
operation of the primary circuit equipment:

—loss of head, deviation from the nominal
characteristics during the operation of the circulation
pumps;

— deterioration of heat transfer, entailing wall
boiling on the fuel element cladding, which leads
to an increase in temperature and the risk of local
burnout with subsequent corrosion;

— disturbances in the operation of control and
measuring devices.

In addition there is a problem of studying the
structure of a gas-liquid flow, since two-component
flows play a major role in such processes as
cavitation, bubbling and many others. In particular,
the hydrodynamics of gas-liquid flows determines
the operability of some passive safety systems
for promising nuclear power plants of low and
medium power.

These phenomena require the solution of
an extensive number of computational problems
aimed at substantiating the reliability and safety
of nuclear power plants, taking into account the
presence of two-component flows in their elements.
The solution of these problems with the use of
computational fluid dynamics (CFD) programs
requires the determination of the interphase surface
necessary for calculating the mass and energy
fluxes across the interface [1,2]. At the same
time, the need to test the predictive ability of the
mathematical models requires the development

of experimental methods for measurements in two-
phase flows.

In research practice to study the hydrodynamic
characteristics of flows in the elements of power
plants, the method of matrix conductometry
is widely used. The measuring system built on
its basis is used, in particular, as part of several
validation test facilities [3, 4].

Thus the purpose of this work was to study
the features of the movement of a gas bubble in a
liquid medium as well as to develop and expand the
conductometric methodology for gas-liquid flows
investigations.

Test facility

To track the motion of a single bubble, the
method of matrix conductometry [5] was used
in this work which is based on the measurement
of the conductivity of the medium at the sensor
points. Conductometric measuring system consists
of the impedance measurement system LAD-36 [6]
and 2-layer wire mesh sensor (WMS) depicted
at the Figure 1.

a
BTy receiver
generator

—_— . R
E receiver
o
I
=~

o

Figure 1 — Schematic representation of a two-layer
sensor: a —general view of a two-layer wire mesh
sensor; b — spatial arrangement of the wire mesh sensor
electrodes
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The use of two layers of cells formed by the
three layers of wire electrodes makes it possible to
place two measuring planes in one housing with a
small axial distance which allows to estimate the
velocity of single bubbles [7]. It should be noted
that within the framework of the investigations the
application of the conductometry method was used
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for determining the presence or absence of electrical
impedance in the considered measurement region.

The experimental section included a square
channel with a two-layer mesh conductometric
sensor a bubble injection system, LED illumina-
tion and external video camera. The experimental
setup is shown schematically at the Figure 2.

Figure 2 — Experimental setup: @ — sketch of the test section; b — general view of the test model

The mesh sensor was installed 600 mm
above the injection section. The arrangement and
numbering of the WMS cells are shown at the
Figure 3.

One of the main tasks in a similar experimental
setup is the creation of sufficiently large gas
bubbles that can be accurately identified by a
mesh sensor with a given resolution. In this work
injection facility was made as a bend with 20-mm
diameter directed downward (Figure 4). When
gas is supplied to the injection tube the surface
tension forces of the water hold the bubble at the
bend’s outlet until it becomes large enough for the
buoyancy force to prevail over the surface tension
forces. This mechanism ensures the creation of
bubbles of approximately the same size having
a diameter of about 3—4 WMS cells in the cross
section of the channel.

Figure 5 shows a the growth of a gas bubble in
the injection section before separation and subse-
quent emergence.

OOEIEIEEIE)
ENOIDITIERICPIEIED
GUIXIEIEIEDE
(91220(29(9(#4 (5260
(5)131EIGDIEIEI 6D
(614220949462
(D19@ICIEIEDEI6
(8)16)24(2(40 (49064

Figure 3 — Accepted cell numbering of the measuring
area of the wire mesh sensor
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Figure 5 — Growth of a gas bubble before separation and
subsequent

Video record was carried out at a frequency
of 60 frames per second. The LED backlight was
used to increase the contrast of the image.

Setting up an experiment

A series of experimental studies carried out at
this work were aimed primarily at the testing of the
WMS and measurement system to track the 2-phase
flows. In this regard the experimental modes were
organized in two ways:

— detection of the passage of single bubbles
through the mesh sensor was used to debug the
algorithm for the primary processing of experimental
data;

— detection of the passage of a series
of bubbles through the WMS with a known
amount of gas injected into the model during the
experiment. This tests were used to debug the
algorithms for identifying the time intervals for
the implementation of the conductivity correspon-
ding to the passage of the bubble through the
WMS, as well as for the direct assessment of the
bubble volume.

The test model was filled with a tap
water (conductivity = 800 uS/cm) with the
level maintained at 200 mm above the WMS.
Atmospheric air was used as a gas phase due to
its low solubility at room temperature. As a result
the interfacial mass transfer was neglected in the
experiments.

The test parameters
Table 1.

are summarized in

Table 1
Parameters of the tests
Number Total Tempe-
of bubbles volume of P Duration,
.. rature,
larger than  injected oC
5 mm gas, ml
1 5 9.0 28.3 30
2 5 9.0 27.9 30
3 5 9.0 27.5 30

Method of experimental data processing

The primary data are the values of the absolute
conductivity of the medium G, ; , , [uS], obtained
bythe LAD-36 system and software package
FT40-WMS. Here i is the number of the generator
electrode (by X axis), j is the number of the receiver
electrode (by Y direction), z is the number of the
WMS layer (by Z axis), k is the number of the
measurement sample.

In the ideal case the value G, ,, will be
determined only by the intrinsic resistance of the
medium in the measuring cell of the sensor howe-
ver in practice the recorded conductivity also inclu-
des components depending on the resistance of the
WMS electrode material uneven distances between
the electrodes of receivers and generators over the
cross section as well as the presence of various
deposits on the surface of the electrodes.

In order to exclude the influence of these values
on the experimental data, a preliminary calibration
of the WMS was carried out. Due to the fact
that conductivity of the air can be neglected, the
calibration procedure takes the form:

G

i,j,z,k

Gcal

i,].2

()

gi,j,z,k =

where Gf’;’z is the averaged value of the fluid con-

ductivity in the cell {i, j, z} during calibration, pS.

] . .
For the assessment G a calibration measu-

i,z

rement of the absolute steady state conductivity
Gfi{z . of the liquid was used:

N,

cal

1
Ncal kz;l‘

where N, is the number of the calibration counts.

G- @)

i,j,z,k>

Gcal _

i,j,z
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Duration of the calibration measurements was
30s.

Subsequent analysis of the experimental data
showed the presence of a local increase in conducti-
vity exceeding the conductivity of the liquid phase
when the gas bubble approaches the measuring pla-
ne of the WMS - hereinafter referred to as
“overshoots” of conductivity. A similar phenomenon
was observed in [8]. An example of test data with
conductivity overshoots is shown in Figure 6.

‘? —Lay 1

Z R A Lay 2

: IRER

08

S

20.6

2

=04

&

0.2 : : : : :
0 5 10 15 20 25 30 35

Time, s
a

= t,=16.42 - 1647 i*Lay 1‘

; g,= 1101 o104 ~Lay 2

=

S

<

1S}

o |

o | t=16.45

E 0.5 1,= 16.44 \511120.5851

= 2, 0.1887 |

Q 2 /

e~

16 16.2 16.4 16.6 16.8
Time, s
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Figure 6 — Typical signal with conductivity over-

shoots (cell 27) in experiment N1: a — general view of the
signal realization; b — detail view of peak of conductivity
corresponding to 3rd bubble passing through wire mesh
sensor

The nature of overshoots can be explained by
the violation of the symmetry of the measuring cell.
In other words the presence in the neighboring cell
of a certain amount of gas not large enough to come
into contact with both the generating and receiving
electrodes and as a consequence of this a sharp
increase in its resistance will cause an increase in the
current through the cell under consideration which
in in turn will cause a local increase in the measured
conductivity.

In most works aimed at studying gas-liquid
flows, such conductivity overshoots are eliminated
by methods one way or another based on the “linear

cut” method [9] in which the local instantaneous gas
content is calculated as:
L.8ijz ke > 15
& jzk =18 jzk-058ij 2k Sh
0,8 .2k <0.

3)

However from the point of physics this
procedure is not fully justified since it leads to
a violation of the of conductivity balance at the
WMS plane. In addition in [10] it was shown that
the elimination of conductivity overshoots by the
linear cut method leads to an overestimation of the
value of the instantaneous local gas content when
using mesh sensors.

In this work it is proposed to use the method of
rebalancing conductivities [8] modified by taking
into account the features of the used measuring
system. Let's consider it in more detail.

In accordance with the above reasons for
the occurrence of overshoots it seems logical to
redistribute the excess conductivity in the cell
under consideration (donor cell) over the neigh-
boring cells in which the conductivity g, <1
(receptor cells). In [8] it was also noted that the
occurrence of an overshoot in the donor cell may be
due to the cumulative effect of several cells which
gives space for the development of more advanced
rebalancing models. In this work it was assumed
that the occurrence of excess conductivity in a cell
is influenced by only 26 neighboring cells forming
so-called “cubic Moore neighborhood” (Figure 7).

Figure 7 — Graphic representation of the Moore
neighborhood for the selected point (highlighted in
blue)

Rebalancing of conductivities is carried out as
follows:

grzc,cor = {

grec+gdan_(1+0'5.G)9grec+gd0n S2+G’ (4)

1’grec + gdon > 2+0’
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1’ rec + on <2+ [oX
8 aon,cor +0.5-0= 8 gd (5)
| Gin T & —(1+0.5-0),8.. +g,.>2+0,

where o —a parameter characterizing the intrinsic
noise of the measuring system, which makes
an additional contribution to the conduction
overshoot (i. e., is added to g,,,).
The value o is determined from the calibration
measurements:
Geal )

max( i,].z

Cij,z =

(6)

—1.

Gl

The procedure for rebalancing conducti-
vities (4) and (5) is performed as long as the excess
conductivity exists in the donor cell. At each ite-
ration the Moore space cell with the lowest
conductivity is selected as the receptor cell.

It can be shown that the total conductivity of the
receptor and donor cells in this case will not change,
for this we sum up equations (4) and (5):

8rec + &don>&rec T &don =2
&don * &rec>&rec t &don > 2-

&don,cor t &rec,cor = { @)

Nevertheless, situations are possible in
which the assumption about the influence of only
neighboring cells is incorrect (due to the geometry
of the measuring region, etc.). In this case the
conductivity overshoot cannot be completely
eliminated by the rebalancing method, as a result
of which it is advisable to use a threshold filter
with a width K, ¢ (along the ordinate), where
K, is the tuning coefficient determined during
calibration; for the considered experiments
K,=1.02. An example of realizations of
conductivity before (overshoots of conductivity
greater than 1 are visible) and after the rebalan-
cing procedure is shown at the Figure 8. The
designated points form the Moore neighborhood
for a point with conductivity g = 1.05.

The values of the relative local conducti-

vity obtained after filtration g¢*/}' can be used to

determine the instantaneous volumetric gas content

according to Maxwell's rule:

cor, filt
NER

cor, filt
i,j.z.k

1-g

®)

& jzk =
1+05-g

In Figure 9, an example of the gas bubble
passage is depicted.
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Figure 8 — Measured conductivity field before and after
rebalancing and filtration (cell 27) in experiment N1:
a — signal before rebalancing and filtering; b — signal after
rebalancing and filtering

As mentioned above one of the practical
applications of studying bubble flows is to determine
the density of the interphase surface which is used
in calculations to determine the interfacial heat and
mass transfer.

Knowing the distribution of some scalar
quantity ¢(x, y, z, £), depending on the phase state of
the medium, it’s gradient magnitude will be written

in the form:
2 2 2
a(x,y,z,t)=|V(])(x,y,z,t)|=\/( ) +( ) +( j - (9)
Thus, the value is different from 0 along the
interfacial surface, thereby its physical meaning
can be interpreted as the “amount” of an interfacial

surface area contained in a unit volume — the density
of the interfacial surface. In this case, it’s dimension

i)

9
ox

9
dy

9%
0z

2
. m
1S —=

L

T =
m
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Figure 9 — Gas bubble passage: top row — layer 1; bottom row — layer 2 in experiment N1 (interval 8.2 ms). The ver-
tical lines are generators wires, the horizontal — the receiver electrodes

Replacing ¢ the relative electrical conductivity ~where Ax, Ay, Az are the distance between the

of the medium g also depends on the phase state measuring cell in the directions of X, Y and Z
of the medium for the volumetric gas content respectively, m; At is time step, s.

conductometric sensor and can be written as: Now, using expression (10) we express a

| wohx Ay Az tAr through the distribution €. For an ideal conducto-

e =— X, v, z,t)dxdydzdt, (10)  metric sensor (no space-time sampling):
rererevll g (%, »,z2,t)dvdydzdt, (10) (no sp pling)

¥ z t

doal 1 X+Ax Y+AY z+Az t+At
lim ‘Vel. ¢l 1= lim |[V———— X, y,z,t)dxdydzdt| =\Vg(x,v,z,t) =al(x, y,z,t).
A (Ve e = Jim Y A Al [ ] alerziaa Ve (x.p.z.0] = alxr.2.0). (1)
230 230 o
— —
At—0 At—0

In turn, for a real WMS with spatial and temporal ~ with respect to X and Y in the cells preceding the
sampling of indications, expressions (9) and (11) boundary cells. Scheme (15) for calculating the

are converted to the form: derivatives with respect to X and Y in the central cells.
5 5 5 The experiments showed that when calculating

W \/(A’iz‘, j,z,k] J{A’ii, j,z,k] +[A€i, j,z,k] 12y ik according to expression (12), it is more expe-
ik Ax Ay Az dient to use the values of the volumetric gas content

€ .4 calculated from the first layer of measuring

Ag: e " .
The derivatives of the gas content — /-2 cells (z equal to the position of the first layer), since
when the bubble collides with the electrodes, it
used in expression (12) were calculated using finite ~ deforms and breaks (Figure 10), which introduces
difference schemes [11]: a certain error in the values ¢, recorded by the

i.j,z, k>
second layer of cells.
A &y~

_Eir1 78 (13)

Ax Ax

Agj _ €1 —8i (14)

Ax 2A¢

Agp _ €y +884 — 88 +€) (15)

Ax 12Ax Figure 10 — Crushing and reorganization of a gas bubble

where x is direction along the considered coordi- Passing through the wire mesh sensor

nate axis.

Scheme (13) was used to calculate the derivatives
in the extreme cells of the WMS in X and Y as well as
in the axial flow direction (along Z) since the design  parameters. Since a has a dimension |:l:| it is pos-
of the used two-layer WMS assumes the presence L
of only two measuring planes in the Z direction. sible to express the area of the bubble surface
Scheme (14) was used to calculate the derivatives equivalent to the gas content in the cell:

In verification practice, it is more convenient
to link density interfacial surface with the observed

190



Ipubopul u memoowvl usmepenui
2021.—T. 12, Ne 3. - C. 183-193
1L.A. Konovalov et al.

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 183-193
1.4. Konovalov et al.

Ai ke =G j 2 XAV [ Wy - AL,

where w,,,, — the velocity of bubbles, m/s.
Then the total bubble surface area will be equal

to the sum of the areas determined for each sensor

cell during the bubble passage:

Apub = Y, @i j 2 o - AXAY [wpy - At].
i,j.k

(16)

(7

In expressions (16) and (17) the distance
[Wy,,At] 1s used instead of the cell height Az. This is
due to the fact that the unit volume occupied by the
bubble at a given time is not equal to the total volume
of the cell AxAyAz. The velocity of a single bubble
was determined from the time difference between
the positions of the gas content maxima determined
from the first and second layers of the WMS:

w,
bub = ’ (18)
klmax(e) _kénax(e) At

where k is the number of the reference of the
temporary implementation.

In the general case in the process of bubble
emerging a sufficiently large bubbles undergo
deformation caused by the presence of frontal
resistance as well as by the formation of a vortex
street behind it. The formation of a vortex wake
during the movement of a gas bubble is illustrated
in Figure 11.

9

Figure 11 — The velocity field of a bubble with a diameter
of 5 mm [12]

Summary table of experimental research results

However, the volume of the bubble V,,, can be
expressed in terms of the radius of the equivalent
spherical bubble:

4 3 19
Vbub = gn(RIbe) ) ( )

Expressing R,?, through 4,,, and substituting

in (19), we get:

3
4 Apub (20)
Vi, 5 =— — ]
bub 37{ 4n ]
The summation of the obtained bubble

volumes over all the bubbles recorded during the
measurement period makes it possible to compare
the gas volume determined from the WMS readings
with the total gas volume introduced into the model
(obtained from the readings of the injection system
instrumentation).

Analysis of the obtained results

As a result of the experimental data analyses
estimates of the velocities volumes and equivalent
radii of gas bubbles were obtained. For convenien-
ce the data obtained are summarized in Table 2.

The design of the mesh sensor does not allow to
record the immediate moment of the bubble passing
through the measuring plane — in experiments,
the area of the video camera is located up to the mesh
sensor. As a result the bubble velocity was estima-
ted as the average value over all injected bubbles.
A storyboard for filming a single bubble ascent is
shown in Figure 12.

The velocities obtained using expression (18)
are consistent with the data of the video camera.
Deviations about 17 % can be explained by the
uncertainty in the measurement of a wire axial
distance.

Table 2

Average ascent Average Average volume
Average ascent rate . . Total volume
; rate of a single volume of a of a single bubble .
No of a single bubble . . of injected gas
(WMS), m/s bubble (chamber), single bubble . accordmg to (WMS), ml
’ m/s by (20), ml instrumentation, ml ’
1 0.31 0.27 1.51 1.80 7.575
2 0.33 0.27 1.50 1.80 7.482
3 0.33 0.29 1.45 1.80 7.251
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Figure 12 — The emergence of a single bubble (interval 0.05 s)

At the same time the values of the total gas
volume passed through the WMS, are 15-20 % lower
than the values for the instrumentation. In general
an underestimation of the gas volume indicates an
underestimation of the gas content in the section of
the WMS. An analysis of the frame samples based
on the WMS data shows that in most cases large
gas bubbles when passing through the mesh
sensor touch the area near the channel wall where
the registration of the conductivity is not carried
out (due to the construction of the WMS) which
can also be the reason for underestimating of the
total gas volume.

In addition low spatial resolution of the WMS (in
those cases when the ratio R,,,/A, A=Ax=Ay,
where R, — the radius of the bubble in the cross
section is less than a certain value which is a criteria
for the given task) increases imprecision in the
determination of the derivatives gas content (13)—
(15) which affects by the value of the density of the
interface (12).

Conclusion

Analysis of the experimental data made it
possible to reveal the formation of the excess
conductivity during the passage of a gas bubble
caused by a violation of the symmetry of the
electromagnetic field of the measuring cell due
to a significant difference in the conductivity of
the liquid and gas phases at the moment when the
gas bubble does not completely occupy the cell.
The method of conductivity rebalancing used in
the analysis of experimental data made it possible
to reduce the influence of this phenomenon on the
calculated values of the gas content. In view of the

fact that the formation of the conductivity overshoot
is actually caused by the influence of a complex set
of sensor cells the improvement of methods aimed
at eliminating these overshoots is an urgent task for
further research in this area and can be associated, in
particular with the use of approximation algorithms
based on convolutional neural networks well adap-
ted to work with data in matrix form.

As aresult of applying the method of rebalancing
conductivities to the experimental data, the values
of the true volumetric gas content in the measuring
cells of a two-layer mesh sensor were obtained. In
addition the velocity of single bubble was estimated
from the wire mesh sensor data and video camera
recording.

The obtained values were used to determine the
values of the interfacial areas, as well as the volumes
of single bubbles by the gradient method, which
made it possible to compare the balance values of
the gas flow rate according to the readings of mesh
sensors and test facility instrumentation.
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Abstract

The quality of nanomaterials and nanotechnologies is largely determined by the stability of the app-

lied technologies, which, to a large extent, depend on the constancy of particle sizes. In this regard,
metrological problems arise that are associated both with measuring the dimensions of the microstructure
of aerosols, suspensions and powders, and with ensuring the uniformity of measurements when transferring
a unit of a physical quantity from a standard to working measuring instruments. The purpose of this work
was to determine and calculate the error in transferring the size of a unit of length when measuring
the diameter of nanoparticles.

An analyzer of differential electric mobility of particles was determined as a reference measuring
instrument for which the calculation was made. It allows the separation of aerosol particles based on the
dependence of their electrical mobility on the particle size. In combination with a condensation particle
counter, it allows you to scan an aerosol and build a particle size distribution function. This measurement
method is the most accurate in the field of measuring the diameters of particles in aerosols, therefore, the error
in the transmission of particle size must be set as for a standard.

The paper describes the physical principles of measurement by this method and presents an equation
for determining the diameter of nanoparticles. Based on this equation, the sources of non-excluded syste-
matic error were identified. Also, an experimental method was used to determine the random component
of the measurement error of nanoparticles and to calculate the error in transferring the size of a unit

of length when measuring the diameter of nanoparticles.
The obtained results will be used for metrological support of standard samples of particle size, ensuring
traceability of measurements of aerosol particle counters and for aerosol research.

Keywords: nanoparticles, electrical mobility, traceability of measurements, diameter of nanoparticles.
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OnpenesieHne NOrpelIHOCTH NepeJaYu pa3Mepa eTuHHIbI
JJIMHBI IPU U3MEPEHUU JUaMeTPa HAHOYACTHIL C IOMOILIBLIO
aHam3aTopa a1updepeHIAIBHON JJICKTPUUECKOU
MOJABUKHOCTH YaCTHII

B.JL. Co.JIOMaxol, A.A. Barmion’

1 . . .
benopycckuil nayuonanbHblil mexHudeckutl yHueepcument,
np—m Heszasucumocmu, 65, 2. Munck 220013, Fenapyco
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Hpunama k neuamu 01.09.2021

KauecTBO HaHOMATEPUAJIOB U HAHOTEXHOJIOTHI BO MHOTOM OTIPEACISCTCS CTA0UIBHOCTBIO MTPUMEHSIC-
MBIX TEXHOJIOTHUM, KOTOPBIE B 3HAYUTEIBLHON CTENEHU 3aBUCAT OT MOCTOSHCTBA Pa3MepOB YacTul. B cBs3u
C 3TUM BO3HUKAIOT METPOJIOTHYCCKHE 3aJIa4H, CBA3aHHBIC KAK COOCTBEHHO C U3MEPEHHUEM Pa3MEPOB MHUKPO-
CTPYKTYpPBI a3p030Jieii, CyCIIEH3U 1 MOPOIIKOB, TaK U ¢ 00ECIICUCHUEM SIMHCTBAa U3MEPEHUH MPH Mepeade
eAMHUIIBI (PU3NYECKON BETMUMHBI OT 3TAIOHHOTO K pa00OYMM cpelcTBaM u3Mepenuil. Llenpro ganHoi paboTsl
SIBJISITIOCH OIPEJETIEHUE U Pacu€T MOTPEIIHOCTH NEpeAady pa3mMepa eIUHUIbI JUIMHBI IPU U3BMEPEHUU Ha-
METpa HAHOYACTHII.

B kadecTBe 3TaJIOHHOTO CPEACTBA M3MEPEHUS, JUUIsl KOTOPOTO MPOU3BOAMIICS pacuér, ObUT onpeeiéH
aHanu3arop AudQepeHIaTbHON MISKTPUUSCKOH MOABMKHOCTH YacTHIl. OH MO3BOJISIET PAa3ACsTh YACTULIBI
a’p0o30Jisi HA OCHOBE 3aBUCUMOCTH UX JJICKTPUYECKON MOJBHKHOCTH OT pa3Mmepa dacTull. B xomOuHarmu
C KOHJICHCAIIMOHHBIM CUETYMKOM YACTHI] IMO3BOJIICT CKAHUPOBATh a3P030Jib U CTPOUTH (PYHKIIMIO pacrpe-
JICJICHUS YaCTHI] TI0 pa3MepaM. JlaHHBIH METOJ] U3MEPEHUS SBJSICTCS CAMbIM TOYHBIM B 00JIACTH H3MEPEHUS
JIMAaMETPOB YAaCTHI[ B a3P030JIsiX, TIOATOMY MOTPEIIHOCTD Mepeaun pa3Mepa YacTHIl HE0OXO0AMMO YCTaHO-
BUTH KaK JJIsI 3TAJIOHA.

B pabore onucanbl pu3nUecKUe MPUHIIUIIBI K3MEPEHUS JaHHBIM METOJIOM U PE/ICTABICHO YPpaBHEHUE
JUTSI OTIPEJICIICHUS IMaMeTpa HaHouacThil. Ha ocHOBaHMM JAaHHOTO ypaBHEHUsI ObLTH ONPEICICHBI HCTOYHHU-
KU HEHUCKJIIOYEHHOW CUCTEMATUYECKON MOTPEIIHOCTU. TaKkKe SKCIEPUMEHTAIbHBIM METOJIOM OIpEeIeHa
clydailHasi COCTaBJISIOLIAS MMOTPEIIHOCTH M3MEPEHUS HAHOYACTHUIl M PACCUMTaHA MOTPELIHOCTh MEpEeaadn
pasMepa eAUHUIIBI JJIMHEI TPYU U3MEPEHUU JUaMeTpa HAHOYACTHIL.

[TosydeHHbIe pe3ynbTaThl OYAYT HMCIOJIB30BAHBI JIJII METPOJOTHUECKOTr0 00ECIEUeHUsT CTaHIapTHBIX
00pas3IoB pa3Mepa 4acTull, 00ECICUCHUs TPOCICIKUBAEMOCTH U3MEPEHHM CYETUNKOB a3PO30JIbHBIX YACTHII
U JJIS1 UCCIEA0BaHUM a3pO30JIeH.

KuioueBble c10Ba: HAHOYACTHIIBI, AJICKTPUUECKAs TOABHKHOCTD, IIPOCIICKUBAEMOCTh H3MEPCHUH, THAMETP
HAHOYACTHII.
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Introduction

Nanoparticles and nanotechnology are one of
the most promising areas of scientific development
at the present stage, creating preconditions for sol-
ving various applied technological problems. All
over the world, a huge number of “nanoproducts”
are being developed, based on the use of
nanoparticles, which make it possible to obtain
new quality products and technologies [1].

Nanostructured (nanophase, nanocrystalline,
subpremolecular) materials traditionally include
materials with microstructure sizes from 1 to
100 um. This definition of dimensional boundaries
is not accidental. The lower limit is associated with
the loss of some symmetry elements in crystals of
nanocrystalline materials as their size decreases.
The value of the upper limit is due to the fact that
noticeable “useful”, from a technical point of
view, changes in the physicomechanical, chemi-
cal, electrical, optical, tribological and other
properties of materials sharply decrease with a
further increase in the particle size [2, 3].

Currently, the priority interest in the devel-
opment of nanomaterials and nanotechnology is
due to [4, 5]:

— using the unique properties of materials in a
nanostructured state;

— development of technologies for obtaining
nanoclusters and nanostructures;

—the need to develop and implement new
materials with qualitatively new properties;

— the desire for miniaturization of products;

—the practical implementation of modern
methods and means of control, including na-
noobjects and nanomaterials, etc.

The quality of products is determined by the
stability of technologies, which, in relation to
nanotechnology, largely depend on the constancy
of particle sizes. Among the characteristics defined
by the Organization for Economic Cooperation and
Development, the determination of particle size is
determined by the most important element in the
study of the properties of nanoparticles.

Therefore, the harmonization of methods for
measuring the size of nanoparticles is extremely
demanded, firstly, to ensure the continuous
development of nanotechnology and support trade in
nanoproducts, and secondly, to assess the potential
danger of their impact on the environment, health
and safety of human life [6]. Under these conditions,
it is very important to ensure the metrological

traceability of measurements of nanoparticles,
including the creation of the necessary reference
means of changes.

There are various methods for measuring linear
quantities in this size range. In particular, the stan-
dard ISO/AWI 15900 “Determination of particle si-
ze distribution. Differential analysis of the electrical
mobility of particles in aerosols” provides that the
measurement of particle sizes in the analysis of the
disperse composition of gaseous media is carried out
using a differential particle mobility analyzer (DMA).

Physical principles of measuring particle
diameters by electrical mobility

This method is based on the physical principle
of differential electrical mobility analysis, which
separates aerosol particles based on the dependen-
ce of their electrical mobility on particle size. The
electric mobility of a particle Z is equal to the velo-
city U of a charged particle divided by the strength
of the electric fields £:

(1

Electric mobility is calculated from the balance
of electric forces arising from the charge on the
particle and the resistance force determined by
Stokes' law:

3ntuUD,

(2)
c(D,)

nek =

b

where n is the number of charges; e is the electron
charge; p is the viscosity of the gas; D, is the particle
diameter; C(D,) is Cunningham slip correction.

The charge distribution on particles depending
on their size is based on a theoretical model aris-
ing from the theory of diffusion for particles of the
submicron range, based on the Fuchs approximation.

Figure 1 shows curves calculated according to
Fuchs theory, where f (d) is the particle charge; d is
the particle size.

The size distribution of particles carrying zero,
one or two elementary charges at an equilibrium
charge is expressed by the equation derived from
the Fuchs model:

7 (d) = 10550
N - )

where the particle size d is expressed in nm, the
values of the coefficient a,(N) were determined using
least squares analysis and are indicated in Table 1 [7].

)
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Figure 1 — Charge distribution function for particles in
the size range between 1 and 1000 nm, where the numbers
denoting the curve are the number of elementary charges

carried by the particle
Table 1

Coefficients a;(/V) for formula (3) for a bipolar
charge conditioner with a 9.5 kV X-ray ion source

. a;(N)

l N=-2 N=-1 N=0 N=1 N=2

0 -30.616 -2.335 0.002 -2.359  -27.253
1 46.339 0436 -0.114 0.452 38.480
2 -31.182  1.087 0.334 0.998  -24.271
3 11.391  -0.557  -0.357  -0.482 8.442

4 -2.220 0.050 0.108 0.026 -1.606
5 0.179 0.006 -0.011 0.008 0.129

Equation (3) is valid for a range of particle sizes:

1 nm <d <1000 nm for N=(-1;0;1);

20 nm < d <1000 nm for N = (-2;2).

The size distribution of particles carrying three
or more elementary charges is calculated by the
formula:

e ~[N—(2ndkT) /" |
exp >
Jane, dkT 2[ (ndkT) /e’ ]
where g is the dielectric constant of the gas (for air

gy = 1.602:10"'* F/m); k is the Boltzmann constant;
T'is the gas temperature; Z, ,/Z ;isratio of ion mobility.

fN(d)= 1n(Z+i/Zx},

Coefficient (D)) tends to unity for a particle
whose diameter is greater than its mean free path in
gas, and increases with decreasing particle diameter.
In the case of singly charged particles, n = 1. Then
the following expression for the electric mobility is
derived from equations (1) and (2):

,_€C(Dy)

3nuD,

Electrostatic classifier device

The electrostatic classifier, which includes the
DMA, is structured as follows (Figure 2).

1 —%—K

Figure 2 — Schematic representation of the cylindrical
classifier: 1 —blowing air supply channel (q,); 2 —high
efficiency particulate air filter; 3 — flow meter; 4 — channel
of clean air; 5 —aerosol neutralizer; 6 — channel for
supplying polydisperse aerosol; 7 —flow straightener;
8 — acrosol inlet; 9 — classification area; 10 — high voltage
source; 11 —central rod (r,), which is supplied with
high voltage (V); 12 —outer cylinder (r,); 13 — exit slit
of monodisperse acrosol; 14 —channel for the exit of
monodisperse aerosol; 15 — filter; 16 — channel for the exit
of polydisperse aerosol

This device allows you to separate aerosol
particles based on their electrical mobility and, ac-
cordingly, create a stream of monodisperse particles
at the outlet.

The classifier contains a bipolar charger (aerosol
neutralizer). Here, the particles collide with bi-
polar ions, which leads to an equilibrium charge
distribution that depends on the particle size. For
example, according to diffusion theory for submicron
particles, 100 nm particles will definitely exit the
bipolar charger with 42.6 % uncharged particles;
24.1 % with +1 charge; 24.1 % with a charge of -1;
and the remaining particles are multiply charged.

After passing through the bipolar charger, the
aerosol enters the DMA, also located inside the
classifier. The DMA is a long cylindrical chamber
with a radius of 1.958 cm. Inside the chamber there
is a rod with a radius of 0.937 ¢cm, concentric with
the walls of the chamber, so that an annular space
is formed between the rod and the walls of the
chamber.
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The aerosol stream enters the upper part of the
chamber and is combined with a stream of clean
blowing air. The combined flow flows into the gap
between the coaxially located central rod and the
outer cylinder. The voltage on the rod can be adjusted
from 0 to 10.000 V. The outer cylindrical chamber
is supported by ground potential, which allows the
electric field to spread evenly in the annular space to
the bottom of the chamber. Along the way, charged
particles move to the central rod due to the voltage
potential difference.

By changing the voltage on the central rod,
thereby scanning the electric field strength, and by
measuring the numerical concentration of the aerosol
coming out of the slit, the distribution of the electric
mobility of the particles is determined.

The small radial clearance and high uniformity
of the electric field create the necessary conditions
for high-resolution electrical mobility measurements.

A small gap in the rod allows you to classify
particles with electrical mobility Z, calculated using
the following formula:

Ash_ 2y, 5)

2nVL  j

where g, is the blowing air flow rate in the shell;
V' is the voltage on the rod; L is the length from the
aerosol inlet to the slot; r, and r, are the inner and
outer radii of the annular space, respectively.

By adjusting the voltage, particles with a narrow
range of mobility are selected. The yield of nearly
monosized particles is achieved by selecting particles
based on their mobility. A stream of monosized
particles passes through the rod hole and exits the
classifier, then to the condensation particle counter,
where the number of particles is counted. The rest
of the stream leaves the classifier through an excess
stream outlet and enters the recirculation system. The
recirculation system pumps casing air through the
classifier, draws out excess air and then conditions it
before returning it as a casing air stream.

From equations (4) and (5), the particle diameter
is equal to:

eC(Dp)2VL
Pp=— ©
dsh3W In(->)
h
Determination of sources of non-excluded

systematic error

Based on equation (6), a model was built
for calculating the main sources of non-excluded

systematic errors when measuring the diameter of
particles in air using DMA:

01 = 1 (3e,814,6C(Dp),d(L,n,12),0V ,8qgp),

where 9, is the error due to the determination of
the magnitude of the electron charge; du is the er-
ror due to the determination of the value of the gas
viscosity; 8C(D,) error due to the determination
of the Cunningham correction factor; 6(L,r,7,)
the error caused by the measurement of the
geometric parameters of the DMA; 6V is the error
due to the voltage measurement on the central
rod of the DMA; d8q,, is the error due to the
measurement of the blowing air flow rate in the
DMA casing.

Quantification of the main sources of non-
excluded systematic measurement error

The error due to the determination of the magnitude
of the electron charge

The magnitude of the electron charge
and its standard deviation (lo) are equal to
(1.6021892 + 0.0000046)-10 " C.  The relative
error is about 3-10*% and is negligible when
estimating the boundaries of the non-excluded
systematic error.

Error due to the determination of the gas viscosity

R.T. Birge established a weighted average
of the viscosity of dry air at 23.00 °C equal to
1, = (1.83245 + 0.00069)-10 > kg m ' s, corrected
for temperature using the Sutherland equation.
After determining the reference viscosity at
23.00 °C, the viscosity for other temperatures can
be obtained using the Sutherland formula:

)

where 7, is the absolute reference temperature
(296.15 K); T is the absolute temperature.

The viscosity of dry air at 23.00 °C has a relative
error of 0.038 %. The air flowing through the DMA
has an estimated relative humidity of 7 %. The
reduction in viscosity due to the addition of water
is estimated at 0.08 % based on the viscosity of
the water and its air volume fraction. This value of
0.08 % is taken as the relative error in determining
the viscosity of air due to the presence of water
vapor. Calculating the relative error in determining

T

Ty +110.4K
Ty

“:“0( T+1104K
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the viscosity of a gas as a root of the sum of squares,
we get a value of 0.089 %.

Error due to the determination of the Cunningham
correction factor (slip correction)

The slip correction extends the calculation based
on the Stokes law of the retarding force acting on
a spherical particle moving with a low Reynolds
number in a gas medium to particles of the order of
a nanometer.

The Cunningham slip correction factor, which
describes the behavior of a gas in an inhomogeneous
medium when small particles move, is determined
by the expression:

C(Dp)=1+K, [Al + 4, exp(_%n H =1+K,4,

where K|, is the Knudsen number, namely, the doubled
free path of particles in air divided by the particle
diameter (K, =2M\/D,); A, A,, A5 dimensionless con-
stants; A is slip correction parameter. The error due
to the determination of the Cunningham correction
factor is taken to be 0.1 %, which corresponds to the
type 4 uncertainty from the study [8].

Sources of non-excluded systematic errors

Error due to geometric parameters measurement
of the DMA

The error caused by the measurement of the
geometric parameters of the DMA includes the
errors in measuring the length from the aerosol
inlet to the slit (analyzer length L), the inner and
outer radii of the annular space (r,, r,). The listed
errors are 0.5 %, 0.1 % and 0.6 %, respectively [9].
Calculating the error due to the measurement of the
geometric parameters of the DMA as the root of the
sum of squares, we get a value of 0.7 %.

Error due to voltage measurement on the center
rod of the DMA

The error due to voltage measurement on the
central rod of the DMA is indicated in the calibration
certificate for the electrostatic classifier and is 0.3 %.

The error due to the measurement of the blowing air
flow rate in the sheath of the DMA

The error due to the measurement of the blowing
air flow rate in the DMA casing is specified in the
calibration certificate for the electrostatic classifier
and is 2.0 %.

The main sources of non-excluded systematic
errors and their values are shown in Table 2.

Table 2

Error name Source of non-excluded systematic errors Error value 0,, %

de Error due to the determination of the magnitude of the electron charge e 0.0003

du Error due to the determination of the value of the viscosity of the gas p 0.089

3C(D,) Error due to the determination of the Cunningham correction factor C(D,) 0.1

S(L, 1y 1) Error due to the measurement of the geometric parameters of the DMA 0.79
(L, ry,17)

14 Error due to measuring voltage / at the center rod of the DMA 0.3

dq,, Error due to the measurement of the air flow velocity g, in the DMA shell 2.0

Non-excluded systematic error 0,

0, =Ky Y.6; 1.1x2.18

Note: a confidence interval P =0.95; K= 1.1

Non-excluded systematic error 6, 24
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Determination of the standard deviation
of the random component of the analyzer
error when measuring the size

of nanoparticles in air

The standard deviation of the random component
of the analyzer error in measuring the particle size in
air was determined from standard samples of PSL
particle size with a nominal value of 100 nm. This
particle size is typical and is used to represent the
accuracy characteristics of nanoparticle measuring
instruments.

The standard deviation of the random error
component S;, %, is calculated by the formula:

> (L :Z)Z
n(n—1)

Sy = -100%,
where L, is the result of the i-th observation, nm;
L is arithmetic mean of observation results, nm;
n is the number of observations.

The number of observations at each investigated
point of the measurement range » is determined by
the formula:

2

n= .
I-p

(7
where p is the confidence level (at p = 0.95, n = 40).

Since the random component of the error is
taken into account, and there is no variation, the
number of observations calculated by formula (7)
can be reduced to n = 10.

Example of protocol of measurement results
obtained in the Aerosol Instrument Manager soft-
ware is shown in Figure 3.

{«é‘ 84609 #/cm?
= 12e+6 Median: 104.7 nm
—~ let6 Mean: 104.1 nm
§ Mode: 104.6
= 8etS Geo Mean: 102.0 nm
E 6et5 Geo Std Dev: 1.238
5
% det5
:—: 2e+5 il | X-Ray On 25.7 %rH
'_8 0e+0 h,n:..,.dJJ m”ﬂ DC On 23.4°C
g 10 100 1000

: MCC On 96.8 kPa
z Diametr (nm)

Figure 3 — Example of protocol for the measurement
re-sults of nanoparticles with a nominal diameter of
100 nm

The protocol displays the particle size
distribution function in the range from 50 to 150 nm.
The median, mode, arithmetic mean, geometric mean
and standard deviation of the geometric mean of the
distribution function were also calculated.

We take the geometric mean value for the
observation result.

The standard deviation of the random component
of the error S, is 0.33 %.

Determination of the error in transferring
the size of a unit of length when measuring
the size of nanoparticles in air

The error in transferring the size of a unit of

Sy =4/S;+67.

length when measuring the size of nanoparticles in
air Sy, nm, is determined by the formula:

It is 2.42 % with a confidence level of P =0.95;
K=1.1.

Conclusion

The error in transferring the size of a unit of
length when measuring the size of nanoparticles in
air was 2.42 % with a confidence level of P=0.95;
K=1.1. This value of the error makes it possible
to calibrate the counters of aerosol particles
without resorting to purchasing standard samples
of monodisperse latexes. Moreover, based on the
results obtained, certification of standard samples of
particle size in aerosols will be carried out. Also, the
fact that the value of the error in transferring the size
of a unit of length when measuring the diameter of
nanoparticles was established by this method, and
not using a comparison standard, allows us to assert
that the analyzer of differential mobility of particles
not only stores and transmits a unit of size, but also
reproduces it.
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Abstract

The study of the electrophysical characteristics of crystalline semiconductors with structural defects is of
practical interest in the development of radiation-resistant varactors. The capacitance-voltage characteristics of
a disordered semiconductor can be used to determine the concentration of point defects in its crystal matrix.
The purpose of this work is to calculate the low-frequency admittance of a capacitor with the working sub-
stance “insulator—crystalline semiconductor with point #-defects in charge states (—1), (0) and (+1)—insulator”.

A layer of a partially disordered semiconductor with a thickness of 150 um is separated from the metal
plates of the capacitor by insulating layers of polyimide with a thickness of 3 um. The partially disordered
semiconductor of the working substance of the capacitor can be, for example, a highly defective crystalline
silicon containing point #-defects randomly (Poissonian) distributed over the crystal in charge states (—1), (0),
and (+1), between which single electrons migrate in a hopping manner. It is assumed that the electron hops
occur only from #-defects in the charge state (—1) to #-defects in the charge state (0) and from ¢-defects in the
charge state (0) to #-defects in the charge state (+1).

In this work, for the first time, the averaging of the hopping diffusion coefficients over all probable elec-
tron hopping lengths via ¢-defects in the charge states (—1), (0) and (0), (+1) in the covalent crystal matrix
was carried out. For such an element, the low-frequency admittance and phase shift angle between current
and voltage as the functions on the voltage applied to the capacitor electrodes were calculated at the 7-defect
concentration of 3-10'° ¢m™ for temperatures of 250, 300, and 350 K and at temperature of 300 K for the
t-defect concentrations of 1:10", 3-10", and 1-10*” cm .

Keywords: partially disordered semiconductor, low-frequency admittance of capacitor, triple-charged intrin-
sic point defects.
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Hu3K04aCTOTHBIA aIMUTTAHC KOHICHCATOPA ¢ padoYnmM
BEIECTBOM «HU30JIATOP —YACTHYHO Pa3ynopsA04eHHbIN
MOJIYIIPOBOAHMK — H30JIATOP»

H.A. Hoknonckuii, U.U. Anukeen, C.A. Boipko

Benopycckuii 2ocyoapcmeennulii ynueepcumenn,
np-m Hezasucumocmu, 4, e. Munck 220030, benapycw

THlocmynuna 07.07.2021
Ipunama x newamu 03.09.2021

HccnenoBanne 31eKTPOPU3NIECKUX XaPAKTEPUCTHK KPUCTAILUTUIECKUX TOIYIPOBOTHUKOB C Nederra-
MU CTPYKTYPBI IPEICTABISIET MPAKTHUECKHUI HHTEPEC TIPU CO3TaHNHU PAIMAIMOHHO-CTOWKHUX BapakTopoB. [1o
BOJIET-(DapaiHbIM XapaKTEPUCTHKAM Pas3yTopsIOYEHHOTO ITOIYIPOBOAHUKA MOKHO OTIPEAETISATh KOHIIEHTpa-
IIUI0 TOYEYHBIX 1e(DEKTOB B €ro KpUCTAIIHMYEcKoi Marpuie. Llenb paboThl — paccunTarh HU3KOYACTOTHBIN
aJIMATTaHC KOHJIEHCATOpa C PadOYNM BEIIECTBOM «H3O0JIATOP — KPUCTATUTHIECKUI TOTYIPOBOJHHIK C TOYEU-
HBIMH t-neexTaMu B 3apsaaoBeIX cocTosHUAX (—1), (0) u (+1) —u3omsiTopy.

CI10#1 YaCTUYHO pazynopsiI0YEHHOr0 NOJYyIPOBOIHUKA TONILKUHON 150 MKM OTAENIEH OT METAJIIMYECKUX
00KITaJIOK KOHACHCATOPA TUAICKTPHUSCKUMU MTPOCIIONKAMHU U3 TTOJTUAMUIA TOIIIHHON 3 MKM. YacTHIHO pa3-
YHOPSI0YEHHBIN IMOIYTIPOBOAHNAK PabOYero BemecTBa KOHIeHcaTopa MPeCTaBIseT co00, HalpuMep, CHITb-
HOJE(EKTHBINH KPUCTATMYECKHUI KPEMHUH, COIep KAl TOUeUHbIe {-e()eKThI, CIyYaifHO (TTyaCCOHOBCKH)
pactmpesieTIeHHbIe TI0 KPUCTAJLTy, B 3apsSaoBbIX cocTosHUAX (—1), (0) 1 (+1) Mex1y KOTOPBIMH MPBDKKOBBIM
00pa3oM MUTPHPYIOT OJMHOYHBIE AEKTPOHBL. CUUTAETCS, YTO MPBDKKHA DIEKTPOHOB MPOUCXOAST TOIBKO C
t-1e(pEKTOB B 3apsIOBOM COCTOSTHUH (—1) Ha £-AeeKTH B 3apsanoBoM cocTostHIH (0) U ¢ -1eEeKTOB B 3apsi-
noBoM coctossHuH (0) Ha -AeheKTH B 3apsSA0BOM COCTOSHUH (+1).

B pabote BniepBbIe MpoBeneHO ycpenHerne KodUIMEHTOB MPBDKKOBON TU(Py3un IO BCEM BEPOSAT-
HBIM JIJTHHAM TIPBDKKA JIEKTPOHA MEXAY f-HedexTamu B 3apsaoBbix coctosHUAX (—1), (0) u (0), (+1) B Ko-
BaJICHTHOM KpUCTaJUIMYECKON Marpuue. [l Takoro 3neMeHTa pacCuMTaHbl HU3KOYACTOTHBIA aAMUTTAHC U
yroi casura a3 Mexay TOKOM U HalpsDKEHHEM B 3aBHCHMOCTH OT TPHIIOKEHHOTO Ha AJIEKTPOIbI KOH/ICH-
caropa HalpsDKEHUS MPU KOHIEHTpaIu f-1e(eKToB 3-10" e s temmeparyp 250, 300 u 350 K u npu

temneparype 300 K mi1s koHIeHTpanmii 7-1edexroB 1-10", 310" 1 1-10*° em°.

KiroueBble cj10Ba: 4aCTUIHO pasynopﬂz[oquHHﬁ MOJYIIpOBOAHUK, HHM3KOYaCTOTHBIN aJIMUTTAHC KOHJCH-
caTopa, TpeX3apsaAHbIC COOCTBEHHbBIE TOUCUHBIE ,Z[e(i)eKTLI.
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Introduction

In the works [1, 2], for the first time, a variant
of controlling the hopping electrical conductivity via
hydrogen-like donors along a semiconductor film
using an external electrostatic field E(x) = —do/dx
perpendicular to the film surface, which does not lead
to the appearance of a current and does not violate
the electrical neutrality of the film as a whole, was
theoretically considered. However, the hopping elec-
trical conductivity longitudinal to the direction of the
controlling external electric field was not considered
in [1, 2]. The field effect was studied and the quasi-
frequency (low-frequency) capacitance and conduc-
tivity of silicon crystals with hopping electron mi-
gration via point two-level defects with positive and
negative correlation energies in three charge states
(-1), (0), and (+1) were calculated [3, 4]. However,
the electrical capacity and conductivity of the “in-
sulator—partially disordered semiconductor—insula-
tor” structure were not investigated in [3, 4]. For the
first time, the static capacitance—voltage characteris-
tics of a {-diode made of crystalline silicon, in which
current was carried only by electron hopping via ¢-
defects, were calculated [5]. However, in the diode
model constructed in [5], there was no averaging of
diffusion coefficients over all probable electron hop-
ping lengths via ¢-defects in three charge states (—1),
(0), and (+1). Taking into account electron hopping
via point defects, the temperature and frequency de-
pendences of the dielectric permittivity of silicon ir-
radiated with a large dose of neutrons were studied
[6]. The low-frequency electrical capacitance as well
as the electric field and potential distribution for the
“metal—insulator—intrinsic semiconductor—insulator—
metal” structure were calculated [7-9]. However,
the capacitance—voltage characteristics for the struc-
ture with a disordered semiconductor layer were not
calculated in [7-9]. The results of an experiment on
measuring the capacitance of a thin-film capacitor
(structure Al-Al,05—Al) were interpreted [10] tak-
ing into account quantum effects. A method was de-
scribed [11, 12] for determining, from the tempera-
ture dependences of capacitance and conductivity,
the ionization energy and concentration of deep cen-
ters in an overcompensated semiconductor placed
between insulator plates (40—100 pm thick polyeth-
ylene terephthalate), to which a sinusoidal voltage
was applied through copper contacts. However, in
[11, 12] the experimental data on the conductivity
and capacitance of the studied structure were not
compared with theory.

The purpose of this work is to calculate the low-
frequency admittance of a capacitor with the work-
ing substance “insulator—crystalline semiconductor
with point #-defects in charge states (—1), (0) and
(+1) with hopping migration of electrons between
them—insulator”.

Model of capacitor with working substance
“insulator—partially disordered semiconduc-
tor—insulator”

Let a wafer of highly defective crystalline sili-
con (hd-Si) with a thickness of d; and a surface area
A be in the middle between the metal plates of a
flat capacitor and separated from them by the lay-
ers of insulator (e.g., polyimide) with a thickness of
d; (Figure la). The capacitor is connected to a con-
stant electrical voltage source. The x coordinate axis
is perpendicular to the surface of the semiconductor
wafer occupying space —d,/2 < x < d /2, the y and
z coordinate axes are parallel to the wafer surface.

YA Metal Insulator b R,
C,' Ci
o G e

hd-Si
+ — Cs
c Geq
| | | -

—d/2 0 d)2 X+ -

z a Ceq

Figure 1 — Cross-section of capacitor with a wafer of
highly defective crystalline silicon (kd-Si) of thickness d,
separated from the metal capacitor plates by the insula-
tor layers of thickness d;. Across the semiconductor wafer
an electric potential difference is created by two metal
electrodes parallel to the plane yz (a). Equivalent scheme
of capacitor with the working substance “insulator—par-
tially disordered semiconductor—insulator” (). Simplified
equivalent scheme of the system (c)

Let us assume that in one part the field potential on
the wafer surface is positive ¢(x = —d,/2) = ¢,, and
in the other it is negative o(x = d,/2) = —o,, then
the potential difference applied to the semiconduc-
toris U, = o(x = —d/2) — o(x = d/2) = 2¢,. We will
consider electrodes located parallel to the yz plane
(so that the field distribution in the wafer along the
y and z coordinates will be symmetric). The screen-
ing of the external electrostatic field is caused by the
redistribution of electrons hopping via defects in the
charge states (0, —1, and +1; in units of elementary
charge e against the background of a silicon matrix),
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i.e. by the migration of charge states of immobile
defects to a distance much greater than the average
distance between them.

The capacitor with the working substance “in-
sulator—partially disordered semiconductor—insula-
tor” contains series-connected capacitances of insu-
lating layers C; and a parallel R(C; + C,)-circuit of
the semiconductor wafer (see Figure 15). Here C; =
= g;A/d; and C, =g, A/d, are the geometric capaci-
tances of insulator and semiconductor with static
dielectric permittivities €; = ¢, &, and g, = €, &) (we
assume that radiation defects do not contribute to the
static dielectric constant of Si crystals), €,; = 3.5 and
&, = 11.5 are the relative permittivities of the poly-
imide and the silicon crystal lattice, &, = 8.85 pF/m is
the electric constant, R, = R (U) is the semiconductor
resistance, C, = C(U) is the differential capacitance
of the semiconductor, U is the voltage created by the
metal plates of the capacitor.

The real part C,, = C,(U) of the complex elec-
trical capacitance and the active component of the
conductivity G, = G.(U) of the structure in the
equivalent circuit (see Figure 1c) is [11, 13]:

c -G 1+ ’R}(C, +C,)(C, +C, +C;/2)
“ 2 1+[0R,(C, +C, +C;/2))*

(D

G - @RC/)
1+ [0R(C,+C + G/

2)

where U (= U,,) is the constant voltage across the
capacitor plates, o is the angular frequency of the
variable component of the measuring signal with the
amplitude |U, | < |U|.

From Egs. (1) and (2) we find the total con-
duction (admittance) Y= Y(U) and the phase shift
0 = 0(U) between current and voltage of the capaci-
tor with the working substance “insulator—partially
disordered semiconductor—insulator”:

Y=[Gi+ (0C,)1"* =
1/2
— (DCI- 1+ [(DRs (Cg + Cs )]2
2 (1+[0R(C, +C, +C;/2)T

)

0 = arctan (~0C,/G,,) =

1+ 0*R>(C, +C)C, +C.+C.2
= arctan| — (G CNG + G +G/2) , (@)
®R.C,/2

where R, = R(U) and C; = C(U). Note that the total
resistance (impedance) Z = Z(U) is related to the ad-
mittance Y as follows: Z=Y "

g‘ c-band
En +1 9
|2)-band
gen rec _
B2 T Z e o T,
e
—EPL ) A,
e
o L e o o
BNy o T w0 1o iWO’”
! |1)-band
EY)=0—
v-band

X
Figure 2 — Single-electron energy E as function of x co-
ordinate in semiconductor with point two-level (triple-
charged) defects of #-type in equilibrium (at U = 0): Ef,j) is
the mobility edge of conduction band electrons, Eé”) <0is
the Fermi level in the band gap, counted from the hole mo-
bility edge (E\) = 0), A, = E, — E, is the width of energy
gap between |1)- and [2)-bands, W, ,, and W_, ; are widths
of|1)- and |2)-bands. Arrows show hops of single electrons
e via|l)- and |2)-bands as well as generation [gen: 2(0) —
— (—1)+(+1)] and recombination [rec: (—1)+(+1) — 2(0)]
electron transitions between them; |d) and |a) are states of
shallow hydrogen-like donors and acceptors in the charge
states (+1) and (—1), respectively

For R,> 1/0C, from Eq. (1), the inverse equi-
valent capacity of the entire structure is 1/C,, =
=2/C;+ 1/(C;+ C,). Since the capacitances of in-
sulator layers C; and semiconductor C; + C, are
connected in series, the charge on each of them is
equal to Q. Thus, the voltage drops across insulators
U, = Q/C; and across semiconductor U, = Q/(C, +
+ C,) are related to the voltage across the capacitor
U= 0/C, as follows: U=2U, + U;. By substituting
the charge Q on the capacitor, expressed in terms of
U and C; + C,, into U we obtain the voltage across
the capacitor U, for which the voltage drop across the
semiconductor is equal to U,:

c +C 20C.+C )+ C.
U=U,— g:UY(S s L.
- C ] C.

eq i

)

A highly defective silicon crystal (kd-Si) con-
tains point two-level #-type defects in a concentration
sufficient to stabilize the Fermi level E}; in the energy
gap. Defects of #-type in the charge states (+1) and
(0) form a |1)-band with the energy levels E|, and the
ones in the charge states (0) and (—1) form a |2)-band
in the band gap (energy levels E,), located closer to
the c-band than |1)-band (Figure 2). Examples of
t-defects are amphoteric impurities (Au, Cu).

Let us consider silicon under conditions of only
hopping electron migration via immobile radiation
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defects (of #-type) in the charge states (—1) and (0),
as well as in the charge states (0) and (+1). The total
concentration of defects in the charge states (0), (—1),
and (+1)is N,=N,+ N_, + N,,.

We assume that |d)- and |a)-centers are com-
pletely ionized and their concentrations N, and N,
satisfy the conditions: N,/N,<1 and N,/N,< 1.
Thus, the condition of electrical neutrality of the par-
tially disordered semiconductor has the form:

N+]:N—]a (6)

where N,y =N, .;and N, =N, _,.
The concentrations of ionized and neutral de-
fects can be written as [14]:

NZ:Nth’ (7)

where f is the probability that the defect is in one of
three possible charge states Z=—1, 0, +1.

If we neglect the excited states of radiation de-
fects, then the inverse distribution functions 1/f, of
defects in |1)- and |2)-bands over charge states are
(3, 4]:

1 EV+E E +E,+2EY
f_:HBZeXp(F—”}B_ZeXp[& ,

-1 kBT Bl kBT
(©) (F©
Lzuiexp(uj;exp(wj,
fO Bl kBT [32 kBT
(F®
L:HBIGXP[M}
f+1 kBT

B, (_(El +E,+ 2E}(:U)) J ’ )

+ —exp
2 kBT

where E\”) =E, — E; is the Fermi level (chemical
potential) £y, counted from the v-band hole mobil-
ity edge (E,(,f’) =0) of an undoped crystal [15, 16];
E” <0 for the Fermi level in the band gap; E, =
=E,—E,,>0,E,=E | —E,>0; kzT is the thermal en-
ergy. For dominant radiation defects in silicon (mainly
divacancies), following the experimental data from
[17-19], we assume: £, =225 meV, E, = 575 meV,
ie. A,=E,—E, =350meV, B, =By/B., =1, B,=
=By/B_; =1, where B, is the number of quantum
states of the defect in the charge state Z with energy E,.

With the total concentration of charged radia-
tion defects N, = N_| + N, with charge +e randomly
(Poissonian) distributed over the crystal, we have equal
mms fluctuations W= W_, y= W, ,, of the electrostatic
energy, i.e. the widths of |2)- and |1)-bands are [20, 21]:

1/3

e (4n
2o

s 9,=0

W_io= Wy, =1.637

where the Coulomb interaction of each charged
defect only with its nearest charged defect (ion)
is taken into account; e is the elementary charge;
(Nep)eq = N,/2 is determined from the condition of
maximum effective concentrations N_;, = Ny =
=N_,N,/N,=N,N_,/N,of single electrons hopping via
t-defects in the charge states (—1), (0) and in charge
states (0), (+1). Then we obtain (V) = Vi Dinax =
= Nt/4’ (NO)max = Nt/2 and (Nfl,O)max = (NO,H)max =
= N,/8 [22]. Note that 3> A,.

For a semiconductor with uniformly distribu-
ted point defects of the crystal lattice, the values of
the function f,(¢) depend on the coordinate x only
through the potential ¢(x) and are obtained from f,
by replacing £’ < 0 in Eq. (8) by

E(p(x) = B = eq(x), (10)

that is for @(x) < 0 the Fermi level E}Sv)((p) shifts to
the top of the v-band and for @(x) > 0 it shifts to the
band gap.

The change in the concentration of charge states
Z=-1,0,+1 of NA¢) — N, defects in the electric
field with the potential ¢(x) is determined by Eq. (7)
taking into account Egs. (10) and (8). In this case, it
is assumed that the energy gap A, between |1)- and
|2)-bands, as well as the width of each band W, do
not depend on the potential.

Due to the symmetry of the problem with re-
spect to reflection x — —x, we consider only the re-
gion —d, /2 < x < 0. The electrostatic potential @(x)
inside the semiconductor at a point with coordinate x
satisfies the Poisson equation [23, 24]:

diui(d_@):_@
dx*  2dol dx g,

where p(p(x)) = e[N,(9(x)) = N_(¢(x))] is the vol-
ume density of the induced charge; N_, = N, is the

electrical neutrality condition of the semiconductor
wafer at ¢, = 0.

By integrating Eq. (11) over ¢, we obtain the
electric field strength:

1/2
d 2 ro,
—(p=i(——f0 p(cp)dcpj ,
SS

(11

- (12)

w_9

where for ¢, > 0 the sign should be taken, while
for ¢, <0 the “+” sign should be taken.
From Eq. (11), taking into account Eq. (12), we
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obtain the charge Q. induced by the external electric
field per unit area A of the flat surface of the silicon
wafer:

O, 0 do
== [ 2pP()

dx=¢,—

x=—d /2

0 1/2
=22, [orde) 03
where for ¢, > 0 the “—" sign should be taken, while
for @, < 0 the “+” sign should be taken.

The differential electrical capacitance per unit
silicon surface area 4, taking into account Eq. (13), is

do, _ p(ey)
Ado, d(p/dx|

C

N

A

x=—d,/2

eNt[f+l((ps) _f—l((ps)]
1/2
£~ [} o) do)

(14)

The change under the action of the field effect
of the hopping electrical conductivity [caused by the
migration of single electrons across the wafer thick-
ness via immobile radiation #-defects in the charge
states (—1) and (0), as well as in the charge states (0)
and (+1)] is

S (o )__ N_jo(@M_; o+ Ny 1 (0)M, do—
do/dx
e [N (OM, 0+NO+1(0)M0+1d .
do/dx
¢ (. N’l’o ((p)M*LO + NO,H ((P)M(),H
+— do—
d ) do/dx
o,
0('
_e [ NoagOM o+ Ny 1 (OM,,, dep, (15)
s J d([)/dx

— ¢

where N_; o(9) = N_(@)No(9)/N, and Ny ., (9) = Ny(¢)*
XN_,,(¢)/N, are the effective concentrations of single

electrons hopping via t-defects in the charge states
(—1), (0) and in the charge states (0), (+1); M_, ; and
M, ., are the drift mobilities of electrons hopping
via t-defects in the charge states (—1), (0) and in the
charge states (0), (+1).

The relationship between the hopping diffusion
coefficients D_, ; and D, ., and the drift hopping mo-

bilities M_;  and M, ,, of electrons hopping via point
t-defects of the crystal matrix is established by the
Nernst-Einstein—Smoluchowski relation (see, e.g.,
[3,25]):

kT
= é—l,O ——

e

D—I,O
M,

D0,+l
MO,+1

kT
= E.30,+1 -

e

(16)

b 9

where &, > 1, §,; = 1 are the dimensionless pa-
rameters, which are determined by the ratio of the
fluctuation spread of #-defect levels (with average
values of £, and E,) to the thermal energy ki T; fur-
ther we assume &, =&, = 1

The diffusion coefficients D_;, and D, of
electrons hopping via z-defects in a covalent crystal
matrix (see Eq. (16)) can be estimated by averaging
over all probable hopping lengths  (cf. [22-27]):
D o= é<r—1,o(”sT)”2>a Dy, = %<Fo,+1(”aT)”2>s (17)
where I'_, (v, T) = v exp[—(2r/a_, + W_, o/ksT)] and
Lo.1(r.T) = viexp[—(2r/ay + Wy ., /kyT)] are frequen-
cies of electron hopping via ¢-defects in charge sta-
tes (—1), (0) and (0), (+1) [28]; v;,= 10 THz is the
characteristic frequency of crystal matrix phonons;
a_, =h/Q2myE,)"* and a, = h/(2m,E,)"* are the radii
of localization of an electron at the z-defect in the
charge state (—1) and (0), respectively, m,, is the elec-
tron mass in vacuum.

From Eq. (17), taking into account the distribu-
tion of distances » between t-defects [21], we get:

B ZchhNeq W—l,o
10~ Xp x
° 3 le T
x| rexp| - 2r 4’ N, ||dr
a, 3 o ’
0
ol = 2TCV1tNeq Xp %,+1 %
’ 3 ks T
3
XJ’r4 exp{_(z 4mr Neqﬂdr’ (18)
ap 3
0
Where Neq = (Nfl,())max = (N0,+1)max = ]Vt/8

From Eq. (15), taking into account Eqs. (16)—
(18), we obtain the resistance of a highly defective
crystalline silicon (Ad-Si) wafer due to the hopping
of single electrons via #-defects along its thickness:

R, =R(U(9y)) =

(19)
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where d, and A4 are the thickness and the surface area
of the hd-Si wafer, 6 = o(9,) = 6(0) + do(9,) is the
electrical conductivity, and 6(0) = e[N_; ((0)M_, ; +
+ No41(0)M, ] is the conductivity at ¢, = 0. For the
considered low frequencies, the electrical conductiv-
ity o is frequency-independent [29, 30].

Note that Egs. (14) and (19) were obtained
under the assumption of quasi-stationary filling of
energy levels according to Eq. (8) taking into ac-
count Eq. (10), therefore C, and R, are the quasi-
static (low-frequency) capacitance and resistance of
semiconductor. The quasi-stationarity condition is
satisfied at 0/2n <I"_; o(r, T) and 0/2n < T (7, T).
In other words, this can expressed by the inequality
0/2n < c/e,, where €,/ is the Maxwell relaxation
time for hopping conduction.

Calculation results and discussion

The calculations were carried out for the fol-
lowing parameter values: semiconductor thickness
d,= 150 pm, insulator thickness d; =3 pm, relative
permittivities of semiconductor (hd-Si) g, =11.5
and insulator (polyimide) ¢, = 3.5, frequency of al-
ternating electric field /2n = 1 kHz.

Figure 3a shows the results of calculating the
ratio of the low-frequency admittance Y(U) to oC,/2
according to Eq. (3) at various values of the voltage
U created by metal electrodes on the surface of insu-
lator interlayers, for N,=3-10'"" cm > at temperatures
T =250, 300, 350 K. The values of U are related to
U, by Eq. (5) and U, = 2¢, was chosen so that the in-
equality eU, <A, is fulfilled. It is seen that for U= 0
(flat-band mode) the admittance of the capacitor with
the working substance “insulator—partially disordered
semiconductor—insulator” increases with temperature.

Figure 36 shows the results of calculating the
ratio of the low-frequency admittance Y(U) to oC,/2
according to Eq. (3) at different values of voltage U
created by metal electrodes on the surface of insula-
tor interlayers for temperature 7 = 300 K at concen-
trations of z-defects in disordered silicon N, = 1-10"?,
3-1019, 1-10%° cm>. 1t is seen that the admittance in-
creases with the concentration of #-defects.

Figure 4a shows the results of calculating the
phase shift angle 6(U) between current and voltage
according to Eq. (4) at various values of voltage U
created by metal electrodes on the surface of insula-
tor interlayers, for N, = 3-10"" cm ™ at temperatures
T=250,300, 350 K. It is seen that the absolute value
of the phase shift angle decreases with temperature.

N,=310" cm™

0.96

0.92

2Y/0)C,’

0.88

0.84

S
—_

0.96

0.92

2Y/(,0C,‘

0.88

0.84

—4 -2 0 2 4
u,v
Figure 3 — Dependence of admittance 2Y/wC; on electrode
voltage U, calculated by Eq. (3): a) for N, = 310" ecm ™ at
temperatures 7 (K): 250 (curve 7), 300 (2), and 350 (3);
b) for T = 300 K at r-defect concentrations N, (em™):
1:10" (1), 3:10" (2), and 1-10% (3)

Figure 4b shows the results of calculating the
phase shift angle 6(U) according to Eq. (4) at vari-
ous values of the voltage U created by metal elec-
trodes for temperature 7= 300 K at the concentration
of t-defects in disordered silicon N, = 1-1019, 3-1019,
1-10*° cm>. It is seen that in the flat-band mode (at
U = 0), all other conditions being equal, the phase
shift angle modulus is minimum for the concentra-
tion of ¢-defects N, = 3-10" cm > and is maximum for
N,=1-10" cm™.

Note that the value of the Fermi level energy
E =400 meV, obtained from the electrical neutral-
ity condition N, = N_,, does not depend on the tem-
perature, since EF(U) is in the middle between |1)- and
|2)-band. This practically coincides with the experi-
mental value of £ in silicon [17-19], which con-
tains a high concentration of radiation defects.

Note that the capacitor with the working sub-
stance “insulator—partially disordered semiconduc-
tor—insulator” is radiation-resistant, because radia-
tion defects are already present in the semiconductor
in large numbers. This suggests that this element is
promising for use as a varactor. Also, the dependenc-
es of the electrophysical characteristics (Eqs. (1)—
(4)) on the potential at the electrodes make it pos-
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Figure 4 — Dependence of phase shift angle 6 on electrode
voltage U, calculated by Eq. (4): a) for N, = 3- 10" cm ™ at
temperatures 7 (K): 250 (curve 7), 300 (2), and 350 (3);
b) for T = 300 K at t-defect concentrations N, (em™):
1:10" (1), 3:10" (2), and 1-10%° (3)

sible to determine the concentration of ¢-defects in
the disordered semiconductor separated by insulator
interlayers from the capacitor plates [11].

Conclusion

The structure “insulator—partially disordered
semiconductor—insulator” is proposed as a working
substance of a capacitor. The semiconductor layer
with a thickness of 150 pm is separated from the
metal electrodes of the capacitor by insulating layers
of polyimide with a thickness of 3 um. The semi-
conductor layer is a highly defective silicon crys-
tal containing radiation point two-level #-defects in
three charge states (—1), (0), and (+1) with hopping
migration of single electrons via them, i.e. defects
form |1)- and |2)-bands in the band gap.

The calculation gives a nonmonotonic depen-
dence of the low-frequency admittance and the
phase angle between current and voltage on the elec-
tric potential at the metal plates. At the concentra-
tion of s-type radiation defects equal to 3-10" ecm™,
with an increase in temperature from 250 to 350 K,
the admittance increases by about 12%. With an in-
crease in the concentration of ¢-defects from 1:10" to
1-10% e¢m? at temperature of 300 K, the admittance

of the capacitor increases by about 13%. In the cal-
culations, for the first time, the diffusion coefficients
were averaged over all probable electron hopping
lengths via ¢-defects in the charge states (—1), (0) and
(0), (+1) in the covalent crystal matrix. Note that the
considered element is radiation-resistant, since the
semiconductor layer already contains radiation point
defects in a high concentration.
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Abstract

Magnetic fluids belong to the class of nanomaterials with a high gain of light absorption, aggregative
and sedimentation stability as well as controllability by external fields, which is of interest to use in the
field of optoacoustics. The purpose of the work was to experimentally study the effect of the optoacoustic
transformation in a magnetic fluid, depending on the concentration of magnetic colloidal particles, bounda-
ry conditions, intensity of the laser as well as to identify the possibilities of using the magnetic fluid as
an element of the optoacoustic transformation in a number of applications.

A brief analysis of the optoacoustic transformation mechanism in a magnetic fluid was carried out and
a technique and an installation that implements the shadow measurement variant developed. A Lotis type
laser was used as a source of ultrasonic pulse-laser excitation in magnetic fluids. A quartz and air were
used as a material transmitting the energy of laser radiation in a magnetic fluid. Receiving of ultrasound
signals was made by a piezoelectric probe at a working frequency of 5 MHz. In the measurement process,
the concentration of the dispersed phase in tmagnetic fluid was varied from zero to 8 % and the energy in the
impulse — from zero to 10 mJ.

For the first time, it was established that: a) an amplitude of the function of the optoacoustic transformation
in a magnetic fluid, depending on the concentration of the dispersed phase, has a maximum determined
by the fluid physical properties and boundary conditions; b) for all samples within the measurement error,
a quasilinear dependence of the specified amplitude of energy in the laser pulse in the range of 0-8 MJ
has been established.

A number ways of the optoacoustic effects in magnetic fluids to use in ultrasonic testing, measuring
the intensity of the laser radiation had been suggested.

Keywords: optoacoustic transformation, magnetic fluid, ultrasound.
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NMnyJibCHO-/Ia3epHOe BO30Y:KIeHHe U MTPOXO0KIeHUE
yJAbTPa3BYKOBBIX BOJIH Yepe3 HAHOMATHUTHYIO KUJIKOCTD

A.P. Baes', A.I. MutbkoBer’, M.B. Acaguas’', A.JI. Maiiopos'

' Hnemumym npuxnaonoii pusuxu HAH Benapycu,
vi. Akademuueckas, 16, e. Munck 220072, benapyco

ZHHcmumym ¢usuxu HAH Benapycu,
np—m Hesaeucumocmu, 68, 2. Munck 220072, berapyce

Tlocmynuna 17.08.2021
Ipunama k nevamu 08.10.2021

MarauTHbIe )KUIKOCTH OTHOCSATCS K KJIacCy HaHOMAaTepHaliOB, 00IaJa0IMX BHICOKUM K03 duiineHToM
TIOTJIOIICHUS CBETA, aneFaTHBHOﬁ u Ce}IHMeHTaHHOHHOﬁ yCTOfI‘IPIBOCTLI—O, a TaK¥XC yIIpaBIA€MOCTbIO BHCIII-
HUMMU IOJISIMU, YTO MPEACTABIACT UHTCPEC MJIA UCIIOJIB30BaHUA B 06JIaCTI/I OIITOAKYCTHUKH. HGHB pa6OTI)I CO-
CTOsIa B DKCTIIEPUMEHTAIILHOM UccleqoBaHIH d((PeKTa ONTOAKYCTHYECKOTO MPeoOpa3oBaHus B MATHUTHON
KHJKOCTH B 3aBUCIMOCTH OT KOHIIEHTpAIMU JHCIIepCcHON (hasbl ¥ criocoda BO3ACHCTBHS Ha HeE JIa3epHOTO
H3JIYUCHN:, 4 TAKKC BBIABIICHUA BO3MOKHOCTEHN MCITOJIE30BaHUSI MAaTrHUTHOM KHUAKOCTH B KQYECTBE JJICMCHTA
OTITOAKyCTHYECKOTO MPEe0Opa30BaHMS B Psijie IPUIIOKEHUH.

IIpoBenén kpaTkuil aHaIM3 MEXaHW3Ma ONTOAKYCTHYECKOTO MpeoOpa3oBaHns B MATHUTHOM JKHIKOCTH
1 pa3paboTaHa METOAMKA M yCTaHOBKA, PEajN3yIoNas TEHEeBOW BApUAHT M3MEpPEHHH, Ilie B KauecTBE HC-
TOYHHMKA HMMITYJIbCHO-JIA3€PHOTO BO3/IEHCTBUS HA MAarHUTHYIO JKHJKOCTh MCIONB30BaH Jasep Tuma Lotis.
B kxauecTBe mMarepuana CBETOBO/A, TIEPEAAIONIETO YHEPTUIO JIA3EPHOTO M3IYUYEHHSI B MATHUTHOW JKUAKOCTH,
WCTIOJIH30BAHbI KBapIl W Bo3ayX. [Ipuém ymsTpa3ByKOBBIX CHTHAJIOB IPOM3BOAMIICS Ibe3ompeodpa3oBare-
JieM Ha paboueii yactore 5 MI'1. B nporecce n3Mepennii BappupoBajiach KOHIICHTPALHsl UCIEPCHOU (ha3bl
B MaraHuTHOH xwuakoctu (0—8 %) n sneprus B ummynbce (0—10 m/[x).

BriepBble ycTaHOBJIGHO, YTO: ) aMIDIHTYa (YHKIIMKA ONTOAKYCTHYECKOTO TPeoOpa3oBaHusl B MarHuT-
HOU KHUJIKOCTU B 3aBUCUMOCTH OT KOHLICHTpAlUU )IHCHepCHOfI (1)213])1, NMEECT MaKCUMyM, BCJIMYHMHA U I10-
JIO)KEHUE KOTOPOTO HAa OCH KOHIIEHTpPAIUi OIpEenessieTCss CBOMCTBAMHU CBETOBOMAA; O) Il BCeX 00pasmoB
B IIpeiesiax MOTrPelIHOCTH U3MEPEHU yCTaHOBJIEHA KBa3WIMHENHAs 3aBUCUMOCTbh YKa3aHHOW aMILTUTY/IbI
OT SHEPTHH B UMITYJIbce B muana3zone 0—8 m/[x.

[pemyioxkeH psj CXeMHBIX pElIeHHH HUCIONb30BaHUs d(B(deKTa ONToaKyCTHIeCKOro Nmpeodpa3oBaHus
B MarHuTHOM KUJIKOCTHU IJId BBOAA CUTHaJIa B UCCIIEAYEMBIC OOBEKTHI — MMPUMCHUTEIIBHO K UX IIe(i)eKTOCKO-
MUY ¥ CTPYKTYPOCKOITHH, a TaK)Ke /ISl pelIeHns 0OpaTHOM 3a/1aun — H3MepeHUs] MHTEHCUBHOCTH JIA3€PHOTO
H3Ty4YECHUs .
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Introduction

The development of methods of laser acoustic
diagnostics and control of object in different
phase states with structural inhomogeneity in
hard-to-reach places requires the application of
original approaches, new tools and materials [1].
Particularly, this concerns the combined methods
of measurements where excitation of ultrasonic
waves (UW) is performed by impulse-laser
radiation and receiving by contact or non-
contact transducers, for example [2—6]. This
allows solving a number of important tasks on
widening the possibilities of high-frequency
acoustic probing of objects with powerful pulses
by essentially increasing method sensitivity and
simplifying the problems of information signal
receiving.

Recently magnetic fluids (MF) related to the
class of nanomaterials [7] are of essential interest
for the use in acoustic measurement technique
(and optoacoustics). Magnetic fluids are colloidal
solutions possessing aggregative and sedimentary
stability relatively magnetic suspended particles
under the influence of external fields, including
magnetic, electric and others while maintaining
fluidity. Earlier it was proposed to use unique
properties of MF in a number of acoustic
applications including creation of acoustic
contact, sound excitation by a variable magnetic
field, directional control of acoustic fields and
others [8].

Taking into account high stability of MF
structure in magnetic fields, fluidity of the medium,
and also the data on MF optical propertiesobtained
before, it is of interest to consider the possibility
of using MF as a distinctive matching managed
optoacoustic (OA) element in a number of
applications. Particularly, MF can be used as
an OA converter or in ultrasound fluctuations
that simultaneously combine the function of a
controlled sound line, which creates a contact
with the object of research, to form a focus and
excitation of various elastic modes in materials
with a minimum noise background; clearing the
possibility of MF using to measure the intensity of
laser radiation.

It is also necessary to pay attention to a number
of works [9-12], in which magnetic field acts on
birefringence, the rotation of the polarization plane,
the change in the intensity of the light radiation
passing through the MF films, and etc. Interesting

from the point of view of the using MF as an element
of OA transducer is the data obtained in [13, 14],
where it is shown that in the vicinity of the
boundaries of the media there is an inhomogeneity
of the concentration of the dispersed phase. It
is also necessary to pay attention to a number of
works, for example [9—12], in which the effects of
the magnetic field influence on birefringence, the
rotation of the polarization plane, and the laser light
passing through the MF films, etc.

In the case of using MF as an element of OA
converter and controlled by the magnetic field of
the sound line [8], it is possible to excite in various
media acoustic pulses of high intensity and low
duration up to ~ 1-10 nS.

In the formation of the acoustic field in the test
object to test it is neces-sary to take into account
the fact that the laser radiation energy with an
OA conversion to me-dium having characteristic
thermo-physical (TP), acoustic (AC) and opti-
cal (OP) properties are transmitted to MF, follo-
wed by transformation according to the sche-
me: light —heat —ultrasonic waves (UW). And
then the UW propagate into the object under
study, which amplitude according to [2] can be
represented as:

A~J,(t,T,) Koa(®, TP, AC, OP) Flo, ACIDy; . (1)
where Jy(t,I';) is a flow of laser radiation, falling
on the boundary light guide-MF; Ko4 and F -
integral (spectral) functions characterizing the
passage of the radiation flow through the boundary
of the light MF guide with the subsequent trans-
formation into longitudinal waves, as well as the
propagation of the latter through the MF sound
line correspondingly; D, —the sound transmission
coefficient of the boundary MF-object; @ — circular
frequency.

It is interesting thet there are the data obtained
in [13, 14], where it is shown that in the vicinity of
the boundaries of media there is an inhomogeneity
of the concentration of the dispersed phase. It
should be noted that the UW pulses arising from
the OA transformation give us information about
the space-time characteristics of the heat absorbed
and the features of the heat transformation
mechanism into acoustic energy. At the same
time, it was shown in [13, 14], that the absorption
coefficient of laser radiation in the vicinity of
the boundaries of the media partition normally
coefficient of the light attenuation is a; = o,(z).
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Those, it is varying in the surface layer according
to normal to its boundary, which is due to the
peculiarities of the technology of stabilization of
the colloid system [7].

Using the results of research [2], the velocity of
the laser excited UW and transmitted through rigid
() or free boundary (f) into object to study can be
presented as:

f jf [F@ exp=ion)[ Y, re(0;.8)dE, ()
0

077

y

r,

f=

where /,is a laser light intensity incident on the former,
boundary, g(&) describes the space distribution of the
UW sources,

0 0
¥, = cos(—&); ¥, = sin(—&),
=) )

B — is a temperature coefficient of MF compressibi-
lity, ¢y, p, and @, are velocity, density and coef-
ficient of the light extinction in MF respectively.

We assume that the diameter size of the light

beam A,<<d>>a," where length of the excited

(tr /o)

heat Ay = 5
T

,wave where y is the heat

capacity and thermal conductivity of the MF.

As shown by formulas (1) and (2), there is
a direct link between the spectral and amplitude
characteristics of the OA conversion and physical
properties of MF, depending on the volume con-
tent Q of the colloid and the degree of structuring
as well as from the dispersion base. According to
the previously research [13], the amplitude of the
OA transformation function 4(Q) measured in
echo way, has a characteristic maximum as a result
of concurrence of the thermophysical and acoustic
properties of the MF samples and the boundary
materials.

Interesting is the fact that with the characteristic
concentration of the colloid Q> Q;,,=2-3 % the
spectrum of an excited in MF acoustic pulse is
almost identical to the spectrum of the laser pulse.
That is, the “long pulse” mode is implemented. If
0 =0;<0.5% and the emitting mode of a “short
pulse is realized”.

The purpose of the work was to investigate
experimentally the effect of OA transformation in
MF depending on the concentration of disperse
phase and the method of influence of laser radiation
on the surface and also to detect the possibilities of

using MF as an element of OA transformation in a
number of applications.

Experimental research technique and
scheme

An experimental scheme of investigation is
given in Figure 1 where a Lotis laser was used as
LR source for research. The setup comprises an
optical quantum generator with an electromagnetic
radiation wavelength of 1.06 um, consisting of an
electrical pulse generator, an optical tube with a
quantotronome, an optical system for correcting
LR intensity, which provides its given value and
uniformity on the front. LR pulse width at e level
is= 8§ ps. After OA transformation on the boundary
of the light-guide-MF, passing through MF and the
protector, USO goes to the receiver from which
a signal is received successively on the amplifier
and then on the oscillograph BORDO 200, which
is connected to the computer for processing the
measurement results. The quantum generator and
oscilloscope are started synchronously.

The cell has a cylindrical cavity filled with MF,
ensuring a drop of LR with a diameter of d =5 mm
to the boundary of the light-guide-MF, where as a
material of the light-guide air and quartz are used,
which differ substantially on acoustic and thermal-
physical properties. Moreover, in the first case a free
boundary for OSU excited in MF surface layer was
realized, and in the second case it was rigid in rela-
tion to the normal wave component. USO is recei-
ved by a piezoelectric converter (PEC) with an
operating frequency of 5 MHz and an oscillation
period in a pulse almost 60 times less than the
effective LR duration. The surface of PEC piezoplate
is in contact with the solid-state acoustic line-
protector, and its other side is in contact with the
damper, as shown in Figure 15 and 1¢. MF samples
are made on the basis of mineral oil with a volume
content of dispersion phase O = 0.3-8 %.

The intensity of the laser pulse and duration of
measurements are regulated so that in the result of
thermal absorption non-linear effects will not appear
and the temperature change of MF samples during
measurement shall not exceed 1°C. Stability of the
energy flow emitted by LR generator is =~ 5-7 %.
By changing the intensity of LR source and
measuring it with the PE-25SH device, a normalized
dependence of the fixed electric radiation on the
power of laser radiation J in mJ was constructed.
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Figure 1 — Basic scheme of the electronic part of the installation with a characteristic form of a laser pulse (@) and
ultrasonic cells (b, ¢) for the study of pulse-laser excitation and propagation of ultrasonic waves through magnetic
fluid: 1 — generator of electrical pulses; 2 —laser; 3 —device for the correction of the laser beam; 4 — laser beam;
5 —preamp; 6 — oscilloscope BORDO 220; 7 —computer; 8 —light guide; 9 —magnetic fluid; 10 — protector;

11 — piezoplate; 12 — damper
Results of experimental studies

Below mainly the results of experimental studies
devoted to the effect of OA transformation in MF
are illustrated in Figure 2 and 3.

uv
20 |

16 [

12 |

3 4 % B am

Figure 2 — Dependences of the acoustic amplitude excited
by optoacoustic conversion on the energy of the laser
pulse: action of the laser radiation on the air-magnetic
fluid boundary (2,4) and quartz-magnetic fluid (1, 3),
where mineral oil is the dispersion base: O, % =0.3 (1,

2);8(3,4)

The qualitative analysis of the present
experimental results is performed in comparison
with those obtained earlier in the echo way. The
characteristic dependences of the acoustic signal
amplitude at OA-conversion depending on the laser
pulse energy is in Figure 2 and on the dispersed
phase concentration is in Figure 3 when the light
flux penetrates into the MF sample through the quartz
and air light guides are shown in Figure 15 and c.

As seen from the obtained in the present work
and comparative data, the character of changes in
the studied dependences of the informative signal
is significantly influenced not only by the colloid
concentration and dispersion base, but also by the
boundary conditions of contact of the light guide
with the MF.

We draw attention to the available qualitative
similarity and difference between the behavior
of normalized amplitudes of the function of the
optoacoustic transformation when implementing the
shadow (Figure 3a) and the previously studied echo
measurement way (Figure 3b). The likeness lies in
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the fact that the curves 4*(Q)=A4/4,,, regardless
of the boundary conditions have a maximum of
characteristic and different values Q = O*. So, when
contacting a quartz glass with MF and Q > Q,,,.., then
dependence A*(Q) decreases monotonically by only
less than 10 % achieved at Q — 8 %. If the shadow
mode is used then 4* decreases by = 3 times. Note
that the maxima of 4*(Q) take place when a quartz
glass contacts with MF in our experiment (shadow
mode) and in [13] (echo mode) that is observed at
different values of Q.

A/ A max 1
0.8
0.6 2
04
0.2
0 . ‘ .
2 4 6 8 0,%
a
Al A mae
1.01
1
2
0.5
0
10 20 0, %
b

Figure 3 — Normalized amplitude of the acoustic waves
at the receiving PEP excited by pulsed laser radiation,
depending on the concentration of the dispersed phase
in the magnetic fluid: a — shadow and b — echo mode of
probing samples of magnetic fluid; light guide medium is
quartz (1) and air (2); the base of the magnetic fluid is oil;
b — light guide medium is quartz; the base of the magnetic
fluid is transformer oil (1) and kerosene (2) [13]

Those, the content of the colloid in the solution
of O corresponds to the mode of OA conversion of a
long pulse, and the Q,, — a short pulse. Interestingly,
in the latter case, when Q > Q,, then there is a sharp

drop of the dependence 4*(Q). So in the vicinity
of the extreme boundary of the variable range of
concentrations of colloid (4%),/(4*),—4.

To explain the dependency obtained above, we use
expressions (1) and (2) as well as the calculated data,
which have a significant effect on the parameters of the
optoacoustic transformation function, which relate to
changes in the thermophysical and acoustic properties
of samples of MF and the light transparent material
when varying the dispersed concentration phases in MF.

Attention is also drawn to the experimental
dependences of the function 4*(Q) obtained in [13—
14], where the reception of acoustic oscillations was
produced by a broad band receiver, as well as the
results of a study of the depth of light penetration
into the colloid in both echoes and the shadow modes.

First of all, we will pay attention to the diffe-
rence between the characteristics of the excitation
and the propagation of the informative signal on
the OA path. When the shadow method is realized
after the transformation of laser radiation into
acoustic oscillations, the latter applies to the MF
sound guide pass through the PEP piezoplate.

According to the spectral theory, in relation to
the present problem, the amplitude of the probing
signal will, first of all, depend on the operating
frequency of the receiver and the length of the
absorption zone of the light energy /, determined as
[~a, ", where o~ 1-3.

As can be seen from Figure3a, at the
concentration of the colloid Q~0.43, the value
of this zone reaches to /=~ 150-200 pm, which
corresponds to the time interval Az~ l/2Cy, close
to the PEP oscillation in pulse period ( fp)_1 and
determines mainly the position of the maximum of
the amplitude of the signal.

A more detailed analysis of the phenomenon
under study shows the necessity of taking into the
influence of the effect of the wave phase inversion
on the boundary of the light guide. Thus, on the
boundary MF-air a phase shift Ap—n will be
observed. I.e. this boundary is a kind of second
source with oscillation vectors of the particles of
the medium directed oppositely. And in this case
at 0> Q... there will be a continuous decrease in
the dimensionless distance /s, = h/), or a phase shift
between the sources mentioned, where k is some

correction factor:
Ay = -n(1-2kh,), 3)

where /1, ~ ().
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As for the excitation of elastic waves in the
“long pulse” mode, then as is seen, with the growth
of O and, of course, the absorption light coefficient
a,, the effect of addition of amplitudes of the two
sources will appear. Here part of the energy of the
source localized at the division boundary of the MF-
quartz will be emitted into a solid medium with an
coefficient of transparency on energy:

Dy aqu:4RMFun(RMF +un )727

which will lead (as calculations show) to a slight
decrease in signal amplitude and what is observed
in the experiment, where Ry and R, — are specific
acoustic resistance of MF and quartz.

It is necessary to pay attention to the fact that
the efficiency of the operation of MF as an OA
element in specialized devices depends on the
stability of the OA conversion process. As shown by
numerical estimates, made using tabular data, as well
as experimental studies with a frequency of 10 Hz
and power in a pulse =3 mJ, the greatest temporal
stability of the probing signal is observed in the case
when quartz glass is used as a light guide coefficient.

Some directions for using magnetic fluid as
an optoacoustic converter

As mentioned above, the MF is a kind of
nanomaterials with a form varying under the
influence of magnetic fields, which has previously
been used for both manual control and in some
cases — mechanized and automated in ultrasonic flaw
detection [8]. On the other hand, as shown [13], MF
is a medium with a absorption coefficient, practi-
cally close to what is achieved in modern devices
based on specially synthesized solid substrates with
limited use. The following is a brief analysis of the
possibilities of using MF for acoustic diagnostics
and non-destructive testing of objects, including
living (in vivo), as well as such colloids as a sensitive
element for measuring the intensity of laser radiation,
which is explained in Figures 4 and 5.

Figure 4 shows the constructions of OA-
transducers designed to solve various practical
problem. In particular, in Figure 4a, a MF thin layer
performs a function of a purely flat “lining” on the
probe prism converting whether in longitudinal
waves transmitted to the prism for excitation
in objects surface waves at the velocity of C,,
subsurface longitudinal (Cg;) and transverse (Cgy;),
as well as Lamb modes (C,,). At the same time, the

relationship between the speed of the corresponding
acoustic modes, excited in the object Cy, 5 ¢7; in the
OA-converter prism C) is B = arcsin(C,/C ¢ 7 14)-

b

Figure 4 — Some types of optoacoustic transducers with
magnetic fluid for acoustic spectroscopy and evaluation
of the physicomechanical properties of materials: 1 — laser
beam; 2 — light guide; 3 — magnetic fluid; 4 — an object to
test; 5 — prism of PEP

In such OA-transducers it is possible to easily
change the MF free surface form under action of
magnetic field, the light absorbing ability tocarry
out the focusing of the acoustuc beam, rotate its
acoustical axis in the liquid and solid materials
to test them and also control the sensitility of its
arrangement when measuring the intensity of laser
pulsed radiation.

In Figure 40, the MF layer performs a function
not only of the OA-transducer, but also a sound line
to create acoustical contact with objects of a complex
surface relief, located in difficult places, in condi-
tions of weightlessness. Figure 4 demonstrates a
method of ultrasonic testing by using of above modes
the materials with an unknown or changing speed.
So, it is possible to find the velocity of the correspon-
ding mode correlating with various informative pa-
rameters and to determine the mechanical stresses
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in materials, depth and distribution of hardness in
hardening inhomogeneous surface layers of solids,
thickness of thin coatings and walls of products of
complex profile. To optimize the input of ultrasonic
mode to the objects of a high-frequency pulse with
minimal distortion, it is necessary to take the optimal
concentration O* of the nanomagnetic particles, the
dispersion base for magnetic fluid and its thickness.
It is necessary to study influence of the MF thermal
heating which affects the thermophysical and acous-
tic properties of colloid and measurement sta-
bility. As it was also experimentally shown earlier,
a quartz with high thermal conductivity and heat
capacity should be used for these purposes. It
should also be noted that the further MF using as
an optoacoustic material requires the study of the
peculiarities of the absorption of whether in a wide
range of wavelength A, ~0.1-10 um and the pulse
duration £, ~ 0.001-1 ps, and action of stationary and
nonstationary magnetic fields on the generation of
UW with an OA transformation.

Figure 5 — Laser radiation measurement schemes, when
the surface of the magnetic fluid is of quasi-spherical
or quasi-cylindrical (a) or flat (b) form: 1 — laser beam;
2 — diaphragm; 3 — magnetic fluid; 4 —receiving piezo-
electric element; 5 —electrical receiver; 6 —magnetic
system for MF formation

One of the directions arising from the
experimental studies and theoretical analysis is
primarily due to the use of MF as an OA element
for measuring the intensity of the laser radiation.
Figure 5 shows the possible schemes that implement
the method of measuring the intensity J or the laser
radiation flow @(S,) by placing of the MF between
the PEP and hold it using the field of the magnetic
source or light transparent material, and then de-
termining of the response signal amplitude.

The advantage of the proposed method of
measuring the intensity or flows of laser radiation
befor tradition al methods lies in the simplicityes of
a substantial expansion of the ware length range of
the laser radiation — from infared to ultraviolet.

Conclusion

A brief analysis was carried out and the
optoacoustic path was examined for the pulse-laser
excitation and the propagation of longitudinal waves
in the samples of magnetic fluids based on synthetic
oil. The possibilities of using magnetic fluid as an
object combining the function of the optoacoustic
transducer and sound guide are considered.

The technique and installation that implement
the shadow measurement way to study effect of the
optoacoustic transformation in magnetic fluid are
developed, where the Lotis-220 laser is used as a
source of the laser radiation with a wavelength of
0.54 pm, and the ultrasonic piezoelectric probe at a
working frequency of 5 MHz to receive longitudinal
waves propagating in the magnetic fluids. Amplitude
dependences of the acoustic wave excited by the
pulse-laser radiation are obtained v. s. the concentra-
tion of magnetic nanoparticles (Q = 0-8 %) and the
light pulse energy (0—10 MJ), as well as the method
of transmitting the light flow in magnetic fluid
through a quartz light guide and air.

The quasilinear dependence of the amplitude
A* of the OA transformation in the samples of the
magnetic fluid on the pulse energy in the range from
zero to~ 8 mJ had been got. But dependences of 4*(Q)
have a maximum, the value and the position of which
on Q-axes are determined by the boundary conditions
for input the light beam in the colloid through the
quarts light guide. Moreover, the value of the maxi-
mum of 4*, obtained by using a quartz guide by =~ 40 %
more than in the absence of it. The interpretation
of data obtained on the basis of the analysis of the
thermophysical and elastic properties of magnetic
fluids and light guides of contacting media.
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It was shown that here are some ways for using
the effect of OA transformation in magnetic fluids,
including excitation of high-intensity broadband
acoustic pulses of bulk, transverse, surface, etc. in
solids for testing of their structure and flaw detec-
tion and to measure the power of laser radiation in a
wide range of the length of the light wave.
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Abstract

The method of averaging modified periodograms is one of the main methods for estimating the power
spectral density (PSD). The aim of this work was the development of mathematical and algorithmic support,
which can increase the computational efficiency of signals digital spectral analysis by this method.

The solution to this problem is based on the use of binary-sign stochastic quantization for converting
the analyzed signal into a digital code. A special feature of this quantization is the use of a randomizing
uniformly distributed auxiliary signal as a stochastic continuous quantization threshold (threshold function).
Taking into account the theory of discrete-event modeling the result of binary-sign quantization is interpreted
as a chronological sequence of instantaneous events in which its values change. In accordance with this we
have a set of time samples that uniquely determine the result of binary-sign quantization in discrete-time
form. Discrete-event modeling made it possible to discretize the process of calculating PSD estimates. As
a result, the calculation of PSD estimates was reduced to discrete processing of the cosine and sine Fourier
transforms for window functions. These Fourier transforms are calculated analytically based on the applied
window functions. The obtained mathematical equations for calculating the PSD estimates practically do not
require multiplication operations. The main operations of these equations are addition and subtraction. As a
consequence, the time spent on digital spectral analysis of signals is reduced.

Numerical experiments have shown that the developed mathematical and algorithmic support allows
us to calculate the PSD estimates by the method of averaging modified periodograms with a high frequency
resolution and accuracy even for a sufficiently low signal-to-noise ratio. This result is especially important
for spectral analysis of broadband signals.

The developed software module is a problem-oriented component that can be used as part of metrologically
significant software for the operational analysis of complex signals.

Keywords: spectral analysis, Fourier transform, modified periodogram method, binary stochastic quanti-
zation, fast algorithms.
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HudpoBoii cieKTPaJIbHBIA AHAJIU3 METOA0M YCPeTHEHHBIX
MOAUGPUIIMPOBAHHBIX IEPUOAOTPAMM C NIPUMEHECHHUEM
OMHAPHO-3HAKOBOI'0 CTOXACTHYECKOI0 KBAHTOBAHUS
CUTHAJIOB

B.H. SIxumoB

Camapckuii 2ocyoapcmeenHblil mexHudecKull yHugepcumen,
vi. Monoooesapoetickas, 244, . Camapa 443100, Poccus

Tocmynuna 24.06.2021
Ipunama k neuamu 10.09.2021

Merton ycpenHEHHBIX MOAN(MUIIMPOBAHHBIX TEPHONOTPAMM SIBISIETCS OJHUM M3 OCHOBHBIX METOJIOB
OIIEHHWBAHUS CIIEKTpaibHOM TNIOTHOCTH MottHOCTH (CIIM). Llenbio paGoTs sSiBIsIach pa3padoTka MaTeMaTH-
YEeCKOTO U allTOPUTMUYECKOT0 00eCTIeYeHus], KOTOPhIE MO3BOJISIFOT MOBBICUTH BBIYUCIUTENBHYIO d(D()EKTHB-
HOCTH LM(POBOTO CIEKTPATLHOTO aHAJIN3a CUTHAJIOB THM METOOM.

Permenue nocrapieHHOM 3a7a41 OCHOBAHO Ha UCTIONb30BaHNH OMHAPHO-3HAKOBOTO CTOXACTHUECKOTO KBaH-
TOBAHUS JJIS1 IPEOOPA30BAHNS AaHATTU3UPYEMOTO CUTHaAIA B mu(ppoBoit koa. OCOOCHHOCTHIO TAKOTO KBAHTOBA-
HUS SBJIAETCS IPUMEHEHNE PaHI0MU3HPYIOIIEro paBHOMEPHO paclpeIeIEHHOTO BCIIOMOTaTeIbHOTO CUTHAJIA B
Ka4eCTBE CTOXaCTHUYECKOTO HEMPEPBIBHOTO MTOPOTa KBAaHTOBaHUSI (1MOpOoroBoi ¢yHkin#). C y4EToM TeOpru JInc-
KpPETHO-COOBITUHHOTO MOJETUPOBAHUS pe3yabTar OWHAPHO-3HAKOBOTO KBAaHTOBAHUS WHTEPIPETHUPYETCS KaK
XPOHOJIOTHYECKas MOCIIeIOBATEIbHOCTh MTHOBEHHBIX COOBITHI, B KOTOPBIE IIPOMCXOIUT CMEHA €T0 3HAYCHUI.
B cooTBeTCTBHM C 3TUM, IMEEM MHOXKECTBO OTCUETOB BPEMEHH, KOTOPBIE OIHO3HAYHO ONPEEISIOT pe3ylbTaT
OWHAPHO-3HAKOBOTO KBAaHTOBAHMS B JIMCKPETHOM BUJIE. JIMCKPETHO-COOBITHIHOE MOJICITUPOBAHUE MTO3BOJIHIIO
OCYITIECTBUTH AUCKPETH3AIHIO Mporiecca BeraucieHus oreHok CIIM. B urore Beraucnenne omnenok CIIM cBe-
JIOCh K TUCKPETHOH 00paboTKe KOCHHYC M CHHYC IpeoOpazoBanuii Dypbe 1iisi OKOHHBIX (QYHKIMH. DTH Tpe-
o0pazoBanusi Dypbe BBIYUCISIOTCS aHATUTHYECKH € YIETOM NPUMEHSIEMBIX OKOHHBIX (QyHKIWA. [Tomy4yeHHbIe
MaTreMaTHYeCKUe COOTHOIIEHUS sl BerurciaeHus oneHok CIIM npakrrdecku He TpeOyIOT BHITIOITHEHHS OTepa-
Ui yMHOKeHUsI. OCHOBHBIMHU OIEpaIisIMHU 3TUX COOTHOIIICHUH ABJISIOTCS ONepalii CIOKEHNS 1 BEIYUTAHUS.
CJeicTBHEM ATOTO SIBISICTCS YMEHBIIICHUE BPEMEHHBIX 3aTpar Ha U(PPOBON CIICKTPaJIbHBIN aHAIIN3 CUTHAJIOB.

UmcrieHHble SKCIIEPUMEHTBI MTOKa3alli, 4To pa3paboTaHHOE MaTeMaTHYeCKOe W alTOPUTMHUIECKOE 00e-
CIIEYCHHUE TI03BOJISIET BBIYUCIIATE olleHKH CITM MeToioM ycpenHEHHBIX MOAN(UITMPOBAHHBIX MEPUOAOTPAMM
C BBICOKMM YaCTOTHBIM Pa3pelieHHeM U TOYHOCTBIO JJasKe JIJIsl IOCTATOYHO HU3KOTO OTHOIICHUS CHUTHAII/IITYM.
Taxoii pe3ynsTaT 0COOCHHO BaskeH /IS CIIEKTPAIbHOTO aHAIN3a ITMPOKOTIOIOCHBIX CUTHAJIOB.

Pa3paboTaHHbI TPOrpaMMHBIA MOIYJIb TPENCTABISET cOO0H MPOOIEMHO-OPUEHTUPOBAHHBIA KOMIIO-
HEHT, KOTOPBIA MOXKET MCITOIB30BAThCS B COCTaBE METPOJIOTMYECKH 3HAYMMOTO POTrPaMMHOTO 00eCTIeYeHHS
JUTSL OTIEPATUBHOTO aHAJIHM3a CJIOKHBIX CUTHAJIOB.

KualoueBble cjioBa: CrHeKTpaibHBIN aHanmu3, mpeoOpasoBanne Dypre, MeTon MOIUDUITIPOBAHHBIX
MeproIorpamMmM, OMHAPHOE CTOXACTUYECKOE KBAaHTOBAHHE, OBICTPBIC aITOPUTMEI.
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Introduction

Spectral analysis is one of the most significant
and applied methods for signal investigation. It
is used in many areas of engineering and physical
sciences. In particular, the spectral estimation of
the frequency composition of signals is of practical
interest in the process of non-destructive testing and
functional diagnostics of technical systems used for
various purposes.

In real life signals are exposed to random
disturbances and noise interference which leads
to their statistical uncertainty. Statistical analysis
methods are used to investigate such noisy signals.
In this case, the spectral analysis of signals will be
associated with the need to obtain a robust estimate
of the power spectral density (PSD).

PSD is a continuous function of frequency and
determines the average power per unit frequency
interval. Estimation of PSD allows us to get an idea
of the distribution of the average signal power in the
monitored frequency range and to identify within this
range the dominant (resonant) frequency components
present in its composition. In practice, the PSD
is estimated based on the calculation of the direct
Fourier transform. Currently, the discrete Fourier
transform is used. This is due to the advantages of
digital signal processing. First of all, such advantages
are the repeatability and reproducibility of digital
measuring procedures [1].

With the advent of powerful computer
technology and as a result of the development of
fast Fourier transform algorithms the periodogram
method for estimating the PSD is widely used.
According to this method, if the signal is stationary
and ergodic in time, then the PSD estimate is
calculated by processing single of its centered
realization using the finite Fourier transform [2, 3].
Centering the signal realization implies preliminary
removal of the constant component, if any. However,
it was shown in [3] that such a periodogram estimate
of the PSD will yield statistically unstable results
of spectral analysis. At the same time, an increase
in the duration of the processed signal realization
does not improve the quality of the PSD estimate.
This only leads to an increase in the number of
frequencies for which the PSD estimate can be
calculated. The smoothing of the PSD estimate
can be obtained by averaging the periodogram
estimates calculated for individual segments of the
signal realization under the assumption that it is
stationary. In this case, the observed realization of

the signal is divided into segments of finite duration,
which form a pseudo-ensemble. Local periodogram
estimates are calculated for these segments. Finally,
the PSD estimate is calculated by averaging the
local periodograms. If the duration of the signal
realization is limited in time, then the formation
of a pseudo-ensemble with partial overlapping of
segments is allowed. This allows you to get more
periodogram local estimates for averaging. In order
to reduce spectral leakage and reduce distortion of
periodogram estimates by strong harmonics, each
segment is processed using windowed weighting
operations. This reduces the level of side lobes in the
spectrum estimate. In addition, the use of windowing
functions gives less weight to the values at the
ends of the segments. As a result, the overlapping
segments are less correlated with each other, which
make it possible to obtain a more effective variance
reduction for averaged periodogram estimates. This
approach to estimating the PSD is known as the
method of averaging modified periodograms [2-5].
The method of averaging modified periodograms
leads to a decrease in the variance of the calculated
PSD estimates. It also allows you to control the level
of the side lobes, which is especially important when
the amplitudes of the harmonics in the signal vary
greatly. However, this method is a complex signal
processing procedure. The need to carry out such
complex signal processing leads to the fact that
classical algorithms implementing this method in
digital form assume the organization of computational
processes that require performing a significant
number of digital multiplication operations. It is
known that it is the multiplication operations that
are the most computationally laborious among all
arithmetic operations [6, 7]. The execution of such
algorithms can lead to significant time costs and
reduce the efficiency of signal processing, even if the
fast Fourier transform is used. The development and
use of increasingly powerful computer technology
cannot solve this problem completely. This is due to
the constant complication of technological processes
for monitoring and diagnosing complex systems
and objects, which leads to the need to analyze
large amounts of data sets. In accordance with the
above, the aim of this work was the development
of mathematical and algorithmic support, which
can increase the computational efficiency of signals
digital spectral analysis by the method of averaging
modified periodograms. It is necessary to note, that
a positive solution to this problem can be obtained
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by reducing the number of digital multiplication
operations.

Estimation of the power spectral density
based on binary-sign stochastic quantization

Currently widely used digital algorithms for
calculating periodogram estimates of PSD are
traditionally developed on the basis of the classical
approach to the discrete-time representation of
signals. According to this approach, analog-to-
digital signal conversion is the result of performing
uniform time sampling, multi-level quantization, and
encoding of the digitized samples. Such analog-to-
digital conversion leads to the necessity of processing
multi-bit samples of digital signals in the process of
spectral analysis. In practice, in order to reduce time
costs, it is necessary to make trade-offs between
the quality of analog-to-digital conversion and the
computational complexity of processing digital
samples. In the extreme case, binary quantization
methods are used to convert signals into a digital
code [8-14].

Randomization (deliberate introduction of ran-
domness) of binary quantization makes it possible
to obtain a rational relationship between an extreme-
ly low number of quantization levels equal to two
and the accuracy characteristics of computational
algorithms in digital signal processing. In the case
of using randomization, we have binary stochastic
quantization. A special case of such quantization
is binary-sign stochastic quantization. The use of
binary-sign stochastic quantization for the statistical
analysis of signals is substantiated in[15]. In
the process of performing such quantization, a
continuous auxiliary random signal is used as a
variable quantization threshold (threshold function).
The auxiliary signal takes on values within the
values range of the analyzed signal and has a uni-
form distribution. The result of the binary-sign
stochastic quantization is:

z(t)=+1,1if ;O)Z&(t); z(t)= -1, if )Oc(t)<i(t), (1)

where fc(t) is a centered signal realization; &(¢) auxi-
liary random signal.

The result of binary-sign stochastic quantization
can only take on the value “-1” or “+1”. The change
of these values occurs sequentially at the moments
of time tl-Z . At the same time, the probability of
simultaneous occurrence of two or more events at the
same time is excluded. Taking this into account, a

mathematical model was obtained for representing
z(#) in discrete form [16]. It is developed based on
the theory of discrete-event modeling. According
to this model, it is enough for us to know only the
initial value of the binary-sign quantization result
z(t,) and the set of time samples tiZ within the time
interval of signal analysis. Based on this model,
the calculation of the periodogram estimate of the
PSD using binary-sign stochastic quantization is
considered in [17, 18]. However, the mathematical
equations obtained in [17] do not provide for the
use of window functions. In [18], the periodogram
estimate of the PSD is calculated using window
functions, but its calculation is carried out indirectly
through the calculation of the correlation function
estimate. This approach to the estimation of PSD
requires the formation of initial data using two
independent procedures of binary-sign stochastic
quantization, which complicates the procedure of
spectral analysis.

Taking into account the results obtained by the
author in [16-18], we consider the application of
binary-sign stochastic quantization for estimating
PSD by the method of averaging modified
periodograms. According to this method, the result
of binary-sign stochastic quantization should be
represented as a pseudo-ensemble of signal segments.
For these segments, local periodogram estimates are
calculated, which are averaged to obtain the desired
PSD estimate.

Figure 1 shows a pseudo-ensemble consisting of
M segments for the result of a binary-sign stochastic
quantization. The duration of each segment is
T=LAT, where L is the number of overlapping
pieces of the segment, and AT is the segment shift.
For the pseudo-ensemble shown in Figure 1 L =2.
If we assume that 7, = 0, then mathematically in time,
the segments can be represented as follows:

z(m,t) = z(t + (m—1)AT), 2)

where 0<¢<Tand 1 <m <M.
The periodogram estimate for the each weighted

segment we will calculate with a frequency resolution
fo =T 'at frequencies f, = kfj:

T 2
[ 2(t+ (m=DAT)w(e)exp(- j2miforyde | (€)
0

éZ
5 , — max
xx (ms fi) ==,
where w(f) is a window function; W characterizes
the average power of the window function and is a
normalizing factor.
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+1 e
H L g e
rhlele Ll +
o] HUDD Do onordb dgu U ot
-1+ P I B B B | |
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Figure 1 — Segments pseudo-ensemble of the binary-sign stochastic quantization result

The averaged periodogram estimate of the PSD
will be equal to:

Smfk)— 2 Sxx (m, fe)- @)
m 1
We represent (3) in the following form:
Sy (m, fi) = é}nax (e + 0 ) (5)
where
T
d = [ 2(t+(m=DAT)w(r) cos 2mkfdr; (6)
0
R T
B = | 2(t+(m—=1)AT)w(r)sin 2kt 7
0
Let's introduce the functions:
heos (f 51) = w(t) cos 2mft; (®)
hgy (f 1) = w(t)sin 27fi. 9)
Then for (6) and (7) we get:
tmfl+T
ak,m = J‘ 2(Oheos (-t =1y dt; (10)
tm—l
tyy+T
bem= | 2Ohgn (f-t=ty)dt, (11)
tm—l
where )= 0; ¢, = mAT, 1 <m <M.

Taking into account the discrete-event model
developed in[16], any segment z(m,f) can be
represented in a discrete-time form. As a result of
performing binary-sign quantization, we have the
initial value z(#,) and a set of time samples tiZ , In
which ts values change during the analysis
tlme interval 7, where 1 <i</-1, tOZ =1,=0 and
t[ =T, . To uniquely identify a segment z(m, 7) in

time, it is enough to know the set of time samples

t?

7 on the time interval ¢, | <t<(z,

_+7) within

which this segment is defined, and you also
need to know its initial value z(¢, ;). The result
of binary-sign quantization z(f) sequentially
takes on the wvalues “—1” and “+1”. Therefore,
if its initial value z(#,) is known, then the initial
value z(¢,, ;) for the segment z(m, ) can be easily
determined. Based on this, we introduce the notation

z Z
tv(m) =1ty and tv(m)+r(m)+1 =t, 1+T. The sub-

scripts v(m) and r(m) are integers. Such designations
of these indices show their dependence on the
segment number. Then for the segment z(m, ) we
will have the set of time samples:

{ th(m)-H > th(171)+2 """"

At time intervals, the boundaries of which are
determined by the counts (12), the values for z(7)
are equal to “—1” or “+1”. Therefore, the integrals
in (10) and (11) can be represented as a sum of
integrals:
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, Then we get:
r(m) _tv(n7)+j+l ‘3;2
G = Z(t'"_l),go T st =t 03 g g = SRR+ B ) 23)
- Logmy+j
- et Equations (4) and (19)—(23) define a set of
r(m v(m)+j+ . .
~ i 14)  computational procedures and the order of their
by, =z(t -1 h; =t _1)dt. ( p p _
kom = 2(m-1) ng =D 7 J sin (it = tm-1) execution for calculating PSD estimates S yy (f;)

v(m)+j

A window w(#) function is a continuous and
integrable function. Therefore, the functions 4 (/. 1)
and A, (f, ) will also be continuous and integrab-
le with respect to the time variable. Consequently,
there are functions for H_ (f, t) and H,(f, #) which
the differentiability conditions are satisfied:

dH o5 (1, ) = heos (4, /)l
dH g, (8, /) = hgip (2, f)dt.

(15)
(16)

Taking into account (15) and (16), the integrals
in (13) and (14) are calculated analytically:

r(m)

j z
O +2 2, D Heog (fistytmys j ~tm-1)
=

ak,m =Z(tml{ ]’(17)

r(m)

Bewm+2 Y (0 Hon ity ) = tmt)
Jj=1

B =z(rm_1>[ ] (18)

where

e = Heos (fs 0 =D " Heo (T (19)

Biean = Hiin (fi: 0= (=" Hgy (4.7, (20)
According to (5), when calculating the

periodogram estimate of the PSD for the segment
z(m, ), the coefficients estimates (17) and (18) must
be squared. In this case, we get ZZ(H) = 1. It follows
that there is no need to know the initial values z
of the segments. It is enough to have only a set of
time samples tl.Z in which the result of binary-sign
stochastic quantization changes its values in the time
interval of spectral analysis. This greatly simplifies
the computational procedures for estimating the
PSD. With this in mind, it is sufficient to calculate
the estimates of the following form:

_ r(m) ,

A =0 +2 X, (D Hoos Uiestymys j = tm—1): (1)
=

_ r(m) . 5

B m = Bk,m +2 z -1’ Hin (fk’tv(m)+j ~ly-1)- (22)
=

in digital form at discrete frequencies fk = kf,. It
follows from (21) and (22) that the basis of these
procedures are logical operations for organizing the
execution of a sequence of actions and operations for
adding and subtracting function values H_ (/. f) and

Hg(f, 1) for f=kf, andz:tl.z,

Numerical experiments

Based on (4) and (19)—~(23), the author has
developed algorithmic support and software for
calculating the PSD estimate by the method of
averaging modified periodograms. The software is
made in the form of a specialized software module
that can be used as part of a metrologically significant
part of the application software for complex signal
analysis [19]. When conducting spectral analysis of
signals, it should be borne in mind that none of the
existing window functions is universal in its purpose.
The choice of a specific window function is due to
the task and conditions in which the spectral analysis
of signals is carried out. Analysis of frequency and
metrological characteristics of window functions and
recommendations for their application are presented
in [20-22]. In our case, for the selected window
function, it is necessary to have the functions
H_ (f, ) and H(f, {). By definition, these functions
are calculated analytically. Therefore, depending on
which window functions are supposed to be used, a
set of corresponding functions H, (1, ) and H, (f, )
can be pre-formed and arranged in the form of special
collections or libraries of application routines. As an
example, we will consider three widely used window
functions in practice: rectangular (box car) window,
triangular window (Bartlett's) and cosine window.
Below for these window functions are the functions
H, (f, 1) and H (f, t), the values of which for =0
and ¢ = T are shown in Table 1.

1) Rectangular window (box car):

L, [t|=T;
w(t) =
0, [t>T.
sin 2mft cos 2mft
Hcos(fat):W; Hsin(fat):_ an .
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2) Triangular window (Bartlett's): 3) Cosine window:
—m, [tIST; cosn—t, |[tIST;
w(t) = T w(t) = 2T
0, [t>T. 0, [t|>T.
in2nft 1 27ft i - i
Ho (20 :(1_1] sin2mft 1 cos TC]; ; Ho ()= sin 0.5%(41 = fo)t | 51n0.57t(4f+f0)t);
T) 2nf T (2nf) 4/ - fo) T4/ + fo)
t \cos2mft 1 sin2mft cos0.5m(4f — fo)t cos0.5n(4f + f)t)
Hg (f.1)=—|1-— - . Hgp (f,1)=— + .
sin (/-0 [ T] anf T (omf)? ont/0 [ (4 f - /o) 4 f + fo)
Table 1

The values of the functions H_ ( f, t) and H ( f, t) for the rectangular (box car), triangular (Bartlett's)
and cosine windows at =0 and 7 =T, when fk = kf, and f, = T

Window Hcos(fk’ 0) Hcos(fk> T) HSin(fl‘c’ 0) Hsin(.fk’ T)

T T
Rectangular (box car) 0 - -—
21k 27tk
r T
Triangular (Bartlett's) - 2 - 2 - 0
(2mk) (2mk) 2mk
2T 8kT
Cosine 0 —— K 0
n(16k* -1) n(16k* —1)

Investigations of the computational properties of
the developed algorithm for estimating the PSD were
carried out on the basis of planning and carrying out
numerical experiments. For this purpose, sets of
test signal models were used. Each of these models
simulated a noisy implementation of a centered

signal )Oc(t) with a given frequency spectrum structure.
The structural composition of the frequency
spectrum of the signal model was specified using
a combination of summed harmonic components
included in its composition. The frequency values of
the harmonic components were set in relative units
and varied in the range from zero to 0.5. Taking
into account the Nyquist—-Shannon theorem, they
were interpreted as normalized with respect to the
doubled value of the upper limit of the frequency
band that the spectrum is supposed to occupy. The
amplitudes of the harmonic components 4, were
set in the range from zero to one. Random initial
phases ¢, were set in the range from —x to +x using
a generator of evenly distributed numbers. The sum
of the harmonic components was subject to noise.
This was achieved by generating white noise that
had a zero mean value. The dispersion 02 of white
noise was set during the experiment. We considered

the signal-to-noise ratio as the ratio of the power of
each harmonic component to the noise power. This
simulation approach allowed us to investigate the
ability to detect harmonic components in noise.

As an example, let's consider the case when the
signal model contained nine harmonic components.
The numerical values of the frequencies and
amplitudes of these harmonic components are
presented in Table 2.

Table 2
Parameters for harmonic components of the
signal realization model

2

n A, f AT/ 4% .dB
1 0.1 0.1 -20.00

2 0.15 0.12 -16.48

3 0.7 0.15 -3.10

4 1.0 0.2 0.00

5 0.5 0.22 -6.02

6 0.35 0.25 -9.12

7 0.25 0.27 -12.04

8 0.2 0.3 -13.98

9 0.05 0.35 -26.02
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The variance Gg of the additive noise was equal  segments pseudo-ensemble based on them was

to unity. The procedure for obtaining time samples  carried out using discrete-event simulation. The

tiZ of the result of binaryo—sign stochastic quantization = normalized PSD estimates calculated for this signal
for the signal model x(¢) and the formation of a model are shown in Figures 2—4.

~ or ~ Or
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£ 16t 2.1
g £
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.?5) -48 '§ =331
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=z Z
-80 . . . . ) -55 . . . . .
0.01 0.108 0.206 0.304 0.402 0.5 0.01 0.108 0.206 0.304 0.402 0.5
Normalized frequency Normalized frequency
a b

Figure 2 — Normalized power spectral density estimate, rectangular window (box car): a —one segment; b —ten
segments
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Figure 3 — Normalized power spectral density estimate, triangular window (Bartlett's): a —one segment; b —ten
segments
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Figure 4 — Normalized power spectral density estimate, cosine window: a — one segment; b — ten segments
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They were calculated with a resolution of 0.0005
conventional units of the normalized frequency within
the entire analysis range from zero to 0.5. For each of
the three window functions, the PSD estimates were
calculated for one and ten segments. The overlap
of the segments was half their length. For the PSD
estimates calculated for one segment, we observe
the presence of significant fluctuations relative to
the true values of the frequency components. At the
same time, it is difficult for us to identify the presence
of weak harmonic components in the spectrum,
for which the signal-to-noise ratio is rather low. In
particular, the harmonic component with a frequency
of 0.35 and amplitude of 0.05 is masked by noise.
It is clearly seen that an increase in the number of
processed segments leads to an improvement in the
quality of PSD estimates and a decrease in the level
of additive noise. All nine frequency components are
present on the graphs of PSD estimates calculated
for ten segments. The weaker harmonic components
are clearly visible and their position in the spectrum
corresponds to the tabular data. There are no false
spectral lines.

Conclusion

The paper considers the development of
mathematical and algorithmic support that allows
increasing the computational efficiency of estimating
the PSD by the method of averaging modified
periodograms in discrete form. This development
was carried out on the basis of the use of binary-
sign stochastic quantization to obtain the digital code
of the analyzed signal. A discrete-event model is
used to represent the result of binary-sign stochastic
quantization in time. This model allowed us to
reduce the calculation of PSD estimates to discrete
processing of functions that are the result of cosine
and sine Fourier transforms for window functions.
A set of such functions can be formed beforehand,
depending on the window functions used. As a result,
we obtained mathematical equations for calculating
PSD estimates in discrete form, which do not require
performing numerous multiplication operations.
These equations became the basis for the development
of computational algorithms for estimating the
PSD. The main computational operations of the
algorithms are the operations of algebraic addition
and subtraction. The practical implementation of
these algorithms leads to a decrease in computational
and time costs in the process of estimating the PSD.

Numerical experiments were carried out on
the basis of simulation modeling. They showed
that the developed approach to solving the problem
posed provides the estimation of PSD by averaging
modified periodograms with high frequency
resolution. Reliable identification of spectral
components is ensured even in additive noise when
the signal-to-noise ratio is sufficiently low. This
result is especially important for the analysis of
broadband signals.

The practical result was the development of
a problem-oriented software module for spectral
analysis. This module can be used as part of
metrologically significant software for the operational
analysis of complex signals.
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Abstract

Control of mechanical stresses formed with the deposition of nickel coatings plays an important role
in the diagnosis of coatings’ technical condition. Large internal stresses can lead to cracking or flaking
of coatings which is completely unacceptable for critical parts and assembly units used, for example, in
space technology for which reliability is of paramount importance. An important aspect of internal stresses
monitoring is the measurement error of the instruments used. The purpose of this work was to determine
the characteristics of the device sensors, which make the assessment of their manufacturing possible at the
preliminary stage of the measuring equipment assembling in order to maintain the required accuracy of
subsequent measurements.

In most cases the measurement error assessment is possible only after the equipment manufacture and
calibration. In this paper it is proposed to evaluate the accuracy characteristics of device sensors based on
the precision (repeatability and reproducibility) of the primary informative parameter recording. In the case
of the NT-800 device that was developed at the Institute of Applied Physics of the National Academy of
Sciences of Belarus the effect of precision characteristics deterioration on the eventual measurement error
is demonstrated. Determining the precision parameters before establishing correlation dependences between
the primary informative parameter and the measured characteristic is proposed in order to reject poorly
manufactured sensors and reduce labor costs.

In particular, measurements of the magnitude proportional to the magnetic breakaway force were
carried out using the NT-800 device with nickel specimens simulating coatings with a thickness of 200
to 700 um and a rolling value from 0 to 40 %. It was established that in the case of well-made sensors
the variation coefficient calculated from the dispersion of repeatability is in the range 0.2-0.6 %, and the
variation coefficient calculated from the dispersion of reproducibility does not exceed 0.9 %. In the case of a
sensor with the sensitive element parameters worsened, the variation coefficient of repeatability and reprodu-
cibility were up by one and a half times. Deterioration of the precision characteristics resulted in signifi-
cant changes in the readings of the calibrated instrument. Thus the absolute measurement error for a sensor
with a poorly made sensitive element turned out to be approximately 3 times higher in the range of 200—
300 MPa than that for a sensor with good precision parameters.
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OuneHka TOYHOCTH U3MEPEHUS MATHUTOOTPBIBHOIO YCHJIUA
narunkamu npudopa HT-800 nyst panHero BoisiBjIeHUS
nedeKToB UX U3rOTOBJICHUS

A.1O. Kyrenos, A.Il. Kpens, E.B. 'nyrenko

Huncmumym npuknaonou gusuxu Hayuonanvnou akademuu nayxk benapycu,
yi. Akademuueckas, 16, e. Munck 220072, berapyco

Hocmynuna 30.07.2021
Hpunama k neuamu 02.09.2021

KoHTpoib MexaHNUeCKIX HANPSHKEHUH, BO3HUKAIOIINX ITPH HAHECEHNH HUKEJIEBBIX TOKPBITHIA, HTPaeT BXKHYTO
POJIb TIPU IMATHOCTUKE UX TEXHUUECKOT'O COCTOSTHHUS. Bosble BHyTpEHHUE HAMPSKEHUST MOTYT IPUBOJUTH K pac-
TPECKUBAHNIO WM OTCIIANBAHHIO MTOKPBITHI, YTO COBEPIIEHHO HEMOMYCTHMO JUISI OTBETCTBEHHBIX AeTalel n cOo-
POUHBIX €TUHUII, HCIOJIB3YIOIUXCS, HAIPHMEpP, B KOCMHUYECKON TEXHHKE, JUI KOTOPBIX HaJIEKHOCTh UMEET MEpPBO-
CTEeTIeHHOE 3Ha4YeHHe. BayKHBIM acIIeKTOM KOHTPOIIS BHYTPEHHNX HANPSDKEHHI SBISAETCSA MOTPEITHOCTh M3MEPEHNH
UCTIOIB3yeMbIX TPUOOopoB. Llenbro HacTosIIel paboTh SIBISLIIOCH ONPEEIeHUE XapaKTEPUCTUK JaTYNKOB IPHOOPOB,
TMO3BOJIFOIINX OLEHUTH Ka9eCTBO MX M3TOTOBIIEHHS Ha IIPEIBAPUTEIBLHOMN CTaii COOPKH M3MEPHTENBHON TEXHHKH,
JUISL COOMIO/ICHUS HEOOXOMMOI TOUHOCTH MOCIIEYIOIIIX N3MEPEHUI.

B GonpIIMHCTBE CITydaeB OIEHKA TOTPENTHOCTH U3MEPEHNI BO3MOKHA TOJIBKO MTOCIIE H3TOTOBICHUS 000pyI0-
BaHMA U MPOBEICHUS IpayupoBKHU. B HacTosmel paboTe NpeiIokeHo OLEHUBAaTh TOYHOCTHBIE XapaKTEPUCTHKU
JATYUKOB NMTPUOOPOB NCXOAS U3 TIPELI3HOHHOCTH (TIOBTOPAEMOCTH M BOCTIPOM3BOIMMOCTH) PETUCTPAIINH IIEPBUY-
Horo uHopmaTuBHOro napamerpa. Ha npumepe npudopa «HT-800», paspadoranHoro B IHCTUTyTe NpUKIaAHON
¢m3nkn HarmonanbsHOM akaneMun Hayk benapycu, moka3aHo BIMSHHE yXyAIICHNS XapaKTePUCTHK TPEIH3HOHHO-
CTH JIJaTYMKOB Ha UTOTOBYIO MOTPEITHOCTh U3MepeHU. IIpenoskeHo onpeensTh napaMeTphbl IPEUU3UOHHOCTU 10
YCTaHOBJIEHHS KOPPEIAIIMOHHBIX 3aBUCHMOCTEH MEXIy NMEPBHYHBIM MH()OPMATHBHBIM ITAPaMETPOM H H3Mepsie-
MOH XapaKTEePUCTUKOMN € LIENbI0 OTOPAKOBKU HEKAUECTBEHHO U3TOTOBJICHHBIX IATUUKOB U CHIDKCHHUS TPY103aTpaT.

B wacTtHOCTH, IPOBENCHBI M3MEPEHNSI BETHIHUHBI, IPOMOPIHOHATEHON MarHUTOOTPBIBHOMY YCHIIHIO (MMe-
IoIIel KOPPEISIMOHHYIO CBSI3b C OCTATOYHBIMM HampsbkeHusmu), npuoopom HT-800 Ha HukeneBbIx oOpasuax,
MMUTUPYIOMUX TOKPBITHS, TonmmHOoN oT 200 1o 700 MxMm n BennuuHoU npoxaTtku oT 0 10 40 %. YcranosieHo,
YTO B CIy4ae KaueCTBEHHO HU3TOTOBJICHHOTO NEPBUYHOTrO Mpeodpa3zoBartesis K03(h(UIMEHT BapUalluy JUCHEPCUU
noBTOpsieMocTH Haxomurtces B amamazoHe 0,2-0,6 %, a KOd(QQUIIMCHT BapHaIliy, PACCINTAHHBINA 110 3HAUYCHH-
SIM JIUCTIEPCUU BOCIPOU3BOIUMOCTH, He mpesbimaet 0,9 %. B ciyuae gatumka ¢ yXyaAIIeHHBIMH IapaMeTpaMu
YyBCTBUTEJIHHOTO JIEMEHTa KO (PHUIIMEHTH BapHalliK MTOBTOPSIEMOCTH M BOCIPOU3BOANMOCTH ObIIH B 1,5 paza
BBIIIE. YXYALICHUE XapaKTEPUCTHUK MPEIHU3HOHHOCTH MIPUBENO K 3HAUNTEIILHOMY YBEIHUEHHIO IOIPEITHOCTH U3-
MEPEHHUsI OCTATOYHBIX HANpsDKeHUH. Tak, aOCONFOTHAS TTOTPEITHOCTh U3MEPEHUH HANPSHKEHUH Y HEKa4yeCTBEHHO
U3TOTOBJIEHHOTO AaTuuka B auanasoHe 200-300 MIla 6buta mpubau3uTensHO B 3 pasa BbIIIE, YeM Y JaTUMKA
C BBICOKHMH TIOKa3aTeNSIMU NTPEIIM3HOHHOCTH.

KiroueBble ci10Ba: TOUHOCTh, TOBTOPSIEMOCTb, BOCIIPOU3BOMMOCTb, BHY TPEHHHUE HATIPSKEHU S, MATHUTOOTPBHIBHOE
ycuiue.
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Introduction

Nickel coatings are most often used for thermal
protection of mechanical engineering products, as
well as space and aviation industry products. One
of the main durability and reliability conditions of
such products is compliance with the technological
process of coating, the violation of which can
lead to the appearance of unevenly distributed
or high mechanical stresses. If the magnitude of
stresses exceeds the adhesion force it may lead to
delamination, and uneven distribution can lead to
cracking. Thus the control of residual stresses plays
an important role in diagnosing the state of both
individual products and various elements of load-
bearing structures in general, and the development
of new reliable testing methods is a paramount task
to improve the quality and reliability of products.

At present a number of devices have been
developed for internal stresses monitoring using
various measurement principles: X-ray, ultrasonic,
magnetic, and others [1-5]. The calibration of each
of them is a unique procedure. For example standard
samples with certain crystal lattice parameters can
be used for diffractometers. However these samples
cannot be used to calibrate instruments using other
physical measurement principles. This is because
their readings will be influenced by the different
characteristics of the samples such as the presence
of plastic deformation, residual magnetization, etc.

This fully applies to the NT-800 device
developed at the Institute of Applied Physics of
the National Academy of Sciences of Belarus. This
fully applies to the NT-800 device developed at the
Institute of Applied Physics of the National Academy
of Sciences of Belarus. The principle of operation of
this device is based on recording the magnitude of
the magneto-detachable (ponderomotive) force when
a permanent magnet interacts with a ferromagnetic
base. The value of the force as shown in [6] depends
on two factors: the thickness of the coating and
the level of internal stresses. And the sensitivity of
measurements to operating voltages is much higher
in weak magnetic fields. However, this leads to an
increase in the requirements for the magnet breaka-
way force recording accuracy, the value of which
also decreases and is in the range of 80-300 mN.
Calibration of the NT-800 device presupposes the
use of additional equipment — a testing machine
and specially prepared nickel samples. The work
requires tests on stepwise tension-compression of
samples with simultaneous fixation of the magnitude

of the magnet breakaway force and the stresses
created by the tensile machine. To remove residual
stresses, the samples must first undergo vacuum
annealing. Thus the calibration procedure itself is
rather complicated, labor-intensive and expensive.

The fact that the metrological characteristics of
sensors: the error (or uncertainty) of measurements —
are evaluated only after the end of the calibration
is an even greater problem. This often leads to
the fact that a poorly manufactured sensor is
rejected only after the entire test cycle, when the
samples are already unusable and the repetition
of the calibration procedure requires new costs.

The aim of the work was to determine the cha-
racteristics of the sensors which make it possible to
assess the quality of their manufacture at the prelimi-
nary stage, in order to reduce labor costs and maintain
the required accuracy of subsequent measurements.

Equipment and materials

The NT-800 is designed to assess the level of
effective stresses build a map of stress distribution
over the surface area as well as measure the thickness
of nickel coatings in the range from 200 to 800 pm.

One of the main elements of the device are
primary measuring transducers (sensors), which can
be one of two types: 1) for use on flat surfaces and
2) for testing in hard-to-reach places of products.
The formation of the measuring signal and the direct
registration of the magnet breakaway force are
carried out using them.

The level of internal stresses is estimated by
the K, value, which is proportional to the magnet
breakaway force and is used to construct the
calibration curves. Figure 1 shows the calibration
dependence K= f(c) (ABC line). Here ¢ —applied
stress, formed in nickel specimen using universal
testing machine.

It is also shown in the Figure 1 that the change
of K, value is influenced by type I stress (ABC
line) as well as by residual stresses, formed by
plastic deformation. If the sample is unloaded at an
intermediate time (at point B), then after complete
removal of the load (o =0) points A and D don’t
match. This discrepancy is caused by the appearance
of plastic deformations in the sample which affect
K. Figure 1 illustrates the complex nature of the
graduation, which is also discussed in [7]. Therefore
a thorough experiment is required and in the absen-
ce of standards a different algorithm is required for
determining the metrological characteristics and
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assessing the sensor manufacturing quality at the
preliminary stage.

100
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breakaway force Kf'
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Magnitude proportional to a magnet

=
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Applied stress o, MPa

Figure 1 — K, change depending on applied stresses for
an annealed sample with a thickness of 400 um (with
removed stresses) using a sensor for flat surfaces during
load (ABC) and unload (BD and CE)

To carry out work on the evaluation of the
metrological characteristics of the NT-800 device
sensors, that are proposed below we used special
nickel samples imitating coatings with various
thicknesses and internal stresses. The characteristics
of these samples are presented in the Table. The
cold rolling of the nickel samples ratio of which
is indicated in the table, allowed to form internal
stresses values of which cover the real range of
stress variation (0-200 MPa) in nickel coatings
using galvanic plating technology. The zero level of
internal stresses in nickel samples imitating coatings
was set up by heat treating: annealing the samples.

Table
Description of the nickel samples
Rolling

Sample number Thickness, um reduction ratio,

%
1 200 0
2 215 14
3 240
4 300
5 330 34
6 400 0
7 400 10
8 400 40
9 500 0
10 500 30
11 580 13
12 700 0

Determined metrological characteristics

As mentioned in ISO/IEC Guide 98-3:2008" and
ISO 5725-2-2002% a range of characteristics can be
presented as accuracy rate indicators: uncertainty,
error, trueness and precision. All the formulae used
herein are taken from ISO 5725-2-2002.

In the absence of a standard for the measured
quantity correctness means the closeness of the
average value obtained from a large series of
measurement results (or test results) to the accepted
reference value. The systematic error (bias) is
usually the trueness indicator. And precision refers
to the degree to which independent measurement
results obtained under specific specified conditions
are close to each other. This characteristic depends
only on random factors and is not related to the value
of the measured quantity. A measure of precision
is usually calculated as the standard deviation of
measurements made under specified conditions.
The extremes of precision measure are repeatability
and reproducibility.

That is from the metrology point of view such
characteristics as repeatability and reproducibility
do not require reference to the true value of the
measured value and can be used for preliminary
assessment of the sensor manufacturing quality.

Experimental research

It is important to understand such important
concepts as level of the test and cell in a precision
experiment (Figure 2).

A level of the test in a precision experiment
is a mean value of the measurements, from every
lab for one specific tested material or specimen (in
our case these are nickels specimen with different
rolling reduction ratios as in Table). A set of cells
related to one specimen can also be named as the
level of the test.

A cell in a precision experiment is a set of
measurement values for one specimen acquired in
one lab. There were 72 cells in this work in total.

"ISO/IEC Guide ~ 98-3:2008
measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM: 1995)

2180 5725-2:2019 Accuracy  (trueness
precision) of measurement methods and results — Part 2:
Basic method for the determination of repeatability and
reproducibility of a standard measurement method

Uncertainty  of

and
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Figure 2 — General test scheme for the precision assessment

Every lab has conducted 10 measurements
at every level for the repeatability evaluation.
And 6 labs were involved for the reproducibility
evaluation.

Arithmetic mean for the K, values were
calculated for every level for every lab as well as cell
standard deviation. After that mean values for each
level were calculated (averaged measurement results
between labs).

Cell standard deviation was calculated using a
formula:

1
Sy = Z(yijz_)_;ij)za
2z=1

n; =1

where i—lab number; j—level; z— measurement
number; y —cell; n —number of measurements in
one cell.

Since the presence of laboratories or values
incompatible with other laboratories or values
can change the repeatability and reproducibility
estimates, a decision should be made to exclude data
after careful analysis. There are two approaches for
such decisions: graphical compatibility analysis and
statistical testing. In order to simplify the calculations
and to present a visual interpretation of the results,
herein we began with the first option, in which two
measures are used, called Mandel’s statistics /4 and
k. 1t should be noted that they help to assess not only
the variability of the results of the measurement

method, but also the quality of measurements of
individual laboratories. The general procedure for
calculating Mandel’s statistics processing outliers
and then estimating variances of precision is shown
in Figure 3.

Statistic k£ is used to determine stability of
measurement results and their repeatability for
one laboratory by comparing the repeatability of
the standard deviation of the laboratory data with
the repeatability of the standard deviation of other
laboratories.

Statistic 4 is used to determine stability of
measurement results between laboratories, indica-
ting whether the overall measurement results of
an individual laboratory are not reliable.

Statistic 4 was calculated using formula:

h = Yy 7

ij >

mi(iy_

where /n — common mean value for every specimen
(every level); p — number of labs.

The results of calculating statistics £ and 4 for
two types of sensors are presented in Figures 4—7.

To determine which of the calculated £, values
are outliers, critical values lines were added to the
diagram (Figure 4), that were determined for levels
of significance of a =1 % and 5 % (for p = 6 these
are 1.87 and 1.66 for 1 % and 5 % accordingly) [8].
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If the value of statistic /# exceeds the line for 42 = 1.66,
corresponding to 5 % significance level, then the
according cell is marked as a possible outlier, and if

the value of statistic & exceeds the line for 7 =1.87,

corresponding 1 % significance level,

then the

according cell is marked as an outlier.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

A

Labi
Cell i+ Level of the —p.
s, |[ X, test j m, i
Specimen j
L ¥ L
Mandel’s Mandel’s

statistic kIJ

statistic hlJ

¥

Outlying labs identification,
analysis of possible reasons.
outliers processing

Labs
Cells
: ‘ Levels of the
i Specimen SIJ. Kﬁj test m
I '
[ I T :
h 4
] Intermediate
calculations
SLj %dj llj
¥
Repeatability Reproducibility
dispersion s, dispersion s,

Figure 3 — General precision dispersions evaluation procedure
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Figure 4 — Mandel’s % statistics for the measurements
using sensor for flat surfaces
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Figure 5 — Mandel’s % statistics for the measurements
using sensor for hard-to-reach places
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Figure 6 — Mandel’s k statistics for the measurements
using sensor for flat surfaces
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Figure 7 — Mandel’s k statistics for the measurements
using sensor for hard-to-reach places
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Statistic & was calculated using formula:
SiNPj

=

vV 25

In turn to determine which of the calculated k;
values are outliers or possible outliers, a procedure
was carried out similar to outlier analysis for
statistic 4. For p = 6 and the number of measurements
in the cell equal to 10, critical values equal to 1.47
and 1.3 for 1 % and 5 % accordingly.

The outliers and possible outliers were
determined among cells using diagrams presented
on Figures 4-7 these are all the values, exceeding
significance levels a=1% un 5% accordingly.
For example, for lab 1, test results on level 2 were
marked as outliers, levels 6 and 10 as possible
outliers (Figure 7). The calculation of Mandel’s
statistics and graphical analysis is necessary to
determine the reason of a worse repeatability in
individual labs and to eliminate those reasons, and
for subsequent statistical outliers testing. Since the
outliers and possible outliers are singular and do
not have a common underlying cause, we consider
outliers as true outliers and cells, that were marked
as outliers were deleted from calculations.

After statistical outliers testing, we’ve calculated
the repeatability and reproducibility characteristics.
Repeatability variance was determined for each level
using formula:

> 1 N

i T ZS;(”U_I)'
2 (=1) "

77
i=1

Lab variance was determined for each level
using formula:
2 _

Sy =7 = >

where

i=1

Reproducibility variances were calculated after
the lab variances was determined using formula:

2 2 2
Sgj =S8yt S

For a better presentation, reproducibility and
repeatability variances were calculated into varian-
ce coefficients (VC) and displayed as a function
of K, (Figures 8 and 9).

<08 A
g A
2
206
< A
E 0.4 " .
= é L ..
5 0.2 ° © °
>
0
50 60 70 80 90 100

Magnitude, proportional to
the magnet breakaway force K ¢

e repeatability VC  a reproducibility VC

Figure 8 — Repeatability and reproducibility variation
coefficient using sensors for flat surfaces
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S 08 4 X A
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the magnet breakaway force K,

e repeatability VC 4 reproducibility VC

Figure 9 — Repeatability and reproducibility variation
coefficient using sensors for hard-to-reach places

Figure 8 shows, that repeatability VC
1s concentrated between 0.2-0.4 %, and
reproducibility VC is concentrated between 0.2—
0.6 %. Both characteristics are not dependent on
the magnet breakaway force, and the maximum
value of reproducibility VC does not exceed
0.9 %, while repeatability VC does not exceed
0.6 %. Figure 9 shows a similar picture, but all
VC values are =~ 1.7 higher, which means that the
sensor for hard-to-reach places had worse accuracy
characteristics.

Indeed, after the close inspection of the sensor
for hard-to-reach places it was determined that the
surface of the magnet had accumulated metallic
dust the presence of which worsened the sensor
accuracy. Several sensors were graduated with the
goal of evaluating their measurement accuracy then
stress measurement of these sensors was compared
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with the stresses induced by testing machine.
Wherein the surface of the sensitive element of a
sensor with worse precision characteristic was not
cleared.

As it can be seen in the Figure 10 worsening
the precision characteristics leads to significant de-
viation of sensor measurements when directly
measuring stress in nickel specimen.

B U Y 2
(=~ = =)
> >

ot
[=]
>
L]

—_
(=]

>
®

2

0 50 100 150 200 250 300
Applied stresses (as measured by
the tensile testing machine) O MPa

(=]

and tensile testing machine (abs) As, MPa
(o8]
S
[ X ]

Measurement difference between NT-800

o for flat surfaces » for hard-to-reach places

Figure 10 — Scatter plot of the difference between the
readings of the NT-800 and the tensile machine against
the applied stresses according to the readings of the ten-
sile machine

From the data shown in Figure 10, it can be
seen that degradation in precision performance
leads to significant changes in device readings.
Thus, the absolute measurement error of the sensor
for hard-to-reach places was = 3 times higher than
that of the sensor for flat surfaces in the range
of 200-300 MPa. Taking into account that the
dependence of the magnet breakaway force on
stresses is inverse (Figure 1) then the measurement
errors of sensors at high voltages should decrease.
In the case of a sensor for hard-to-reach places, this
pattern is not present. This confirms the importance
of defining the characteristics of precision:
repeatability and reproducibility and the possibility
of their use for rejection of sensors in the prelimi-
nary stage. Extensive research carried out later
yielded similar results. Sensors which had an
unstable operation of spring elements, friction
in the bearing units of motors, also had an
increased repeatability and reproducibility VC (by
more than 1.5 %) which ultimately affected the
absolute measurement error. These studies also
helped to establish that with the repeatability and
reproducibility VC not exceeding 1 %, the absolute
error in the stress range of 1-300 MPa does not
exceed 35 MPa, which meets the requirements of
most consumers.

Conclusion

The repeatability and reproducibility variation
coefficients allow you to get an idea of the accuracy
characteristics of the device, and compare different
devices and sensors with each other at the prelimi-
nary stage of their manufacture. This makes it
possible to identify sensors with insufficient quality
in time and avoid additional labor costs.

The mean values and variances of
the K, value were determined for all cells
(combinations of laboratory and test level). The
repeatability variances s> and reproducibility
variances s> were calculated, on their basis the
corresponding variation coefficients were calcu-
lated. I case of the sensor for flat surfaces, repe-
atability variation coefficients were concentrated
in the 0.2-0.4 % range and did not exceed 0.6 %,
and reproducibility variation coefficients were
concentrated in the 0.2-0.6 % range and did not
exceed 0.9 %. Repeatability and reproducibility
variation coefficients of the sensor with worsened
accuracy characteristics were 1.7 higher due to
impurity of the sensitive element.

It was determined that the values of variances
s,” and s, practically do not depend on the thickness
of the tested specimen or on its internal stresses and
can be used as an objective characteristic to make
decision on sensors rejection.
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Abstract

Inorganic scintillation detectors are widely used to measure of dose rate in the environment due
to their high sensitivity to photon radiation. A distinctive feature when using such detectors is the need
to take into account of the position of the effective energy release center. This peculiarity is actual when
using measuring instruments with inorganic scintillation detectors as working standards during calibra-
tion at short “source—detector” distances in conditions of low-background shield or using a facility with
protection from external gamma radiation background in the dose rate range from 0.03 to 0.3 uSv/h (uGy/h).
The purpose of this work was to calculate the position of the effective energy release center of Nal(TI)
scintillation detectors and to take it into account when working at short “source—detector” distances.

An original method of determining the position of the effective energy release center when irradiating
the side and end surfaces of inorganic scintillation detector with parallel gamma radiation flux and point
gamma radiation sources at small “source—detector” distances using Monte Carlo methods is proposed.
The results of calculations of the position of the effective energy release center of Nal(Tl) based detectors
of “popular” sizes for the cases of parallel gamma radiation flux and point sources of gamma radiation
at small “source—detector” distances are presented. The functional dependences of the position of the effec-
tive energy release center of Nal(TIl) based detectors on the distance to the point gamma radiation sources
and the energy of gamma radiation sources are presented.

As a result of the study it was found that for scintillation Nal(TI) detectors of medium size (for
example, ¥25x40 mm or ¥40x40 mm) the point gamma radiation source located at a distance of 1 m
or more, creates a radiation field which does not differ in characteristics from the radiation field created
by a parallel flux of gamma radiation. It is shown that approaching the point gamma radiation source
to the surface of scintillation detector leads to displacement of the position of the effective energy release
center to the surface of the detector.

Keywords: effective energy release center, inorganic scintillation detector, near background radiation,
Monte Carlo method.
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PacuyéTt moso:xkeHus 3p(PeKTUBHOIO LEHTPA
JHEProBbIACICHUS CUMHTH/IIAIUOHHBIX 1eTEKTOPOB
JJIS 32124 KAJTUOPOBKH MPH MAJIBIX PACCTOAHUAX
«HCTOYHUK—IETEKTOP»

P.B. JlykameBuy, I'.A. ®oxoB

VIT «ATOMTEX»,
ya. Tuxano, 5, 2. Muncx 220005, berapyco

Hocmynuna 15.07.2021
Hpunama k neuamu 17.08.2021

Heoprannueckue CUMHTHIUIILUOHHBIC IETEKTOPHI MIMPOKO HCHONB3YIOTCSA JUISI U3MEPEHUS MOIIHO-
CTH J03bl B OKpYXarollel cpexae Omarogapsi MX BBICOKOM YYBCTBUTEIBHOCTH K (POTOHHOMY H3IIyUCHHIO.
OTAMYUTENBHON 0COOCHHOCTBIO MPH HMCIOJIB30BAHUN TAKUX JIETEKTOPOB SIBISIETCS HEOOXOOUMOCTH Y4éTa
noJokeHus 3(PPEKTUBHOTO LEHTPa HEProBBIACICHHUA. JTa 0COOCHHOCTh aKTyallbHa MPH HMCIOJIb30BAHUU
CPEACTB U3MEPEHHH ¢ HEOPTaHNUECKUMH CUMHTHIUIIIUOHHBIMHU JIETEKTOPaMHU B Ka4eCTBE padOUHX 3TaJIOHOB
IpU KaIuOpPOBKE HAa MAJbIX PACCTOSHUSX «MCTOYHHUK—ICTEKTOP» B YCIOBHIX HU3KO(POHOBOM KaMephbl WM
YCTaHOBKH C 3aIIMTON OT BHEIIHero ()oHa ramMma-u3JIyuyeHHs B Auana3oHe MouiHocteid mo03 ot 0,03 mo
0,3 mx3B/4 (MkIp/4). Llenbto naHHON pabOTHI ABISUICS pacdéT MoNokeHUs 3(p(HEKTUBHOTO LIEHTpa PHEPro-
BbIIesieHHsT cCOMHTHIUIAIUMOHHBIX Nal(Tl) zeTexkTopoB u ero y4ér npu paboTe Ha MajbIX PACCTOSHUSX «HC-
TOYHUK—JICTEKTOPY.

[Ipensioxen OpUrHHANIBHBIA METOJ] OTIPENICIICHUSI OJIOKEHHS APPEKTUBHOTO LIEHTPA SHEPTOBBIACICHUS
npy 00 Ty4eHNH OOKOBBIX M TOPLEBBIX MOBEPXHOCTEH HEOPraHNYECKOr0 CHMHTHIIISIIIMOHHOTO JISTEKTopa a-
paJUIeTIbHBIM [TOTOKOM TaMMa-U3Iy4eHUs] U TOYCYHBIMH HCTOYHUKAMH FaMMa-M3JIy4eHHs] Ha MaJbIX PaccTo-
SHUSIX «UCTOYHUK—IETEKTOPY» C MCIOJIb30BaHuEeM MeTo1oB MonTe-Kapno. [IpeacraBnens! pe3yasrarsl pac-
yéra nojokeHus 3)(HEeKTUBHOTO LEHTPa YHEProBblIeseH s AeTekTopoB Ha ocHoBe Nal(Tl) «momynspHbIx»
pasMepoB Ui CIy4aeB MapajuieIbHOTO MOTOKA FaMMa-U3yUYCHUS! U TOYCUHBIX UCTOYHUKOB raMMa-H3Iryye-
HUS Ha MaJIbIX PAaCCTOSHUSIX «HCTOYHUK—IETeKTop». [IpruBeneHsl GpyHKIMOHANBHBIC 3aBUCUMOCTH TOJIOMKE-
HUS 3G PEKTUBHOTO LIEHTPaA SHEProBbIACTCHUS 1eTekTopoB Ha ocHoBe Nal(Tl) kpucrtamioB oT paccTosHus
JI0 TOUEYHBIX UCTOYHUKOB FAMMa-U3y4YCHHUS U JHEPTUM HCTOYHUKOB raMMa-H3IyYeHUsI.

B pe3synbrare nccnenoBaHusl yCTaHOBICHO, YTO il cUMHTWIIISIIHOHHBIX Nal(Tl) nerekropoB HeboIb-
muxX pasMepoB (Hampumep, ¥25x40 mm wim P40x40 MM) TOUEUHBIH MCTOYHHMK TaMMa-M3Iy4CHUs, HAXO-
Jsmuiics Ha paccTostHUM 1 M 1 Oosiee, co31a€T Moje U3NIyYeHHs, He OTIIMYAIOMIeecs 0 XapaKTePUCTHKAM
OT IOJISl U3ITYYEHHsI, KOTOPOE CO3MaET MapajulesbHbIA MOTOK ramMmma-u3nydeHus. [lokasano, yto nmpuoimKe-
HUE TOYEYHOTO MCTOYHHMKA raMMa-H3JIyuYeHHs K MOBEPXHOCTH CHUHTHIUISIIMOHHOTO JIETEKTOpa HMPUBOAMUT
K CMEIEHUIO TOJIOKeHUs 3()(HEKTUBHOTO EHTPa YHEPTOBbIICJICHHSI K TOBEPXHOCTH JETEKTOPA.

KawueBbie cioBa: >(QQEKTHBHBIM LEHTP HHEPrOBBIIEICHUS, HEOPTAHMUYSCKHHA CHUHTHILISIIMOHHBINA
JIETEKTOp, OKOIO(POHOBOE raMMa-u3iryuenue, meroa Monre-Kapio.
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Introduction

An important task in radiation monitoring is the
correct measurement of dose rate at the level of natu-
ral radiation background. For this purpose it is
necessary to use measuring instruments with high
sensitivity, low level of own background and high
temporal stability. In this case, an important problem
to be solved during calibration of dosimetric measu-
ring instruments is to provide the lower limit of
measuring range at the level of the background
radiation of the environment. According to the
recommendations of the International FElectro-
technical Commission (IEC) [1-3] and technical
requirements for ARMS of nuclear power plants',
the lower limit of the measurement range of dose ra-
te of radiation protection instruments when control-
ling the radiation situation in the environment
should be at 0.03 uSv/h (uGy/h). The use of highly
sensitive dosimetry devices based on scintillation
spectrometric detection units becomes possible to
measure dose rates below 0.1 pSv/h (uGy/h), and the
ability of such devices to measure dose rates below
0.1 uSv/h (uGy/h) should be confirmed by special
studies’. In addition, in the calibration scheme®
requirements to working standards having protection
from external gamma radiation background for
metrological support of photon radiation fields
of near background levels for dose rate (0.03—
0.3 uGy/h (uSv/h)) are given. This dose rate range
is easily achievable for inorganic scintillation detec-
tor units with Nal(T1) crystals, even of medium size.

A significant contribution to the dose rate
for measurements below 0.3 uSv/h (uGy/h) is
the natural background radiation. In this case the
calibration or verification of measuring instruments

'STO 1.1.1.01.001.0875-2017. Automated system
for monitoring the radiation environment of a nuclear
power plant. Technical requirements. — Introduced
10.12.2018. — Rosenergoatom Concern OJSC, 2018.

MU 2.6.5.008-2016. Nuclear power and industry.
Control of radiation situation. General requirements.
Methodical instructions. — Introduced 22.04.16; with
amendments 05.05.17. — M., 2016. — P. 82.

*State calibration scheme for measuring instruments
of kerma in the air, kerma power in the air, exposure dose,
exposure dose rate, ambient, directed and individual dose
equivalents, powers of ambient, directed and individual
dose equivalents and energy flow of X-ray and gamma
radiation. — Introduced on 31.12.20 by the Federal Agency
for Technical Regulation and Metrology. — Rosstandart,
Moscow, 2020. — P. 13.

under normal laboratory conditions is practically
impossible, because the radiation background in
the laboratory can change during the measurements
due to many factors, which can significantly affect
the measurement results of gamma radiation fields
of the near background level on the dose rate.

To create the reference near background photon
radiation fields it is necessary metrologically to
provide the dose rate values at the level of 0.03—
0.3 uSv/h (uGy/h), i. e. to creation of reference near-
background photon radiation fields with minimal
influence of natural radiation background, e. g. in a
low-background shield or on a facility with protection
from external gamma radiation background by a
reference measuring instruments. For this purpose
it is necessary to use highly sensitive measuring
instruments and ensure their calibration in similar
reference photon radiation fields with dose rate
0f0.03-0.3 pSv/h (uGy/h).

Dose rate calibrations and measurements in
near-background photon radiation fields in low-
background laboratories are limited by the location
of such laboratories (e. g. UDO II in Germany or
IFIN-HH in Romania) [4-5], which implies certain
difficulties for periodic calibrations and verifica-
tions of measuring instruments. To solve this problem
it is optimal to use low-background shield and faci-
lity which are smaller in physical size than
installations in low-background laboratories. The
limitation of the size of low-background shield
and facility is related to the compromise between
the cost of protective materials for such a unit and
sufficient source-detector distance to provide the
necessary characteristics of the radiation field. The
use of a low-background shield or facility with a
small range of distances for calibration of measuring
instruments also requires ensuring the accuracy of
positioning of the measuring instrument relative to
the radiation source. This is especially relevant when
using measuring instruments based on inorganic
scintillation detectors as reference instruments for
transmitting dose rate units. Since we apply the
method of substitution when calibrating measuring
instruments, it is necessary to ensure with good
accuracy the same distance from the radiation
source to the center of the detectors of measuring
instruments.

The purpose of this work was to calculate
the position of centers of inorganic scintillation
detectors from the energy of radiation and to take
it into account when working at short “source-
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detector” distances within the project on creation
of a facility with protection from external gamma
radiation background for calibration and verifica-
tion of dosimetric measuring instruments.

Calibration method

Calibration of an instrument for environmen-
tal radiation monitoring is accomplished by placing
its detectors in a radiation field with a known dose
rate and comparing the instrument readings to
this dose rate. The dose rate can be determined in
two ways: either by using an instrument whose
calibration is traceable to national standards or by
using a radioactive source whose activity is known
and using the kerma constant to calculate the kerma
rate in the air in the point of measurement, taking
into account attenuation in air and the influence of
scattered radiation. The second approach causes
some difficulties because of the necessity to take
into account the attenuation of radiation in the air
and the influence of scattered radiation, therefore
at the calculated distances dose rates are usually
measured with a reference measuring instrument,
which are taken as values of dose rate in the point
of measurement. After that the calibration or dose
characteristic of dosimetric measuring instruments
at these points is carried out by the method
of substitution.

The advantage of the first approach is that both
measurements are made under the same conditions,
so the method of substitution eliminates systematic
measurement errors caused by errors of the reference
measuring instrument serving for comparison of
the measured quantity with the investigated or
calibrated measuring instrument. In addition, the
response of the instrument being calibrated and the
reference instrument to scattered radiation can be
corrected. To do this, dose rate measurements with
and without an individually shaped lead shield for
the reference and calibrated instruments should be
performed. Using this approach, the distance from
the source to the detector must be large enough to
provide an almost parallel and homogeneous gamma
radiation flux over the entire volume of the detector.
This requirement is readily achievable on dosimetric
facilities in laboratories.

But the main disadvantage of making
measurements in a low—background shield or on
a facility with protection from external gamma
radiation background lies in the limited space of the
shield or facility itself, which imposes restrictions

on the application of this approach. In addition, the
short distances between the radiation source and
the measuring instrument in a low—background shield
or on a facility with protection from external gam-
ma radiation background require accurate positioning
of the measuring instrument relative to the radia-
tion source, taking into account the effective or
geometric center of the detector.

If we consider measuring instruments based on
Geiger-Mueller counters, semiconductor detectors
or organic scintillators, it is sufficient to use the
geometric center of the detector for positioning. In
inorganic scintillation detectors, the position of the
energy release center depends on the energy of the
radiation, so it is necessary to speak of the effective
energy release center as the averaged center of
energy loss of charged secondary particles as they
pass through the scintillator substance. Therefore,
the effective center corresponds to a conditional point
of the detector's sensitive volume, in relation to
which the absolute efficiency of registration when
moving the radiation source changes according to
the law of inverse squares [6].

To determine the metrological characteristics of
the gamma radiation field of near-background levels
at the facility having protection from external gamma
radiation background, using point gamma radiation
sources and reference measuring instruments based
on inorganic scintillation detectors, it is necessary to
evaluate the influence of the geometry of irradiation
of the measuring instrument on the position of the
effective energy release center in the detector.

The problem of the effective energy release
center

Failure to take into account the distance from
the surface of the detection unit to the position of the
effective center may affect the accuracy of determi-
ning the distance between the radiation source and
the detector and, consequently, the determination
of the dose rate, especially when measurements are
made at short distances from the radiation source, as
in the case we are considering in the conditions of a
low-background shield or on a facility with protec-
tion from external gamma radiation background.

In case of point sources the dose rate changes
proportionally to the inverse square of the distance R.
Displacement of the dosimeter reference point in
the beam by AR in the beam direction leads to a
relative error in the calibration coefficient of 2AR/R
at distance R [7].
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In [8-9] you can find several formulas to
calculate the effective energy release center of scin-
tillation detectors:

_W(E)!

d(E) = M(IE) 1n”62u . 18] 0
| (E)l

=) 1ile-“<5>” P] .

where p(E) is the linear attenuation coefficient
of gamma radiation with energy £ for the Nal(Tl)
detector, cm™'; / is the thickness of the Nal(TI)
detector, cm.

It is important to note that there are no
reservations in the publications [8, 9] about the
location of scintillation detector (radiation falls on
the face or side surface of the detector), so, based
on these formulas, we can assume that the position
of effective detector center depends only on detector
length and gamma radiation energy. Table 1 presents
the results of calculating the position of the effective
center of the detector based on Nal(TI) using the
formulas from [8, 9] and the Monte Carlo method.
The SNEGMONT software package, which was
developed and successfully used at ATOMTEX
enterprise, was used for the calculations [10].

Table 1

Comparison of the results of calculation of
the effective center of the Nal(Tl) detector
40x40 mm when the radiation falls on the end
surface using formulas from various sources and
the Monte Carlo method

Results of calculations of the effective
center of the Nal(Tl) detector

Gamma 040x40 mm, mm
radiation - -
T ome eoineweoring
keV Carlo

method formula formula

from [8] from [9]

20 0.09 0.07 0.09
59.5 0.32 1.92 0.30
100 1.19 5.40 1.20
165.9 4.60 11.5 4.21
391.7 14.1 17.3 12.6
661.6 16.2 18.2 14.8
1250 17.3 18.8 16.4
2614 17.9 19.1 17.3
5000 17.9 19.2 17.5
10000 18.7 19.2 19.1

As can be seen from Table 1, calculations of
the position of the effective center of the Nal(Tl)
J40x40 mm detector using the Monte Carlo method
and the formula from [9] give comparable results.
The calculated values of the detector effective center
position using the formula from [§8] in the 60 keV—
3 MeV range are larger than those obtained by the
Monte Carlo method and the formula from [9],
while in the 60-200 keV range they are significantly
overestimated (up to 600 %) relative to the values
obtained by the Monte Carlo method and the formula
from [9].

However, there is no information about the
position of the effective center when the source is
located at a short distance from the detector, because
in this case, the smaller the distance between
the radiation source and the detector, the more
heterogeneous the dose profile.

Since point sources are used for calibration, and
the distance between the radiation source and the
detector in a low—background shield or on a facility
with protection from external gamma radiation
background is small, the dose profile is determined
according to the law of squares of distance. In such
a case, the location of the effective center of the
detector will be significantly affected by the distance
between the radiation source and the detector itself —
the smaller the distance, the steeper the dose profile
in the detector.

Thus, errors in determining the distance from
the center of a point gamma radiation source to the
effective energy release center of the detector can
lead to incorrect determination of the dose rate,
which in turn will lead to errors in the calibration
of dosimetric measuring instruments by the method
of substitution.

Results and discussion

To account for the position of the effective
center of the detector depending on the detector
irradiation geometry and on the distance to the
radiation source, calculations were performed for
Nal(Tl) based scintillation detectors of “popular”
sizes using the Monte Carlo method. The distances
between the radiation source and detector were
chosen based on the operating distances that could
be achieved in a low—background shield or on
a facility with protection from external gamma
radiation background. In addition, we compared the
position of the effective energy release center for
scintillation detectors based on Nal(Tl) “popular”
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sizes for the case with a point source and a parallel
flux of gamma radiation.

To solve this problem, an original method was
applied, which we will consider using the examples
when the uniform gamma radiation flux is normal
to the side surface of the detector and when a point
source of radiation is applied to the end face of a
cylindrical detector.

When calculating the position of the effective
energy release center for a uniform gamma ray flux,
we imposed on the cylinder a virtual grid consisting
of tightly spaced cells. The virtual grid itself as a
whole is a parallelepiped with a height equal to
the height H of the cylindrical detector. The cross

WA b

]

-

W

a

section of this parallelepiped is a square with a side
equal to the diameter of the detector D. This
parallelepiped is sliced along the height into nar-
row extended cells. The length of each cell is equal
to the height of the cylinder H. The cross section is
square with side D/N, where N is the number of cells.

In the process of modeling the impact of gam-
ma ray flux on the detector, we accumulate the ener-
gy release in each cell separately. As a result we
obtain for each cell some value averaged over its
volume. I. e. at the output we have a two—dimensional
table of energy release. And then we find the posi-
tion of the effective center for this detector by a
certain technique (Figures 1 and 2).

5 14 13 12 11 10 9 8 7 6 5

gamma ray flux

2222222222222 2222 6

b

Figure 1 — Visual representation of the effective center calculation: the process of overlaying the grid on the detector
side projection (a) and energy accumulation in each grid cell (b)

125

a

Figure 2 — Energy distribution of gamma radiation flux with energy 59.5 keV (a) in Nal(Tl) scintillation detector
?¥25x40 mm and 662 keV (b) in Nal(TI) scintillation detector #40x40 mm. In the palette on the right, one represents

the maximum, and the other numbers represent its fractions
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In the case of a point source, it was above the
detector on its symmetry axis, so the problem was
solved in the axial symmetry approximation.

The elementary cell of the virtual grid of
accumulation of allocated energy was a ring with a
rectangular cross section. The figure is simplified,
because in reality the partitions are not 8 in radius
and not 32 in height, but an order of magnitude mo-
re. For example, for Nal(Tl) @#40x40 mm, 662 keV
point source on the surface of the entrance window
(i. e., 50 mm from the crystal), 50 radial partitions
and 100 in height were made. Thus, 5.000 ring-

i

a

shaped elementary cells were set (although the cells
“strung” on the symmetry axis are not rings, but
disks, conditionally they can be called rings with
zero internal radius).

At the end of the simulation, the energy
accumulated in each ring was divided by its
volume (or mass, depending on the desired units).
The result was a two-dimensional distribution of
the specific energy allocated in the detector crystal.
The grid of partitioning the cylindrical crystal into
energy release cells in the simulation had the form
shown in Figure 3.

Figure 3 — Simplified example of dividing the crystal volume into 8 elementary rings by radius and 32 layers by
height (a); example of a two—dimensional energy release pattern (b); example of a three—dimensional energy release
pattern (c). In the palette on the right, one represents the maximum, and the other numbers represent its fractions

Next, the extracted energy was summed over
the radial cells for each layer. As a result, a one—
dimensional depth distribution of the extracted
energy was obtained. The effective center was found
provided that the areas under the curve to the right
and left of it were equal.

Tables 2, 3 present the results of Monte Carlo
calculations of the position of the effective energy
release center of Nal(Tl) ©¥40x40 mm and Nal(Tl)
025%40 mm detectors for a point gamma radiation
source at different distances from the detector and
for a parallel flux of gamma radiation in the case
when the radiation falls on the end and on the side
surface of the detector, respectively.

As can be seen from tables 2, 3: as the distance
between the detector and the point gamma radiation
source increases, the effective center shifts deep into
the detector and for a distance of 1 meter practically
coincides with the case when the radiation field is
created by a parallel flux of gamma radiation. This
suggests that at distances of more than 1 meter
between the source and the detector, the dose profile
in the detector is similar to the dose profile when

the radiation falls on the detector as a parallel flux.
So, for distances less than 1 m between the source
and the detector, the displacement of the position
of the effective energy release center must be taken
into account.

Consider the Nal(T1) detector @40x40 mm. For
the 12.5 cm “point source—detector” distance, the
displacement of the position of the effective energy
release center of the detector in the example of the
source with the radionuclide *’Cs is 2.2 mm for
the end-exposed geometry and 2.3 mm for the side-
exposed geometry relative to the parallel gamma
radiation flux. This offset will lead to relative errors
in dose rate determination of 3.5 % and 3.7 % for
the detector end and side irradiation geometries,
respectively. When using a source with radionucli-
de **'Am, the displacement of the position of the
effective energy release center for the end geometry
at any distance according to our calculations is not
observed, and in the lateral irradiation geometry the
displacement will be 1.04 mm at 12.5 cm “point
source—detector” relative to the parallel flux of
gamma radiation.
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Table 2

Results of calculating the position of the effective energy release of the Nal(Tl) ¥40x40 mm detector
for a point gamma radiation source at different distances from the end and side surfaces of the detector,
for a parallel flux of gamma radiation

Distance from
source to end

Distance from the end surface of Nal(TI) scintillator to the effective center, mm

surface, mm 59.5 keV 100 keV 200 keV 392 keV 662 keV 2.614 keV
50 0.29 1.10 5.13 10.4 12.1 13.0
125 0.32 1.15 5.90 12.2 14.1 15.5
250 0.32 1.19 6.30 13.0 15.1 16.6
500 0.32 1.21 6.51 13.5 15.7 17.3
1000 0.32 1.22 6.61 13.8 15.9 17.6
Parallel flux 0.32 1.23 6.65 14.1 16.3 18.2

Distance from

Distance from side surface of Nal(T1) scintillator to the effective center, mm

the source
to the side 505keV  100keV ~ 200keV  392keV  662keV  2.614keV
surface, mm
50 1.95 2.80 6.75 TRY 124 13.1
125 3.05 4.16 8.56 13.7 15.2 16.2
250 3.76 4.72 9.29 14.7 16.2 17.2
500 4.0 4.99 9.64 15.1 16.7 17.8
1000 417 5.14 9.83 15.4 17.0 18.1
Parallel flux 429 5.19 9.97 15.7 17.5 19.9
Table 3

Results of calculating the position of the effective energy release of the Nal(Tl) detector ¥325%40 mm
for a point gamma radiation source at different distances from the end and side surfaces of the detector,
for a parallel flux of gamma radiation

Distance from
source to end

Distance from the end surface of Nal(TI) scintillator to the effective center, mm

surface, mm 59.5 keV 100 keV 200 keV 392 keV 662 keV 2.614 keV
50 0.28 1.10 5.12 10.1 11.6 12.8
125 0.29 1.19 6.00 11.9 13.7 15.3
250 0.30 1.23 6.34 12.8 14.7 16.4
500 0.30 1.25 6.52 13.2 15.3 17.1
1000 0.30 1.26 6.63 13.5 15.6 17.5
Parallel flux 0.30 1.27 6.67 13.6 15.8 18.1
Distance from Distance from side surface of Nal(TI) scintillator to the effective center, mm

the source

to the side 59.5keV  100keV  200keV  392keV  662keV  2.614keV
surface, mm

50 1.77 2.61 6.08 8.78 9.30 9.57
125 2.34 3.23 6.99 9.86 10.5 10.8
250 2.55 3.44 7.34 10.3 10.9 11.3
500 2.66 3.56 7.52 10.5 11.1 11.5
1000 2.71 3.62 7.60 10.6 11.2 11.6
Parallel flux 2.80 3.70 7.80 10.7 11.4 12.0

246



Ipubopul u memoowvl usmepenui
2021.—T. 12, Ne 3. — C. 239-248
R. Lukashevich, G. Fokov

Devices and Methods of Measurements
2021, vol. 12, no. 3, pp. 239-248
R. Lukashevich, G. Fokov

In this case, the relative error in determining
the dose rate for the lateral geometry will be 1.7 %.
Obviously, when the distance “point source—
detector” increases, the relative error in measuring
the dose rate will decrease. In addition, it should be
noted that using the geometric center of the detector
instead of the effective energy release center of the
detector, will lead to an even larger relative error in
determining the dose rate.

When making measurements or calibrations
under conditions of small distances between the
point radiation source and scintillation inorganic
detector of Nal(Tl) type for working distance
“source—detector” from 10 to 50 cm it is necessary
to calculate the position of effective energy release
center of during calibration of measuring instru-
ments on dose rate taking into account the distance
between gamma radiation source and detector.
This is relevant when working on calibration under
conditions of the facility that has protection from
external gamma-radiation background, using point
gamma-radiation sources. For working “source-
detector” distances greater than 50 cm, it is possible
to use calculations of the position of the effective
detector energy release center for parallel uniform
gamma radiation flux without taking into account
the influence of the distance between the radiation

source and the detector. In this case, the relative
error in determining the dose rate will not exceed
0.3 %.

Since the issue of taking into account the
displacement of position of the effective energy
release center when working at short distances using
point gamma radiation sources has been resolved,
it was decided to find functional dependences to
determine the position of the effective center of
energy release for calibration in conditions of low-
background shield or at a facility with protection
from external gamma radiation background when
using sources with radionuclides **'Am and "*'Cs.
The choice of these sources is justified by their
application during calibration and verification of
measuring instruments, including in accordance with
the verification scheme for facilities with protection
against external gamma radiation background. The
range from 10 to 100 cm was chosen as the working
distance “‘source—detector” based on practical
considerations.

Table 4 presents the calculated functional
dependences of the position of the effective energy
release center for two types of Nal(Tl) detector sizes
4040 mm and ©¥25%40 mm as a function of the
distance from the point source of radiation to the

detector.
Table 4

Functional dependences of the position of the effective energy release center depending on the distance
to the point radiation source in the range of operating distances from 10 to 100 cm

Type of detector Gamma radiation Geometry .of.detector Function £(x), mm
size source irradiation
" End 8.387x107° - x—6.056 X107 - x* +0.277
Am
Side 1.409x107 - x—9.086x107 - x* +2.202
02540 mm End 6.819x107 4.301x107°-x* +13.074
137 n 819%107° - x—4.301x107°-x* +13.
Side 2.718x107 - x—1.734x10™° - x* +10.209
. End 9.527%x107° - x—7.084%10™ - x> +0.295
04040 Side 3377107 - x—2.15%10° - x* +2.932
mm
W10 End 6.706 X107 - x—4.249x10™° - x* +13.461
Side 6.745x107° - x—4.334x107° - x* +14.542

The above functional dependences allow us
to calculate the distance of the detector surface
to the effective center, taking into account the
detector's packing and reflector. Detectors with MgO
reflectors with a density of 0.6 g/em” and alumi-
num packaging with a thickness of 1.5 mm were
used in the calculations. For detectors within detec-
tor units, the distance from the surface of the detec-
tor unit to the surface of the detector must also be
taken into account.

Conclusion

An original method of determining the position
of the effective energy release center of scintillation
detector when irradiated by a point source of radiation
on the side and end surface of the crystal using
Monte Carlo methods is proposed. Calculations are
made and functional dependences of the position of
the effective energy release center of the Nal(Tl)
scintillation detector of “popular” sizes are obtained.
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The study confirmed that for inorganic
scintillation detectors of medium sizes (e.g.,
¥25%40 mm or @40x40 mm) the point source of
gamma radiation, located at a distance of 1 m or
more, produces a radiation field, which does not
differ in characteristics from the field of radiation
produced by parallel flux of gamma radiation.

It is shown that approaching the point source
of gamma radiation to the surface of inorganic
scintillation detector leads to displacement of the
effective energy release center to the surface of the
detector. This is most likely due to large photon
dispersion due to close location of the point gamma
radiation source to the detector surface, as a result
most of the photons after one or more interactions
leave the detector working volume, and it is also
related to the dose profile according to the inverse
law of distance squares.

Based on the calculated data obtained, the
functional dependences of the position of the
effective energy release center of Nal(Tl) crystal-
based detector units on the distance to the point
gamma radiation sources and the energy of gam-
ma radiation sources for calibration problems in
conditions of small ‘“source—detector” distances
were constructed. For example, under conditions
of calibrating the dosimeter on a low-background
shield or on a facility with protection from exter-
nal gamma radiation background.

The results of the study will also be relevant for
detectors of larger sizes, for example, @63%x63 mm
or larger. For such cases, the displacement of the
position of the detector’s effective energy release
center relative to the parallel gamma radiation
flux will be larger than for the detectors given
in the article. Accordingly, the relative error in
determining the dose rate from point sources at
small source—detector distances for such detectors
will depend on the linear dimensions of the
detector.

The obtained data and functional dependences
of the position of the effective energy release center
of scintillation detectors are planned to be used
on the facility with protection against external
gamma radiation background for calibration and
verification of dosimetric measuring instruments at
the “ATOMTEX” enterprise.
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Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

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

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

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

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha nepBoii cTpaHuiie CTaTby YKa3bIBAIOTCS: MHJIEKC
VJIK, HazBaHue crarbu, paMuiIuM aBTOpoB ((paMuius aB-
TOpa, C KOTOPBIM CIIlyeT BECTU IEPEHHCKy, OTMEUaeTcs
3BE3JJ0YKOM U YKa3bIBACTCS €0 aJpec dJIEKTPOHHOW MOY-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEIl TNPHUMEHEHHS; CIINCOK HCIIOJIb30BAHHBIX
MCTOYHUKOB. AHHOTAlUs, KIIIOUEBBIE CIIOBA, CITUCOK HC-
MOJIb30BAHHBIX MCTOYHUKOB TPEJCTABISIOTCS HA PYCCKOM
Y AHITIMACKOM SI3BIKAX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
OpasuTelbHbIil Marephan BCTaBISIETCSl B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, paspeumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt




MMPABUJIA O®OPMJIEHUSA CTATEN

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,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hauepranue oOo3HaucHH B (QOpMyiax u B OC-
HOBHOM TEKCTE JIOJDKHO OBITH ITOJHOCTBIO HMJCHTHYHO.
B pacmmdpoBke Qopmyn, KoTopash HAYMHAETCS CIOBOM

«T7e», CHMBOJIBI U UX TOPSIOK JIOJDKHBI COOTBETCTBOBATH
CHMBOJIAM ¥ X TIOPSAKY CJIEI0BaHUs B (hOpMyIax.

19. Cricok MCHOb30BaHHBIX MCTOYHUKOB COCTaBIISI-
eTcsl B IOPSIIKE YIOMUHAHHS CCBUIOK TI0 TEKCTY, JOJDKCH
coziep Karh 1ojHbIe OubIorpaduyeckue JaHHbIE U IPUBO-
JIUTCSI B KOHIIe cTarbi. He pekomeHnyercsi 1aBarh CCHUIKH
Ha MaTepualibl KOH(EPEeHIi, CTaThH U3 AIIEKTPOHHBIX XKYP-
HastoB Oe3 uaeHtugukaropa DOI, yueOHbIC MOCOOUS, HH-
TepHeT-pecypchl. CCBUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomycKatoTcs. JKenarenbHo, YTOObI KOJTMYECTBO CCHUIOK
6su10 He MeHee 10; camonmTHpoBanue — He 6omee 20 %.

20. ABTOpHI Ha OTAETHFHON CTPAHHUIIE TIPETOCTABIIIOT
0 cebe crenyronme cBeleHMs: (paMuIINs, UMs, OTYECTBO,
yueHasl CTEIICHb W 3BaHHE, MeCTO pabOThl M 3aHMMacMasi
JIOJKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararolue pe3ynsTaThl HCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOLIIEE pa3pelIeHUue Ha OMyOJIMKOBaHHE B OTKPBITOM
revyarH.

22. Ilpu HeoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAMMEHOBaHKE (hOHJIA, OKa3aBILero (HHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IPO-
rpaMMBbl, B paMKax KOTOPOW BBIITOJHEHa padoTa, Ha pyc-
CKOM U aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke OImyOIMKOBAHHBIX HIIH
HPUHSTBIX K NEYaTH APYTUMH U31aHUSMH.

24. CtaTby, HE COOTBETCTBYIOIUE MEPEUNCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE IPHHUMAIOTCS U BO3-
BpamaioTcd apropaM. JlaToll MOCTYMJICHUS CUHUTAeTCs
JICHb MOJTyYEHHUs pelakiiel MepBOHAYaIbHOTO BapUaHTa
TEKCTa.

25. Penakiusi mpeaocTaBisieT BO3MOXXHOCTh TIEPBO-
0YEpEHOTO OMyONMKOBAHUS CTaTeH JMIIaM, OCYIIECTBIIs-
OIIMM TIOCJIEBY30BCKOE 00yUeHHe (aCUpaHTypa, JOKTOp-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEPIICHUS OOYYCHUS;
HE B3UMaET IUIaTy ¢ aBTOPOB 3a OMyOJMKOBAaHHE HAYYHBIX
cTarel; OCTaBIsIeT 32 co0O0 MpaBO MPOM3BOIUTH peIaK-
TOPCKHE IPaBKH, HE UCKAXKAIOIINE OCHOBHOE COZIEPKaHNE
CTaThH.
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7. Figures should be black-and-white, represented
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and added with captions. All symbols in figures should be
descripted.

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

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

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

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end of the
article with full bibliographic information. Order of refe-
rences should correspond to the order of their occurrence
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number, textbooks, internet resources. References on un-
published works are prohibited. It is recommended to refer
to not less than 10 references, self-citations — not more than
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14. Articles containing investigation results obtained
in organizations should have a corresponding permission
for publication.

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

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

17. Articles not meeting the requirements of the Edi-
torial Board would not be accepted and may be returned
to the authors. The date of receipt is considered to be the
day when the Editorial Board receives the author’s original
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18. Authors conducting postgraduate (graduate stu-
dies, doctoral studies) have a priority in publishing their
articles out of queue in the year of completion. Authors
do not pay for publishing scientific articles. The Edito-
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