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1 METOIbI UCCJTEAOBAHUMN
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INSTRUMENTS AND METHODS
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METOA OIIPEAEAEHV A BBICOTBI
HEMN3BECTHOI'O KOCMHUYECKOI'O Ob'bEKTA
AASI OLTEHKY BEAMYMHBI HAKAOHHOUW AAABHOCTHU
B 3AAAYAX BBIYMICAEHUA OPBUT
ITO YTAOBBIM OIITUYECKUM U3MEPEHUAM

B. C. BAPAHOBAY, A. A. CITHPH/[OHOB", B. JI. KO3JIOB",
JI. B. VUHIAKOB", B. . CAEYHUKOB"

1)Eeropyccqu"t eocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyce

Annomayus. IlpeactaBieH METO/ OIEHKH BBICOTHI HEU3BECTHOIO KOCMHYECKOTO 00BEKTa B PUOIMKEHUN OKO-
JIOKPYTOBOTO OPOUTAIEHOTO JBMKEHHSI, KOTOPBIH MPUMEHEH IS KOPPEKTHPYIOIIETO pacyeTa mapaMeTpa HaKJIOHHON
JAIbHOCTH M OTIPE/ICIICHNUS IBYyX PaJNyC-BEKTOPOB MOJI0KEHHSI HA OCHOBE ONTUYECKHUX YITIOBBIX U3MEpeHuil. B meTto-
Jie Ha4aJIbHOTO OIIpe/IeNICHNs] OPOUTHI HCIIOIB30BAHBI JBA PaIyC-BEeKTOpa OBYyX oOiacTeld 0OHApYKEHHUs HEH3BECTHO-
TO CITyTHHKA IO OTIOPHOMY CITyTHHKY-Macke. BricoTa opOUTHI Juts IByX oOiacTell yIIoBbIX W3MEPEHHH 00HAPYKEHHOTO
cnyTHuUKa Indefix/Ariane 42p onpenenena ¢ omuOkoi 2,1 u 2,2 KM COOTBETCTBEHHO IPH PACUETHOM 3HAUYE€HHU BBICOTHI
B YIPOLIEHHON Mojenu oommx Bo3myiieHuit (SGP), paBaoM 752,2 kM. B pesynbrare BeIUHCIEHHH KOPPEKTHPYIOIINX
3HAUEHUI Ha OCHOBE JAHHBIX BBHICOTHI OIIMOKA HAKJIIOHHOH JalbHOCTH HE MpeBbickia 3 kM. [IpoBeseH cpaBHUTEIBHBIN
aHaJIN3 Pe3yIbTAaTOB HAYaJIbHOTO OTPE/IeTICHNsI OpOUTHI 0OHAPYKEHHOTO CIyTHUKA [ndefix/Ariane 42p Ha OCHOBE OLIEHKH
HaKJIOHHOH JaJbHOCTH Yepe3 BEIHMUHHY MPOEKIUH JTMHEHHON CKOPOCTH Ha INIOCKOCTh KaJipa, a TAKIKE C UCIOJIb30BaHUEM
KOPPEKIIMU HAKIIOHHOW JIAIbHOCTH Yepe3 OLIEHKY BBICOTBI OPOUTHI KOCMHUYECKOTO OOBEKTA.

Knrouesvie cnosa: xocmudaeckuit O6I>€KT; OINTUYCCKUC U3MCPCHUS; Op6I/ITaJ'ILHBI€ napaMeTphl.
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I[IpuGops! 1 MeTOABI HCCIIEA0BAHUN
Research Instruments and Methods

METHOD FOR DETERMINING THE ALTITUDE
OF AN UNKNOWN SPACE OBJECT
TO ESTIMATE THE SLANT RANGE IN PROBLEMS
OF ORBIT CALCULATION
FROM ANGULAR OPTICAL MEASUREMENTS

V.S. BARANOVA®, A. A. SPIRIDONOV?®, V. L. KOZLOV",
D. V. USHAKOV"®, V. A. SAETCHNIKOV*

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: V. S. Baranova (vbaranova@bsu.by)

Abstract. A method for estimating the altitude of an unknown space object, assuming near-circular orbital motion, is
presented. This technique is applied to adjust the slant range parameter and determine two position radius vectors based
on optical angular measurements. The initial orbit determination approach utilises two radius vectors from correlated de-
tection regions of the unknown satellite relative to a reference mask satellite. The orbital altitude for the two angular mea-
surement regions of the detected Indefix/Ariane 42p satellite was determined with errors of 2.1 and 2.2 km respectively,
compared to the calculated altitude of 752.2 km in the model of simplified general perturbations. By incorporating alti-
tude-based corrections, the slant range error did not exceed 3 km. A comparative analysis was conducted on the initial
orbit determination results for the /ndefix/Ariane 42p satellite, evaluating the slant range through the projection of linear
velocity onto the frame plane and using altitude-based corrections for slant range estimation.

Keywords: space object; optical measurements; orbital parameters.

BBenenune

JlaHHBIE YTTIOBBIX H3MEPEHUI OPOUT KOCMHUYECKUX OOBEKTOB C UCTIOIB30BAHUEM ONITUYCCKUX JTATYUKOB 00-
JIaJIat0T BBICOKOW TOYHOCTBIO, HO OTPAaHUYCHBI OTCYTCTBUEM MH(OpMaIu 0 1anbHOCTH 0 00bekTa [ 1]. Kitaccu-
YECKHUE METOJIbI HAYaIHHOTO OTIPEIeNICHNsT OPOUTHI HA OCHOBE TOJILKO YITIOBBIX U3MEPECHHH 1 X BCEBO3MOXKHBIC
Monu(pHUKAIIH TTO3BOJISIOT PENIaTh MPOOJIEMY OTCYTCTBHUS HH(OPMAIIUN O JATBHOCTH IO 00BEKTa TIOCPEACTBOM
nreparonHoi 06padorku [2]. Hanbomnee ycToitunBoe perieHne HaqyaabHOTO ONpeeIeHUs] OPOUTHI TPEI0CTaB-
nsiet meton ['aycca [ 1-3], B KOTOPOM HCTIONB3YETCS MOTMHOM BOCHMOU CTEIICHH ISl UTEPAIIMOHHOTO TOMCKA 3Ha-
YeHUsI HAKJIOHHOU nankHocTU. Metox ['ymunra [ 1] 1 Mmeton ABOMHOM r-utepanuu [ 3] st pacyera OpOUTaIbHBIX
napaMeTpoB TPEOYIOT KOPPEKTHOTO HAUYaIbHOTO MPUOIMKSHHS O JAJILHOCTH JI0 00bEKTa, HHAYe TPOIIECC CXO-
JUMOCTH METOJIa YCIIOKHUTCS M OKKETCSI HEYCTOWIMBBIM. KpoMe TOoro, KaXkIblil U3 YKa3aHHBIX KIIACCUYCCKUX
METOZIOB OTPaHUYEH YCIOBUAMH IpUMeHUMOCTH [4; 5]. OCHOBHBIE OTPaHWYECHUS HAKIIQABIBAIOTCS HA YTIIOBYIO
¥ BPEMEHHYIO Pa3HUILy MKy u3MepeHusMu. [1oaToMy pa3BUBaeTCs TEHIEHITNS ITONCKA YHUBEPCAIBHBIX Me-
TOJIOB HAYAJIBHOU OIICHKH OPOUTHI 110 YIIIOBBIM ONITUYECKUM M3MEPEHHSIM, HanOoJee MPaKTHIECKHA 3HAYNMBbIC
13 KOTOPBIX UCTIOJIB3YIOT Pa3INYHbIC TEOMETPHUSCKHAE COOTHOIICHUS [6] C IETaIbHBIM BEPOSTHOCTHBIM aHAJIH-
30M [7-9]. BonbmMHCTBO 13 TOXOOHBIX METOZIOB OPUEHTHUPYIOTCS Ha PElIeHHE POOIEeMBI pacueTa OpOHTHI 110
YIJIOBBIM ONTHYECKUM M3MEPEHUSIM JIJIs YCIIOBUI OTpaHUYeHHOT0 KoJruecTBa JaHHbIX [10—12], Ho mpobiema
OTCYTCTBHUS HH()OPMAITHH O JAITBHOCTH 10 00bEKTa OCTACTCS HEUCCIIEJOBAHHON. YCIIOBHSI OTPaHUYEHHBIX JaH-
HBIX XapaKTePHBI T pabOTHI ¢ acTeponnaMu [ 13], a B mociieHee BpeMs MPeAeIbHO BaXKHBI B HAOTIOACHISX 3a
KocMH4YeCKAM MycopoM [ 14]. OmHO U3 BO3MOXKHBIX PEIICHNUN 331a49H OTIPEICICHUS JaTbHOCTH JI0 OOBEKTA 110
YIJIOBBIM ONITHYECKUM U3MEPEHUSIM OBLIO MPEUIOKEHO B padote [15], rae paccmarpuBaiach OIIEHKA BBICOTHI
OpOUTHI KOCMHUUYECKOTO 00BEKTa C IPUMEHEHHUEM JIAHHBIX ONTHYECKOM CHCTEMbI HAOIFOACHUS M TEOMETPUIESCKOTO
COOTHOIIICHUS MEKJy HAKIIOHHOH aTbHOCTHIO U CKOPOCTHIO CMEIICHHS KOCMHYECKOTO O0OBEKTa B TUIOCKOCTH
kazpa. [IpemoskeHHbIN METO/T pacdeTa BICOTH OPOUTHI KOCMUYECKOTO 00BEKTa MIO3BOJISET OIICHUTH HAKIIOHHYIO
JATEHOCTH, 9TO MOYKET HCIIOIF30BAThCS KaK B KA4€CTBE HAYAIILHOTO PUOJIMKEHNS, TAK U B KAYECTBE KOPPEKIIHN
HAKJIOHHOMW JJAIbHOCTH B METOAAX HAYaJILHOTO OTPENIEICHUs OPOUTHI 110 YITIOBBIM ONTHYECKUM W3MEPEHHUSM.
B crarbe [16] aBTOpaMu omnrcaH METOI OOHAPYKEHUSI HEU3BECTHBIX KOCMUYECKUX OOBEKTOB B BHJICOJAHHBIX
ONTUYECKON CHCTEMbI HAOJIOIEHUS, KOTOPBIH MMO3BOJISIET PACCUNTATh BEJIMUNHY HAKJIOHHOM JTAJIBHOCTH HEU3-
BECTHOTO OPOUTATBPHOIO 00BEKTA HA OCHOBE OIICHKH BEJIMYMHBI MPOCKIIMH JIMHEHHOW CKOPOCTH Ha IJIOCKOCTh
Kazpa. JlanpHeiinee pa3BuTHE YKa3aHHOTO METO/1a 00HAPY KEHHSI M OTIEHKH HAKIIOHHOM JTATbHOCTH 3aKITI09aJIoCh
B pa3paboTKe METO/Ia Ha9aJIHbHOTO OTpeIeTIeHHsI OPOUTHI Ha €T0 OCHOBE, TIPY HCITOIB30BAHIH KOTOPOTO MOXKHO
OJTHO3HAYHO PACCUUTATh BEKTOP TOJIOKEHUS U CKOPOCTH HEM3BECTHOTO KOCMUYECKOTO OOBEKTA.

B Hacrosimieii pabote npeAcTaBIeH METO] ONPECIICHUS BBICOTHI U KOPPEKIIMY HAKIIOHHOW AaJIbHOCTH ISt
pacdera JIByX paJnyc-BEKTOPOB MOJIOKEHHUSI HA OCHOBE ONTHYECKHUX YIJIOBBIX U3MEPEHHI B JIByX 00IacTAX
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00OHapyKeHHsI HEM3BECTHOTO KOCMHYECKOTO 00BEKTa. DTOT METOJI O3BOJISIET, UCTIONB3Ys perieHue [aycca 3anaun
JlamGepTa [1-3] o ABYM HM3BECTHBIM PaHyC-BEKTOPaM IOJIOKEHHSI, HAUTH BEKTOP CKOPOCTH M OTPEIEIUTh
opOuTasnpHBIE TapaMeTpbl 00HAPYKEHHOTO HEM3BECTHOTO KOCMHUUYECKOT0 00BEKTA.

MeTtoz 011eHKH BBICOTHI OPOUTHI KOCMHYECKOT0 00beKTa
110 YIJIOBBIM ONITHYECKUM M3MepPeHUsIM

B npubnimkeHnn OKOJIOKPYTroBOTO OpOMTaIbHOTO ABMKEHUS (e < 1) mpobneMy oTcyTcTBHs HH(QOpMaLUU
0 JAJTBHOCTU IO KOCMHYECKOTO OOBEKTa JUIsl ONTHYECKUX YIIIOBBIX M3MEPEHUH MOXKHO PEIINTh Yepe3 OLeH-
Ky BBICOTHI 0pOuTHl H [15]. Omenka BBICOTHI BO3MOYKHA C MCIIOIH30BAaHUEM JIAHHBIX YIIOBBIX M3MEpPEHUN
MTACCUBHON ONTHYECKON CHCTEMBI HAOMIONEHUS M TEOMETPHIECKOTO COOTHOIICHUST MEXKIY BBICOTON OpOUTHI
U CKOPOCTBIO CMEIIEHUsI KOCMHUYECKOT0 00BbEKTa B MJIOCKOCTH Kajpa. M3MepeHns macCUBHOM ONTHYECKOH
CHCTEMBI IIPOBOJATCS B TOMOLEHTPUUECKOH IKBATOPHUATIBHON CUCTEME KOOPAMHAT, CBSI3aHHOM € MJIOCKOCTHIO
MecTHOTO ropu3oHTa [ 17]. [eomeTpust opOUTaIBHOTO ABHKEHUS KOCMHUYECKOTO 00bEKTa OTHOCUTEJIBHO ITyHKTa
nabmonenus (ITH) npencrasnena na puc. 1.

Kocmuuecknii
00BEKT

90° — (0 + el)

Puc. 1. TeomeTpus U3MEpEHHUI TACCUBHON ONTUYECKON CHCTEMBI
Fig. 1. Measurement geometry of a passive optical system

JA7s1 yIIIOBBIX M3MEPEHHH ONITHYECKUMHU JITaTYMKaMy OpOUTaIbHOE MOT0KEHUE KOCMUUECKOTO 00BEKTa B KaX-
IblIl MOMEHT BPEMEHHU f,, OTHOCUTEIILHO INIOCKOCTU KaJipa OIKUCHIBAETCS CIIEAYIOMIUMU IPOCTPAHCTBEHHBIMU
rapaMeTpaMu: BEKTOPOM HAKJIOHHOW JAIIbHOCTH P, BBICOTOM OpOUTHI H, yriioMm 0 Mexay HaKIOHHON AalbHO-
CTBIO M HallPaBJICHHEM Ha MOJCIYTHUKOBYIO TOUKY P, OpOUTaIbHONW CKOPOCTBhIO V KOCMHUYECKOTO 00BEKTa,
HOPMaJILHOH K paJiycy OpOHTHI I, MPOEKIHel OpOUTATIBHOM CKOPOCTH Ha MIIOCKOCTH Kaapa Vp, YIIIOM MecTa e/,
a TaKKe paguycoM 3eMiH Rp.

CornacHo puc. 1 COOTHOIIIEHHE MEX Y HAKJIOHHOW TaTbHOCTHIO P U BBICOTOW OpOMTHI H JIst OpOUTATHHOTO
HOJIOKEHHS KOCMUYECKOT0 00beKTa OTHOCUTENILHO Ha3eMHoro ITH B MOMEHT BpeMeHH f,, MOKHO MOIY4UTb U3
TEOPEMBI CUHYCOB:

Ry p Ry +H

sin(0) sin(90°—el — )  sin(el +90°)’

C y4eToM TPUrOHOMETPHYECKOTO YIIPOIIeH s COOTHOMIEHH (1) IIpOCTPaHCTBEHHOE COOTHOIIIEHHE MEK/TY OpOHTaITb-

HBIM II0JIOKEHUEM KOCMUUYECKOr0 OOBEKTA M HA36MHOM CTAHIMEeH HAOJIFONEHHUsI B MOMEHT BPEMEHH 7, IPUHUMAET BU]
Ry p_Ry+H

sin(0) - cos(el +6) - cos(el)’

M
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W3 pyHaamMeHTaIbHBIX IPUHLUIIOB F€OMETPUYECKON ONTUKU JJI1 MOMEHTA BPEMEHH f,, BEJINUUHY IIPOEK-
1 OpOUTAIIBHOM CKOPOCTH KOCMUYECKOTO 00BEKTa Ha INIOCKOCTh Kapa V» MOXKHO CBS3aTh C BETMYMHON Ha-
KJIOHHOH JJAIbHOCTH P Yepe3 MmapaMeTp pacCTOSHUS 0 MPUEMHOTO JaTYMKa ONITUIECKON cucTeMbl f. OOBIYHO
TaKOU TIO/IXOJ] UCTIONIB3YETCsI IPH pacueTe GyHKINH NOKPBITHS ¥ ITIAHWPOBAHUS ChEeMKH 36MHOW MOBEPXHOCTH
cucteMamu kocmudeckoro Haomonenus [ 18; 19]. Ha puc. 2 npencrasnena ynpouieHHas MOJAeNb (YOPMUPOBAHUS
MOCJIE/IOBATENbHOCTH N300paKEHHI KOCMUYECKOTO 00BEKTa ¢ U3MEHEHHEM BEJIMYNHBI PACCTOSHHS 10 TIPHEMHOTO
JIaTYMKa ONITHYECKOM CUCTEMBI f ITPU ero OpOUTATLHOM JBIKCHUH. B TAHHOM cllydae paccMaTpHUBarOTCsl Majible
BPEMCHHBIC NHTCPBAJIbL At MEXKAY YINIOBBIMH U3MEPCHUAMM ABYX IMOCJICI0BATCIIbHBIX Op6I/ITaHBHLIX IIOJIOXKE-
HUM KOCMHYECKOIO 06’beKTa, Ha KOTOPBIX CKOPOCTH B IIJIOCKOCTH KaJpa VP 1 HAKJIOHHYIO JaJIbHOCTH p MOXKHO
CUMTATh NOCTOSIHHBIMH. [T03TOMY 7151 MaI0ro MHTEpBaia BpeMEHH Af CIIPaBEUINBO CIIEAYIOIIee COOTHOIICHUE
MEK/y HAKJIOHHOH JIaJIbHOCTBIO P U BEJIMYUHON IPOEKLUU OpOUTAIbHOM CKOPOCTH Ha INIOCKOCTh Kajpa Vp:

VoAt wAx
P

rae At — BpEMsI, 3a KOTOPOC KOCMHYECKHI 00BEKT CMCHIACTCH B INIOCKOCTH KaJipa Ha Ax HI/IKCCHeﬁ; ® —pasMep
IIUKCECIIA, f— PacCTOsIHUEC 0 IMPUCMHOI'0 AaTYUKA.

b

VAt VAt VAl

/’ ----------- Ve

OAx

Puc. 2. Monenb GOpMHUPOBaHUS MOCIIEIOBATEIBHOCTH H300paKCHU I
KOCMHYECKOTO 0OBEKTAa IPH er0 OPOUTATBHOM ABUKESHUT

Fig. 2. Imaging sequence formation model of a space object in orbital motion

J1J151 3eHUTHBIX MPOJIETOB IPH MaKCUMAJILHOM yTiie MecTa e/ > 70° Benn4urHa NPOeKLIUH OpOUTAIBHON CKO-
POCTH Ha IUIOCKOCTh Kazpa Vp cBs3aHa ¢ yrioM 0 MEXIy BEKTOPOM HAaKJIOHHOHM JaJbHOCTH M HalpaBlICHUEM
Ha MOJICITy THUKOBYIO TOUKY P CIEAYIOIINM COOTHOIICHHEM:!

V,="VcosO,

_®
Ry +H
B uTore cuctema BBIpaKCHUH TSI BBIBOJIA KOHEYHOTO TEOMETPUYECKOTO COOTHOIICHHSI MEX/Y BBICOTON
OpOUTHI U CKOPOCTHIO CMEIICHHUST KOCMUYECKOT0 00bEKTA B IIIOCKOCTH KaJIpa BHIISIUT CICAYIONIMM 00pa3oM:

rae V= — opOuTanbHas CKOPOCTh KOCMHUYECKOTO 00bEKTa; L — TPaBUTALMOHHBIN ITapaMeTp 3eMIIH.

_ (Rg + H)cos(el +6)

- cos(el) ’

) R cos(el)
s1n(9)=ﬁ, )
Vot _omx

P [
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[Tociie cOOTBETCTBYIOMIMX MOICTAHOBOK 1 ITPe0Opa30BaHN KOHEYHOE HEJIMHEIHOE ypaBHEHHE [T pacueTa
BBICOTBHI OPOHUTHI KOCMHYECKOTO O0BEKTa Yepe3 BETHMYUHY CMEIIEeHHUs ero M300paKeHHs B IIIOCKOCTH Kajpa
Y TIapaMeTPhl YIIOBBIX M3MEPEHUI MPEICTaBIIeTCs KaK

(Ry+ )| Rysin(el) 7

- - |= . 3)
At\/a ((RE +H)2— (RE cos(el))2 )E *

OCHOBHOE OTpaHUYCHHUE, KOTOPOE HAKJIABIBACTCS Ha MPEATIOKESHHBIN METO/, 3aKJII0YAETCS B CIICTTAHHOM MPH-
OJIM>KEHWH TIPH BBIBOJIC HEITMHEHHOTO ypaBHEHHS (3) 0 paBEeHCTBE YITIOB MEK/Ty BEKTOPOM HAKIIOHHOM JIaTbHOCTH
1 HaIlpaBJIeHUEM Ha IOJCIYTHUKOBYO TOUKY P, a TakoKe Mexay Vp» 1 opOuTaibHOI cKopocThio V (cM. puc. 1, yromn 0).
JlanHoe mpuONMMKEeHNe CIpaBeIMBO M 00eCIIeunBaeT TOYHOE PEIIeHNe I N3MEPEHHUH B JIF000M TOYKE BHTKA
TOJNBKO [yt iposieToB Haja [TH ¢ MmakcumanbHbIM yrimom MecTa e/ > 70°. Jns mposieToB ¢ MaKCHMalbHBIM 3HaUe-
HUEM yria Mecta oT 55° 1o 70° yka3aHHOe nprOIMKeHUe paboTaeT TONBKO B TOUKAX H3MEPEHUS BUTKA, KOTOPBIS
COOTBETCTBYIOT 00JIACTSIM CO 3HaUE€HHEM yIiia MmecTa MeHee 70 % OTHOCUTETFHO MaKCUMAaILHOTO 3HAYCHHUS yTiIa
MecTa. IJ1s1 yIII0B, OTIIMYAIONTNXCS OT MAKCHMATBHOTO yIita MecTa MeHee ueM Ha 30 % (el > 0,7el . ), mpeamaraercs

max.

HCIIONB30BaTh CleAyHoIee NPUOIIKEHUE IJIsl pacueTa NPOEKLMH OpOUTaIbHOM CKOPOCTH Ha IIOCKOCTb Kaapa Vp:
sin(el)

Vo=V ——. 4)

sin(el,,, )

[Tocne moacTaHoBKH BeIpaxeHws (4) B cucTeMy (2) KOHEIHOE HEIMHEWHOE YPpaBHEHUE AJIS pacieTa BHICOTHI
OpOUTHI KOCMUYECKOTO 00BEKTa Uepe3 BETMINHY CMETEHHS €T0 N300paXeHHUS B INTOCKOCTH Ka/Ipa M ITapaMeTphl
YIJIOBBIX M3MEPEHMH 1151 oOnacrei el > 0,7el,, IpeacTaBiseTcs Kak

1

RE(RE + H)% sin(elmaX ) ((RE + H)z_ (RE COS(e]))2 )2

S
Atu Ry sin(el) : T oAx )

BaxHO OTMETHTB, YTO UMEHHO TOYHOCTB OTIPE/ICIICHUS TapaMeTpa PaCCTOSIHUS 10 IPUEMHOTO JaTyuKa [
Y BEJIMYMHBI CMEUICHUS N300pasKeHHUsT KOCMHUECKOTO 00beKTa AX B INIOCKOCTH Kapa MEKAY TOUKaMH YTIIOBBIX
M3MepeHui OylleT CyIeCTBEHHO BIUSTH HAa TOYHOCTh KOHEUHBIX PACYETOB BHICOTHI OPOUTHL. JleliCTBUTENHHO, 13
puc. 2 BUHO, 9TO f OyeT N3MEHATHCS B 3aBHCUMOCTH OT BEJIMYMHBI HAKJIOHHOH TAIBHOCTH P, @ UMEHHO OT
TOTO, OTIAIISETCS WIIH MPUOIMKACTCsl O0BEKT OTHOCUTEIBHO TOUKU HaOmroneHuss. C y4eToM TOro 4To pazmep
MUKCENS] — BEJIMYMHA TTOCTOSIHHAS, B AaJbHEHIIEM BBOAUTCS MOHATHE OOILEro ONTHYECKOro Kod(huuueHTa
Buza f/®. CTOUT OTMETUTD, YTO ONTHYECKUI KOIPPUIIMEHT f/ SBISECTCS HEM3BECTHBIM KO PUIIEHTOM 1 OyIeT
OIIPEETSATHCS M0 KaTMOPOBOYHBIM 3HAUECHHSIM OIIOPHOTO KOCMHUYECKOTO OOBEKTa C U3BECTHBIMHU ITapaMeTpaMH
OpOUTBHI ¥ DKCTIEPUMEHTATIBHBIMH YITIOBBIMU H3MEPEHUSIMH.

CornacHo ypaBHeHUsM (3) 1 (5) 11T 9UCIIEHHOTO pacyeTa BBICOTH OPOUTHI UCIIONB3YETCS YTOMI MecTa el,
KOTOPBIH HE SIBISIETCS MPSAMBIM PE3yJIETaTOM H3MEPEHUS ONTHYECKON CHCTEeMbI HaOmoneHus . Kak ynommuHazoch
paHee, pe3yJabTaTOM MAaCCUBHBIX ONTHYECKUX U3MEPEHHH B MOMEHT BPEMEHH f,, SIBIISIETCS T1apa TOIOLCHTPH-
YECKHX YIIOBBIX KOOPMHAT — PSIMOE BOCXOXKIeHHE 0 (1, ) 1 ckioHeHue 8(7,, ). Ficxos U3 9TOro, alropuT
YHCICHHOTO PACYETa BHICOTBI OPOUTEI BKIIOYACT IPe0Opas0BaHMe BEIMUIH IIPSIMOTO BOCXOXKACHHS OL(7,, ) U CKIIO-
Hennst 8(1,, ) B yron Mecra el. Takoe npeoOpa3soBaHHE BKIIIOYACT BBIYMCICHHE HECKONBKHX BOKHBIX BEIHUHH.
IOnunanckas nara jd ¥ rpUHBHUCKOE CpelHEe 3BEe31HOE BpeMs 0 ;g HCHONB3YIOTCS [IPU PACUETe MECTHOTO
3BE€3/IHOTO BpeMeHH O gr UIT MOMEHTa u3MepeHus ¢,,. MecTtHoe 3Be3HO0E BpeMs O g TTO3BOJISIET BEIYUCIHTH
MeCTHBbII yacoBoi yron LHA KocMU4eCcKOro o0bekTa s MOMEHTA U3MEPEHUs £, U IPeoOpa30BaTh BEIUUUHEI
TpsIMOTo BOCXOxKAeHNs o (7, ) 1 ckIoHeHus 3(7,, ) B yrol MecTa el COMIACHO CIIEAYIOUEMY BBIPAKCHHIO:

el = arcsin(sin((p)sin(éi(tm )) + cos(¢)cos(8(z, ))cos(LHA)),
e LHA =0, g1 — o(%,,); ¢ — IMpoTa TouKK HAGIIOACHUS WM PACIIONOKEHHUS! ONTHIECKOI CHCTEMBL.
Koppeknusi HAKJIOHHOM J1AJIbHOCTH

yepe3 OLEHKY BbICOTHI OPOUTHI KOCMHY€CKOIr0 00beKTa

OreHka BBICOTBI OPOUTHI KOCMUYECKOTO O0BEKTa UCTIONB3YETCs /U1 KOPPEKINH 3HAYEHHS HAKJIOHHOM JTaJIbHO-
CTH M YTOYHEHWSI TTAPAMETPOB B METOJIC HATATTHLHOTO OITpeesICHIsI OpOUTHI. B TaHHOM city4ae Isl IPeICTaBICHUS
COOTHOIIICHHUS MEX Ty BEICOTOI OpOUTHI H M BETMIMHON HAKJIOHHOW TaTHbHOCTH P yAOOHEE HCITOB30BATh YTOM Y,

8



I[IpuGops! 1 MeTOABI HCCIIEA0BAHUN
Research Instruments and Methods

YTroJ MEXAYy BEKTOPOM HaAKJIOHHOM AAJIBHOCTU P U paanyC-BEKTOPOM IOJIOKCHUA R ontnueckoi cucTeMBbl
HaOJIIOIEHUs] HA MOMEHT u3Mepenus ¢,,. [eomerpus ontuueckux uzmepenuii u3 touku O, [TH qs orpaxkenust
CBSI3M MEXIY BBICOTON OpOWTHI H M BeTWIHMHON HAKIOHHOHN MaThbHOCTH P Yepe3 Yrojl o MoKa3aHa Ha puc. 3.
Wsmepenust npoBojsaTcst u3 [1H ¢ n3BeCTHBIMY 3HAYEHUSIMU IIUPOTHI (0, IOJITOTHI A ¥ BBICOTHI /1. Hen3BecTHBIN
KOCMUYECKHH OOBEKT B MOMEHT BPEMEHU U3MEPEHHUS £, HAXOTUTCS B TOUKE S.

Kocmuueckmii

ITH WL p 00BEKT

O, 0

P
Ry H

R

r [loBepxHOCTh

3emim
Ry

[110cKoCTh KBaTOpa

o
Puc. 3. TeomeTpust B3aMMOCBSI3H MEX/Ty BBICOTOI OpOUTEI
1 BEJIMYMHOW HAKJIIOHHOH TaJbHOCTH P
Fig. 3. Geometric relationship between orbital altitude / and slant range p

JUI4 NaHHBIX ONTHYECKUX YIIIOBBIX U3MEPEHUH, B YACTHOCTH JUISl TOMOLIEHTPHYECKOTO MPSIMOTO BOCXOKIC-
HUS a(tm ) U CKJIOHECHHSI S(tm ) B MOMEHT BPEMEHH {,,, BEKTOP HAKIIOHHOHN JAIBHOCTH P PACCUUTHIBACTCA 4EPE3
€IMHUYHBIN paanyc-BekTop L (9, a), HAIIPABJICHHBIH 110 BEKTOPY HAKJIIOHHOW NalbHOCTU P = P - L. EquHu4HbII
pannyc-BeKTop L(S, oc) BBIPa)KAeTCs Yepe3 JaHHbIEC YITIOBBIX M3MEPEHUH CIEeAYIOMNM 00pa3oM:

cosd(z,, )cosa(t,,)
L(8, oc): cosS(tm)smoc(tm) . (6)
sind(1,,)
Vo y Mex/Ty BEKTOpOM HAKJIOHHOM JaTbHOCTH P M pa/InyC-BEKTOPOM MOJIokeHUs R onTrueckoii cuctembl
HaOIIO/IeHHsl HA MOMEHT U3MEPEHHUS £, PACCUUTHIBAETCS MO (HOPMyITE

L(S, (x)-R
\J = arccos —x /) (7

7, c0s 0 o1
e R=| r,sin0gr |, 7,= (CE + h)coscp nr, = (SE + h)sin(p — npoekiyu paauyc-sekropa [TH Ha sxBaropuaib-
Tk

N R
HYIO TUIOCKOCTh U Ha OCb, MEPIEHIUKYISAPHYIO 3ToH MmiockocTh; Cy = £

2 2
l1—-epsin“@

0 =Cg (1 —ef )—pam/lyc
KpuBH3HBI 3emun Ha Mepuauane ITH 1 napamerp, Xxapakrepusyrommii cxarre 3eMi; e = 0,081819221456 —
sKcueHTpucureT 3emin; R = 6378,137 kM — cpeaHull 3KkBaTOpUaIbHBLI pajuyc 3eMilu.

ComnacHo puc. 3 u TeopemMe CUHYCcOoB 11 TpeyrosibHuka OO, S BENNYNHY BEKTOPa HAKJIIOHHOM JaIbHOCTH P
MOKHO CBSI3aTh C BBICOTOM OpOUTHI /1 M BETMUMHOM eOLIEHTPUYECKOr0 pajinyc-BeKropa r = Ry + [ HenspecT-
HOTO KOCMHYECKOTO 0OBEKTa Yepe3 Yroil Y CIASIYIOMIM 00pa3oM:

Ry p _ Ry+H
. - . - . >
sin(0) sin(y—6) sin(180°—y)
e 6 — yrosn MeIy BEKTOPOM HAKJIOHHOM JIaTbHOCTH P M IEOHEHTPHUECKUM PaInyC-BEKTOPOM T
C y4eToM H3BECTHOI OLIEHKH BBHICOTHI / HEH3BECTHOIO KOCMUYECKOTO 00BEKTa H PACCUMTAHHOTO HA OCHOBE

H3MEpPEeHHH yIyia \y onpeeseTcs yromn 0:

Rysiny )
Ry+H

B utore ans yTouHEeHUs] OpOUTANIBHBIX [MapaMETPOB B METOJIE HAYAIBHOTO OINPEICICHHUS OPOUTHI MOIYIIb
HAKJIOHHOW JaIbHOCTH P PACCYUTHIBAETCS COTJIACHO CIeAyromieil popmyie:

R si -0
p=—E Slﬁ(‘lf ) )
sin©

0 = arcsin
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Merton o0Hapy:KeHHS M ONIpeaeSieHHsI OPOUTHI
HEU3BECTHOI'0 KOCMHYEeCKOro o0beKkTa

B pabore [ 16] aBTOpamu npeIjIoKeH METO/] O0OHAPYKEHHUS, KOTOPBIi [TO3BOJISICT TPOBOIUTD OLIEHKY HAKJIOHHOMN
JAJIbHOCTH Yepe3 BEJIMYMHY MPOEKIINN JIHHEHHOM CKOpOCTH Ha MIIOCKOCTh KaJipa HEU3BECTHOTO KOCMUYECKOTO
00BEKTA [0 YIIIOBBIM ONTHYECKUM H3MEPEHUSIM. MeTos1 00HapY>KeHUsI peLIaeT 3a/1a4y YCTAHOBICHHUS HATMYMS WITH
OTCYTCTBHSI CUTHAJIa HHTEHCHBHOCTH KOCMUYECKOTO 00BEKTa 1 3aKITFOYaeTCst B 00paOOTKe BUIEOIOTOKA C FICTIONB30Ba-
HHIEM Ha0Oopa COTIIaCOBaHHBIX (PUITBTPOB C SKCTIEPUMEHTAIBHBIMH ONITHYECKUMH JaHHBIMH U TTapaMeTPaMU IBIKEHHS
M3BECTHBIX KOCMUUECKHX 00BheKTOB, HabophI cornacoBaHHbIX (DUIIBTPOB CTPOSITCS HA OCHOBE CBsI3H (POPMBI (yphe-
CIIEKTpa PAa3HOCTHOTO KaJipa U BEJIMYUHBI IPOSKIMHU JTMHEHHON CKOPOCTH JBMKEHHS Ha IIOCKOCTH HAOIIOACHHSI.
B nanHOM Cityyae TOUHOCTb OLICHKU BEJTMUMHBI HAKJIOHHOM JATbHOCTH CBSI3aHA C TOYHOCTBIO COBIIAICHNUS BETMUMHbI
TIPOEKITNH JTMHEWHON CKOPOCTH Ha IIOCKOCTH Kajpa OMMOPHOTO M 00HAPYKEHHOTO KOCMHYECKOTO amnmaparta [16].
Ha ocHoBe npeyioykeHHOM OLIEHKH BETMUMHBI HAKIIOHHOW JalbHOCTH Pa3paboTaH METO/l Ha4allbHOTO OIpesierie-
HUSL OpOUTBI HEU3BECTHOTO KOCMHYECKOTO 00BEKTa, KOTOPBIN UCIIONB3YET JaHHbIE IByX 00acTeld JeTEKTUPOBAHNUS
1 YIJIOBBIE M3MEPEHUSI B IBYX OITM3KO PACTIONIOKEHHBIX TOUKAX /sl Kaxoi obmactu [20]. [Tox o6nacTeio nerektupo-
BaHUS MOZPa3yMeBaeTCs 001acTh HaBEICHNS ONTHYECKOH cucTeMbl. OTlleHKa HAKIIOHHOH JTATbHOCTH Yepe3 BENTMUUHY
MIPOEKLIMH JIMHEHHOW CKOPOCTH B IUIOCKOCTH KaJipa JAaeT BO3MOKHOCTH BBIUMCIINTS /IBA PaJNyC-BEKTOpa Ha JIyre
OJIHOTO MPOJIETA, YTO JOCTATOYHO JUISl pacdeTa BEKTOpa CKOPOCTH M OAHO3HAYHOIO ompeseneHust opouTsl. Hamnee
TIPE/ICTaBIIEH METO ] HA9aIbHOTO OITPE/IEIIEHHsI OPOHTHI TI0 YITIOBBIM ONTHYECKIM M3MEPEHHSIM Ha OCHOBE OIEHKU
HaKJIOHHOW JaTbHOCTH Yepe3 BETNINHY POEKINH JIMHEHHON CKOPOCTH Ha IFIOCKOCTH KaJIpa, a TAKKe C MCMOJIb30Ba-
HHEM KOPPEKIMH HAaKIIOHHOH JATbHOCTH Yepe3 OLEHKY BBICOTHI OPOUTHI KOCMHYECKOT0 00bekTa. CTOUT ITOTYEPKHY T,
YTO METOJI OLICHKH BBICOTBI, KaK M METO/I OOHApY KEHU S, IIPEIUIOKEHHBIH B padoTe [16], mo3BoMsIeT NPOBOIUTH pac-
YeT HaKJIOHHOW atbHOCTH. OCHOBHOE pasiiiirie 000MX MOIXO00B 3aKITI0YAETCsI B TOM, YTO B METOJIE OOHApY KEHUS
HAaKJIOHHAs1 JJAJIbHOCTh BBIYUCIIIETCS YePE3 KOCBEHHYIO OLIEHKY MPOEKIIMU TUHEMHOM ckopocTu. KocBeHHas olieHka
MPOEKIMH JIMHEHHOH CKOPOCTH BHOCHT ONPEEISIIONLYI0 OLIMOKY B HTOTOBBINM pacyeT mapameTpoB opouTsl. [Tpu
onpeeeHUH HAKJIIOHHOW JAJIBHOCTH Yepe3 OLEHKY BBICOTBI COIIACHO HETMHEHHOMY ypaBHEHHMIO (3) Ha OLINOKY
B OOJIBIIIEH CTETIEHN MOTYT BIIUSITH ONITHYECKHUN KOX(PPHUITUEHT U TOUHOCTD JIOKATU3AINH THKCETFHOTO CMETICHUS!.

B pemnienny 3a1aun Ha4aJILHOTO OTPEIEIICHUSI OPOUTHI UCTIONB3YIOTCS YIIOBBIE H3MEPEHUS — MPSIMOE BOC-
XOXKJEHUE O, U CKIoHeHue 0,, (i =1, 2, 3, 4) — B nepBoii (B Toukax 1 u 2) u Bropoii (B Toukax 3 u 4) obnactu
OOHapy»KEHUsl CIIyTHUKA-MAaCKHU, yIJIOBbIE U3MEPEHUsS — MIPAMOE BOCXOXKICHUE OL;; U CKJIOHEHUE O,; — HEU3-
BECTHOTO KOCMHUYECKOT0 0OBEKTA JUIsl HAXOKAECHHs IBYX PaJlyC-BEKTOPOB HAKJIOHHOM JanbHOCTH P, (=1, 3)
B TONOLIEHTPHYECKOM cucteMe koopauHar ITH u 3atem 1ByX pannyc-BEKTOPOB IOJIOKEHUS I';y B TEOLEHTPUIECKON
MHEpUHUATBLHON cucTeMe KoopanuHaT. ['eoMeTpuueckast HHTEpIpeTalys TEXHOIOTMH YTIIIOBBIX U3MEPEeHNH AIis
IBYX o0JiacTeil 0OOHapy:KeHHUsI ONTHYECKOHM crcTeMOl HaOmoneH st peicTaBineHa Ha puc. 4. Haknonnas nais-
HOCTB ,; B TOIIOLIEHTpUUYECKON cucTeMe koopauHat I1H onpenensgercsa Ha 0OCHOBE OLIEHKH CKOPOCTH HEU3-
BECTHOTO KOCMUYECKOT0 00BEKTa B INIOCKOCTH KajIpa, 8 TAK)KE OIIEHKH BBICOTHI OPOUTHI KOCMHYECKOTO 00bEKTa
10 YIJIOBBIM ONTHUYECKUM HU3MEPEHUSIM.

Pernon 2 Aty,

Kocmuueckuit
00BEKT

IIpoexuus BexTopa
HaAKJIOHHOW JaJbHOCTU

Puc. 4. 'eomeTpudeckas HHTEPIIPETALUs TEXHOJIOTMU U TAPAMETPOB YIIIOBBIX U3MEPEHUN
JUISL peLIeH s 3aJa9K Ha4aIbHOTO OIpeIeNIeHUsI OPOUTHI KOCMUYECKOT0 00BEeKTa

Fig. 4. Geometric interpretation of measurement techniques and angular parameters
for space object initial orbit determination
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MCTOZ[ HavaJIbHOI'O OIIPEACIICHUA Op61/ITI)I HEU3BECTHOIO KOCMHYECKOr0 00BEKTA 110 YITIOBBIM OINITUYCCKUM
M3MEPEHHSM Ha OCHOBE OIIEHKH BEJTMYHHBI BEKTOPA CKOPOCTH B IJIOCKOCTH KaJpa MOIPOOHO H3JI0KEH B pado-
tax [15; 20] m mpeamomnaraert, 9To B KOPPEIUPYEMBIX 00JIACTIX 00HAPYKEHUS CITYTHUKA-MAaCKH ¥ HEU3BECTHOTO
KOCMHYECKOTO O0BEKTa BEIIMYMHBI BEKTOPA CKOPOCTHU B TUIOCKOCTH KaJipa HMEIOT OJTM3KUE 3HAUCHUS:

er), = (7).
rne j = 1, 2 — Homep o0acTi 0OHAPYKEHUS.
Bemidmna BEKTOpa CKOPOCTH CITy THHKA-MACKH B INIOCKOCTH KaJpa [l IepBoii o6mactu obHapyxerus (Vp, )m
OIIpe/ieNIAeTC s Yepe3 YIIIOBbIE N3MEPEHHS TOIOIEHTPHYECKOTO MPSMOT0 BOCXOXKICHUS Oy ,,, Ol,,, 1 CKIIOHEHUS

81, Oy, B TOUKAX 1 ¥ 2 B MOMEHTBI BPEMEHH 1,,,, L,

(V ) _pISGP(BIZ)m
Pl TV

m (Ar,),

7€ P ggp — BEIMUMHA BEKTOPA HAKJIIOHHOMH 1aJIbHOCTH CITyTHHKA-MAaCKH B TOOLUEHTPUYECKON CHCTEME KOOPIHU-
Hat Ox,),z, B Touke 1, nomy4yenHas B SGP mozpenu nsumxeHus (1711 HAYaIbHOTO BEKTOPA COCTOSHUSA B hopmare
JIBYXCTPOYHOro Habopa 31meMeHToB (two-line elements, TLE)); ([312 )m = arccos(le‘ L2m) — YTOJI MEX/y BEK-
TOPaMM HAKJIOHHOM NalbHOCTH Py, U Py, CIIYTHUKA-MAcKM B Toukax 1 m 2; Ly, (81m, 0y, ) 1 Ly (82 d» Oy d) -
€IMHUYHbIE BEKTOPbI, HAIIPABJICHHBIE BJI0JIb BEKTOPOB HAKJIOHHOH 1aJIbHOCTH U pacCYUTaHHbIE 110 popmyie (6)
4epes yIIIOBbIe U3MEPEHHs B TOUKax 1 u 2; (At12 )m =1y, — tim (ty, > 1,,) — AHTEPBAJI BDEMEHU MEK]y YTIIOBBIMH
HU3MEPEHUsMU CIIyTHUKA-MacKy B Toukax 1 u 2.

HVcnonb3ys yrinoBble H3MEpeHHsl TOIOLEHTPUYECKOTO MPSIMOI0 BOCXOXKACHUS O, 4, Oly, M CKIIOHEHUS O, 4, 0oy
HEN3BECTHOIO KOCMHYECKOr0 00beKTa B TOUKax | u 2 nepBoit o0nacTu 0OHApYKEHUsI B MOMEHTBI BDEMEHH 1, ;,
t,; 1 BEJIMYNHY BEKTOPA CKOPOCTH B INIOCKOCTH KaJjpa HEU3BECTHOIO KOCMHYECKOIO 0ObEKTa ( Vo ) orpeze-

1)
JSIeTCsl BEJIMUMHA BEKTOPa HAKJIOHHON 1ajbHOCTU Py B TOUKE 1 mepBoii o0nacTi oOHapyxKeHUs:

(V1) (A1),

pld_ (B]z)d >

rae ([312 ) .= arccos(le Ly ) — YroJl MeXJly BEKTOpaMU HAKJIIOHHON JadbHOCTH Pyq U Ppq HEU3BECTHOIO KOC-
MHYECKOro o0bekTa B Toukax 1 u 2; L4 (81 d> ald) uL,, (82 40 0y d) — €JMHUYHbIC BEKTOPbI, HAIIPaBJICHHbIC
BIIOJT> BEKTOPOB HAKJIIOHHOW JATBPHOCTH M PaCCUUTAHHEIE 110 (popmyrte (6) uepe3 YITTOBBIC M3MEPEHUS B TOUKAX
1 n2; (Atlz ) ; =ty hy (> 1),) — MHTEPBAT BPEMEHH MEXKY YIIOBBIMH H3MEPEHHSIMH HCHU3BECTHOIO KOC-
MHYECKOr0 00BbEeKTa B TOUKax 1 u 2.

AHaJIOTUYHO IPOBOIUM BBIUUCIICHHS BEIMUMHBI BEKTOpA HAKIIOHHOM JAJIbHOCTH P34 B TOUKE 3 BTOPOIi 00-
JacTH OOHAPYKEHUSI.

Merto HayaJIbHOTO ONpeesieHUsT OPOUTHI HEU3BECTHOTO KOCMHUYECKOr0 00bEKTa HAa OCHOBE OLICHKH BBI-
COTBI OPOUTHI O3BOJISAET MO U3MEPEHUSAM TOIOLEHTPHUUECKOTO MPSIMOTO BOCXOXK/CHUS U CKIOHEHHS (O, O, ,)
u (0, 03,) B TOuke 1 mepBoil o6nacTu oOHapy:KeHUsI U TOUKe 3 BTOPOH 00IacTH OOHApYKEHUS ONPEAEIUTD
BEJINYMHBI BEKTOPOB HAKIIOHHOM JAJIBHOCTH Pyq U P3q. PACCMOTPUM ONpeiesieHre HAKJIIOHHON 1aIbHOCTH P, ;.
CHavasa 1o JaHHBIM yIIOBBIX U3MepeHHuit (a,,, 0,,) U U3BECTHBIM KOOpIUHATAM (IIUPOTA ¢, AOITOTa A U BbI-
coTa /1) ONTUYECKON CUCTEMBI HAOIIONECHHS ONPENIENIAEM YO Y, MEXK/y BEKTOPOM HAKJIOHHOM JaTbHOCTH Pyq
¥ painyc-BeKTopoM nosoxkeHus R, ontuueckoi cucrems! HaOMIOAECHHUS B MOMEHT BpeMeHH ¢, , (hopmyna (7)).
3aTeM C MCIIOIb30BAHMEM OLICHKH BBICOTHI /{ HEM3BECTHOTO KOCMHUYECKOTO 0OBEKTa PACCUUTHIBAEM Yol 6, —
yroJl MEXJly BEKTOPOM HAKJIOHHON JAAJIbHOCTH Pyq U TEOLEHTPUUECKUM PaJNyC-BEKTOPOM I, (hopmyna (8)).
OxoHuatenbHO 10 Gopmyie (9) ompenensieM MOyl HAKIOHHON aJIbHOCTHU P, AHAJIOTMYHO IPOBOJUM BbI-
YHCIICHUS! MOy HAKJIIOHHOW AaJIbHOCTH P;,; B TOUKE 3 BTOPOI 001acTH 00HApYKEHUS.

JanpHelnmii pacueT opOUTAIBHBIX TAPAMETPOB B ABYX METOAX IPOBOAUTCS O CIEAYIOMIEMY aJTOPUTMY.
PaccuntbiBaeM BEKTOPBI HAKIIOHHOM 1AJILHOCTH Pyy (i =1, 3) B Touke 1 epBoii o0acti 0OHapyKEHHs U TOUKE 3
BTOpPO# 00J1aCTH OOHAPYKEHHUS:

b

P4 €080, cosa;,
Pia = Pia - Lig =| Pig €OSB;4sin g
Pig SINBy
OmnpenensieM paJuyc-BEeKTOPHI TOT0KEHU KOCMUYECKOTO 00bEKTa B TEOLIEHTPUUECKOI HHEPIMATbHOH CH-
CTeMe KOOPIMHAT Fig (X, Vig» Ziy ) (i = 1, 3):

Xia Pig €088, cos Oy Fs COS(GLSTi)
Yia =| Via |=Piat Rig=| piycosd, sina;, |+]| rysin (eLSTi )
Zig Pig SINS,y s
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OxoHuYaTensHO ¢ Hcnoib3oBaHueM Metofa ['aycca [ 1-3] perraercs 3aja4qa Jlambepra 0 HaXOXKISHUN OpOUTHI
JIETEKTUPOBAHHOTO CIYTHHKA (BEKTOpa CKOPOCTH U OPOUTANBHBIX TApaMETPOB) IO IBYM W3BECTHBIM pajnyc-
BEKTOPAM HOJIOKECHUS I'yq U I'3q B MOMEHTBI BpEMEHH 1), U 1.

Pe3ynbrarhl onpeaesieHusi BbICOTbI, KOPPEKUMU HAKJIOHHOM 1aJ1bHOCTH
U YTOYHEHHS MapaMeTPOB OPOMTHI HEU3BECTHOI0 KOCMHUYECKOr0 00beKTa

C ucnonp30BaHIEM MOOMIBHOM ONTHYECKOI CHCTEMbI HaOIoeH s beropyccKoro rocy1apcTBeHHOTO YHUBED-
cureta [21] u MeToa 0OHAPYKEHHSI, PACCMOTPEHHOTI'O BBIIIE M ITOPOOHO OIMCaHHOTO B pabdore [16], 25 aBrycra
2024 1. ObUIM TONYYEHBI JaHHBIC ACTEKTUPOBaHUs cryTHUKA [ndefix/Ariane 42p (North American Aerospace
Defense Command (NORAD): 27422) Ha ocHOBe COIIaCOBaHHOTO (DMIIBTpA C IMapaMeTpaMu OTIOPHOTO CITyT-
Huka-macku Seasat-1 (NORAD: 10967). B kaxmoit o6mact oOHapy>KEHHS OBLTH H3MEPEHBI IBE TTAphl YIIIOBBIX
TOINOLEHTPUYECKUX KOOPIAUHAT — IIPSIMOE BOCXOXK/ICHUE U CKIIOHEHHE C MHTEPBAJIOM MEXKLy U3MEPEHUSIMU At , =
~Aty,=0,1 cuAt), = Aty, = 0,6 ¢ (puc. 4). 3HaueHus yIIIOBBIX U3MepeHuil ciiyTHuka Indefix/Ariane 42p, a Taxxke
CITyTHHKA-MacKu Seasat-1 B 001acTIxX 0OHApyKeHUS MIPEICTaBIeHbI B Ta0I. 1.

CorracHO METO/TY, OTMCAHHOMY BEIIIIE, IS OTICHKH BBICOTHI OPOUTHI OOHAPY)KEHHOTO CITyTHUKA [ndefix/Ariane 42p
HCIOJb30BAIMCh KaK 3HAYEHHUs! YIIIOBBIX KOOPJIMHAT TOUEK JAETEKTUPOBAHUS Q) 5, Olyy H O 4, O,y (CM. TAOIM. 1), TAK
1 3HAYCHUSI CMEICHHS CITyTHUKA B IUIOCKOCTH Kapa AX MEKLy STUMH TOUKaMHU 11 KayKIoi oonactu. MexonHpiMu
3HAYEHUSIMH HEU3BECTHOTO ONTHYECKOTO KOA(h(pUIIMeHTa [/ IS YUCICHHOTO PeLICHNs HeNTMHEHHOTo ypaBHeHus (3)
1 OTICHKH BBICOTHI OPOUTHI OOHAPYKEHHOTO CITyTHUKA [ndefix/Ariane 42p sSBISAINACH IPEABAPUTEIHHO TIOTyICHHBIC
3HAUECHHMS ONITUUECKOTO KOIPMHIIMEHTA f/(d OTIOPHOTO CITyTHUKA Seasat-1. 3HaueHns ONTUYECKOro KodduimenTa f/m
OIIOPHOTO CIyTHUKA Seasat-1 ObUT paCCUNTAHBI Il COOTBETCTBYIOLIMX SKCIIEPUMEHTAIBHBIX JAHHBIX YIJIOBBIX
m3Mepennid. Ha puc. 5 npencrapiena kpuBasi 3aBUCUMOCTH YIJIa MECTa e/ M ONITHYECKoro Kodddunuenta f/® ot
BpeMeHH TposieTa 25 aBrycrta 2024 1. Ist OTIOPHOTO CITyTHUKA Seasat- 1, TAE TS pacueTa ONTHIECKOTO KO PHIINCH-
Ta f/® UCTIONB30BAIOCH 3HAYCHUE BBICOTHI H = 752,18 KM, BBIYUCIEHHOE COIIACHO MOJIeIH ITporHo3uposanust SGP.

Tabnuma 1

3HaueHHUs YIVIOBBIX ONTHYECKUX U3MepeHuii oT 25 aBrycra 2024 r.
111 IBYX o0J1acTeii o0Hapy:KkeHus1 cnyTHHKA Indefix/Ariane 42p

Table 1

Angular optical measurement values for the two detection regions
of the Indefix/Ariane 42p satellite on 25 August 2024

Ob6nacthb Touka t, a, 3,
Cnytauk-macka Seasat-1, NORAD: 10967, unrepsain 0,6 ¢
| i=1 23:42:44,7109 2 948 mun 54,79 ¢ 45 nu. 48 mun 25,84 ¢
i=2 23:42:45,3152 2 948 mun 54,56 ¢ 45 mu. 30 mun 30,30 ¢
i=3 23:44:45,2720 14932 mun 0,15 ¢ 77 mH. 6 MuH 43,04 ¢
2 i=4 23:44:45,876 3 14 932 mun 7,74 ¢ 76 nH. 54 mun 18,18 ¢
JerextupoBannblii criyTHUK [ndefix/Ariane 42p, NORAD: 27422, unrepsan 0,6 ¢
i=1 23:54:5,1710 44 6 mun 28,49 ¢ 51 nu. 26 muH 48,59 ¢
! i=2 23:54:5,7754 4495 mun 4,20 ¢ 51 nu. 18 MuH 25,90 ¢
5 i=3 23:56:17,214 1 1910 muH 38,42 ¢ 8 mu. 2 MuH 49,13 ¢
i=4 23:56:17,8184 14910 mun 15,62 ¢ 7 nH. 52 muH 37,64 ¢
CnytHuk-macka Seasat-1, NORAD: 10967, untepsan 0,1 ¢
i=1 23:42:44,7109 2 4y 48 mun 54,56 ¢ 45 mu. 30 mun 30,30 ¢
! i=2 23:42:44,8117 2 948 mun 54,63 ¢ 45 mu. 33 mun 28,76 ¢
) i=3 23:44:45,473 5 14 932 mun 1,30 ¢ 77 nH. 2 muH 29,72 ¢
i=4 23:44:45,574 2 14932 mun 3,27 ¢ 77 mH. 0 muH 28,97 ¢
JerextupoBannsiii criyTHUK [ndefix/Ariane 42p, NORAD: 27422, unrepsan 0,1 ¢
i=1 23:54:5,6747 445 mun 16,44 ¢ 51 nu. 19 mun 48,47 ¢
! i=2 23:54:5,7754 4495 wmun 2,21 c 51 mu. 18 MuH 25,90 ¢
) i=3 23:56:17,717 8 1910 Mmun 19,20 ¢ 7 nH. 54 mun 16,19 ¢
i=4 23:56:17,8184 1910 muH 15,62 ¢ 7 mu. 52 mun 37,64 ¢
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OreHka BBICOThI OpOUTHI H 0OHApYKEHHOTO ciiyTHUKA [ndefix/Ariane 42p npoBoaunack /i AByX o0Jia-
CTeil 0OHapyKeHUs, T/Ie BXOTHOW ONTHYECKUH KOA(PPUIIMEHT f/® COOTBETCTBOBAT 3HAYCHUAM [/ OTIOPHOTO
cnyTHHKa Seasat-1 (cM. puc. 5, 3efieHble MapKepbl): Ui IepBoii oOnactu oOHapyxeHus (f/w), = 46,609, nis
BTOpOH o6nactu obHapyxkeHus (f/m), = 45,891. CornacHo peleHuIo HelMHeHHOro ypaBHeHus (3) oLeHKa
BBICOTHI OpOUTHI 0OHAPYKEHHOTO CcITyTHUKA Indefix/Ariane 42p noka3aja ClIeAyIOIHe Pe3yIbTaThl: sl HCXOJI-
HBIX JIaHHBIX NEpBON 00sacTH 0OHApyXKeHUs (yIJIOBble KOOPAUHATHI IEPBOM 00JacTH o, ¥ O, NPEACTaBICHbI
B Tabn. 1, (f/w), = 46,609) 3nauenue H coctasmio 800,39 kM ¢ omuOKkoi ~2,14 KM OTHOCUTEIBHO TEOPETH-
yeckoro 3HaueHust SGP-monenu H = 798,25 kM; U1l KICXOJHBIX TaHHBIX BTOPOH 001acT 0OHapyskeHus (yriio-
BBIE KOOPAMHATHI BTOPOH 001acTH o, u §,, MpeACTaBiIeHs! B Tao. 1, (f/m), =45,891) 3sHauenne H cocTaBmiIo
796,07 kM ¢ omnOKoi ~2,18 KM.

A A
65 _ . 47,0
60 - - 46,5
N
N, 3
\ o~
55 N &:
= N\, —446,0 =
< . (o}
o, =
: (43,566, 45,891) g
S so0r =
S 4455 8
o) 2
= >§
S 451 3
~ &
1450 =
=)
40 |- o
44,5
35+
: -44,0
30t I I I I I ! ! !
23:41:00 23:41:30 23:42:00 23:42:30 23:43:00 23:43:30 23:44:00 23:44:30
Bpewms
® Vron mecra e/ o Onruyeckuit ko3hdurmeHt f/m

Puc. 5. KprBast 3aBUCHMOCTH yIJIa MecTa e/ 1 OnTH4ecKoro koddduimenra f/o
0T BpeMeHH nposera 25 aBrycra 2024 r. 1J11 OIOPHOTO CITyTHHUKA Seasat- 1

Fig. 5. Curve of the dependence of elevation angle e/ and optical coefficient f/®
on the pass time of the reference satellite Seasat-1 on 25 August 2024

CornacHO NOTy4EHHBIM pe3yJbTaTaM OLEHKH BBICOTBI OOHAPYKEHHOTO cllyTHUKa [ndefix/Ariane 42p Oblnu
paccuuTaHbl CKOPPEKTUPOBAHHBIC 3HAYCHUSI HAKJIIOHHOW JanbHOCTH. 151 mepBoii u Bropoii o0nactu oOHapy-
KEHHS C HHTEPBAJIOM MEX 1y Toukamu u3Mepenus 0,1 ¢ ommobku p,, U Py, A0 KOPPEKTUPOBKU COCTABUIH 8,75
u —1,17 KM, a CKOPPEKTUPOBAHHBIC 3HAYECHUS I103BOJIMIIN CHU3UTH OIIUOKU P, U P53, 120 2,78 u 0,74 kM coor-
BETCTBEHHO. JI1s1 IepBOM 1 BTOPOH 001acTH OOHApYKEHHS C MHTEPBAJIOM MEXIy Toukamu usmepenus 0,6 ¢
3HAUCHMS OIIMOKHU 710 KOPPEKTUPOBKH cocTaBuiu 18,27 u —14,89 kM, ocie KOppeKTUPOBKU 3HAYESHUST OLTHOKU
YMEHBIIWINCH 10 2,83 1 —4,16 KM COOTBETCTBEHHO.

Janee npoBoaMIICS aHAIHM3 BIWSHUS KOPPEKIMH HAKIOHHOHN NajJbHOCTH Yepe3 OIEHKY BBICOTHI OPOHTHI
KOCMUY€ECKOT0 00bEKTa Ha 3HaYeHHE OIMOKHY ITPY ONPEIEICHUH ITapaMeTPOB OPOUTHI KOCMHUYECKOTO 00BEKTA.
B Tabm1. 2 u 3 npeacTaBieHbl OMIMOKU ONPEACICHUS paJnyC-BEeKTOPpa ITOJIOKEHHS, a TAK)KE BEKTOpa CKOPOCTH
cnyTHHKa [ndefix/Ariane 42p OTHOCUTENBHO PE3yJIBTaTOB, TOTYUYCHHBIX B MOZIETH porHo3upoBanust SGP, mist
TIEPBOI 1 BTOPOH 00MacTy oOHApyKEHHUs C MHTEpBajJIaMHu Mex Ty Toukamu m3mepenus 0,6 n 0,1 ¢ 6e3 ydera
KOPPEKLUH HAKJIIOHHON JaJIbHOCTH (METOOM Ha4yaIbHOTO ONpeesIeHHsI OpOUTHI HEM3BECTHOTO KOCMUYECKOTO
00BbeKTa MO YIIIOBBIM ONITHYECKUM U3MEPEHHSIM Ha OCHOBE OIICHKU BEJIMYMHBI BEKTOPA CKOPOCTH B INIOCKOCTH
Ka/ipa) ¥ C y4E€TOM KOPPEKIMY HAKIIOHHOH T bHOCTH (METOJOM HauaIbHOTO OIpe/IeNICHHs] OPOUTHI IO YITIOBBIM
ONITUYECKUM H3MEPEHHUSIM Ha OCHOBE OLIEHKH BBICOTHI HEM3BECTHOTO KOCMHUYECKOTO 00BEKTA).
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Tabnuma 2
Pe3ym>TaT orpeaejeHUus1 painyCc-BeKTOpa MnoJIoKEHUA U BEKTOPa CKOPOCTH
oOHapy:keHHOTo cnyTHuKa Indefix/Ariane 42p
Table 2
Results of determining the position radius vector and velocity vector
of the detected satellite Indefix/Ariane 42p
ITapamerp | 3HaucHHE [Tapamerp | 3HaveHHe
Humepsan 0,6 ¢ (be3 koppexyuu) Hnumepean 0,6 ¢ (c koppexyuetl)

t1q (X105 Via» 214 ) KM (4028,24, 567,72, 5913,52) || tyq (X145 Y1a» 214 )» KM (4023,66, 559,26, 5901,45)
(Axyys Ayygs Az ) s KM (5,72,10,52, 13,82) (Axygs Ayygs Az ) s KM (1,14, 2,06, 1,75)
(Axygs Ay Az )", % (0,08, 0,15, 0,19) (Axigs Ay s Azyy) " % (0,02, 0,03, 0,02)
E3q (X305 Vags Z3q) KM (4780,67, 400,23, 5304,73) || t3q (X345 V3g» Z34)» KM (4790,80, 403,46, 5306,24)
(Axsgs Aysgs Azyy )i - KM (13,79, -4,54,-3,71) || (Axyys Aysys Azyy ) s KM (-3,66, —1,31, —2,20)
(Axsgs Aysgs Azyy) " % (0,19, 0,06, 0,05) (Axsys Aysg Azyy) " % (0,05, 0,02, 0,03)
Vi (Vi iy Vi) et/ (6,005, 1,232, -4,202) (| V; (¥, i, V1), km/c (6,117, 1,144, —4,099)
(AW, AW, AV ) " kmle | (~0,148, 0,113, -0,129) (A, AW, AVIZ) ™ kmle | (=0,036, —0,025, 0,026)

Kak BumHO U3 Ta0i. 2, uamepenus ¢ uHTepaiom 0,6 ¢ MOKa3bIBAIOT a0COJIIOTHBIE OMIMOKM KOMITOHEHT
error

PajiiyC-BeKTOpa MOJIOKEHNUs 6€3 KOPPEKIMH HAKIIOHHOM JaNbHOCTH: OHH cocTaBuin (Ax,,, Ay, Az, )abs =

=(5,72,10,52,13,82) ku B riepBoii 00macTi 0GHapykeHus i (Axy,, Ays,, Az3d) =(-13,79, —4,54, =3,71) km

BO BTOPOI1 001acTH 0OOHApYKeHUS (SKBUBAIICHTHO OLIMOKE B BETMUUHE PAIyC-BEKTOpa ronoxkeHus 18,29 km st
nepBoi oOmactu oOHapykeHust u 14,49 kM anst BTopoi oOmactu oOHapykeHus). HampoTus, kak BUIHO U3
Tabi. 2, Ui TOTO e MHTEpBaIa U3MEPEHUH aOCOIIOTHBIC OIIMOKM KOMIIOHEHT PaJHyC-BEKTOPA IOJIOKEHUS

C KOPpEKIUEN HAKIIOHHOMN JTaabHOCTH COCTABUIIN (Ax1 @ Mg Az, )error (1 14, 2,06, 1 75) KM B 1IepBoii 00-

error

JIaCTH OOHAPYKECHUS U (Ax3 ds A3, Azyy )mor (—3,66, -1,31, —2,20) KM BO BTOpPOH 00jacTu 0OHAPYKEHUS,

YTO COOTBETCTBYET YMEHBIIICHUIO ONTHOOK B BEIMYNHE PaTlyC-BEKTOpa MOJIOKESHUS 10 2,93 KM I TIepBOi
obmactu oOHapy)keHus U 10 4,47 KM I BTOPOit 001acT 0OHAPYKCHHUS.
B cBoro odepenn, abCONMIOTHAs OMMOKA OMPEICIICHHUS BEKTOpPAa CKOPOCTH OOHApYyKEHHOTO CITYT-

AV1y5 AI/IZ )e:or =
aos
= (—0,148, -0,113, —0,129) KM/C (SKBHBAJICHTHO OITHOKE B BeTHYHHE CKOpoCcTH 0,227 KM/C), ITO TaKXKe YCTY-

MaeT B TOYHOCTH ONIPEEIICHNSI BEKTOPA CKOPOCTH JUIsl H3MEPEHHH C KOPPEKINel HaKJIOHHOW JTAIbHOCTH, TJIC
a0COFOTHAS OMIMOKA YMEHBITIIIACH (C OOIIMM yMEHBIIICHHEM OIMOKY B Beu4nHe ckopocTtH 10 0,051 km/c)

U COCTaBMIIa (AVu, AV, AV, )e;mr =(-0,036, —0,025, 0,026) km/c. Kak BuaHO U3 Tali1. 3, €CIIM HCIIONB30-
abs

BaTh M3MepeHust ¢ uaTepsaiom 0,1 ¢ 6e3 KoppeKLN HAKIIOHHOW JaJIbHOCTH B IIEPBOM 1 BTOpOi obmacTu oOHa-
error

pyKeHusi, To aOCOMOTHBIE OITMOKH KOMITOHEHT PaInyC-BEKTOpa MOJIKEHHS COCTAaBUIIN (Ax1 > Mg Az d) s =

= (2,99, 5,25, 6,36) kv B epBoii 0GnacTH 0GHAPYKeHMs U (AX;y, Aysys AzZyy ) = (0,84, —0,42, —1,80) ku

BO BTOPO¥ 00acTt 0OHapyKeHHs (IKBUBAJICHTHO OIIHOKE B BEJIMYMHE PaIyC-BEKTOpa MOIOKEeHUS 8,79 KM Juist
niepBoif oOmacT oOHapy»)eHus 1 2,03 KM [T BTOpoit obnacTi o0Hapy»keHus). HampoTus, ¢ KoppekIpei HakIIoH-

HOM TATbHOCTH a0COITIOTHBIE OIIMOKH KOMITOHEHT paJInyC-BEKTOPa MOJIOKEHHS s nHTepBasia mMepenuii 0,1 ¢ co-
error error

s = (1, 20, 1,98, 1,71) KM B [I€PBO#i 001acTH OOHAPYKEHHS U (Ax3 d» A3, Azyy )abs =

= (O, 96, 0,15, —1, 55) KM BO BTOPOH 00J1aCTH OOHAPYKEHUs (IKBUBAJICHTHO YMEHBIIICHUIO OLTMOOK B BEJIMYMHE

X2

Huka Indefix/Ariane42p 0e3 KOppeKUWU HAKJIOHHOW NalbHOCTH COCTaBHJIA (AV1

CTaBWIH (Axl @ Mg Az, )

pazryc-BeKTopa MOJIOKEHHUS 10 2,88 KM IS TIepBOi 061acTi 0OHApY)eHUs 1 10 1,82 KM 1J1s1 BTOpO# 00acTu
oOHapyKEHUS).

AOcoroTHas omuOKa ONpeeNIeHUsT BEKTOpa CKOPOCTH 00HAPYKEHHOTO CcIyTHHKA [ndefix/Ariane 42p
error

0e3 KOppEeKLUH HAKJIOHHOH AanbHOCTH A uHTepBana uiMepenus 0,1 ¢ cocraBuna (Ale, AW, AVIZ) e =
abs

= (—O, 030, —0,042, —0,05 8) KM/C (KBHBJICHTHO OIMMOKE B BemanHe ckopoctr 0,078 KM/C), 9TO TakKe YCTy-
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MaeT B TOYHOCTHU ONPECACIICHUSA BEKTOpa CKOPOCTH IJIsA I/ISMepeHI/Iﬁ C KOppeKHI/IeI‘/‘I HAKJIIOHHOM JaJIbHOCTH, T'IC

BaJICHTHO YMEHBIIICHUIO OIIMOKK B BennuuHe ckopoctu 0,024 km/c).

PesynbraThl Ha4YaNBHOTO OMpEIeNeHHsT OpOUTHI CIlyTHUKA [ndefix/Ariane 42p B BuJie OpOUTANBHBIX TapaMeT-
poB ais nHTepBaioB u3Mepenus 0,6 u 0,1 ¢ 6e3 KOppeKIMK HAKIIOHHOM TaTbHOCTH U C KOPPEKIMeH HaKJIOHHOM
JAILHOCTH TIPEJICTABICHBI B Ta0M. 4.

a6CoMIOTHAs OMIMOKA YMEHBIINIACH U COCTABHIIA (A Vi AV, AV, ) bor =(-0,002, 0,013, 0,021) km/c (3kBH-
abs

Tab6auma 3
PesynbTat onpeesieHusi paanyc-BeKTOPa MOJI0KEeHUsI U BEKTOPA CKOPOCTH
o0Hapy:keHHOro cnyTHUKa Indefix/Ariane 42p
Table 3
Results of determining the position radius vector and velocity vector
of the detected satellite Indefix/Ariane 42p
[Tapamerp | 3HaueHue [Tapamerp | 3HaueHue

Humepsan 0,1 c (be3 koppexyuu)

Hnumepsan 0,1 c (c koppexyueir)

Tia (x1d9 N> Zld), KM

(4028,61, 561,89, 5904,01)

Ta (xld’ Na> Zld)a KM

(4026,82, 558,62, 5899,36)

Crror

(Axyys Ay, Azyy) kM

abs ’

(2,99, 5,25, 6,36)

error

(Axig, Ay, Azig) s kM

abs °

(1,20, 1,98, 1,71)

error

(Axld, Ayld’ AZld)lrel » %

(0,04, 0,07, 0,09)

(Axw Ay, AZu)ermr %

rel

(0,02, 0,03, 0,02)

T34 (x3d’ Vadas ng), KM

(4796,40, 403,75, 5304,19)

I3q (x3d’ Via» Z3d)’ KM

(4798,20, 404,32, 5304,44)

(A)C3d, Ay}d’ Az3d )abs » KM

€rror

(~0,84, —0,42, —1,80)

(Ade’ Aysy, Ast)

error

abs ’

KM

(0,96, 0,15, —1,55)

(Ax3d7 Aysy, Azyy )emr %

rel ?

(0,01, 0,01, 0,03)

(Ax3d’ Aysgs AZ3d)

error

rel °

%

(0,01, 0,002, 0,02)

Vl (I/l)ﬂ Vly’ Vlz)’ KM/C

(6,121, -1,161, —4,134)

Vl (le’ Vly’ Vlz)’ KM/C

(6,149, —1,132, -4,097)

(AT A, AV kwle | (<0,030,0,042,0,058) || (AV;,, AV, AV,) " kwe | (<0,002,0,013,0,021)
Tabnuma 4
OpOuranbHble NapaMeTpbl 00HApYKeHHOro cinyTHUKa Indefix/Ariane 42p
Table 4
Orbital parameters of the detected satellite Indefix/Ariane 42p
OreHka Unrepean, ¢ a, kM i, Tpan e Q, rpaz u, Tpaz
0,6 (6e3 xoppexumm) | 713853 99,032 0,026 1 174,662 123,465
0,6 (c KOppeKITHeii) 7149,71 98,643 0,004 5 175,156 123,574
fop 0,1 (6e3 koppekmm) | 7210,76 98,709 0,009 4 175,093 123,583
0,1 (c KOppeKITHeir) 7195,53 98,585 0,004 4 175,244 123,618
0,6 (06e3 KoppeKITuH) -30,78 0,501 0,024 0 -0,638 0,133
error 0,6 (c koppeKIueii) -19,60 0,112 0,002 4 -0,144 0,024
B 0,1 (6e3 KoppeKi) 41,45 0,179 0,007 3 -0,207 -0,045
0,1 (c KOppeKITHeit) 26,22 0,054 0,002 3 -0,056 -0,010
0,6 (6e3 KoppeKITH) 0,43 0,51 - 0,36 0,11
oy 0,6 (c KOppeKIueit) 0,27 0,11 - 0,08 0,02
0,1 (6es xoppexmm) 0,58 0,18 - 0,12 0,04
0,1 (c koppeKIueit) 0,37 0,05 — 0,03 0,01
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Kak BumHO 13 Tabi. 4, pe3ynbTaThl ONMPEICIICHUsI BCEX OPOUTAIBHBIX MMapaMeTpoB OOJIBIIOHN MOJIYOCH d,
AKCIICHTPUCHUTETA ¢, HAKIIOHCHUSI OPOUTHI i, IOJITOTHI BOCXOJIAIIETO y3ia () U apryMeHTa HIMPOTHI ¢ JIJIS IByX
nHTepBaioB m3mepenuii (0,1 u 0,6 ¢) TOKa3pIBAIOT HAMMEHBIIIEE 3HAYCHHE a0COTFOTHBIX OIIMOOK IPH ITPOBEIe-
HUM KOPPEKILIMKU HAKJIOHHOM JIaJIbHOCTH M3 OIIEHKH BBICOTHI. B yacTHOCTH, i1t nuHTEepBaia 0,6 ¢ ¢ Koppekiuen
HaKJIOHHOW MaIhHOCTH a0COOTHAs ommoOKa coctaBuia —19,60 kM B 3HadeHUH Oonbmioi moryocu, 0,002 4
B 3HAYCHHUH dKCcUeHTpucuteta, 0,112° B 3nauenun Hakiaonenus, —0,144° B 3HAUEHUU JONTOTHI BOCXOMAIIETO
y3na u 0,024° B 3HaUE€HUM apryMeHTa MIMPOTHI, YTO MEHBIIIE B COOTBETCTBYIOIIMX MapaMeTpax Ha 11,18 kM,
0,0216, 0,389°, 0,494° u 0,109°, yem 151 perreHns 6€3 UCITOB30BAHMS KOPPEKIINA HAKJIOHHON TaabHOCTH.
AHamOTUYHO, KaK BUIHO U3 Ta0m. 4, misg uatepsaia 0,1 ¢ ¢ koppeknneld HaKIIOHHOW TaTbHOCTH aOCOTIOTHAS
omnbOKa cocrasuia 26,22 kM B 3Hauenuu a, 0,002 3 B 3Hauenuu e, 0,054° B 3uauenuu i, —0,056° B 3Haue-
Huu Q u —0,010° B 3HaU€HUHU U, YTO MEHBLIE B COOTBETCTBYIONIMX NapaMmerpax Ha 15,23 km, 0,005, 0,125°,
0,151° m 0,035°, wem mIst permeHus 6e3 UCTIOIL30BaHUSI KOPPEKITNN HAKJIOHHOW JaTbHOCTH.

3aKiIoueHune

B pabote npezacraBieH METO OLEHKH BEICOTHI M KOPPEKIIMH BETMYMHBI HAKIIOHHOW A IbHOCTH JJIsI pEIICHUS
3aj1a4 OTpeIeIeH!s] OpOUT HEN3BECTHBIX KOCMUYECKUX OOBEKTOB C HCITOJIh30BAHNEM JaHHBIX ONITUYECKUX JIAT-
yrkoB. [IpennokeHHbII METO/ IO3BOJISET OTPENEITUTh BEICOTY KOCMUYECKOTO 00BEKTa B MTPUOIIKEHUH KPyTOBOU
OpOUTHI Ha OCHOBE JIAaHHBIX YIJIOBBIX U3MEPEHUH 1 T€OMETPUIECKOTO COOTHOIICHHUS MKy BBICOTOW OpOHUTHI
1 CKOPOCTBIO CMEIICHHSI KOCMUYECKOT0 00beKTa B INTOCKOCTH Kaapa. OlLieHKa BEICOTHI pelaeT IpodiaeMy OTcyT-
CTBHS HH(OPMAIINH O JATBHOCTHU 0 KOCMHYECKOTO OOBEKTA B YIIIOBBIX ONTHYECKIX U3MEPEHUSX U UCIIOIb3yeTCs
TUTS KOPPEKTHUPYIOIIETO pacyeTa HAaKJIOHHOW JaTbHOCTH B METO/Ie HAYaJILHOTO OTIPEIEeIeHNsI OPOUTHI IO IBYM
paanyc-BeKTopaM. BXOJHBIMU TaHHBIMU JIs1 HAYAJILHOTO OTPEAETICHHsS] OPOUTHI U OLIEHKH BBICOTHI SIBIISIOTCA
YIJIOBBIE H3MEPEHUS B IBYX 00IACTSIX 00HAPYKEHUSI KOCMHUYECKOTO 00BEKTa, KOTOPBIE MTOJIyYeHBI METOJIOM CO-
[J1ACOBAHHOM (PUIIBTpAIIIH Ha OCHOBE CBSI3H (POPMBI Py pbe-CIeKTpa Pa3HOCTHOTO Ka/ipa ¥ BETUYUHBI IPOCKITHN
JTIMHEHHOM CKOPOCTH IBIDKEHUS Ha INTOCKOCTh Kajapa [ 15]. JlanHabrit MeTo 0OHapy)eHHs 00€CIIeTrBacT OICHKY
BEJTMYMHBI POEKIINH JIMHEIHON CKOPOCTH B TNIOCKOCTH KaJ[pa HEM3BECTHOTO KOCMUYECKOTO 0OBEKTa 110 OTI0p-
HOMY CIYTHHKY C U3BECTHBIMHU OpOMTaJIbHBIMU NapameTpaMu. [Ipoekius TMHeHON CKOPOCTH Ha MIOCKOCTh
KaJ[pa UCTIONB3YeTCs JUIsl pacyeTa BeTMYNHBI HAKJIOHHOW JaIbHOCTH B METOJIE OTIPEJIEIIeHUs] OPOUTHI IO IBYM
obmactsaM ooHapyskeHus [20], 111 KOTOPOTO OIIEHKA BBICOTHI TTO3BOJISIET CKOPPEKTHPOBATH COOTBETCTBYIOIITHE
3HAUCHHS JaTbHOCTH U YMCHBIIUTh OMIMOKY B 3HAYCHUSIX OPOUTAIBHBIX ITAPaMETPOB.

CornacHO MOMyYeHHBIM pe3ylibTaTaM il 0OHapy)KEHHOTO cryTHUKA [ndefix/Ariane 42p meron onpene-
JIEHUS BBICOTHI MTO3BOJIAJI PACCUUTATH TapaMeTp opouTtsl H ¢ ommOkoii 2,141 kM u1st IepBoit 006IacTi 0OHa-
pykeHwus U ¢ omubKoit 2,180 kM myist BTropoit o0mactn o0HapykeHus1. Ha 0CHOBE TaHHBIX BBICOTHI ITOTYICHBI
KOPPEKTHPYIOIINE 3HaUCHNS HAaKJIOHHOM aTbHOCTH IS YIIOBBIX M3MepeHnit ¢ uutepsaiom 0,1 u 0,6 ¢ B mepBoit
U BTOPOi1 00acTu 0OHapyKEHUs, KOTOpbIe 00eCIEeUMIN YMEHbIIEHHE OMIUOKU P, U Py, € 8,75 1 —1,17 kM (1pu
pacueTe HaKJIOHHOW JTAThbHOCTH Yepe3 OlEHKY MPOCSKITUHN JTMHEHHOW CKOPOCTH Ha TUIOCKOCTh Kajpa) 110 2,78
1 0,74 KM COOTBETCTBEHHO JJIs1 U3MepeHuit ¢ narepsajioM 0,1 ¢, a taxxe ¢ 18,27 u —14,89 km 10 2,83 1 —4,16 km
COOTBETCTBEHHO JUIsl u3MepeHuil ¢ nuarepsasiom 0,6 c. CTOUT 3aMeTUTh, YTO UCTIOIH30BaHNE HEJIMHEHHOH 3a-
BHCHUMOCTH ypaBHEeHHUS (3) 1151 ONpeesIEHUs BBICOTHI CIIPABEATUBO TOJIBKO U1 3€HUTHBIX MPOJIETOB NMPU MaK-
cumainbHOM yrie mecta el >70. JlaHHOe yTBep)AeHHE OOBSCHSIETCS TeM, YTO TIPH BBIBOJE ypaBHEeHUs (3)
JOTTYIIIEHO TPUOMKEHHE O PABEHCTBE YTIIOB MEXIY PallyCc-BEKTOPOM M HAKIOHHOW MATBHOCTHIO U MEXKIY
paauaNbHON CKOPOCTBIO U NMPOEKIUEH JIMHEHHON CKOPOCTH HA INIOCKOCTh KaJpa, 4To SIBISIETCS KOPPEKTHBIM
TOJIBKO JJISl 3eHUTHOM 00NacTH M yKa3bIBaeT Ha OCHOBHOE OTpaHMUYCHHE pacCMOTpeHHOro Metona. [lostomy
JUTSL HE3EHUTHBIX MTPOJIETOB JOMOIHUTEIHHO TIOTYyUYEHO HEJTMHEITHOe YpaBHEeHHE (5) OIEHKU BBICOTHI OPOUTHI
HEU3BECTHOTO KOCMHYECKOTO 00BEKTa M0 YIIIOBBIM ONTHYECKUM H3MEPEHHSIM.

Koppexkius HakIOHHO# 1aIbHOCTH MTO3BOJTHIIA YMEHBIINTH OITHOKY B ONPEIeTICHNH OpOUTATBHBIX MTapaMeT-
POB OOJIBIION MONYOCH @, KCIEHTPUCHUTETA €, HAKIIOHEHHSI OPOUTHI i, TOJATOTHI BOCXOJSILETO y31a £ 1 apry-
MEHTa IIUPOTHI & JIst UHTepBaia naMepenus 0,1 ¢ Ha ciemyrolie 3Ha4eHUs: a0COMOTHAS OINOKa COCTaBUIIA
26,22 kM B 3Hauennu a, 0,002 3 B 3nauenuu e, 0,054° B 3nauenuu i, —0,056° B 3Hauenuu QQ u —0,010° B 3Haue-
HUH U, 9TO yMeHbIeHo Ha 15,23 kM, 0,005, 0,125°,0,151° 1 0,035° B COOTBETCTBYIOMINX MTapaMeTpax 10 KOppeK-
TUPOBKHU. AHAJIOTUYHO /11 HHTepBaia uMepenus 0,6 ¢ abcomoTHas omnbka coctaBmia —19,60 KM B 3HAYCHUH d,
0,002 4 B 3Hauenwu e, 0,112° B 3Hauenun i, —0,144° B 3Hauennn Q u 0,024° B 3HAYSHUU U, IYTO OBLIO YMEHBIIIEHO
B COOTBETCTBYIONMX mapamerpax Ha 11,18 kM, 0,0216, 0,389°, 0,494° u 0,109° 10 KOPPEKTUPOBKH.

[pennoxxeHHbI METO] IPSIMOTO pacdeTa BHICOTH OPOUTHI KOCMUYECKOTO 00BEKTa MO YIIIOBBIM ONITHYECKUM
HU3MEPEHUSIM UMEET OOILUI XapaKTep U MOKET MPUMEHSITHCS B YCIOBHUSIX OTPaHUUCHHBIX JaHHBIX JUISl PELICHUS
3aJ1ad HaOIIOICHUS] ¥ HAYalIbHOTO ONpeeNieHUs] OPOUT KaK acTEPOUIOB, TaK M TEXHOTEHHOTO KOCMHYECKOTO
Mycopa, 00pa30BaBIIETOCS B pe3ylbTare CTOIKHOBEHHS, paciajia Wiu B3pbiBa. Kpome Toro, MaHHBIH METO
aKTyaJIeH JJIsl OTIEpaTUBHOTO MONUCKA U OOHAPYKEHUS 3aIyIEHHBIX KOCMHUYECKHX aIlllapaToB B MEPBHIE CYyTKH
MoJIeTa, a TaKKe JUIS MOUCKa U OOHAPYKEHHS TPYNITHPOBOK MaJbIX CITyTHUKOB [22].
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BAUAHUE T’EOMETPUU ITOAIOCHOI'O HAKOHEYHUKA
HA CPOK CAYJXBbI CTOAHOYHOIO
MATHUTOXHNAKOCTHOI'O YIIAOTHEHUA

C. I. lIAPHHAY, M. C. KPAKOB"-?

YBenopycckuii 2ocydapemeennviii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Muncxk, Beiapycy
D Benopycckuii HayuonansHwlll mexuuueckui yuusepcumen, np. Hesasucumocmu, 65, 220013, 2. Munck, Berapyce

Annomauyus. TlpencraBieHbl pe3yIbTaThl YUCICHHOTO MOJICIUPOBAHUS 33Ja9K 00 M3MCHCHUHU KOHIICHTPAIIUN MarHUT-
HBIX YaCTHUI] BO BPEMEHHU B MATHUTOXHUIKOCTHOM yIutotHeHnn (MIXKY), paboTaromieM B CTOSIHOUHOM peskume. OTMEdeHO,
YTO TMPOIIECC TEPEKOHIICHTPALINH OTIPEIeIsIeTCs OalaHcOM MarHUTOo(ope3a M KOHICHTpannoHHOH auddy3un. PacdeTs
MIPOBEICHBI IS ABYX HAMOOJIee paclpOCTPaHEHHBIX TEOMETPHH MOMIOCHOTO HAaKOHEYHHUKA — TPEYTONBHON M MPSMO-
YTOJBHOH. B BEIYHMCICHUAX UCTIONB30BAHEI KOG GHUIHEHT Tu(Py31H, 3aBUCAIINI OT KOHIICHTPAIIMH MAaTHUTHBIX YaCTHII,
1 MOAM(DUIIUPOBAHHOE BBIPAKCHUE ISl OMMCAHUS TOABMYKHOCTH MAarHUTHBIX YaCTHIl. BBINOIHEHO CPABHEHUE BIIUSHUS
TEOMETPHIA MOJIFOCHOTO HAKOHEYHHKA Ha CpoK ciayk0sl MIXKY. Ilox neficTBHEM BBICOKOTPAIUEHTHOIO MATHUTHOTO TTOJIS
B MJKY MarHuTHBIC YaCTHIIBI CTPEMSTCS B 00JIaCTh OOJNBIICH HAPSIKEHHOCTH MArHUTHOTO oIS, B pesynbrare 3Toro B 3a-
30pe MXKY KOHIIEHTpaIlusi MATHUTHBIX YaCTHUI] CYIICCTBEHHO BO3PACTACT, YTO BIICYET 3a COOOW YBEIHUCHHE BI3KOCTU
MarHATHOH JXKUAKOCTH. Upe3MepHOoe yBeTHMdeHNE BI3KOCTH MAarHUTHON JKUAKOCTH MOXKET MPUBECTH K HEBO3MOKHOCTH
BPAIICHASA BaJIa, T. €. BRIXOAY YIUTOTHEHHS U3 cTposi. CpokoM ciyk0s1 MOKY cunTaercs To Bpems, 3a KOTOPOE MarHUTHAs
KUAKOCTh B 3a30pe MKV tepsieT Tekydecth. OnpeneneHo, 4To cpok ciayx0b1 MXKY ¢ TpeyronbHO# reoMeTpueit mo-
JIIOCHOTO HAKOHEYHUKA MPEeBBIIaeT Cpok ciry k06 MXKY ¢ mpsiMoyroibHON reoMeTpHeil MoIIOCHOro HakoHeuHuka. [Ipu
HCIOJIB30BaHUH BAKYYMHOTO Macja B Ka4eCTBE KUIKOCTH-OCHOBBI BpeMsi 0€30TKa3HO# paboTel MIKY B 3aBUCHMOCTH OT
€ro mapaMeTpPOB MOXKET COCTABIISITH OT MECSIa O HECKOIbKUX JICT.

Knrouesvie cnosa: nudhdysust; marautodopes; MarHUTHAs! JKUAKOCTh; YUCIICHHBIC METO/IbI; KOMIIBIOTEPHOE MOICIIH-
poBaHue.
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Abstract. The paper presents the results of a numerical simulation of the problem of changing the concentration of
magnetic particles over time in a magnetic fluid seal (MFS) operating in the standby mode. It is noted that the process
of reconcentration is determined by the balance of magnetophoresis and concentration diffusion. The study was per-
formed for the two most common pole piece geometries — triangular and rectangular. The governing equations take into
account the diffusion coefficient’s dependence on the concentration of magnetic particles and a modified expression for
the mobility of magnetic particles. A comparison of the influence of pole piece geometry on the MFS lifespan was carried
out. Under the influence of a high-gradient magnetic field in the MFS, magnetic particles tend to the region of higher
magnetic field strength. As a result, the concentration of magnetic particles in the gap of the MFS increases significantly,
which leads to an increase the viscosity of the magnetic fluid. Excessive increase in the viscosity of the magnetic fluid
may result in the shaft not being able to rotate, i. e., seal failure. The lifespan of the MFS is considered to be the time
during which the magnetic fluid in the gap of the MFS loses its fluidity. It was determined that the lifespan of the MFS
with a triangular pole piece geometry exceeds the lifespan of the MFS with a rectangular pole piece geometry. When using
vacuum oil as the base fluid, the failure-free operation time of the MFS, depending on its parameters, can range from
a month to several years.

Keywords: diffusion; magnetophoresis; magnetic fluid; numerical methods; computer simulation.
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BBenenue

Marnutoxugkoctasie yruotHenus: (MXKY) ucnonbs3yrores B pa3iu4HbIX 00JacTSX MPOMBIIUICHHOCTH,
rJie He0OX0IUMO 00ECIICUHUTh TePMETU3AIIMIO MTOIBUXKHBIX YacTel MexaHu3MoB [1]. MXKY oGnanator 00iib-
e HaZIe)KHOCTHIO 110 CPABHEHHUIO C MEXaHMYECKUMHU W CATbHUKOBBIMHU YIIIOTHEHUSIMA. OHU (POPMHUPYIOT
repMETHYHBIN KUAKUN Oapbep MEXIY pa3AesieMbIMU CpelaMH U 00eCIeUYMBalOT HU3KOE TPEHUE MEKIY MO
BHYKHBIMHU YacTSAMH MeXaHU3MOB. MOKY MoryT npuMeHATbCs A pa3esIeHus TAKUX CPel, Kak JKUAKOCTb [2],
ra3 [3] niu Bakyym [4].

Cxemarmueckn KoHCTpyKIs MOXKY npeacrasnena Ha puc. 1. BHyTpu Kopityca, I3roTOBIEHHOTO U3 HEMar-
HUTHOTO MaTepuaa, HaXOAATCs MOJIIOC, COCTOAMINM U3 OCTOSHHOTO MarHUTa M TMOJIOCHBIX HAKOHEYHUKOB,
MarHUTONPOBOSILMI BaJl U MAarHUTHAS KUKOCTb, IBJISIFOILASICS OCHOBHBIM Pa0OYMM BEIIeCTBOM (YIUIOTHSIIO-
M areitoM) B MOKY. MaraurtHas KUIKOCTh pacrojaraeTcsl B 3a30pe MEX1y MONIOCHBIMH HaKOHEYHHKa-
MU ¥ BaJOM M yIEP)KHBAETCS B HEM BBICOKOTPAJNEHTHBIM MAarHUTHBIM 1ojieM. OCHOBHBIMH KOMITOHEHTAMHU
MarHUTHOM >KUAKOCTH SIBIISIFOTCS JKUAKOCTb-OCHOBA M MATHUTHBIC YaCTHUIIBI, HOKPBITHIE CIIOEM CTa0MIM3aTopa
JUTS IPEJOTBpAILEHUs UX arperanu [S].

MXYVY criocoOHbI paboTaTh B CTOSSHOYHOM, HH3KOCKOPOCTHOM M BBICOKOCKOPOCTHOM pexumax [5]. Oc-
HOBHBIM PeKUMOM paboTsl MIKY gBiiseTcst HH3KOCKOPOCTHOM PEKUM, ITPU KOTOPOM CKOPOCTh IIOBEPXHOCTH
BaJia COCTaBisIeT BenauHy u < 5 m/c. [Ipn O0mbmMX CKOPOCTAX (BEICOKOCKOPOCTHOM PEXMM) Ha XapakTe-
puctuku MXKY HauMHAIOT BIUATH TEIUIOBBIIEICHUE U3-3a BI3KOTO TPEHUS U LEHTPOOECKHBIE CHIIBI, KOTOPBIE
CTPEMSITCSl BHIOPOCUTH MarHUTHYIO KHJKOCTh U3 padbouero 3azopa. OCOOCHHOCTHIO CTOSHOYHOTO PEKUMa,
paccMaTpuBaeMoro B HacTosAMIeH padoTe, sIBISIETCS OTCYTCTBHE IBH)KEHUSI MAarHUTHOM JKHJIKOCTH B 3a30p€
Ha IPOTSHKEHUH JUINTEIBHOTO MEPUOAA, YTO IPUBOANUT K N3MEHEHHIO XapAKTEPUCTUK MarHUTHOW KHUIKOCTH
BO BPEMEHU.
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Puc. 1. Cxema MXYVY: [ — OCTOSIHHBI MarauT; 2 — IMOJFOCHbIC HAKOHEUHUKH; 3 — MAarHUTHAS KUJAKOCTh; 4 — Ball
Fig. 1. Sketch of a magnetic fluid seal: / — permanent magnet; 2 — pole pieces; 3 — magnetic fluid; 4 — shaft

B orcyrcTBHE BHEIIHET0 MArHUTHOTO MOJISE MArHUTHAS KHUIKOCTb MPEJICTaBIAeT CO00M YCTONUNBBIHM KOJIJIO-
uHbIHA pacTBop. OgHako B peasibHbIX MOKY 1oz nosmocHbIM HAKOHEYHUKOM Ha MAarHUTHYIO KUAKOCTb ICHCTBYET
BBICOKOTPaIUEHTHOE HEOJHOPOAHOE MArHUTHOE IT0JI€, O] BIMSHIEM KOTOPOT'O MarHUTHBIE YaCTHIIBI CTPEMSATCS
B 00J1aCTh ¢ HAMOOJIBIICH HANPSHKEHHOCTRIO MarHuTHoro noiisi. Kak ciencrsue, B 3a30pe MOA MOJTIOCHBIM Ha-
KOHEYHHKOM KOHIICHTPAIMsI MarHUTHBIX YaCTHUI] YBEJIIMYMBAETCS, a B 00IACTH C MEHbIIECH HANPsSKEHHOCTHIO
MarHUTHOTO MOJIsl yMeHbInaeTcst. [I[poTrBomnonaokHo MarHuToopesy AeicTByeT KOHIEHTparoHHast Tuddysus,
CTpeMsIIasicsl paBHOMEPHO pacIIpe/IeIuTh MAaTHUTHBIE YacTUIBI B 00beMe MarHUTHOM kuakoctu [6]. OmxHo-
BPEMEHHO C U3MEHEHNEM KOHLIEHTPALMU MarHUTHBIX YAaCTHI] U3MEHSETCS BA3KOCTh MarHUTHON KUIKOCTH, YTO
OKa3bIBaCT BIMSHHE HA MHTEHCUBHOCTh KaK MarHUTO(Gope3a, Tak U KOHLEHTpaluoHHo! anddysuun. Kpome Toro,
POCT BSI3KOCTH MarHUTHOM YKHUKOCTH IIPH BHICOKOIM KOHLIEHTPALMY MAaTHUTHBIX YAaCTHUI] MOYKET MPUBECTH K MOTEpE
TEKY4YECTU MarHUTHOH >KHJIKOCTBIO, UTO 03HayaeT Beixod MKV u3 crpos.

B npenpiaymux myonukanusx (M. [7-9]) koapduuuent auddy3nn nonarasncs noctosHHbM. B padote [10]
nccaenoBanack Auddy3ust MarHuTHBIX yactul B MOKY ¢ TpeyronbHoi# reoMeTpueli MOMOCHOT0 HAKOHEYHHUKA 10
00pa30BaHusl IIOTHON YIIAKOBKHU YacTull B 3a3ope. [Ipu Beruncnennn kodpdunpenta audy3nn UCroiab30Baiach
€ro 3aBUCHMOCTb OT KOHLEHTPAL[M1 MarHUTHBIX YaCTHLL, IPEeAJIOKeHHas B craTbe [11]. laHHas 3aBUCHMOCTB OC-
HOBBIBAETCS B TOM YHCJIE Ha MPEANoaokeHnn Paccena o 3aBUCHMOCTH OTHOCUTENBHO MTOABMKHOCTH MaTrHUTHBIX
YacTHI] OT UX KOHIIEHTpanuu Buaa K| (c) = (1 - 0)6’55, rae ¢ — 6e3pazmepHas 00beMHas KOHIIEHTPAL MarHuT-
HBIX 4acTHII BMecTe ¢ obosoukoii [TAB B cycriensun, onpenensemas Kak OTHOIIEHHE 00beMa YacTHUI] B CYCIIEH3UU
K 00beMy camoii cycrieH3ur. OJJHAKO 3TO MPEIIOJIOKEHHE SBISIETCS CIIPABENIUBBIM ITPU HEOOJIBIINX KOHLIEHTPA-
IIUSIX MATHUTHBIX YaCTHII, HO, OY4EBHIHO, HE paboTaeT MpH KOHIICHTPALUX, OJMM3KUX K IJIOTHOH yIIaKOBKeE, KOTa
NO/IBM)KHOCTB YACTHUI] CTPEMUTCS K Hymto. B padote [12] uccienosanack quddysus MarHuTHBIX gacTull B MOKY
C TIPSIMOYTOJIBHOM TEOMETPHUEH MTOIFOCHOTO HaKkoHeUHUKa. [Ipn Beranciernu ko3 durmenTa quddy3un B 3ToM
Cllydae MCIO0Ib30BATOCH MOIU(PHUIIMPOBAHHOE BHIPAKEHUE ISl OMMCAHUSI TOIBM)KHOCTH MarHUTHBIX YaCTHLI.
JlaHHOE BBIpaXXEHHE OCHOBBIBAETCSI HA ITPEAIIONIOKEHUH O TOM, YTO MarHUTHASI )KUJIKOCTb TE€PSIET TeKy4eCTh IPU
HYJIEBOM MOABMKHOCTH MAarHUTHBIX YaCTHL, KOTOPasi, B CBOIO OUYEPE/Ib, JOCTUIAeTCsl TPH KOHIIEHTPALIMH YaCTHII,

6,55 - 0,605

c
, re ¢ = 0,605 — sKcepuMeHTaIbHOE

: 0,605
3HAYE€HUE KOHLIEHTPALUU MAarHUTHBIX YaCTHUL, IPX KOTOPO MarHUTHAas! KUIKOCTh TepsieT TeKyuecTs [13].

Baxxnsim anementoM MKV sBinsieTcs MoMOCHBINH HAKOHEYHHK. [ eoMeTpus MOII0CHOTO HAKOHEYHUKA BIHSAET
Ha CTENICHb HEOJHOPOJHOCTH MAarHUTHOTO I10JI51, OT KOTOPOH 3aBUCSIT MHTEHCUBHOCTh MarHUTO(hopesa B 3a30pe
, CJIEI0BATEIIbHO, CPOK ciry:k0b1 MXKY. Kak ormedeHo Bhiiie, B padorax [10; 12] npoBeaeHbl pacueThl s
pa3HBIX TEOMETPHI TIOTIOCHOTO HAKOHEYHHKA C MCIIOJIIB30BAHUEM Pa3IMYHBIX BBIPAKECHUN I BBIUMCIICHUS
ko3 dunuenta nupdy3un. BrinomHeHHOe paHee CpaBHEHUE BIUSHKSI TE€OMETPUI MTOJIFOCHOTO HAKOHEYHUKA Ha
XapakTepucTuku ctossHouHOro MKV [14] G110 HETIOHBIM M HE YYUTHIBAIO MOTU(UITUPOBAHHOE BEIPAKECHHE
JUTS. OTIMCAHUS TIOABM)KHOCTH MAarHUTHBIX YaCTHII.

Lesnbio HacTosiIIel paboTHI ABIIsICTCA 00beAMHEHNE U 0000ILEHHE PE3YAbTATOB PACUETOB KPUTHIECCKON KOH-
HEHTPALUH, IPH KOTOPOI MarHUTHAS KUIKOCTh TEPSIET TEKYUECTh, a TAK)KE CpoKa ciry:k061 MXKY B 3aBHCHMOCTH
OT BEJTMYMHBI HANPSHKEHHOCTH MAarHUTHOTO TIOJISI TIOZ TIOJTFOCHBIM HAaKOHEUYHUKOM. B cTaThe cpaBHMBAIOTCS B
IEOMETPUU IIOJIOCHOTO HAKOHEUHHKA IPU UCIIOJIb30BAHUU MOAU(DUIIMPOBAHHOIO BBIPAYKEHHUS Ul OIUCAHUS
MOJABMKHOCTH MAarHUTHBIX YaCTHII. BInoIHEeHHOE CpaBHEHKE TO3BOIUT ONPENIENINTh, KaK TEOMETPHUS MOJTFOCHOTO
HaKOHEYHHUKA BIUSACT Ha CPOK CITy>kO6I MOKY, U BBISIBUTB, TIPH KaKOH TEOMETPHH TOJTFOCHOTO HAKOHEUHHUKA CPOK
ciryk061 MOXKY Oyner MakcHMallbHBIM.

OJM3KOH K MJIOTHOM ynakoBke, M uMeeT Bua K (c) =
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DopMyJIUPOBKA 32124

I'eomeTpusi MOTIOCHOTO HAKOHEYHUKA. PacueTHas 00IacTh MPEACTaBIsAeT CO0OM y9acTOK IO MHOTO-
3y0obIM TomtocoM MOKYY, BEIOpaHHEIH ¢ ydeToM cuMMeTpuH (puc. 2). B pabore paccMOTpeHBI aBe Hanbosee
pacmpocTpaHeHHBIE TEOMETPHUH TIOIIOCHOTO HAKOHEYHNKA — TPEYTOJIbHAS ¥ TIPSMOYTOIbHAS. 15 TpeyroapHOTO
TTOJTFOCHOTO HAKOHEYHHUKA YTOJI MKy TOPU30HTATHHON M HAKJIOHHOHM YacTSIMHU PUHAT paBHEIM 45° (Hanboiee
pacnpocTpaHeHHBIH BapuaHT). M3mMeHeHne yria BIuseT Ha BEIHYUHY HAPSHKEHHOCTH MarHUTHOTO OIS IO/
MOJIFOCHBIM HAKOHEYHUKOM. ['paHulia pazjienia Mex 1y MarHUTHOM dKHUJIKOCTBIO U OKpY Karollel cpeioi onpee-
JIeHAa TI0 U30JIMHUY TIOCTOSHHOTO 3HAYCHHS HAMTPSDKEHHOCTH MAarHUTHOTO TTOJIS TTO TIOFOCHBIM HAKOHEUHUKOM,
WCXOJIS M3 33IaHHOTO 00beMa MarHUTHOH JKUIKOCTH.

ala o/b

b

A A

Puc. 2. PacuetHast 061acTth JUIst TPEYTroIbHOI (a) ¥ IPSIMOYTOILHOMN (6) TeOMETPHIA MOIIOCHOTO HAKOHEUHHKA
(4 — 3a30p MeX/Ty MOTIOCHBIM HAKOHEYHUKOM U BaJIOM; B — IIMPHUHA OCHOBAHMS MTONIOCHOTO HAKOHEUHHKA,
B =45° — yron Mex1y ropu30HTaIbHOM ¥ HAKJIOHHOW YaCTSIMH MOJIOCHOTO HAKOHEYHUKA)

Fig. 2. Calculation domain for a triangular (a) and rectangular () pole piece geometries
(4 — the gap between the pole piece and the shaft; B — the width of the pole piece base;
B = 45° — the angle between the horizontal and inclined parts of the pole piece)

Ypasnenue 1udpdy3un. Ypasaenue, onucsiparoniee 1udQy3uro OpOyHOBCKUX YaCTHUIL Yepe3 UX 00bEMHYIO
KOHLEHTPALUIO , UMEET BU[

p%+divj=0, )

IJie p — MJIOTHOCTD; j — IIOTOK MAaccChl; { — BpeMsl.

[Totok macchel onpenenum 1o Gopmyrie, IpeIoKeHHOM B cTaThe [11], ¢ yueToM npuOIMKeHH COrlTacHO
pabore [10], rae ucnonb3yercs kodpdunuent auddys3un B npubImKeHnd TBEpAbIX chep 1Ist uealbHON Mar-
HUTHOM *kuKocTH. Torma Bropoil ujieH ypaBHeHUsI (1) MOXKeT OBITh 3alicaH B BHJC

m 2c(4-c
divj=pD,K(c) T Gy 1+(—4) , 2)
kT (l—c)
rne Dy =——— — siHmTeHHOBCKUA KodPdunuent auddys3un mis pa30aBISHHBIX PacTBOPOB; k =

61 R

=1,38 - 1072 JIx - K~' — nocrosuuas Bonsrmana; T— TEMIIEPaTypa; 1, — JUHAMHUYECKas BA3KOCTb MarHUTHOI

. b
XKHUJKOCTH MIPU OTCYTCTBUU MarHUTHBIX YacTHIl; R — paauyc 4yacTullbl BMecTe ¢ obonoukoii [TAB; K (c) = I
0
OTHOCHUTENbHAS MOIBHKHOCTb YaCTULL B MATHUTHOM JKMIKOCTH; b — MNOBHKHOCTb YACTUIL B CYCIIEH3UH; by — I101-
BIDKHOCTB YaCTHUI] B YUCTOM PAacTBOPE; [, = 47 - 1077 T'H/M — MarHUTHAS TIOCTOSIHHAS; n, — MarHATHBIA MOMEHT
4acTULbl; H — HAPsDKEHHOCTh MAarHUTHOTO ToJIsA. UJieHb! B KBaJIpaTHBIX CKOOKAX ONMUCHIBAIOT MarHUTO(ope3
1 OPOYHOBCKYIO KOHLIEHTPALMOHHYIO AU ((Y3HI0 COOTBETCTBEHHO.

Jlia paccMaTpuBaeMoil 3a1a4d OTHOCUTENBHYIO MOABMYKHOCTh MAarHUTHBIX YaCTHLl MOXHO OIHCATh BBI-
paxenuem Paccena (cMm. [15; 16]), MOTUHUITPOBAHHBIM B IPEATIONIOKEHHH, YTO MAaTHUTHAS )KAIKOCTh TEPSIeT
TEKy4ecTh IIPU JOCTHKEeHNHU KoHIeHTparmu ¢ = 0,605 [12], B cooTBeTcTBHU ¢ popmymnoii Yonra [13]:

3,963

C
K(C)— l—m . (3)

Ylanoay JI. JT., JTuewy E. M. Tunponusamuxa : yue6. mocoGue. 3-¢ w3, mepepab. M. : Hayka, 1986. 736 c. (Teopernueckast
¢usuka : B 10 T. ; T. 6).
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OkoHUYaTeNbHO ypaBHEHHE TIepeHoca (1) ¢ yaeTom BBIpaKeHHIA I TTOTOKA MacChl (2) U OTHOCUTEIHHOM
MOJIBU’KHOCTU MarHUTHBIX 4acTHIl (3) MPUHUMAET BUI

oc Hom,
—=D,V|K(c)| G(c)Vc—c——=VH ||, 4
9| k()| Ge)ve- ™ @
3,963
’ 2c(4-c
- ; G(e)= 1+—( 4)
0,605 (1 - c)
YpaBHeHUs1, ONMCHIBAIONINE MATHUTHOE oJ1e. J[J151 OTMCaHusi MArHUTHOTO TIOJIS MO ITOJIFOCHBIM HAKOHEY-

HUKOM, Kak 1 B paboTax [10; 12], ucrons30BaHbI cTaTHdecKre ypaBHeHUs MakcBesuia. BBeen morenmnman Hampsi-
YKEHHOCTH MarHUTHOTO OIS (0. HampsikeHHOCTh MarHUTHOTO TIOJTS BBIYHCIICHA C MICTIONIb30BaHUEM YPaBHEHUN

2 2
e e (5)

H=Vo, 2+°2
o oy’

I'panuynblie ycaoBusi. [ panndHbIe yCIOBUS 3aaHbl aHAIOTHYHO pabotam [10; 12], rme, ucxons u3 cum-

METPUYHOCTHU 334U HA MPAaBOX U JICBOU TpaHUIAX, IPOU3BOAHAS [0 HOPMATIU OT MOTEHIINANA PaBHA HYIIO

rae K(c) =

0
(G_(P = 0), moTeHnMa HanpsHKEHHOCTH MarHUTHOTO T10JIs1 Ha TIOBEPXHOCTH Bajia paBeH Hymo (¢ = 0), a moTeHIuan
n

HaNpPsKEHHOCTH MarHUTHOI'O II0JI Ha IOBEPXHOCTH IIOJIF0CA COCTABILIET BEIUUMHY @ = H, A, Tne H, — Hanps-
JKEHHOCTh MAarHUTHOTO T0JISI HA OCH CHMMETPHH ITOJIFOCHOTO HakoHeuHuKa (x = 0).

I'parnyHBIM ycnoBueM i ypaBHEHUS (4) ABISETCS paBEHCTBO MOTOKA MACChl HYJIIO Ha BCEX TPaHUIIAX
MarHUTHOM KUIKOCTH:

”’Omp

i=K(c)| G(c)Ve-c VH |=0.
Be3pa3mepnble ypaBHeHusi. B 6e3pasmepHoM Buze ypaBHEeHHS (5) OCTAIOTCS HEHM3MEHHBIMH, a YpaBHE-
HUe (4) 3anmuchIBaeTCs CIEAYIONHM 00pa3oM:
oc
—=V|K(c)(G(c)Ve-cUVH) |, U = , (6)
IJIe B KQ4ECTBE XapaKTePHBIX BEITMYNH OIPeIeIeHbI MacInTa0bl paccTOsTHAA (A) ¥ BpeMEeHH (F). Pa3mepnbie
0

l’l'OmpHO

2

1 Oe3pa3MepHbIe BEJTMYUHBI CBA3aHbI CJEAYIOIIMMU COOTHOMIEHUAMHU: X = AX, y = AP, t = F?, H=HH,¢p=
~ l & 0

=H,Ap,V= ZV. B ypaBHenuu (6) Kpeieukn Haj 0e3pa3MepHBIMU BEIMYHMHAMHA YOpaHbI TS yA0OCTBA.

YucieHHBIA MeTOX

Pemrenne nuddysnoHHOl 3a1a4u OCYIIECTBISETCS € MOMOIIBIO0 YUCIECHHOTO METOJa KOHTPOJIBHBIX 00b-
eMoB [17; 18] Ha TpeyronbHOU CTPyKTYpUPOBAHHOMU ceTke. [Ipumep ceTku ajist IByX T€OMETPUd OTOCHOTO
HAaKOHEYHUKA MMPUBEJICH Ha puc. 3. JlaHHBINA METOI aHAJIOTHYEH METONTY, UCTIOJIb30BaHHOMY B padotax [10; 12].

ala o0/b
YA YA

M,
4

- e -
o x O X

Puc. 3. Cetka Jij1st TPEYTOJIBHOI (@) U IPSMOYTOJIBHOM (6) TCOMETPHIl MOJTFOCHOTO HAKOHCYHHKA
Fig. 3. Mesh for a triangular (a) and rectangular (b) pole piece geometries
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B BBIOpaHHOM YHCIIEHHOM METO/IE JJIs1 BBIYMCIICHHS TIOTEHIIMAalIa Haps»KeHHOCTH MarHUTHOTO TIOJISl M KOH-
LEHTPAIMHA MAaTHUTHBIX YaCTHUI] MCTIONIb3YETCs JIMHEHHOE pacIipeieNieHne BETMYHNHBI Ha TPEYTOJLHOM DJIEMEHTE.
JUi1st HAXOXKA€HHS HANIPsHKEHHOCTH M IPAINeHTa HAPSDKEHHOCTH MarHUTHOTO TI0JIS B 3230p€ IPUMEHSIETCSI METOL
obOparHbIX paccrosauit [19]. UnciaeHHO HecTalmoHapHas 3a7ada perraeTcs ¢ UCIOIb30BaHUeM SIBHOM CXEMBI
DOiinepa. YcioBUeM NpeKpalleHusl cueTa IPUHUMAETCS yBEIMUEHHUE BA3KOCTH MAarHUTHOM JKUIKOCTH Ha MTOBEPX-
HocTH Bauia B 40 pa3 1o CpaBHEHHIO C IepBOHAYAILHON BA3KOCThIO. Hanbomnee pacrpocTpaHeHHO MarHUTHOH
KHUIKOCTBIO JUISl BAKYYMHBIX YIUIOTHEHHUH SIBJISICTCS KUIKOCTh HA OCHOBE BaKyyMHOTO Maciia, JUHAMHUECKast
BSI3KOCTb KOTOPOTO cocTaBisieT Benuuuny 1, = 0,08 I1a - c. [Ipu HauanbHOI 00beMHOI KOHLIEHTPALMX MaTrHUTHBIX
qacTu ¢, = 0,3 BA3KOCTb MArHUTHOM XUJKOCTU B COOTBETCTBUM ¢ (hopmyinoit Honra [13] pasna 0,25 Ia - c.
VBenuuenue BsizkocT B 40 pa3 o3HavyaeT, uto oHa qocturaet Beanurnbl 1 = 10 [1a - ¢ (cooTBeTCTBYET BA3KOCTH
outyma). [1pu Takoii BI3KOCTH BpallleHHE Baja CTAHOBUTCS IPAKTUYECKH HEBO3MOXKHBIM, T. €. YIUIOTHEHHE BbI-
XOIUT U3 cTposi. KoMIbIoTepHBIN KOA JUIA peleH s 3a/1aui peaan30BaH Ha si3bike C++.

Pe3y.]'leaTbl H uUX oﬁcym}leﬂne

Pemenwue 3anaun quddy3un MarHuTHO#H xuaKocTi B MOKY ocyIecTBISsIIOCH LISt IBYX TE€OMETPHI MOTFOCHOTO
HakoHe4yHuKa. [lockombKy pasmep 00acTy, 3aHIMaeMOM MarHUTHOM KUIKOCTBIO, 3HAUUTEITHHO MEHBIIIE PANyca
BaJIa, 3a]1a4a CUUTAIACh IBYMEPHOH. B KauecTBe BETMYMHBI, XapaKTepU3yIoliei 00beM MarHUTHOH JKHUIKOCTH B 3a-
30pe, ObL1a BbIOpaHa IIIoLIaab CedeHHs B pacquHOH 0051acTH, 3aHATas MArHUTHOM *KUAKOCTBIO. {11 BCcex pacyeToB
9Ta BeMunHa coctasisiia 2,39 - 107 M2, uro COOTBETCTBYET pa3Mepy OOJIaCTH BIOJIb Bajla, 3aHSITOW MarHATHOM
JKUJIKOCTBI0, 0K0JI0 0,45 MM NpH IIUpHHE pa60qero 3a3opa 0,1 MM. DTOT pazmep oCTaBajICsl HEU3MEHHBIM IS BCEX
BapUaHTOB PacyeToB, T. €. COXPAHSUIACh IUIOLIAb KOHTAKTa ¢ BasioM. JJIsl BBIYMCIIEHUH MCIIONB30BAIMCH CETKU,
BBIOpaHHBIC KaK ONTUMAJIbHBIC B IPEABLIYIINX UCCIICIOBAHUSIX: CETKA IS TPEYTOIbHON T'eOMETPHH TIOJIFOCHOTO
HaKOHe4HUKa cocTosia u3 55 056 y3nos [10], a ceTka A1 IpsMOYTOJIbHON FeOMETPUH MOIFOCHOTO HAKOHEYHNKA —
u3 50 941 y3noB [12]. [TockonbKy 1esbro paboThI SBISIIOCH ONpeeeH e JIydIleld TeOMETPHHU TOJIFOCHOTO HaKo-
HEYHHUKA C TOYKH 3peHUst cpoka ciryk0b1 MOKY, To pacueTs 1yis IBYX reOMeTpHUii MPOBOJHIIHNCH TPH ONITUMAJIbHBIX
3HaYEHMSAX [IapaMeTPOB, YCTAHOBJIEHHBIX B peAbLIymux padorax: ¢, = 0,3, 4 = 0,1 MM, B =0,3 mm.

B nporuiecce cuera KOHTPOIMPOBATIOCH CpeiHEE 3HAUYEHHE KOHIIEHTPAIlu MarHUTHBIX YaCTHIL B o6LeMe Mmar-
HUATHOM KUIKOCTH. DTa BEIMYNHA U3MCHSIIACH B TIpeIeax JIUIITh OKOJIO 0,001 % Ha MPOTKECHIH 10° maros no
BpeMEHH (BEIMUMHA OJTHOTO IIIara Mo BPeMEHH cocTaBmsma t=2 - 10~ ) YTO CBUJIETEIBCTBYET O BBINOIHEHUU
3aKOHA COXPAHEHHUSI MACCHI, T. €. YUCIIEHHAsI CXeMa SIBJIIETCS] KOHCEPBATUBHOM.

Bhauane OblIM paccuUTaHbl HAIPSKEHHOCTD M IPAJANCHT HANIPSKEHHOCTH MAarHUTHOTO TI0JIS IIOZL IIOJTFOCHBIM
HakoOHeuyHUKOM. {11 00enx reoMeTpHuil MOJCHOIO HAKOHEUYHUKA MaKCUMallbHasi HAPSXKEHHOCTh MarHuT-
HOTO TIOJIsL AOCTUraeTCsl B 3a30p€ MO TOPU30HTAIBLHOM MJIOIIAKOH MOIOCHOTO HaKOHEYHUKa (puc. 4, a u 0).
MaxkcuMalIbHBIH TPAaJMEHT HANPSHDKEHHOCTH MarHUTHOTO IIOJISt IOCTUTAETCS B yIVIe MEXKIY TOPU30HTAIBLHON
1 HaKJIOHHOMW (IIPU TPEYTroJbHON TeOMETPHH) WIIM BEPTHKAIBHOH (IIpH MPSIMOYTOJIBHON F€OMETPHUHN) YaCTIMHU
MOJIFOCHOTO HakoHeuHuka MOXKY (puc. 4, 6 u 2).

CpaBHeHHE 3aBUCHMOCTH pa3MEPHOTO IPaIUeHTa HAIPSYKEHHOCTH MarHUTHOTO TI0JIsI OT KOOPAMHATHI BIOJIb
BaJsa JyId IByX T€OMETPHii MOIFOCHOTO HAKOHEUHUKA TIPU OJIMHAKOBBIX MapaMeTpax MOKa3bIBAET, UTO MPH MPSMO-
YTOJIbHOW TeOMETPUH IPAJMEHT HAPSYKEHHOCTH MarHUTHOTO TIOJISI BOJIb Bajia OOJbIIe, YeM ITPH TPEYTOJIbHOM
reoMeTpuu (puc. 5).

IIpucy=0,3,4=0,1 mm, B=0,3 M™m, H)=1" 10° A/M MakCHMAaTbHEINA PasMepHBIi IPaIUeHT HATPSUKSHHOCTH
MArHUTHOTO TIOJIS Ha IOBEPXHOCTH Basa JUIs HPSMOYTOJIbHOIM T€OMETPHH MOJTFOCHOTO HAKOHEIHHKA COCTABIIACT
4,05 - 10° A/M%, a U151 TPEyTOIBHOI FeOMETPUH TONIOCHOTO HakoHeurnKa — 3,12 - 10° A/m* [12].

[loxn ,Z[CI/ICTBI/IeM BBICOKOTPAJEHTHOI'O MArHUTHOT'O IIOJIS MArHUTHBIE YaCTHLIBI CMEIIAIOTCS B 00JIaCTh HAU-
Oonblel HAPSHKEHHOCTH MAarHUTHOTO 110151, C Te4eHreM BpeMEHH KOHIIEHTPaLUsl MATHUTHBIX YaCTHL Y BEpLIH-
HBI [IOJIIOCA YBEINYMBACTCS, @ BMECTE C HEl yBEJIMUMBACTCS BI3KOCTh MArHUTHOM KHUIKOCTH. B 3aBUCHMOCTH OT
HavaJIbHBIX TApaMETPOB KOHIIEHTPALIMS MATHUTHBIX YaCTHI MOJKET JOCTUTHYTh 3HaUCHUH KyOnueckoii (¢ = 0,52)
nunu ciayvaiiHoi (¢ = 0,64) mnotHoit ynakoBku [10]. IIpu Takux 3HaYEHUSX KOHLIEHTPAIIMA MATHUTHBIX YaCTHUI]
TEKy4eCTh MAarHUTHOM JKUJIKOCTH YMEHbINAETCs. Tak KaK B HACTOSAIICH paboTe UCIOIb3yeTcs Bhipaxenue (3),
TO MaKCUMAaJIbHOE 3HAYEHNE KOHI[EHTPAIlMi MarHUTHBIX YaCTHUI, KOTOPOE MOXKET OBITh IOCTUTHYTO, COCTABIISIET
¢, = 0,605. ABTOpBI IOJIATAIOT, YTO C MPAKTHYCCKON TOYKHM 3PCHUs MArHUTHAs )KHUIAKOCTh TEPSICT TEKy4eCTh
Y YIUIOTHEHHE BBIXOJUT U3 CTPOsI, KOTa BA3KOCTh MAarHUTHOW YKMIKOCTH BOJM3H MOBEPXHOCTH Bajla yBEIUIH-
Baetcs B 40 pas [12]. CoOoTBETCTBEHHO, IPU JOCTIDKEHUN ATON BEJTMYMHBI CUET OCTAaHABIHBAJICS.

Ha puc. 6 noka3aHo pacnpeneaeHne KOHIEHTPALUU MarHUTHBIX YacTHUI U BA3KOCTH MAarHUTHOM JKUJIKOCTH
B MOMEHT IOTEPU TEKy4E€CTH MArHUTHOM KHIKOCTBIO IIPU HAIPSHYKEHHOCTH MarHUTHOTO oJis H, =1 - 10° A/m.
MakcrmalpHasi KOHIEHTpaLKs MAarHUTHBIX YacTHI HAa TIOBEPXHOCTH BaJla paBHa ¢,,,, = 0,563, a MakcuManbHast
Oe3pa3MepHas AMHAMHUYECKas BI3KOCTh MAarHUTHOM HIKOCTH Ha ITOBEPXHOCTH Baja COCTABIISET BEIUUMHY
ﬁmax =122, Toraa kak 6e3pa3MepHast BA3KOCTh HCXOTHOW MarHUTHOM JKUIAKOCTH C KOHIIEHTPAI[UEH MarHUTHBIX
gacTul ¢, = 0,3 paBHa 1j = 3.
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Puc. 4. PacnipesienieHre HANPsHKEHHOCTH U IPAJANCHTA HAIPSHKCHHOCTH MarHUTHOTO TTOJIS
OJ1 TPEYTOJIBHBIM (d, 6) U MIPAMOYTOJIBHBIM (6, 2) TIOIIOCHBIMU HAKOHEUHUKAMHU
pu ¢y = 0,3, 4= 0,1 mm, B=0,3 mm, Hy=1-10° A/m
Fig. 4. Distribution of magnetic field strength and magnetic field strength gradient
under triangular (a, ¢) and rectangular (b, d) pole pieces
atcy=0.3,4=0.1 mm, B=0.3 mm, H,=1-10° A/m
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Puc. 5. 3aBUCHMOCTb Pa3MEPHOTO TPAIEHTa HANPSHKEHHOCTH MAarHUTHOTO 1107151 OT KOOPJMHATHI BIOJIb Baja
JUISL TPEYTOJIBHON U MPSIMOYTOJIBHOM reOMEeTpUi MOIIOCHOTO HAKOHEUHUKA
npu ¢, = 0,3, 4=0,1 Mmm, B=0,3 mm, Hy=1-10° A/m
Fig. 5. Dependence of the dimensional magnetic field strength gradient
on the coordinate along the shaft for triangular and rectangular lgole piece geometries
atc;=0.3,4=0.1 mm, B=03 mm, H;=1-10"A/m
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Puc. 6. Pactipenenenne KOHIIEHTPAIIMYA MArHUTHBIX YaCTHUI] U BI3KOCTH MAarHUTHOM JKUJIKOCTH
TIOZI TPEYTOJIIBHBIM (d, 6) ¥ IPSIMOYTOJILHEIM (0, 2) TIOJTIOCHBIMU HAKOHEUHHKaMU
put ¢, = 0,3, 4= 0,1 mm, B=0,3 mm, Hy=1-10° A/m

Fig. 6. Distribution of concentration of magnetic particles and viscosity of the magnetic fluid
under triangular (a, ¢) and rectangular (b, d) pole pieces
atcy=0.3,4=0.1 mm, B=0.3 mm, Hy=1-10°A/m

B mporiecce pocta KOHIIEHTpany MaKCHMalTbHOE 3HAUYSHHE CHavYajia JIOCTUTAETCs B 00JIaCTH MaKCHMAJTbHOTO
IpaJieHTa, a 3aTeM CMEIIACTCs K 00J1aCTH CUMMETPUH (pUC. 7, a 1 6). BSI3KOCTh MATHUTHOM KHIKOCTH TAKXKE PACTET
CO BPEMEHEM U JIOCTUTI'aeT MAKCUMAJIBHOTO 3HAYEHHS B 00JIaCTH MAKCUMAIILHOTO IpajineHTa (puc. 7, 6 u 2). Xapak-
Tep POCTa 00EHX BEIMYHMH OJIMHAKOB IS TPEYTOJIBHOM U MPSAMOYTOJIBHOM T€OMETPHIl ITOJFOCHOTO HAKOHEUYHHUKA.

B 3aBuCHMOCTH OT BEIMYWHBI HANPSHKEHHOCTH MAarHWTHOTO TIOJS B 3a30p€ YCTAHABIMBACTCS PAa3INIHOE
3HAUYEHUE KOHIICHTPAIIMM MAarHUTHBIX yacTull. Kak mpu TpeyrojipHOM, TaKk ¥ MPU HPSIMOYTOJIBHON IT'eOMETPUN
MOJIFOCHOTO HAKOHEYHHKA B MaJIOM 3a30pe, paBHOM 0,1 MM, IOTEepst TEKy4ECTH MarHUTHOM KUAKOCTBIO (T. €. J10-
CTIDKEHHE 3HaYCHUS KOHIIEHTpaluu ¢ = 0,563) MpOUCXOIUT TOIBKO MIPU TOCTATOYHO OOJIBIION HAPSKEHHOCTH
MarauTHOro 1oist (puc. 8). [Ipy HAIPSKEHHOCTH MATHHTHOTO TIONS B 3a30pe, MeHbie ueM 1 - 10° A/, mar-
HUTHAS! )KUJIKOCTh OCTAETCs TEKYUEH.

Tak Kak pa3mepHasi BSI3KOCTh MArHUTHOM JKHIKOCTH 3aBHCHT OT BSI3KOCTH JKHIKOCTH-OCHOBBI (1) =11},
TO JJIsl HanOoJlee paclpoCTPaHEHHOM KUIKOCTH-OCHOBHI (BaKyyMHOE MAclo, TWHAMUYECKask BSI3KOCTh KO-
Toporo paBHa 1, = 0,08 Ila - ¢) pasmepHas BA3KOCTb MarHUTHOM XKUAKOCTU OyAET COCTABIIATH BEJIUMUUHY
N~ 122-0,08 =10 ITa - ¢, uTo cooTBeTCTBYET B3KOCTH OuTyMa. [Ipu Takoii Bsi3kocTH BpamieHue Baima MXKY
CTAHOBHTCS HEBO3MOXKHBIM, T. €. YIJIOTHEHHE yTpauyuBaeT paboTocrnocoOHocTs [12].

CpaBHUBas B T€OMETPHH TOIFOCHOTO HAKOHEYHUKA ITPH OJMHAKOBBIX ITapaMeTpax, MOKHO 3aMETUTh, YTO
TIpeieTbHasT KOHIICHTPAITHs MArHUTHBIX YaCTHIl Ha TIOBEPXHOCTH Bajia MPH OJHUX M TeX )K€ 3HAYCHUAX HAPA-
’KEHHOCTH MArHHTHOTO MOJIS, MEHbIINX deM 6 - 10° A/m, s MPSIMOYTOJILHOM T€OMETPUH OOJIbINE, YEM IS
TPEYTOJIbHOM T€OMETPHUH (CM. PHC. 8, @). AHAJIOTUYHO U NPEebHAS BSI3KOCTh MAarHUTHOM JKUIKOCTHU OOJIBbIIIE
JUTSL TIPSIMOYTOJIEHOM TeOMeTpHuH (CM. puc. 8, 0).
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Puc. 7. 3aBUCHMOCTb KOHIICHTPAIIUH MATHUTHBIX YaCTHIL
1 BSI3KOCTH MarHUTHOM JKUJIKOCTH OT Oe3pa3MepHOil KOOPMHATHI BIOJb Bajla C TEYCHHEM BPEMEHU
IUTS TPEYTOJIBHOM (a, 68) U IPSIMOYTOJIBHOM (6, 2) TEOMETPHIA TTOTFOCHOTO HAKOHEUYHHKA
npu ¢, =0,3,4=0,1 mm, B=0,3 mm, H;=1- 10° A/m
Fig. 7. Dependence of the concentration of magnetic particles
and the viscosity of the magnetic fluid on the dimensionless coordinate along the shaft over time
for triangular (a, ¢) and rectangular (b, d) pole piece geometries
atc,=0.3,4=0.1mm, B=0.3 mm, H,=1-10°A/m

ala

6/b
A [
0,6 -
120 -
0,563 | =
o7 100 -
0,520 I
0 80t
& <s_;E 60 -_
0.4 a0k
20
0 3 1 N 1 N 1 N 1 1 -
7T 4 6 8 10 0
Hy, 105 A/m

—— IIpsamoyronpHas reoMeTpust
TMOJIFOCHOTO HAKOHEYHUKA

Hy, 105 A/m

- - - TpeyronbHas reoMmeTpust

TTOJIFOCHOI'O HAKOHCYHHKA

Puc. 8. 3aBucHUMOCTb IpeIeIbHON KOHIIEHTPALMK MAarHUTHBIX YacTHI] (a)
U IpeeNbHOI BA3KOCTH MAarHUTHOM KUAKOCTH (6) Ha TOBEPXHOCTH Bajia
OT HANPSHKEHHOCTH MarHUTHOTO MOJIS IO TIOJTFOCHBIM HAKOHEYHUKOM
JUISL TPEYTOJILHON 1 MPSAMOYTOJIBHON I'€OMETPHIl OII0CHOTO HAKOHEYHHUKA
npu ¢y =0,3,4=0,1 MM, B=0,3 Mmm
Fig. 8. Dependence of the maximum concentration of magnetic particles (a)
and the maximum viscosity of the magnetic fluid (b)
on the shaft surface on the magnetic field strength under the pole piece
for triangular and rectangular pole piece geometries
atcy,=0.3,4=0.1 mm, B=0.3 mm
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Paccunrano uHTErpanibHOE (CpeaHee) 3HaUCHUE BI3KOCTH MATHUTHOM KUIKOCTH BIIOTh Baja, ONPEACIISIONICH

L
BEIUYUHY TPEHHS: 1);, = IM, rae L — IpoTsyKeHHOCTh 00beMa MarHUTHOM )KMIKOCTH BIOJIb Basia. Mo-
o L
MEHT CHJIBbl TPEHUSI, JCHCTBYIOIICH Ha BaJl, IPOIOPIIMOHAJICH CPEIHEH BA3KOCTA MATHUTHOMW JKUIKOCTHU BJIOJIb
Bajna. Takum 00Opa3oM, Kak BHJIHO U3 pUC. 9, TPEHHUE BO3PACTACT C YBEIIMYCHUEM HAIPSKEHHOCTH MAarHUTHOTO
MOJIsI, MPUYEM TPEHHE MIPU MPSAMOYTOIBLHON reOMETPHH MOJTFOCHOTO HAKOHEUHUKA C YBETHUCHUEM HAIPSKCH-
HOCTH MarHUTHOTO TOJISI IPEBOCXOUT TPEHUE MPU TPEYTONLHON F€OMETPHUH MOJTIOCHOTO HAKOHEYHHKA. Yem
0oJBIIIe TpEHHUE, TEM OOJBIIIE MOMEHT BpareHus Baixa MOKY.
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Puc. 9. 3aBHCUMOCTb UHTETPAILHON BSI3KOCTH
OT HANPSHKEHHOCTH MAarHUTHOTO TI0JIS TIOJ1 TTOTIOCHBIM HAKOHEYHHKOM
JUISL TPEYTOJIBHOM U MPSIMOYTOJIEHOM T'eOMETPHI TTOJIFOCHOTO HAKOHEYHHKA
mpu ¢,= 0,3, 4=0,1 MM, B =0,3 Mmm
Fig. 9. Dependence of the integral viscosity of the magnetic fluid
on the magnetic field strength under the pole piece
for triangular and rectangular pole piece geometries
atcy,=0.3,4=0.1 mm, =03 mm

OHpeILeJ'II/ITB, KaK JOJITO IMPOCIYKUT YIINIOTHCHUEC, MOXHO, paCCYNUTaB BPEMs JOCTUKCHU S HpeHeHBHOﬁ KOH-

LHEHTPAMN MAarHUTHBIX YaCTHUII HA ITIOBEPXHOCTH BaJia, IIpU I(OTOpOﬁ MarauTHas XUIAKOCTb TEPACT TCKYUCCTh.
2

31O BpeMsl 3aBHCHUT OT pazMepa 3a30pa u kodpunmenta quddysun (£ = g—f). Pacuetsl mpoBeaeHs! 1 Mar-
0

HUTHOM JKUJKOCTH C BAKYYMHBIM MacJiOM B Ka4€CTBE KH/IKOCTH-OCHOBBI, KOOPPHUIIMEHT MU PYy3Ud B KOTOPOM

cocrapnser Bemmanny Dy = 1077 m?/c.

C yBenMyeHHEM HaNpPsHKEHHOCTH MAarHUTHOTO TOJISI MO MOJTIOCHBIM HAKOHEYHUKOM BpPEMs JOCTHXKECHHUSI
YCTaHOBUBIIEHCS] KOHIIEHTPALMM MarHUTHBIX YacTHUIl B 3a30p€ PACTET KaK Ul TPEYroNbHOM, TaK U AJIS Ipsi-
MOYTOJILHOH T€OMETPHUH ITOJFOCHOTO HaKOHEYHUKaA (Tabi. 1). OHO MOXET COCTaBIIATh OT MecsLa 0 ABYX JIET.
[IpenenpHOE 3HaUEHNE KOHIICHTPALMY MAarHUTHBIX YacTHUI] U1 HE OYEHb CUJIBHBIX I10JICH HE JOCTUTACT BEJIU-
anmsl ¢ = 0,563. OIHAKO MPH HAMPSKEHHOCTH MArHATHOTO ronst Hy= 6 - 10° A/M ycTaHOBHBIIIGECS IIPEIETBHOE
3HaueHHE KOHIIEHTPAI[M1 MarHUTHBIX YacThLl paBHO ¢ = 0,561, a BpeMs ero JOCTHKEHHS COCTABISAET OKOJIO ABYX
netr. CpaBHHBas ABE TEOMETPHH MOTIOCHOTO HAKOHEYHUKA, MO)KHO 3aMETUTh, YTO ITPU OAHOM U TOM K€ 3HaUCHUU
HAIpPsHKEHHOCTH MarHUTHOTO MOJIS BPEMSI IOCTHKCHUSI YCTAaHOBHBLICHCS KOHIIEHTPALMM MarHUTHBIX YaCTHIL IS
TPEYroNbHON T'€OMETPUH MTOJIIOCHOTO HAKOHEYHNKA MEHBIIIE, YeM ISl IPSIMOYTOJIbHOM FeOMETPHUH, HO U CaMO
3HAUCHHME KOHLEHTPALUU MEHbIIE. Takoe MOBEICHNE MOXKHO OOBSICHUTH TEM, YTO IPAAUEHT HAPSKEHHOCTH
MarHATHOTO TIOJIA B 3230P€ MPH IPSIMOYTOIHHON T€OMETPHUH TTOTFOCHOTO HAKOHEYHUKA ITPEBOCXOIUT IPAHEeHT
HaNpsHKEHHOCTH MarHUTHOTO TI0JIS B 3a30pe€ MPY TPEYTOJIbHON T€OMETPUH MOIIOCHOTO HAKOHEYHHUKA (CM. puc. 5).
[To 3TO¥ MpUYKMHE MOA MPSMOYTOJIBHBIM IOIIOCHBIM HAKOHEYHUKOM KOHIIEHTPUPYETCS OOJIbIIee KOJTHYECTBO
MarHUTHBIX YaCTHII, YeM IO TPEYTONbHBIM MOJIOCHBIM HAKOHEYHUKOM. COOTBETCTBEHHO, YCTAaHOBUBILUECS
IpeAeIbHbIC 3HAUCHHUS KOHLEHTPALUN MAarHUTHBIX YACTHLL AJIs IPSIMOYTOJIbHOM reOMeTpuH OoJIbllIe, YeM AJIs
TPEYToNbHOM I'€OMETPUH, PABHO KAaK U BPEMsI JOCTHKEHUS 3TUX 3HAUCHHH.
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Tabnuma 1

3aBHCHMOCTD NMpeaeTbHOI KOHIEHTPAIMHE MATHUTHBIX YaCTHI
U BpeMeHH 10CTHKeHHs1 yCTAHOBHBILelicsl KOHIEeHTPaluu
OT HANPSZKEHHOCTH MATHUTHOTO I0JISI IOJX MOJIIOCHBIM HAKOHEYHHKOM
JUUISl TPEYTOJIbHOI 1 MPSIMOYT0JIbHOM reoMeTpHii MOJI0OCHOI0 HAKOHEeYHUKA
npu ¢,= 0,3, 4= 0,1 mm, B=0,3 mm

Table 1

Dependence of the maximum concentration of magnetic particles
and the time to reach steady-state concentration
on the magnetic field strength under the pole piece
for triangular and rectangular pole piece geometries
atcy,=0.3, 4=0.1 mm, B=0.3 mm

TpeyronLHaﬂ FeOMeTpI/Iﬂ anMOyFOHLHaﬂ l"eOMeTpI/Iﬂ
HO’ 105 A/M ITOJIFOCHOT'O HAKOHCYHHKA IIOJIOCHOTO HAKOHCYHHKA
Cmax f, CyT cmax t, CyT
1 0,375 20,2 0,391 21,9
2 0,433 33,7 0,456 4.4
4 0,512 121,0 0,538 246,0
6 0,561 763,0 - -

Kak roBopuiiocs panee, KOHIIEHTpALKUA MATHUTHBIX YACTHLL, IPU KOTOPOU MarHUTHAS JKUAKOCTh TEPSAET TEKY-
YeCTb, onaraercs paBHoi ¢ = 0,563. BpeMst 1ocTru)eHUs HTOM KOHIEHTPALUU MOXKET COCTABIISATH OT OIYroaa
JIO TO/Ia B 3aBUCHMOCTH OT HAIPsHKEHHOCTH MAarHUTHOTO TTOJIS TIO/ TTOJIFOCHBIM HAKOHEYHHUKOM (Tabm. 2). s
TPEYroJIbHOM TeOMETPHUHU MOTIOCHOIO HAKOHEUHUKA BPEMSI TOCTHKEHUS IPEIeNIbHON KOHIEHTPAMU MarHUTHBIX
4yacTHIl OOJbBIIIE, YeM JUIs MPSMOYTOIbHON reoMeTpun. ClenoBareinbHO, PU HCIIOIB30BAHUHN TPEYTOJILHOTO
TTOJIFOCHOTO HAKOHEUHUKA CPOK ciryk0b1 MIKY Oynet Oombiire.

Tabnuma 2

3aBHCHMOCTBL BPeMeHH I0CTHKEeHHsI NPe/ie/IbHOI KOHIEHTPALHY MATHUTHBIX YaCTHIL
OT HANPSKEeHHOCTH MATHHTHOTO MOJISI TIOJ TOJIIOCHBIM HAKOHEYHHKOM
JJ15l TPEYroJIbHOM U IPSIMOYI0/IbHOY reOMeTPHIi MOJI0CHOI0 HAKOHEYHUKA
npu ¢, = 0,3, 4=0,1 mm, B = 0,3 Mmm
Table 2
Dependence of the time to reach the maximum concentration of magnetic particles
on the magnetic field strength under the pole piece

for triangular and rectangular pole piece geometries
atcy,=0.3,4=0.1 mm, B=0.3 mm

t, cyT
Hy, 10° A/m TpeyrosbHas reoMeTpust [IpsamoyronpHas reoMeTpust
TIOTIOCHOTO HAKOHEYHUKA TIOJTFOCHOTO HAKOHEYHUKA
- 337
309 215
10 227 173

Tak xak IpeACIbHOC 3HAYCHUC KOHUCHTPAIUU MAIr'HUTHBIX YaCTUIL] OTPAHUYCHO, a CUHCT COINIACHO YCIIOBUIO
IIpeKpalIacTCs, Koraa MaroHutTHas ) XUAKOCTb TEPSCT TCKYy4YCCThb, TO MEHBIIINI IrpaAvCHT HAPSKCHHOCTHU Mar-
HUTHOI'O IIOJIAL IO TPEYT'OJIbHBIM IOJFOCHBIM HAKOHCYHUKOM HNPHUBOAUT K TOMY, YTO B 9TOM CJIydaC YaCTHULbI
MCIUJICHHEC KOHUCHTPUPYIOTCA B 3a30P€C, UEM IIPU UCIIOJIb30BAHNUHU ITPAMOYTOJIBHOTO ITOJIFOCHOTO HAKOHCYHHUKA.

3akJaroueHmne

[IpoBeneHo unciIeHHOe ncce10BaHue BIUSHNS [€OMETPHUH MOII0OCHOTO HakoHeuHnka MOKY Ha cpok ciyx-
Obl YIJIOTHEHUS B CTOSTHOUHOM peskuMe paboThl. PaccMoTpens! ABe Hanbosiee pacpocTpaHeHHbIE TE€OMETPUH
IIOJIFOCHOTO HAKOHEUHHUKA — TPEYTOIbHAS U IPSMOYTOJIbHASL.

B pesynbraTe BBINOTHEHUS PacUeTOB JUISL IBYX F'€OMETPUI MOMYyUYEHO paclpeaesieHe KOHIICHTPAUK Mar-
HUTHBIX YACTHIl U BA3KOCTH MarHUTHOMN HJIKOCTH I1OJ] IOJIFOCHBIM HaKOHEUYHUKOM. OnpeeseHo Bpems, 3a
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KOTOpO€ KOHIIEHTPAIMsl MATHUTHBIX YacTHUI Ha IToBepxHOCTH Baja MOKY nocTuraer ycTaHOBHBIIETOCS 3HAYE-
HUS, B 3aBUCIMOCTH OT HAIIPSPKEHHOCTH MAarHUTHOTO TIOJIS TTO/T TTOJFOCHBIM HAKOHEYHUKOM TIPY UCIIOJIb30BaHUN
B Ka4€CTBE JKUIKOCTU-OCHOBBI BAKYyMHOTO Macia ¢ kKodduuuernrom nuddysuu D= 107" m%/c. D10 Bpems
MOJKET COCTABJISITh OT MECsAIa /10 HECKOJIBKHUX JIEeT. J{Is TpeyronpHOi reoMeTpruH MOJIFOCHOTO HAaKOHEYHHKA
B IIPOMEKYTKE HAMPSHKEHHOCTH MarHUTHOIO mojst ot H,=1- 10° A/m 0 Hy= 6 - 10° A/M npezensHoOe 3Ha-
YeHHe KOHIIEHTPALNN MarHUTHBIX YaCTHIl HE JOCTUTAeT BennuuHbI ¢ = 0,563, mpu KOTOpoil MarHUTHAS KHUJI-
KOCTB TepseT TeKydecTh. OIHAKO IPU HANPSKEHHOCTH MarHUTHOTO moyst Hy= 6 - 10° A/M ycranoBHBIIEECS
TpeenbHOe 3HaUeHNe KOHIEHTpaIuy paBHo ¢ = 0,561, a BpeMst ero TOCTHKEHHUS COCTABIISET OKOJIO IBYX JIET.
JIiist IPSIMOYTOJTBHOM TEOMETPHH TIOMIOCHOTO HAKOHEYHHKA TOT IMPOMEKYTOK cocTaisier oT Hy= 1-10° A/m
10 Hy=4 -10° A/m. TIpu GOMBIINX, YeM YKA3aHHbIE, 3HAYCHISX HAPSKCHHOCTH MATHATHOTO OIS TEKY4eCTh
MarHUTHOM HJIKOCTH MOXET ObITh MOTepsiHa, u Toraa MXKY Beiiiier u3 cTpost.

CpaBHEHHE TEOMETPHUI TIOTIOCHOTO HAaKOHEYHUKA TIOKAa3bIBACT, YTO BPEMsI TOCTH)KEHHS KOHIICHTPAIUH,
MIpH KOTOPOW MarHUTHAS )KUJKOCTh T€PSIET TeKYUYECTh, A1l TPEYTOIbHOM T€OMETPHH OOJIbIIIE, YeM /IS TPSIMO-
YTOJIBHOW T€OMETPHH, CIE0BATENHHO, CPOK CIIy>KObI MOKY mpu HCIoab30BaHUM TPEYTOIHHOTO MOIFOCHOTO
HAKOHEYHHKA OyjieT OOJIbIIIE.
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KBA3UPACITPEAEAEHHBIN BOAOKOHHO-OHTPI‘IEQKPIﬁ AATUUK
AAS BBICOKOBOABTHBIX U3MEPEHNUN

M. A. KCEHO®OHTOB", A. B. [10JIIKOB?

1)HHcmumym npuxaousix Qusuyeckux npoonem um. A. H. Cesuenxo BI'Y,
yn. Kypuamosa, 7, 220045, . Munck, benapyco
2)Ee/zopycc;<u12 eocyoapcmeennblil yuusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyce

Annomayusa. J1jis KOHTPOJISI BHICOKOBOJIBTHOTO HAMPSDKEHUSI MPUMEHSIETCSl PEUPKYISAIIMOHHBIA METONI U3MEPEHUH.
KsasupacnpeneneHHbIH BOJTOKOHHO-ONTUYECKHUH JaTYMK BBITIOTHEH B BU/IE 3aMKHYTOTO OTITOIEKTPOHHOTO KOHTYpa, 00-
Pa30BaHHOIO NEPECTPauBAEMbIM UCTOUHUKOM M3JIYUYEHUSI, YyBCTBUTEIbHBIMU 3JIEMEHTAMHU, PA3JIEICHHBIMHU CIIEKTPaJlb-
HBIMH OTPaXKaTEIBHBIMU 3JICMEHTAMH, JIABUHHBIMU (DOTOIMOAAMHU M OJIOKOM pereHepanuu. B kauecTBe MCTOYHUKA W3-
JIy4€HHs UCIIOJIb30BAJICS JIByXBOJIHOBOM IE€pecTpauBaeMblii BOJIOKOHHBIN KOJBIEBOH J1a3ep, KOTOPbII UMEN BBIXOAHYIO
MOIIHOCTh M3IydeHus 4,5 MBT, CieKTpanbHbINH HHTEpBaT MeX Ty JuHUsIME reHeparuu 200 I'T1 u ciekTpaabHyIo MupH-
Hy 22,8 ['Tu. UyBCTBUTEIBHBIM 3I€MEHTOM JaHHOTO MPUOOpa SIBISETCS OTHOMOIOBOE ONTHYECKOE BOJIOKHO, HAMOTAH-
HOE Ha ITbe30KepaMHUYECKyI0 TPYOKy. [IpHHIIIT M3MepeHHst OCHOBaH Ha 0OPAaTHOM IONIEPEYHOM 1be303((PeKTe, B pe3yiib-
TaTe KOTOPOTo MPUJIOKEHHOE AIEKTPUUECKOE HANpsKEHUE BBI3bIBACT U3MEHEHHE Pa3MEPOB MbE30KEePAMUUECKON TPpyOKH
U JUTMHBI HAMOTAHHOTO BOJIOKOHHOTO cBeTOBoAa. C MPUMEHEHHEM TEOPHUHU CBS3aHHBIX MOJ IPOBEICHO MOICIHPOBAHNE
CHEKTPaJIbHO-3HEPIETUUECKUX IAPAMETPOB IISITH COCEIHUX 110 CIIEKTPY BOJIOKOHHBIX PELLIETOK bparra v ycTaHOBIIEHBI Xa-
PAKTEpUCTHUKH PELIETOK, O3BOJISIOIINE UCIIONB30BaTh UX B KAYECTBE CIIEKTPAIbHO-CEIEKTUBHBIX 21IEMEHTOB. [13MeHeH1e
YaCTOTBI pEHUPKYIIAIINU Ha Pa3HBIX JJIMHAX BOJIH JaJI0 BOBMOKHOCTD OCYIECTBJIATH KOHTPOJIb 3JICKTPHUUCCKOT'O HAITPAKE-
HUS B Pa3HBIX TOYKAX C BBICOKOH TOYHOCTHIO. OICHEHA pa3pelIarolnas ClioCOOHOCTh TAKUX JAaTIYMKOB, paBHas 4,3 ['/kB
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JUIA pajguyca Mbe30KepaMUIecKoi TpyOku 12 cM. YcTaHOBJIEHO, YTO IPH MHOTOTOYEUHBIX M3MepeHusx 1 PZT-5H no-
CTUraeTcst oTHocuTenbHas norpemHocts 0,30-0,45 % B quanaszone Hanpsokenuit 20—150 kB. Cucrema npenna3zHadeHa
JUTS1 aBTOMaTH3MPOBAHHOTO N3MEPEHNUS HIIEKTPUUECKOTO HAITPSHKEHUSI Ha pacIipeieInTeIbHBIX TPaHC()hOPMATOPHBIX CTaH-
LUSAX U BBICOKOBOJIBTHBIX JINHHUSIX 3JICKTpOIIepeaad.

Knrouesvie cnosa: xBa3upactpeieICHHBI BOJIOKOHHO-ONTHYCCKUI TaTUNK; Tbe303IIeKTpudIeckuid 3(dekT; yactora
PEIMPKYIALNH; CIIEKTPAIbHOE MYIBTUIUIEKCHPOBAHNE; BBICOKOBOJIBTHBIE H3MEPEHHS; TIOTPEITHOCTb.
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Abstract. The recirculation measurement method is used to control high voltage. The quasi-distributed fibre-optic sen-
sor was constructed as a closed optoelectronic circuit formed by a tunable radiation source, sensitive elements separated
by spectral reflective elements, avalanche photodiodes and a regeneration block. A dual-wavelength tunable fibre ring
laser was used as a radiation source had an output radiation power of 4.5 mW, two generated wavelengths separated by
200 GHz with a line width of 22.8 GHz. The sensitive element of this device was the single mode optical fibre, wound
onto the piezoceramic tube. The measurement principle is based on the inverse transverse piezoelectric effect, as a result
of which the applied electric voltage causes a change in the dimensions of the piezoceramic tube and the length of the
wound optical fibre. Based on the theory of coupled modes, the spectral-energy parameters of five adjacent fibre Bragg
gratings in the spectrum were simulated and the characteristics of the gratings were established, allowing them to be used
as spectral-selective elements. Changing the recirculation frequency at different wavelengths allowed the electric voltage
to be monitored at different points with high accuracy. The resolution of these sensors is estimated to be 4.3 Hz/kV for
a piezoelectric ceramic tube radius of 12 cm. Relative accuracy of 0.30-0.45 % for the PZT-5H at the multi-point measu-
rements is achieved in the voltage range of 20—150 kV. The system is designed for automated measurement of electrical
voltage at distribution transformer stations and high-voltage power lines.

Keywords: quasi-distributed fibre-optic sensor; piezoelectric effect; recirculation frequency; spectral multiplexing;
high-voltage measurements; accuracy.

Introduction

In the last three decades, with the development of optoelectronics and fibre optics, fibre-optic sensors (FOS)
began to stand out among measuring devices due to such advantages as: fire, explosion, spark safety; resistance
to chemical, mechanical, corrosive effects; insensitivity to electromagnetic interference; long length with low
weight; provision of multiplexing of individual sensors into complex measuring systems; the possibility of
easy interfacing with existing fibre-optic networks and, as a result, the possibility of transmitting information
over long distances.

The problem of long-distance electric power transmission is associated with the use of high voltages, which
requires solving complex technical problems related to reducing the cost of electric energy and ensuring high re-
liability of power supply. The difficulty of measuring high voltages is due to the fact that the accuracy of mea-
surement is affected by factors that have intricate and random dependencies on electromagnetic interference,
temperature and other external conditions. High-voltage monitoring is impossible without the use of special
measuring equipment.

Most optical high-voltage sensors are based on the electro-optic Kerr effect and the Pockels effect [1-5].
Birefringence, which occurs in the Pockels cell under the influence of an electric field, is the physical basis for
the operation of such optical voltage sensors. In this case, the optical fibre is used as a channel for transmitting
information. In this scheme, the Pockels effect retains linearity only in a limited range. Electrostrictive [6] and
piezoelectric materials [7-9], rigidly connected to the optical fibre, have been successfully used as a voltage
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conversion element. The linear piezoelectric effect for voltage is converted into a change in the length of the
optical fiber and causes a change in the phase of the light wave propagating in the fibre, which is detected using
interferometric methods [10]. The sensor consists of a section of single-mode optical fibre wound on a piezoelect-
ric ceramic tube and a Mach — Zehnder interferometer [ 11] or Michelson interferometer [12]. It was shown [13]
for the prototype after temperature and wavelength correction the accuracy reaches of 0.2 % for 110 kV.

The highest measurement accuracy is achieved by phase interference type FOSs, however, the results of
their measurements are highly dependent on the influence of mechanical impacts, vibration, differential zero
drift under the influence of temperature and pressure fluctuations, and polarisation control.

The design of the sensing element of the fibre-optic voltage sensors (FOVS), reported [ 14; 15], consists of an
optical fibre Bragg grating, fixed along the diameter of the piezoelectric ceramic tube (PZT). The deformation
caused on the PZT, when a voltage is applied, is transduced to the fibre grating as an axial strain, which results
in a shift in the resonance frequency of the grating is affected by any strain applied along its length.

To obtain a linear measurement dependence without hysteresis, it is necessary to use an appropriate piezo-
electric material, considering that the deformation of PZT depends on its shape, composition and polarisation
process. Elimination of hysteresis in PZT materials is of primary importance for sensor applications. The PZT-4,
manufactured by Sparkle Ceramics (United Kingdom), is known as hard type and is recommended for medium-
and high-voltage applications. It has a low piezoelectric charge constant and a high resonance frequency, which
guarantees that the set will not resonate close to the normal working frequency of 50 Hz [16]. For PZT-4, the
sensitivity value of FOVS with fibre Bragg grating was 232 pm/kV [16]. Better sensitivities can be achieved
by choosing a different PZT type with a higher piezoelectric charge constant, for instance, PZT-5A or PZT-5H.
A prototype [17] was tested in the laboratory and showed a maximum linearity error of less than 3 % of full-scale
range (FSR) for input voltages up to 14 kVrms with a signal-to-noise ratio of 55 dB, allowing measurements with
aresolution of less than 0.2—0.5 % of FSR. The accuracy of FOV'S measurements based on fibre Bragg grating
is limited by the width of the reflection spectral line, as well as the resolution of the optical spectrum analyser.

To avoid the mentioned imperfections, in this paper we offered to measure voltage by fibre-optic recirculation
sensor (FORS), with may be used for the telemetric monitoring of high-power distribution lines [18].

Quasi-distributed high-voltage sensor

Operation principles. In given paper it is offered one of updating of FORS. This device represents quasi-
distributed sensor. The optical fibre sensors with temporary representation of the information alongside with
cheapness and high accuracy have also other advantages: allow to exclude or strongly reduce instability and
drift of signals; there is no problem of an establishment and maintenance of a zero basic level; the data on a po-
sition and duration of pulses, and also frequency of the following once are transferred practically without easing
of a signal; the ambiguity of received results inherent to interferometrical measuring converters is excluded,
the function of transformation is linear in wide range [19].

Based on the generalisation of theoretical and experimental data, a new method for high-voltage measuring
by fibre optic sensors has been developed. It is based on recording the recirculation frequency of single optical
pulses with their restoration by amplitude, shape and duration at each recirculation cycle in a closed fibre-optic
system. In this case, the optical fibre is both a sensitive element and a channel for transmitting information.
While maintaining the simplicity and reliability of the design inherent in amplitude FOSs, in recirculation FOSs
there is no need to measure minor changes in the amplitude of signals against the background of noise, which
increases the resolution of such systems.

The schematic of the sensor is shown in fig. 1. The operating principle of the measuring system is as follows.
A dual-wavelength tunable fibre ring laser (TFRL) generates radiation pulses at two wavelengths. Fibre Bragg
gratings (FBG) with different periods, installed at the beginning and at the end of the sensing element, provide
reflection of these pulses. The optical fibre (OF) with reflecting mirror (RM) at the end, together with the FBG,
directional coupler (DC), photodiode (PD), threshold device (TD), commutator (COM), regeneration block (RB),
tunable electronic delay-line (TEDL) and TFRL form a closed recirculation loop. Two recirculation frequencies
corresponding to two wavelengths are recorded by a dual-channel frequency counter (FC) and the difference
frequency in the microprocessor (CPU) is converted into a measured value. The microprocessor also performs
general control of the measuring system. The sensing element is PZT with a tightly wound single-mode OF.
At the beginning and end of the sensitive element, FBGs with different Bragg reflection wavelengths are loca-
ted. The measurement principle is based on the inverse transverse piezoelectric effect. If an electric voltage is
applied to the PZT, its transverse dimensions will change and, consequently, the OF length will change, which
will lead to a change in the recirculation frequency. High-speed germanium or InGaAs avalanche photodio-
de (APD) can be used as a photodetector.
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Fig. 1. Schematic of the quasi-distributed fibre-optic recirculating high-voltage sensor TFRL

For example, TFRL generates radiation pulses on wavelengths A, and A,. The pulse in wavelength 2, is
reflected from FBG, and the pulse in wavelength A, is reflected from FBG, and its delay concerning the first
pulse is determined by the double length of the first OF section. These pulses are detected by PD and get on the
threshold device. The threshold device on the basis of comparator Am685 is necessary to exclude malfunction
on noise pulses. The pulses from TD output are divided by the switchboard. The first pulse through a turning
electronic delay-line and RB moves again on TFRL which generates new two pulses and thus recirculating pro-
cess is formed. The two channels digital frequency counter measure recirculating frequency of the first pulse f;

and second pulse f, at wavelengths A, and A, respectively. The microprocessor calculates a difference of these
frequencies Af= f; — f,. The deviation &f of the difference Afdue to a change in the OF length under the influ-
ence of the applied voltage is the object of measurements. For measurement of a voltage in other spatial point

foré OF section CPU retunes TFRL generation wavelengths on A, _, and A,. The length of each fibre-optical sec-

tion wound on PZT is equal 100 m.

Dual-wavelength tunable fibre ring laser. A schematic of dual-wavelength TFRL like [20] is shown in
fig. 2. Ring-1 is composed of an erbium-doped fibre amplifier (EDFA), semiconductor optical amplifier (SOA),
a 50 : 50 optical coupler (OC), two polarisation controllers (PCs), a tunable optical bandpass filter (TOBPF),
and an fibre Fabry — Perot filter (FFPF).

The driven current of SOA must be properly selected. If it is too low, the SOA cannot offer sufficient in-
homogeneous gain. Then, gain competition would dominate the duel-wavelength laser and make it unstable.
Otherwise, if the SOA supplies too much gain, high noise and undesirable nonlinear effects would further
degrade the performance of the laser [20]. We used quantumwell heteroepitaxial structure SOA on the basis of
InGaAsP — InP, radiating at wavelength 1530—1565 nm. The maximal signal-to-noise ratio was observed at a pump
current 150 mA, thus the factor of amplification coefficient was equaled 17 dB at input signal power —15 dBm
and the amplification coefficient decreased up to 8 dB at increase of input power up to -3 dBm.

The EDFA consists of two polarisation independent isolators, a section of erbium-doped fibre (EDF) with
length 10 m, 980/1550 WDM coupler, 980 nm pump laser with pump power no more than 100 mW, laser dio-
de current source (LDCS), and laser diode temperature controller (LDTC) [21]. The EDFA gain is 16 dB and
maximum output power is 12 dBm, spectral gain band is 35 nm in the wavelength range 1530—1565 nm, noise
factor is 3—4 dB.

The propagation period of the signals along the main ring was 325 ns. Two fibre resonators Ring-2 and
Ring-3 with a different cavity length 6 and 0.85 m respectively were connected to this ring using X-shaped
optical splitters with a division ratio of 10 : 90. The lengths of the resonators were selected in such a way as to
prevent beats arising among many longitudinal modes of the main ring and to increase the signal-to-noise ratio.
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As a result, when 10 % of the radiation power was diverted to these resonators, the recorded signal-to-noise
ratio, according to [20], was more than 30 dB.

Basic element of the FFPF is a piece of a single-mode OF with the end surface having the form of lens on
which the semitransmitting mirror covering with high reflection index is sprayed. At FFPF length 0.5 mm and
reflection index 0.7 the FSR is 200 GHz and 3 dB bandwidth is 22.8 GHz.

As the tunable optical bandpass filter it is used fibre interference filter manufactured by DiCon Corpora-
tion (USA) with following parameters: a tuning range of 1525—1565 nm, 3 nm passband width, the wavelength
resolution of 0.05 nm, typical introduced losses of 1.5 dB, a maximum level of return reflection of —50 dB. The band-
width of the tunable filter is sufficient to cover the range selected by the Fabry — Perot resonant filter, containing
two wavelengths. Thus, two wavelengths, separated by 200 GHz (1.6 nm), were generated in the fibre ring laser.
By tuning the bandpass filter, the required pair of Fabry — Perot resonator modes was selected, which was then
generated. The tuning was stepwise with a step of 3 nm within the spectral range of 40 nm. The input of radiation
pulses from the TFRL into the fibre-optic loop was carried out through an optical directional coupler (ODC).

From CPU LDTC From CPU
SOA
l Y Isolator l CXP_CX_)
980 nm
LDES ™ pump laser ~— [ TOBPF <} \
oc (|l
980/1550 Ring-1
WDM coupler
OC
oC PC

. 50:50 m FEPE )
FOF Isolator v\ Output
—— =3
— 0DC
T
From RB
Fig. 2. Schematic diagram of the dual-wavelength TOBPF

Thus, two wavelengths were generated in the fibre ring laser, separated by 200 GHz (1.6 nm) with a ge-
neration line width of 22.8 GHz at a level of —3 dB. As a result, the laser radiation wavelength was tuned in the
range of 40 nm within the wavelengths from 1525 to 1565 nm with a step of 3 nm, while the power fluctua-
tions in the entire range did not exceed 0.9 dBm (fig. 3). The output radiation power of the ring fibre laser was
4.5 mW (6.5 dBm). The fibre laser was connected to the measuring section via a LINbO, directional coupler
with a switching loss of 3 dB.
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Fig. 3. Spectral tuning range of a ring fiber laser
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Fibre Bragg gratings. In the developed quasi-distributed fibre-optic measuring systems, FBGs were used
as spectrally selective elements. These gratings are sections formed in the fibre with a periodic change in the
refractive index. The peculiarity of such gratings is that, depending on the period value, reflection occurs at
one specific wavelength, while for other wavelengths the grating is transparent. The conditions for amplifying
reflected light at a specific wavelength are called Bragg conditions, and the wavelength at which this occurs is
called the Bragg wavelength:

hg=2n.A,
where n, is effective refraction index of a fibre core.

To find the field distribution in OF, the following assumptions were used: the optical fibre had no losses; the
refractive index profile was stepwise and described by circ-functions whose centers coincided; the material was
optically isotropic; the fibre was weakly guiding. With such assumptions, based on the coupled mode theory of
D. K. W. Lam and B. K. Garside [22], the relative spectral reflectivity of the FBG with a constant amplitude
and period of refractive index changes was described by the expression [23]

Q% sinh? (sl )
AK*sinh® (sl) + s> cosh® (s7)

where R(l, l) is function dependent on grating length / and radiation wavelength A; Q is connection factor;

R(I,M)=

2nn, . . THy . .
k= < is wave vector of a Bragg grating; Ak =k — 0 js detuning factor of a wave vector; s> = Q% — Ak
B
Connection factor Q for Bragg structure with sinusoidal change of a refraction index is described by the equation

nAn - 5
A 4n’d? (ng—nz ) ’

Q=

cv

where d, is diameter of a fibre core; n,, is average refraction index of a core; n,, is refraction index of an OF cover;
An is the modulation amplitude of the induced refraction index for FBG (is usual An value makes 10°-107).
Profile of a refraction index of homogeneous Bragg grating can be submitted as

2nz
= A -
I’Z(Z) ny + Ancos .

where z is distance along an fibre axis.

Figure 4 shows the results of calculating the relative spectral reflectance of five adjacent spectra FBG with the
following values: /=4 mm; An =3 - 107 d,=9um;ny=1.468;n,,=14638;n,=1.4682; A=0.5276-0.529 8 um.
The values of the reflection spectrum width for the central grating at half-height AX, ,=0.37 nm (~50 GHz) were
obtained, while the central lines of the Bragg reflection wavelengths were separated by 1.6 nm (200 GHz).
The side lobe suppression level is —8 dB.
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Fig. 4. The result of modelling the five FBGs relative spectral reflectance
for a single-mode fibre at AA = 1.6 nm

The spectral parameters of Bragg gratings correspond to the parameters of a dual-wavelength tunable fibre
ring laser and FBGs with these characteristics can serve as spectrally selective elements.

Results of numerical simulation and discussion

Measurement accuracy of sensor is defined the stability of recirculation frequency. The size of relative long-
term instability of recirculation frequency y (RLTT) is one of the major factors defining metrological characteris-
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tics of fibre-optical recirculating sensors. The measurement error of FOS recirculation is defined by a condition
that the additional increment (reduction) of circulating pulse delay time under the influence of voltage should
exceed the maximum size of recirculation frequency instability 7, .., caused by the independency of measured

voltage external and internal destabilising factors [24]. Minimum value of the voltage change AU_. , which can

min®
register the sensor, must exceed long-term instability of recirculating frequencies difference 6f;

i, of two pulses
in closed optoelectronic contour:

6f min = \/EXmax Af

Based on the inverse piezoelectric effect reached under an applied voltage, a radial deformation is produced
in the ceramic disc. The radial response of the piezoceramic under the influence of an applied voltage U is given
Ar 2B5,,U . . . C
2 BL, where 7 is the disc radius and 4 is its thickness.

r

The expression for the resolution of the measurement method for the i measuring section is
\Exmax (LO dp+ 2n§yirh)
AlJmin = \/— ’
4my (1= V2 ey By

where L, is the length of the undeformed fibre (L, = 20 m); & is the coefficient considering the photoelasticity
effect in the stretched part of the fibre (for quartz fibres, § = 0.78); v is the coupling coefficient characterising
the degree of transmission of the tube deformation to the fibre (when they are rigidly coupled, y = 0.8—0.9);
7 and / are the radius and thickness of the tube respectively; i is the number of the measuring tube; d; = 250 pm
is the fibre diameter [25].

For PZT-4D-type piezoceramics based on titanium and lead zirconate, the maximum electric field strength
E, =14.4 kV/cm; therefore, to measure voltages, for example, up to 20—150 kV, the tube thickness # must be at
least 1.5-10.5 cm. The most common PZT-4D and PZT-5H piezoceramic have a constant f;, = 1.35 - 107° m/V
and 2.74 - 107" m/V respectively. This types of piezoceramic tube are selected due to its linear characteristic
in a wide range of measured voltages and the absence of a hysteresis loop [25].

Resulting value of RLTI grows out of imposing of variety both connected among themselves, and not connec-
ted fundamental (caused by physical principles of optoelectronic elements functioning) and technical (instability
of feeding voltage, environment temperatures, etc.) sources of fluctuations [24]. Experimental researches of
RLTI dependence from operating modes of sensor elements have been carried out [26]. Results of researches
are presented on fig. 5. The photodetector consisted from InGaAs-APD with spectral sensitivity 8.8-9.4 A/W
for a frequency band 1 GHz (NEC NR4210 and EG & G Optoelectronics C30645E type) and photodiode
loading resistance R = 50 Q. Losses in a fibre was 0.2 dB/km (singlemode fibres of Corning SMF-28 9/125
and Fujikura SM type). As the counter it was used two 225 MHz channels Agilent 53132A/010 universal fre-

quency counter with high-stability timebase. The analysis of dependences X( Uref) has shown, that in interval

U,.s= (0.3-0.8)Up, the x magnitude practically does not change as the threshold of operation corresponded
to a linear site of the pulse front. Degradation of RLTTI at the further increase in a reference it is caused by an
increasing influence of fluctuations of circulation pulse amplitude on the operation moments of TD on a non-
linear site of a pulse front. Reduction of U, magnitude led to effect of self-excitation of TD and recirculation
breakup. Experimental values shown on fig. 5 started to be fixed through 15 min from the moment of start of
circulation when the system was included into rather stable condition, at following parameters: P =4 mW and
U,;= 0.5Upp. At all measurements gate time is 1 s. According to fig. 5 at L >100 m y,,,. <2 -107° Carried
out researches have shown, that increase gate time upto 10 s and increase fibre length upto 500 m and more
slightly reduce y value. It states confirms that recirculation FOS possess property to accumulate fluctuation in
the course of circulation. The relative long-term instability of the recirculation frequency was experimentally
determined in the absence of applied voltage in order to establish the influence of destabilising factors unrelated
to the measured physical quantity on the measurement accuracy of recirculation fibre-optic sensors.
Continuous monitoring of the following conditions according to fig. 5 is required:

2mirh

(1

if 2(LO+ )<1oo m, then 3, . =5-107,

f

2mirh

if2[L0+ jzmo m, then y, . =2-107",

f
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Fig. 5. Dynamics of relative long-term instability change of recirculating frequency

The change 6/ of the difference A f'due to a change in the length of the optical fibre under the influence of
the applied voltage on the i =1 sensitive element was found according to the formula

c 1 1
§f == - ) (2)
2nrh
Lon,+n.kty Sr Lon,+ HCE,YM
f df

Figure 6 shows the dependences of the change in the recirculation frequency on the measured electrical
voltage at different PZTs radii (r) calculated according to equation (2). These dependences were approximated
by a straight line of the form 8/ = bU, where b is the sensitivity of the sensor. The sensitivity of the fibre-optic
voltage sensor increased for piezoceramic tubes with radii up to 12—15 cm, a further increase in the radius of
the tubes did not improve the metrological characteristics of the sensor, while its sensitivity reached 4.3 Hz/kV.
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Fig. 6. Dependences of the change in recirculation frequency on the measured voltage

In practice, there are often cases when several high-voltage lines with different voltages have to be controlled
simultaneously. Let us consider the monitoring variant at the distribution station, where there are lines of various
voltages: U, =20kV, U,=35kV, U;=50kV, U,=110kV, and Us = 150 kV. In this case, equation (1) becomes

_ \/EXmax (Ldf + anynhz)

AU . = ,
47@((1 - \/EXmax )le’”i

min

3)

where
i1 r. | h
L=Ly+ Y. 2x| r;+2B; U, L |- 4)
= h, | d,

J
Thus, the tubes should be of different thicknesses: #,=1.5 cm, h, = 2.4 cm, h; = 3.5 cm, 4, = 7.6 cm, and
hs=10.4 cm.
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Since, according to equation (3), the error increases with an increase in the total beam waveguide length,
to reduce the error, it is reasonable to use fibre beam waveguides of the same length equal to, for example, the
length of the fibre for winding the tube of the smallest height for winding each piezoceramic tube. In this case,
equation (4) becomes

i—1
L=ly+ Y 2m| r,+2pyU, 2 |10 5)
j=0 h; ) d

J

To determine the measurement with minimum error, two PZT tubes of the measuring system were investiga-
ted. Electric networks with a voltage of 20—150 kV are the most widespread and mass high-voltage distribution
lines intended for power supply inside cities, district settlements, large enterprises, the monitoring of which is of
the greatest practical interest. The maximum voltage that can be measured by the developed fibre-optic sensor
is limited by the condition that the relative elongation of the quartz fibre light guide should not exceed 0.36 %.
This ensures a service life of more than 10 years. For the investigation voltage range, the relative longitudinal
deformation of the fibre did not exceed 0.1 %. The results of calculations by equations (3), (5) for tubes made
of ceramics PZT-4D and PZT-5H are presented infig. 7 (i=1, U, =20kV; i=2, U,=35kV;i=3, U;=50kV;
i=4,U,=110kV;i=35, Us =150 kV). With an increase in the controlled voltage, the relative accuracy of the
sensors with PZT-5H tubes equalise substantially over the entire range of high voltages and are in the range of
0.30—0.45 %, which is preferable for practical use. In the case of PZT-4D, this range is 0.6—0.9 %.
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Fig. 7. Dependences of the sensor relative accuracy on the measured voltage
for fibre sections of equal lengths for two different PZT tubes

Conclusions

The design of the quasi-distributed piezoelectrically modulated fibre-optic high-voltage sensor has been
investigated. The sensitive elements of this device were the OF sections, divided by spectral reflective elements.
Radiation source is dual-wavelength tunable fibre ring laser, which is tunabled in a C-range A = 1535-1565 nm,
has output power P =4.5-10"> W and two wavelengths were generated simultaneously, separated by 200 GHz
(1.6 nm) with a generation line width of 22.8 GHz at a level of —3 dB. Spectral reflective elements are FBGs with
different grating period. The measurement principle is based on recirculating frequency registration of a single
pulse with its periodic 2R-regeneration on different wavelengths. Piezoelectric ceramic PZT-4D and PZT-5H
types were found to be appropriate for this application. Sensor sensitivity reached 4.3 Hz/kV for the PZT radius
r =12 cm. This frequency-output sensor has the relative accuracy not exceeding 0.30—0.45 % for PZT-5H at the
multi-point measurements in the voltage range of 20—150 kV.
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OPUEHTAIITMOHHOE YIIPABAEHUE
PACITPOCTPAHEHUMEM CBETA
B ) KUAKOKPUCTAAANYECKHUX BOAHOBOAAX

C. C. CJIOCAPEHKO", E. A. MEJIbHUKOBA", 0. C. KAFBAHOBA",
H. U. PYIITHOBAY, A. JI. TOJICTHK"

])Eeﬂopyccwt? eocyoapemeennwlil ynusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

Annomayusn. PaccMOTpeHBI METO/IbI KOHTPOIMPYEMOTO BO30YK/ICHHUS BOJTHOBOTHOTO PACcIIpOCTPAaHEHHs CBETA B IJIa-
HaPHBIX HEMAaTUYECKUX KHUIKOKPUCTAUINYECKHUX AeMeHTax. [IpogeMoHCcTprpOoBaHsI 1Ba METOIA pealu3aliy yIIpaBse-
MOTO BOJTHOBOZIHOTO PEXHMMa B HEMaTHUECKOM CJIOE JKHJIKOTO KPHUCTaILIa: 1) 3IeKTpUYeCKH KOHTPOIMPYEMBIH MOJISIpU3a-
LIMOHHO 3aBHCHUMBII BOJTHOBOJHBIN PEKUM PACIPOCTPAHEHHS CBETA B JKUAKOKPUCTAIUIMYECKUX DIIEMEHTAX C HAYaJIbHON
TBUCT-IUIAHAPHON OpUEHTAMEH AUPEKTOpa; 2) HHAYIIUPOBAHHAS CBETOM MEPEOPHUECHTALNS JUPEKTOPA )KUIKOTO KPHC-

Tajia, JErupoBaHHOT'O KPACUTEJIEM METHUJIOBBIM KpaCHBIM.
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ORIENTATION CONTROL OF LIGHT PROPAGATION
IN LIQUID CRYSTAL WAVEGUIDES

S. S. SLUSSARENKO®, E. A. MELNIKOVA’, O. S. KABANOVA’,
I I. RUSHNOVA’, A. L. TOLSTIK"

Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
Corresponding author: S. S. Slussarenko (slussarenko@yahoo.com)

Abstract. Methods to control the light beams in planar nematic liquid crystal elements have been considered. The
two methods for realisation of the controlled wave-guide mode in a nematic layer of the liquid crystal have been demon-
strated. The first method enables one to control the wave-guide light propagation mode in liquid crystal elements with
the initial twist-planar orientation of the director. Such orientation makes it possible to realise the polarisation-sensitive
mode of the radiation wave-guide propagation in the visible spectral range. The excitation and electric control conditions
for the ave-guide mode in the case of polarised laser radiation have been analysed theoretically and tested experimentally.
By the second method the wave-guide mode is due to the light-induced director reorientation in the liquid crystal doped
with the methyl red dye. The method is based on processes of the anisotropic dye adsorption on one of the bounding sur-
faces in a liquid crystal cell and on the molecular orientation of the dye under the effect of polarised radiation. The dye
molecules act as an orientant for the molecules of the liquid crystal, making it possible to form the local twist-structures
whose refractive index for the specific light polarisation is different from that for the nonilluminated region.

Keywords: liquid crystals; waveguides; light control.

BBenenue

[[Inpokoe rcTIONb30BaHUE ONITHIECKIX METOOB Iepenadn nHpopMaruu TpedyeT pa3padoTKi KOMITAKTHBIX
ONTORJIEKTPOHHBIX TMepeKIodaresiel ajig ontuiyeckux curaios [1-3]. Hemarudeckue xKujakue KpuCTaILIbI
(HXXK) ¢ BBICOKO BETMUMHON aHU30TPOITHH TIoKa3atels mpeiaoMieHus (An ~ 0,10—0,25) 1 BO3MOKHOCTBIO €€
WM3MEHEHHS TTO]T ISHCTBHEM BHEITHHUX DIEKTPUIECKUX U CBETOBBIX ITOJICH TTO3BOIHIIN IPUMEHHUTD HX B KAY€CTBE
(DYHKIIMOHAIIEHOM AIIEKTPOONTHYECKON CPEbl B YITPABIISAEMBIX TIEPEKITFOYATENSIX CBETA.

B mocnennee BpeMs oTMeuaeTcsl HHTEpEC BEAYIINX HAYYHBIX TPYI K HCCIEIOBAHUIO PACIPOCTPAHEHUS
CBETa B IJITAHAPHOW T€OMETPHH B KUJIKOKPHCTATUINIECKOM CJI0€ ¢ pehpakTHBHON TpaHUIIel JOMEHHBIX 00ma-
CTeH, pa3iauyaromuxcsi HanpasieHueM opueHtanuu aupexropa HXKK. HoBrwiil moaxos, KOTopblid mpeaiaraet
YIIpaBlIeHHE CBETOM B TUIOCKOCTH JKAJIKOKPHUCTAIITMIECKOTO CJIOS, CYMTAETCS 3HAUYNTENBHBIM JTOCTIKEHUEM
B TEXHOJIOTHH YCTPOWCTB YIIpaBIeHU Ja3epHBIME ITydkamu. [1o cpaBHEHNIO ¢ 0OBEMHBIMU MPOITY CKAIOIIIMU
KHUKOKPUCTAIUTNIECKAMHE YIIPABISIOIIAMH YCTPOHCTBAMH OCHOBHBIM IIPEUMYIIIECTBOM ITOTO MOAXO0A SBIISIETCS
3HAUYUTETHHOE YBEIHMUYCHNE JITUHBI B3aUMOICHCTBHS MEXK Ty KUIKOKPUCTAIUINIECKON CPEIOi U CBETOBBIMH ITy4-
KaMu. B ciydae pacripocTpaHeHHs ydKa B IDIOCKOCTH 3JIEMEHTA JJTHHA B3aMO/ICHCTBUS HE OTPaHUYMBACTCS
TOJIIIMHOM KHUIKOKPUCTAITHIECKOTO CIIOS M CBET HE MTPOXONT Yepe3 MEeKTpobl. Mcronp30BaHme miiaHapHOH
TeOMETPHH pacTpocTpaHenns cBetoBoro mydka B HYKK mo3Bomnmio pazpaboTars v yCHenrHo mpogeMOHCTPHPO-
BaTh KUJIKOKPUCTAIUTMUECKUE YCTPOMCTBA Ha OCHOBE TIOIHOTO BHYTpeHHero otpaxkenus (IIBO) mis ynpasnenns
JIA3€PHBIM ITyYKOM B TUIOCKOCTH YKUJIKOKPHUCTAJUIMIECKOTO AieMeHTa. [IpuHIMT neficTBys TaKuX yCTPOWMCTB
ocHoBaH Ha [IBO cBeToBBIX ITyueli Ha pepakTUBHON TPAHUIIE B )KUIKOKPUCTAIITMIECKOM CIIOE, KOTOpas pas-
JeNsIeT JOMEHBI C Pa3InIHON OpueHTanuel qupekropa. Ha rpanuniie AByX TakuX OpHEHTAIIMOHHBIX JIOMEHOB
MOXKHO PEaJIN30BaTh OTPAKECHHUE U MIPEIOMIICHHUE JIA3€PHOro U3iyueHus [4—7].

B ynmomsiHyTEIX paboTrax skcriepuMeHTanbHas peaimsanus dhdexra [IBO Ha pedpakTHBHOM rpaHHIIe CMEX-
HBIX ToMeHHBIX o0nacteit HXKK ocymiecTBisinacs B ycnoBusx anekrpadeckoro nepexona Openeprkca, KOTOpbIi
MIPOSIBIISIICS B 00JacTH y3Koro (okoio 100 MKM) 37eKTposia IMO0 B 0OIACTH AIMEKTPOa CIOKHON (POPMEI.

B Hacrosmmieli cratbe IpemIokeH W anpoOupoBaH MPUHITUITHAIBHO HOBBIM MeTox co3manus B cioe HXKK
ycioBus (pOPMHUPOBAHUS BOIHOBOAHOTO PACTIPOCTPAHEHHUS JINHEHHO TTOISIPU30BAHHOTO CBETA, HE TPEOYIOIIHIA
HaHECEHUs Ha OJIHY U3 TIOBEPXHOCTEW IeMEHTA AIIEKTPO/Ia 33/ TaHHOM KOH(UTYpaIliH, 9TO HAMHOTO YITPOIIaeT
TEXHOJIOTHIO N3TOTOBJIEHUS BOTHOBOIHOTO DIIEMEHTA.

Jis peanuzanuu yrpasIisieMOro BOJIHOBOJIHOTO PEXKUMA PACIIPOCTPAHEHUS AIIEKTPOMArHUTHOTO H3ITyIEeHUS
B 00beme HXKK paznmmaasivu criocobaMu (opMHAPOBAIIACH TIEPHOANYECKH OPHEHTHPOBAHHBIC MUKPOOOIIACTH.
B niepBom cirydae HeoOxoMast TOTIONIOTHST OPUEHTAIINH JKAJKUX KPUCTAIJIOB B AJIEKTPHUECKA YIIPABIIEMbIX
AJIEMEHTaX OCYMIECTRISIIACH HA OCHOBE METO/Ia TEKCTYPUPOBAHHOU (OTOOpHUEHTAINH. J|aHHBII METOJI 3aKITI0-
YaeTcs B TOM, UTO HaBeICHHAs B OPHEHTUPYIOIIIEM CBETOUYBCTBUTEIHHOM citoe aneMenTa HXKK moBepxHoCcTHAS
AQHU30TPOITHUS TTO3BOJISIET CO3AATh B 00beMe )KUIKOKPUCTAIUTMYECKOTO CJIOSI HAYaITbHYI0 MHUKPOTIEPHOIIMYECKYTO
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TBUCT-TIAHAPHYIO OPUEHTAITUIO JUPEKTOPA, 00€CTICUNBAIONTYI0 YCI0BHE (HOPMUPOBAHISI BOTHOBOTHBIX KaHAIOB
JUTSL TIAHEWHO TOSIPU30BAHHOTO AIIEKTPOMATHUTHOTO M3JTyUYCHHUS.

Pa3zpaboTraHHbIe JIEKTPUYECKU yIPABIISIEMbIC BOJTHOBOIHBIC aHU30TPOITHBIC AJIEMEHTHI MTPECTABIISIOT CO-
00M KUIKOKPUCTAILTMUECKYIO siueiiky Tuma «coHaBudy» [8]. TommmHa cnos HXK cocrasmsna d = 20 miwm.
Hcnonssosancs HXXKK BH-9 ¢ amnsorponuei nokasarend npenomaenus An = 0,18, n.= 1,67, n,= 1,49 na
JUJIMHE BOJHBI A = 632,8 HM.

Ha puc. 1 mokazana TBUCT-IIaHApHASI OPUCHTALIUS TUPEKTOPA KUIKOKPUCTATUTMICCKOTO CIIOS U TIPETIOMITSIIO-

mue cBoiicta cTpykTypbl HXKK nist pacnipocTpaneHust IMHEHHO MO PU30BaHHOM (E|| ) 9IEKTPOMAarHUTHOM
BOJIHBI, BOJTHOBOW BEKTOP KOTOPOU (lg) HaIPaBJICH IO OCH Z.
ala 6/b
VA

@

,

€

o5t}

Aeg

@

Puc. 1. OprueHTanus qUpeKTOpa KUAKOTO KpUCTAIIIA
B BOJHOBOJHOW CTPYKTypE U €€ OIITUYECKUE CBOUCTBA: @ — YEPEAOBAHUE [IJIAHAPHBIX
U TBUCT-OpPHEHTAIMH TUpeKTopa; 6 — onTndeckas naankarpuca HXXK

Fig. 1. Orientation of the liquid crystal director in the waveguide structure
and its optical properties: a — alternation of planar and twist structures
of the director orientation; b — optical indicatrix of the nematic liquid crystal
Kak BuiHO U3 puc. 1, 1Isl JIMHEHHO MOJSPU30BaHHOTO cBeTa Y(()EKTUBHBIN MTOKA3aTEIIb MPEIOMIICHHUS nef(x)
B TBUCT-00JIACTAX KUIKOKPHUCTATUTMIECKOTO CJIOS OMPEIEIICTCS a3UMYTaIbHBIM YTIIOM 3aKpyTKH THPEKTOpa
‘P(x) I10 TOJIIIIMHE YKHUJIKOKPUCTAIITNYECKOTO CII0s, a JUIs paccMarpuBaemMont reomerpu (E||y, k| z) atort mo-
Kas3areiib COBMAAACT C YITIOM MECKAY BCKTOpaMu FE u n u coracHo BBIPAXKCHUTO [9] PaCCUUTHIBACTCA KaK

n.n,

ne(x) = \/

2 2 2 .2 ’
n_ cos w(x) + n; sin \V(x)
X
rae (x) = E — pacrnpeneieHue a3uMyTalIbHOTO YIvia OPUEHTALUMHU AUPEKTOPA KUIKOTO KPUCTAILIa IO TOIIIUHE

KUJKOKPHUCTATITNIECKOTO CII0s d.

Ha puc. 2 npeacrasnen rpaduk 3aBucuMocTi 3PpQEeKTUBHOTO MOKa3aTes MPEIOMICHUS nef(x) JUTsL TBUCT-
00JIaCTH 10 TOJIIMHE KUAKOKpUCTAIuInYeckoro ciost (d = 20 Mmxm). U3 puc. 2 BUIHO, YTO TBUCT-IOMEH UMEET
IpaJUeHT MoKa3aTes MPeTOMIICHHS 110 KOOPIMHATE X.

Takum 00pa3zoM, B 001aCTH TBUCT-IOMEHOB JIJIsl BOJIHBI € S-MOJISIpU3ayeli 3Ha4eHNE TTOKa3aTes pesomiIe-
HUS 110 TOJIIIMHE )KUIKOKPUCTAIIIIMYECKOTO CIIOSI nef(x) COCTaBIIAIET 0T 1, = 1,67 1o n, = 1,49, uto onpeneser
BO3MOKHOCTB peanu3ainuu BosHoBogHOro HXKK-kanana npu ncnonb30BaHUM TBHCT-IOMEHA B KauecTBE 000-
JIOYKH, @ TAKIKE TPH HCIIOIb30BaHUH TUNIAHAPHO OPUEHTHUPOBAHHOTO KHUIKOKPHCTAIIIMYECKOTO IOMEHA B KAUECTBE

CCPALCBHUHBI JKUJKOKPUCTAJUIMYCCKOTO BOJIHOBOJAHOTO KaHaJIa (ncep)meBMHa =n.= 1,67)
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Puc. 2. I'paduk 3aBuCHMOCTH 3(P(HEKTHBHOTO ITOKA3ATEIS IPEIOMIICHUS TBHCT-00IaCTH
OT TOJILUHBI KUIKOKPHCTAIIMYECKOIO CI0s

Fig. 2. Graph of the dependence of the effective refractive index
of the twist region on the thickness of the liquid crystal layer

BLIpa)KeHI/Ie JJIA OICHKH YHCIIOBOI alepTyphl JKUAKOKPUCTATUINICCKOIO BOJTHOBOAHOI'O KaHaJIa NA nmeer BU

1 5 n’n?
NA(x)= - U8 .
(x) Pyosnyx e ng cos>y(x) + n. sin” y(x)

[IpuBeneHHast 3aBUCUMOCTD YKa3bIBA€T Ha U3MEHEHHE ONTHUYECKUX ITapaMeTpoB c(hOPMUPOBAHHOI BOJTHO-
BONIHOM cTpyKTyphI 10 TommuHe HXKK-cmos. [l onenkn s pexTnBHOCTH BBOIA M3TYUYSHHS B JAHHYIO CTPYK-
TYPY Mbl OTPaHUYHMIIMCh PACCMOTPEHNEM C(HOPMHUPOBAHHOTO BOJTHOBOIHOIO KaHAJIa KaK BOTHOBOZAA CO CPEIHUM

[OKa3aTesIeM IPeIoMIEHUs 000JI0UKH (76, 0uc = <nef(x)>). Cpennuii 3(heKTUBHBII TOKa3aTeIb MPETOMICHHUS IO

tommuHe HXXK-cnos x cocraBnsier Benmnanny <nef(x)> =1,58. Ouenka npoBoamiack 1mo Gpopmyre [9]
14 nn
<n (x) =— £ u dx. )
of d 2.2 2.2
015 cos” y(x)+ ng sin® y(x)

[Ipu naHHO# OIIEHKE TTOKa3aTeNs MPEIOMIICHUS 000I0OYKH BOTHOBOIHOTO KaHAIa YMCIIOBAs anlepTypa KHuj-
KOKPHCTAJUTHIECKOTO BOJTHOBOJA MpuHUMaeT 3HaueHne NA = 0,54. Jlns ycrmoBuii SKcriepuMeHTa (JITHHA BOJI-
HbI 0,63 MKM, paanyC NEPETSHKKH BBOAUMOTO B BOJHOBOJ M3IIyYEHHUS 7= 5 MKM, TOJIIHHA BOJHOBOZHOIO

ciost 10 MkM) 3¢ deKTUBHOCTB BBOJIA M3TYUEHHSI B BOJIOKHO 0€3 yueTa (hpEHEIEeBCKOTr0 OTPaKEHUs, OLlCHEHHAs
KaK KBaJpaT OTHOLICHUS BEJIMYMHBI YHCIOBOM alepTyphl KUAKOKPUCTAIUINYECKOTO BOJTHOBOJA U MOJIOBUHBI
yria KoHyca ()OKYCHPOBKH H3JIy4EHHsI, COCTaBIISICT BEIMYHHY, 0113KyIo K 100 %.

Ha puc. 3 npencrasiena MeToArKa MOATOTOBKH MOUIOKEK MPH CO31aHUK BOTHOBOAHOTO snementa HIXKK.
[ToaroToBka OpUEHTUPYIOLINX MOKPBITUH 2, HAHECEHHBIX HAa CTEKIISIHHBIC MOAJIOKKH 3 € JIEKTPOIPOBOISAILINM
cioem ITO 4, ocymecTBisiyiach MyTeM SKCIIOHUPOBAHUSI (DOTOMOMMMEPHBIX CIIOEB cepuu b imHeliHo nossipu-
30BaHHBIM YJIBTPA(HOJIICTOBBIM M3JIyUYCHUEM Ha JJIMHE BOJHBL A = 254 uwm [10].

[Monsipuzarop / obecrnieunBan HEOOXOAMMOE HAIIPABICHUE TUIOCKOCTH TOJIIPU3ALUKN aKTHBHPYIOIIETO U3-
Jy4eHUSs], IVIOTHOCTb ONTHYECKOH MOIIHOCTH KOTOPOTO MOCJe MPOXOKACHUS MOJSpU3aTopa COCTABIsIIA Be-
maunny I = 4 MBt/cM?. Bpemst 9Kcro3uimn OTOMOMMMEPHBIX CIOEB COCTABIISIIO £ = 25 ¢, UTO 06eCIedHBaI0
JocTaTouHyto 103y obmydenus (D = 100 mx - CM ) JUTSL JIOCTIDKEHHS BETHUHHBI YHEPTHH CIISTIICHHIS KIIKOTO
KPUCTAILIA C OPUCHTUPYIOLINM HONTUMEPHBIM ciioeM Ej = 1,4 - 107 Jix - M2

Coznanne 3(h(hekTHBHOM pepakTHUBHONM IPaHUIIBI TBUCT-TUTAHAPHON OpHUEHTAITNH TUPEKTOPA KUIKOTO KPHUC-
Tajula MO3BOJISIET PEaJIM30BaTh BOJTHOBOJHBIN PEKUM pacpOCTPaHEHUs JTMHEHHO MOISIPU30BaHHOIO CBETA.
Cpenuunii 5 QeKTUBHBIN TOKA3aTeb IPETIOMIICHUS B TBUCT-IOMEHE JUTS P-TIOJISIPU3AIHOHHON MOJIBI COCTABIIS-
er 1,58, 4To gaeT BO3MOKHOCTD UCIIOIb30BATh €ro KaK CEp/LIEBUHY BOTHOBOIHOTO KaHala C INIaHAPHBIM JOMEHOM
B KaueCcTBE 000JIOUKH ¢ [T0Ka3aTeseM rpeiomiieHus 1,49 Ha juiMHe BOJIHBI FeHepaLy reIni-HEOHOBOTO Jla3epa.
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Puc. 3. Metoauka NoAroToBKH noanoxek BonHosoguoro snementa HOKK: a — noaroroska noanoxxu 1
Ut QOPMHUPOBAHHS OTHOPOAHON MTOBEPXHOCTHOHN aHM30TPOITHH (POTOTIOIMMEPHOTO CIIO0sI, 6 — MOATOTOBKA MOJIOKKH 2
Jutst opMUPOBAHNST MUKPOCTPYKTYPHPOBAHHOI ABYX/IOMEHHOH TTOBEPXHOCTHOH aHU30TPOITHH (POTOMOIUMEPHOTO CIIOS;
1 — momspuzarop, 2, 2’ — GorononuMepHsIii cIoii, 3 — CTeKISIHHAS TOUIOXKKa, 4 — Ipo3padnslit anexrpon (ITO),
5 — aMIUTUTYAHBINA KBapleBbIi TpaHcmapaHT (A = 20 MKM)

Fig. 3. Method for preparing cladding of an nematic liquid crystal waveguide element: @ — preparation of cladding 1
for the formation of uniform surface anisotropy of the photopolymer layer, b — preparation of cladding 2
for the formation of microstructured two-domain surface anisotropy of the photopolymer layer;
1 —polariser, 2, 2' — photopolymer layer, 3 — glass substrate, 4 — transparent electrode (ITO),
5 —amplitude quartz parensy (A =20 pm)

Ha puc. 4 mpencraBieHbl pe3yabTaThl IKCIIEPUMEHTAIBHOTO UCCICOBAHUS 10 PEATU3aIliN MICKTPUICCKH
YIPaBJISIEMOTO BOJTHOBOJHOTO PAaCIPOCTPAHEHUS N3JTyUYE€HHSI B ONTMCAaHHON BOJIHOBOAHOM CTPYKTYpe. 3myueHnue
TeNMH-HEOHOBOTO JIa3epa ¢ paCXOJUMOCTHIO TTydKa 1,2 Mpa BBOIWIOCH IIAHAPHO B TOPEIT JKUIKOKPUCTAILTHYEC-
CKOTO BOJIHOBOJTHOTO dJIEeMEHTa TOMIUHOHN d = 20 MkM. 15 coracoBaHus AuameTpa IydKa ¢ pa3Mepamu Ku/l-
KOKPHCTAJTHYECKOTO BOJIHOBO/IA UCTIONB30BAJICS 00bEKTHB ¢ yBennueHneM x20. JlnameTp nepeTskki CBETOBBIX
IIy4KOB Ha BXOJI€ B KHUJIKOKPHCTALINUECKYIO A4elKy cocTaBisul 27, ~ 8—10 mxmM. KapTuna pacnpocrpaneHust
JIa3C€PHOr0 U3JTY4YCHUA B )KUIKOM KPUCTAJUIC PETUCTPHUPOBAJIACH IO PACCEAHHOMY B JKXKUAKOKPHUCTAIIINYCCKOM
cioe cBetoBoMy curHany [13C-marpurieit ¢ mpocTpancTBeHHBIM pazpemienueM 1280 x 960 mk.

Kak BuiHO 13 prc. 4, IEKTPUISCKOE MOJIE MTO3BOJISET YIIPABJISTH XapaKTePOM PaciipoOCTPaHEHHUS J1a3€PHOIO M3~
JIYYCHHA B )KUAKOKPHUCTATIIIMYCCKOM CJIOC U MCPEKITIOYATh PEKUM BOJTHOBOJAHOTO paClIpOCTPaHECHUA CBETOBOT'O
CHUrHaja B pCXXum OIITUYCCKOTO OCJ'Ia6JIeHI/I$I, IIpU KOTOPOM HCUEC3acT BOJ'IHOBO)Z[HI)II‘/II KaHaJl ¥ ITy4O0K UCHBIThIBACT
T paKIMOHHOE paciibiBaHue. [1o00Has CUTyalsi UMEeT MECTO IIPH HAIIPSHKCHUSX, IpeBbIiatonux 3 B.
[Ipu TakuX 3HAYEHUAX HAMPSHKEHHS TPOMCXOIUT 3aMETHAs IIEPEOPUEHTALNS TUPEKTOpa KHUJIKOTO KpUCTAaJLIa.

OTMeTHM, 4TO pean3alrio MEKPOCTPYKTYPHPOBAHHBIX 00NIacTeld OpHEHTAIMU AUPEKTOPa MOKHO CO3/IaTh HE
TOJIBKO 3a/1aBasi HauaJbHbIE YCIOBHUS OPUEHTAIINN HA MTOJIOKKAX, HO M UCIIOIb3YSl MUKPOCTPYKTYPHPOBAHHBIN
3JIEKTPOJ] Ha OJIHOM M3 TOJJIOKEK JIEMEHTa, Kak ObUIO 1MoKa3aHo B padorax [11-14].

EH_[e OTHUM METOIOM CO3IaHrA BOJTHOBOAHOTI'O KaHaJIa B ) KUAKOKPHUCTAJNIMYCCKOM CJIOC ABIACTCA UBMCHCHUC
HavyaJIbHOM OPUEHTALMHU IUPEKTOPA TOCPEICTBOM IKCIIO3ULIMH JIMHEHMHO MOJISPU30BAHHBIM U3JIyYEHUEM KOMIIO-
3uta HXKK — azokpacutens B yxe coOpaHHOH )KUAKOKPUCTATITUYECKOH sSUEHKe ¢ MTaHApHO OPUEHTUPOBAHHBIM
JUPEKTOPOM KUIKOTO KprcTaiiia [ 15]. DTOT MeTOI MCI0JIb30BaIH [Ist BO30Y K ICHHS BOTHOBOJHOTO PEXKUMa pac-
MIPOCTPAHEHUSI CBETA B KUIKOKPUCTAJUIMUECKOU siueiike. I3roTOBIEHHbII BOJTHOBOAHBIHN KU IKOKPUCTAJUIMYECKUN
9JIEMEHT Ha OJTHOU U3 TOMJIOKEK UMEET CI1abyro SHEPTHUIO CIIETUICHHUS (TIOBEPXHOCTh H30TPOITHA ISl TUPEKTOpa
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KHUJIKOTO KpHucTayuia). [Ipu ocBereHnn monsipu30BaHHBIM CBETOM CO CTOPOHBI 3TOM MOUIOKKH MPOUCXOAUT
PSI IPOIIECCOB, CBA3aHHBIX C aJCOPOLMEN KpacuTelsl Ha TIOBEPXHOCTH [16] 1 mpUBOASIINX K U3MEHEHUIO
OPHEHTALIMHU AUPEKTOPA HA UCXOTHO N30TPOIHOM moBepXxHOCTH. [0 Mepe TpaHCIALUY 110 TOMIIMHE KUAKOKPH-
CTAJTMYECKOTO CIIOS YTOJ MEPEOPHUEHTAIIH AUPEKTOPA OTHOCUTEIHHO HAYaIbHOW OPUEHTAINN YMEHBIIIAETCS
Y CTAaHOBHTCS PaBHBIM HYIIIO Ha TIOJIOKKE ¢ OOJIBINIO SHEepruei cueruienus. Takum o0pa3oM, B akTUBHPOBAH-
HBIX 00JIACTSIX CO3/aeTCsl TBUCT-OPUEHTALUS JKUKOTO KpHUCTaIa.

I::II}', P=0,2MBr

U=1,1B

¥, MKM

U=2,0B

U=3,0B

0 3200

Z, MKM

Puc. 4. PacnpocTpaneHue cBeTa B JIEKTPUUECKU YIIPABIIIEMOM
MHKPOCTPYKTYPUPOBAHHOM KU JIKOKPUCTAJUINYECKOM JIEMEHTE NIPU Pa3IMYHOI BeIUYHHE
YIPAaBIIAIOILETO HAIPSKEHU Ha BOIHOBOAHOM sneMenTe HOKK

Fig. 4. Light propagation in an electrically controlled microstructured liquid crystal element
with different values of control voltage on the nematic liquid crystal waveguide element

DKCIIEpUMEHT IPOBOAMIICS C sTYeHKaMu, 3ar10JHeHHbBIMU HeMaTtukoM 5CB (ot n, = 1,71 1o n, = 1,53), neru-
POBaHHBIM KpacuTesneM MeTHIOBBIM KpacHBIM (0,5 %). OfHa U3 OrpaHUYMBAIONINX MTOIOKEK OblTa caemaHa
¢ MaJIoii aHeprueii cueruieHus (Ha mokpeiroe ITO cTexto HaHoCHIICS MOMM(BUHII ) IIMHHAMAT 0€3 JOTIOTHUTENb-
HOTO M3MEHEHHSI TOBEPXHOCTHOM SHEpTuH cluerieHus). Bropas mnactuia Obuia HOArOTOBIICHA AJIsl CTAHIAPTHON
IJIaHApHON OpUEHTANH (HAaHECCHNE MOIMUMUIA IEHTPU(PYTUPOBAHNEM — OTBEPIKICHUE — HATUPaHKE) Ha TO-
kpbiToM [TO crexite. TommuHa si9eKky cocTaBisiia okoo 25 MkM. Co3anue mepeoprueHTHPOBAHHON 00IacTH
JIOCTUTAJIOCH SKCIIO3UIUEN ¢ moMoIbio At -nasepa (514,5 aM, 5 MBT), c)OKYCMPOBAHHOTO IIMJIMHIPHIECKOM
mnH30# (f'= 3 cm). [lonsspusanus nasepHoro gyda Oblia mapajuiesbHa ATHHHOW OCH (POKYCHOTO MSTHA, OpPH-
CHTUPOBAHHOTO 1O/ 45° OTHOCHUTENIFHO HAINIPABJICHUS HadaJIbHOH MJIaHAPHOM OPHEHTANU TUpeKTopa. Takum
00pa3om, B 00;1aCTH aKTUBAIIH OPHEHTAITUS JUPEKTOPa MMella TBUCT-XapaKTep ¢ BETUINHON 3aKPYTKH JTHUPEK-

i
TOpa T Bpems sxcro3unum coctaisiio okoio 5 muH. Ha puc. 5 npeacrasiena gotorpadus B CKpEILIEHHBIX

noJsipu3aropax c(hoOpMHUPOBAHHON NIEPEOPUESHTHPOBAHHOM 00IACTH JKUKOKPUCTAILTHYECKOTO CIIOSL.

Puc. 5. dororpadus B CKpEIICHHBIX MOISPU3ATOPax cHOPMHUPOBAHHON
TIepeOPHEHTHPOBAHHON 00JIACTH KUAKOKPUCTAIIIMIECKOTO CIIOST

Fig. 5. Photograph of the formed reoriented region
of the liquid crystal layer in crossed polarisers
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BonHoBoaHbIE MO/IBI BO30YK/1aTHCh aHAIOTUYHO BIIIEONTMCAHHOMY CITOCO0Y MpH (POKYCHPOBKE U3ITYUCHUS
TeJIN-HEOHOBOTO JIa3epa C MOMOIIBI0 JTUH3HI ( /= 5 ¢M) B TOPEIl KUAKOKPHUCTATUTMIECKOTO dIeMeHTa (puc. 6).
JuameTp nepersHkky chOKyCHPOBAaHHOTO HA TOPLIE AIEMEHTA JIa3epPHOT0 N3IY4YEHHUs ¢ PACXOIUMOCTbBIO MTyUKa
1 mpag coctasisin 20 MkM. BekTop nonsipuzaniui BBOIUMOTO B SJIEMEHT U3ITyUeHNsI OPUEHTUPOBAH NEPIIEHAN-
KyJISIPHO HaIpaBJIEHUIO JUPEKTOpa IJIaHAPHO OPUEHTHPOBAHHOTO KUKOKPUCTAIUIMYECKOTO CII05, 331aHHOMY
IPY U3TOTOBJICHUH dJieMeHTa. [lokazarens mpesioMIIeHUs CBeTa MPU TAaKOH TeOMETPHH B 00IaCTH JKUAKOKPH-
CTAJJTMYECKOTO CJIOS1 COOTBETCTBYET ITOKA3aTeII0 MPETOMIICHHUS JJ11 OOBIKHOBEHHOW BOJIHBI, KOTOPBIH JIJIS HC-
nonp3oBanHoro HOKK umeer Bennuuny n, = 1,53. B o6nactu )kuIKoro Kpucrasmuia, riae NpucyTCTBYeT H3MEHEHHE
OpPHEHTALMH KUIKOI0 KPUCTAJUIa 10 IIyOuHe (TBUCT-CTPYKTypa), MOKa3aTelb MPEIOMIICHHS ONpeeIsieTcst

cpenHuM >PPEKTUBHBIM ITOKa3aTeIeM, BETUIINHA KOTOPOTO cortacHo Gopmyre (1) cocTaBmuseT <nef(x)> =1,57.

Takum 00pazoM, 17151 JAHHOW TeOMETPUHU OPHEHTALIMHU AUPEKTOPa 001aCTh TBUCT-OPUEHTALUH CITYKUT CepALIe-
BUHOH, 8 BHELITHSS YaCTh KUIKOKPHCTAUTMUECKOTO CII0SI — 000JI0UKON ONTHYECKOTO BOTHOBOAA.

Puc. 6. I3meHeHne pactipoCTpaHeHUs CBETa B TUIAaHAPHOM BOJIHOBOJIC
B CJIy4ac HAJIMYMS 30HBI C TBHCT-CTPYKTYypOU

Fig. 6. Change in light propagation in a planar waveguide in the presence of a zone
with a changed orientation (twist structure)

B Touke BXona u3iyueHus B BOJIHOBOA AuameTp myuka cocraBui 100 mxm. Ha puc. 6 BugHO, 4TO pU Takoit
TEOMETPUH pacHpoCTpaHEHUs YacTh MyuKa, nonagatomias B ycnosus [1BO, 3axBaTbIiBacTCsl ONTUUECKU HABE-
JICHHBIM BOJTHOBOJHBIM KaHaynoM. [Ipu 3ToM mepBoHaYa bHO MPSMOIUHEHHOE PACIpPOCTPAHEHUE CBETOBOTO
MydYKa B TUIOCKOM JKUJIKOKPHUCTAITHIECKOM CII0€ MEHSICTCS TIPU BO3JICHCTBUN U3ITyUCHHS apTOHOBOTO Jla3epa,
MIEPCOPUCHTUPYIOMIETO AUPEKTOP JKUIKOTO KPHCTAIITIA B OCBEIICHHOW 00JIACTH U CO3AIOIIETO BOJTHOBOIHYIO

CTPYKTYDPY.

3akJaroueHue

Takum o6paszom, B paboTe MpoIeMOHCTPUPOBAaHA BO3MOKHOCTh YIIPaBJICHHUS BOJTHOBOAHBIM PEKUMOM pac-
NPOCTPaHEHUS CBETa B )KUAKOKPUCTAIITNUECKOM citoe. [IpennoxkeHsl [Ba MeToga Bo30yKISHHUS BOJTHOBOIHBIX
PEKUMOB paCIpOCTPaHEHHsSI CBETOBBIX IMy4KOB. OJIMH METOJ] OCHOBaH Ha (DOPMHPOBAHHH ONITHYECKUX BOJIHO-
BOJIOB 3@ CUET IPOCTPAHCTBEHHO MOJYJIMPOBAHHON OPUEHTALMU JUPEKTOPA JKUJIKOTO KPUCTAIA ¢ BO3MOXK-
HOCTBIO JIEKTPUYECKOTr0 yIpaBieHus. Bropoil MeTon ucnonb3yeT GOoToCTUMYIMPOBAHHYIO IEPEOPUEHTALINIO
JTUPEKTOpa *KHJIKOTO KPUCTAIIa, aKTUBUPOBAHHOTO KPACUTENIEM METHIIOBBIM KPACHBIM, ITO3BOJISIT ONTHYECKH
HEePEKIII0YaTh BOJIHOBOJHBIM PEKUM PAaCIPOCTPAHEHUS CBETOBOTO IyuKa. lIpeoskeHHbpie METOIbI MOTYT OBITH
MCIIONIb30BaHbI P pa3pabOTKe HHTErPAIbHBIX (POTOHHBIX CXEM JJIsI CBS3H MEXY Pa3THUHBIMH (PyHKIMOHAIIb-
HBIMU KOMIIOHEHTaMH B KaueCTBE PEKOH(UTYPUPYEMBIX BOITHOBOJHBIX KaHAJIOB.
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HABEPHAH OU3UKA

LASER PHYSICS

VIIK 621.382

NCIIOAB3OBAHUE ITPUPOAHBIX 1 CUHTETUYECKUX AAMA3OB
ITPN ITPOEKTUPOBAHVUN U3AEAVU DAEKTPOHHOUM TEXHUKUA

E. B. HLIEPIIITHEB"

DIomensckuii 2ocyoapemeennviii yuusepcumem um. @. Cropunbt,
ya. Cogemckas, 104, 246019, e. T'omens, benapyco

Annomayus. IlpoBesieH aHaIN3 3aBUCUMOCTEH TEIUIO- U AMEKTPO(PHU3NIECKNX XapaKTePHCTHK IPUPOIHBIX U CHHTE-
THYecKHux anMasoB TUMOB la, Ib, [la u IIb oT crieruduky cTpoeHNs UX KPUCTALTHIECKON pemmeTku. Onrcansl Gpu3nko-
XMMHYECKHE M TEXHOJIOTHIECKHE OCOOEHHOCTH 00pabOTKH alMa3a MMITYJILCHBIM JIA3€PHBIM H3JIyUYCHUEM TPH HCTIONb-
30BaHUM KOPOTKUX M yIBTPAKOPOTKHX JIA3€PHBIX MMITYIbCOB B HIMPOKOM JAMAIa30HE JUIMH BOJH U MHTCHCUBHOCTEH
na3epHoro u3nydeHus. [lokasaHo, 94To Mpu BapbUPOBAHUH MTAPAMETPOB JIA3EPHOTO U3ITYUEHUS, TAKUX KaK UIUTEIBHOCTh
UMITYJIbCA, 9ACTOTA CJICI0BAHMSI IMITYJIbCOB 1 HHTEHCHBHOCTB JIa3€PHOTO N3JTyUEHHs, MOT'YT ObITh PeaIM30BaHbl pa3iiny-
HBIE MEXaHN3MBbI YIPABISIEMOTO ylaleHHUs MaTepruaia Juist popMUpoBaHus 00bEMHBIX MUKPOCTPYKTYp. IIpencraBiens
OCHOBHBIE NEPCIICKTUBHBIC 00JIACTH MPUMEHEHHUS aIMa3HbIX W alIMa30COIEPIKAMINX KOMIIOHEHTOB B MTPOM3BOJCTBE H3-

JIEIMH 2JIEKTPOHHON TEXHUKHU.

Knwuesvie cnosa: MMPUMEHCHUC aJIMa30B B MUKPOIJICKTPOHUKE; TCHJ'IO(I)I/ISI/I‘{eCKI/IC XapaKTECpUCTUKU aJiMa3a, XpyIi-
KOC pa3aCjICHUE ajiMa3a JIa3€PHbIM HU3JIYyYCHUCM; YIIBTPAKOPOTKHUE JIa3C€PHBIC UMITYJIbCHI.
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USE OF NATURAL AND SYNTHETIC DIAMONDS
IN THE DESIGN OF ELECTRONIC EQUIPMENT PRODUCTS

E. B. SHERSHNEV*

*Francisk Skorina Gomel State University, 104 Savieckaja Street, Gomiel 246019, Belarus

Abstract. An analysis of the dependencies of the thermal and electrophysical characteristics of natural and synthetic
diamonds of types Ia, Ib, Ila and IIb on the specifics of their crystal lattice structure was conducted. The physicochemical
and technological features of diamond processing by pulsed laser radiation using short and ultrashort laser pulses in a wide
range of wavelengths and intensities of laser radiation are described. It is shown that by varying laser radiation parameters
such as pulse duration, pulse repetition frequency and intensity of laser radiation, various mechanisms of controlled mate-
rial removal can be implemented to form volumetric microstructures. The main promising areas of application of diamond
and diamond-containing components in the manufacturing of electronic products are presented.

Keywords: application of diamonds in microelectronics; thermophysical characteristics of diamond; brittle separation
of diamond by laser radiation; ultrashort laser pulses.

BBenenue

[To coueraHuio BaKHEHMIIMX MMapaMEeTPOB, HEOOXOAUMBIX ISl CO3AAHUSI HNIEKTPOHHBIX MIPUOOPOB, CaMbIM
MEePCIIEKTUBHBIM MaTepHaIoM MOKHO cuuTarh anMa3s [ 1]. Cnenuduka KprcTauimdecKoi pemeTKy aamasa ¢ ee
KOBaJICHTHBIMH CBSI35IMU IIPEIONPEAEISET PsiJi 0COOEHHOCTEH 3TOro Marepraia. Ipy muprnHe 3anpeieHHoN 30HbI
5,45 3B ynenabHOE CONPOTUBICHUE HEJETMPOBAHHOTO aJIMa3a COCTABIISIET 10°-10" Om - cm, HaIpsKEHHOCTh
3MEKTPHYECKOTO TIOJIs, PH KOTOPOM BO3HMKAeT ero mpoboii, nocturaet 10” B/cM. AnMas sBISETCS 4pe3Bbl-
YaiilHO XMMUYECKH yCTOWYMBBIM MarepranoM. B mpucyTcTBuu KHUCI0OpPOAa OH OKHUCISIETCS IPH TEMIIepaTypax
Boire 900 K, B ycioBHsX BBICOKOTO BaKyyMa €ro IOBEpXHOCTHasI rpaduTH3anms HabIroaaeTcs pu TeMueparype
oxono 1700 K. Anmma3 nmeeT HauBBICITYIO TertonpoBoxHOCTh (20—24 Bt/(cMm - K) mpu temmeparype 300 K),
YTO CBSI3aHO C €T0 PEKOPIHO BRICOKOH Temmeparypoit Jlebas (1860 K), mo cpaBHEHHIO ¢ KOTOPOil KOMHATHAs
TeMIIepaTypa SBJSIETCS OTHOCUTENIBHO HU3KOH. ClieoBaTeIbHO, ajMa3 BICTYNAET ONTUMAJIBHON TENI00TBO-
JAIIEeH AUAIEKTPUYECKON TIOJIOKKON. boee Toro, B OUMIIEHHOM OT M30TOINOB ajaMas3e TEMJIONPOBOJAHOCTh
MokeT gocturath 33 Bt/(cm - K) [2].

Taroke anmMas mpecTaBIseT coOO0H paIuanoOHHO CTOMKIHI MaTepuair. OH SBISIETCS TPO3PAYHBIM B IIMPOKOM
JMara3oHe CreKTpa (0T yIbTpadHoIeTOBOTO 0 PaAHOBOIHOBOTO), IMEET BHICOKYIO TBepaocTh (81-100 I'Tla),
PEKOPIHO BBICOKYIO CKOPOCTH pacrpocTpaHeHus 3ByKa (18 KM/c), HU3KYIO IUAJIEKTPHUUECKYIO0 IPOHHIIae-
MoCTb (5,7). braronaps TakuM yHUKaJIbHBIM CBOMCTBAM ajiMa3bl UCIOJIB3YIOTCSI B Kau€CTBE TEIJIOOTBOJIS-
mux mwiactud B CBY-TpaH3ucTopax, MOLIHBIX MYJABTHUMIIOBBIX MOIYJISIX M JIMHEHKaX MOJYIPOBOAHUKOBBIX
nazepos. Kpome Toro, aimMa3bpl MOTYT IIMPOKO HPUMEHSATHCS AJIS1 H3TOTOBJICHHUS OKOH MOIIHBIX TUPOTPOHOB,
KIUCcTpoHOB, CO,-1a3epoB, MUKPOIEKTPOMEXAaHNYECKUX CHUCTEM, aKyCTOJIEKTPOHHBIX yYCTPOUCTB ((HIBT-
POB Ha MTOBEPXHOCTHBIX aKyCTHMYECKMX BOJHAX IMTarepleBOro AMANa3oHa) U JETEKTOPOB HMOHHU3HMPYIOLIETO
n3mydeHus [1]. TexHOIOrnn XMMHYECKOTO OCaKISHUS U3 Ta30Bou (aswl (chemical vapour deposition, CVD)
pacLIMpUIN BO3MOXKHOCTH CO3/1aHMsI HA OCHOBE aliMa3HbIX IieHOK CBY-npnbopoB, TEmonpoBoAsIMX HOA-
JIOKEK JUIS SNICKTPOHUKH, 3JIEMEHTOB KOHCTPYKLMH B JlamMIax Oeryiiei BOIHbI, IPHOOPOB aKyCTOIIEKTPOHUKH,
JIa3€PHBIX UOJ0B, IPOTOTUIIOB KBAHTOBBIX KOMIIBIOTEPOB, 00OPYIOBaHUS ISl aCTPOHOMHH, HPU3M, JIUH3,
TeparepueBbIX U3IydaTenei 1 pagapos, MPOBOISIIMX HAHOATIMA30B ISl TEPAIIMU U JOCTABKH JIEKAPCTB K MOB-
PEKICHHBIM OpraHaM, HAHOKPUCTAUIMYECKUX aJIMA3HBIX MOKPBITHUH ¢ KOHTPOIUPYEMOI IPOBOAUMOCTEIO,
PaJHALMOHHO CTOMKHX IETEKTOPOB'.

Oco0eHHOCTH TEIIONMPOBOJIHOCTH PA3JINYHBIX TUIIOB AaJIMa30B

OO0pasibl MPUPOIHBIX ATMa3HBIX MOHOKPUCTAIJIOB CPETHUX Pa3MepoB (HECKOIBKO MIJITUMETPOB) U CHH-
TETHYECKHX aJIMa30B Pa3MepoM 710 1| MM IPEACTaBISIOT COOOH CIOKHBIA 00BEKT JIJIsl M3MEPEHHSI TETIIIONPOBO/I-
HOCTH. J1J151 TOCTHIKEHUS ATOH TIeNTH UCTIONB3YIOTCS 0COObIe METOUKH. TerIonpoBOIHOCTD KPYITHBIX 00pa3IoB
(4—10 mm) mpaBUITBHOM (OPMBI B BHJIE TIPSIMOTO MTapajuiesenuiieaa B uHTepBaie remmneparyp 3—300 K uzmeps-
€TCsl C TIOMOIIBIO KJIACCHYECKOTO aOCOIFOTHOTO CTAI[MOHAPHOTO METO/Ia TIPOI0IBHOTO TETUIOBOTO TIOTOKA [3].
VY Taxux xe 06pa3nos mpu temreparypax 320—450 K ara xapaxrepucTika MOKET OBITh OTIpe/iesieHa ¢ ITOMOIIBI0

! ATIMa3HbIe TPaIHIIIH MEHSIOT CBOKO CTPYKTYPY: IATh TIPHUUHH U HOBBIX MHBECTHIMIT // Poccuiickuii hopyM « MEKPOAIEKTPO-
nukay : caiit. URL: https://microelectronica.pro/news/round_table 20231008 (nara obpamenus: 27.11.2024).
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OTHOCHTEJIHHOTO BapHaHTa CTAI[IOHAPHOTO METO/1a MPOI0JIEHOTO TEIIOBOTO MOTOKA C MCIIOIb30BaHUEM pajna-
LUOHHOW TepMoMeTpuH [4]. MI3MepeHne TermIonpoBOAHOCTH IPUPOAHBIX U CHHTETUYECKUX alIMa30B pa3MepoM
10 1 MM TIpOoU3BONIEHOM (hOPMBI OCYITIECTBIIAETCS B nHTepBase Temieparyp 300—650 K MmeTomoM cTaruBaHus
TEIJIOBOTO MOTOKa [5].

B ocHoBy (huznueckoii kiaccuhukaniy armMas3oB MOJIOKEHBI UX CIIEKTpalIbHbIE 0COOCHHOCTH. B cooTBeTCTBHM
CO CTIEKTpaMH MOTJIONIEHHS BBIJIENAIOT aiMasbl THIOB | u 11, B cTpykType KpuCTaiioB KOTOPBIX MPUCYTCTBYIOT
npuMecH a30ta’. Pa3BHTHE HCCIETOBAHMIT B YTOM HAIPABICHUHU ITO3BOJIHIIO PACIIHPUTH KIACCH(DUKALIIIO. ATMa-
361 TTIA | OBLTH TTOZTpa3eeHsl Ha anMasbl THa la (comeprkar HerapaMarHUuTHBIE a30THBIE e ekThl) 1 Thuna Ib
(comeprkar mapaMarauTHeIi gedekr). Cpenu anmaszop tuna Il Obutn BeIEICHBI aiMasbl Tumna Ila (u3055T0-
pbl, KoHIEHTpanus A-nedekros He 6omee 10™ cm™, p = 10'°—10'° Om - em) u Tuma IIb (momynpoBOAHHKY,
JIETHPOBaHHBIE GOPOM 10 KOHIEHTpamuu 510 cv, p= 10'-10% OMm - cM). AlMassl, B KOTOPBIX IIPEOOIAAt0T
JUCTIOKAIIMOHHBIE 1e(DeKTHI, TPUBOASIIIE K POCTY MPOBOANMOCTH, HHOT/IA OTHOCAT K THITy Ic. B 3aBHcuMocTn
OT COJIEpKaHMSI PUMECEH CHHTETHYECKHIE KPUCTAILTBI OTHOCAT K TUNy b (mapamarauTHeIf a3ot1) u Tumy llb
(60p). Pazmuunas popma pocta KpucTaia, onpeneacHHbIH Habop CTPYKTYPHBIX Ae(EKTOB 1 0COOCHHOCTH UX
pacmpenencHus B 00beMe KpHcTaia NOCTYKWIH (PU3HYECKUM 000CHOBAaHUEM JIJIsl BBIJCIICHHS IECSATH pa3-
HOBUJHOCTEH MOHO- U MOJUKPUCTAIIINYECKUX aJIMa30B [6].

Terutodu3nyeckue cBOCTBA, B YACTHOCTH TETUIONPOBOAHOCTD M TEINIOEMKOCTh, TIO3BOJISIIOT KBAJIU(UIIN-
poBath alMa3 Kak MaTepua, 001aaaloIui caMmoii Beicokol TerutonpoogHocTtsio (70—1000 K). B onpenenennom
WHTEpBaJe TEMIEpaTyp aaMa3bl TPOBOIAT TEIUIO B MSTH pa3 JIydlle, YeM, Hampumep, Meas (puc. 1).
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Puc. 1. 3aBucuMOCTh KOXPPHUINECHTA TEIUIONPOBOAHOCTH
PAa3INYHBIX MAaTEPHAJIOB NIEKTPOHHON TEXHUKH OT TEMIIEPaTypbl

Fig. 1. Dependence of the thermal conductivity coefficient
of various materials of electronic equipment on temperature

du3uyecKre CBOMCTBA PAa3JIMYHBIX TUIIOB aJIMa30B

Koa¢dunmeHT TernnoBoro TMHEHHOTO pacIMpeHns ajIMa30B PACCUUTHIBAETCS] HA OCHOBE MOKa3aresieii moc-
TOSTHHOM PENIeTKH MPU HarpeBaHUH U APYTUMH criocobamu. Y anma3oB tuna Il maHHBIN mOKa3aTens npu TeM-
neparype 800 °C pasen 4,7 - 10 K™', npu temneparype 1700 °C on cocrasmser 5,5 - 10°° K. [To manneM
PEHTTEHOBCKUX UCCIEIOBAHUMN, TMHEHHOE PACIIMPEHUE aIMa30B yKazaHHOro tuna npu Harpese ot 0 1o 1400 °C
paBHo 0,58 %, 3HaYeHMsT YKa3aHHOTO BbIlIEe KoddduuueHTa npu temmeparypax 25 u 1400 °C cocrasisitor
1,3- 10°u 7,0 - 107° K™! coorBercTBenHO’.

TunryHbIe 3HAYEHUS TEIUIONMPOBOAHOCTH anMa3oB Tuma la u tumna Il mpu tremmeparype 293 K paBHBI
600-1000 1 2000—-2100 B1/(™ - K) coorBeTcTBeHHO [6]. MakcuMasbHbIe 3HAYCHHUS TILJIONPOBOIHOCTH aJIMa-
30B Ha3BaHHBIX THIOB 1pu Temiieparype okoso 80 K cocrapnstor 2000—4000 u 15 000 Bt/(Mm - K) cootBerct-
BEHHO [6].

Bricokast TemI0eMKOCTh aiMa30B ClI0COOCTBYET MOMIOUICHUIO MU TEIUIOBOM SHEPTUH 0€3 CYILIECTBEHHOTO
YBEJIMUEHHS TEMIIEPaTyphl, a BHICOKAs! TEIIONPOBOAHOCTD — XOPOILIEMY TEINIOOTBOLY, YTO OCOOEHHO BaXKHO
JUTSL KOMITOHEHTOB BBICOKOTEMITIEPATYPHOM DJIEKTPOHHUKH.

2Ama3 : cnpaBounuk / JI. B. ®enocees [n ap.]. Kues : Hayk. mymka, 1981. 61 c.
3
Tam xe.
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Hannane pa3HbIX THIIOB aIMa30B CBSI3aHO ¢ MHOTO00pasueM uX 30HHOU cTpyKTyphl. [Ipu Temmeparype 0 K
(s anmasoB ¢ uaeanbHOM penterkoit mpu Temmneparype 300 K) Bce pa3penieHHble ypOBHHU SHEPTUH B BaJICHTHOH
30HE 3aIT0JIHEHBI, a 30Ha TPOBOJANMOCTH SBISIETCS MycToi. O0€ 30HBI pa3/ieNeHbl 3alpeneHHONH 30HOH HpH-
HOI 6 3B. B pearbHOM KpuCcTaiIe aliMa3a 3ampernieHHas 30Ha 0Ka3bIBaeTCs TYCTO 3aCEICHHON DHEepreTHYe-
CKUMH YPOBHSIMH, HAJIMUME KOTOPBIX OOYCIOBICHO MTPUMECSIMH U iedekTaMu pemeTk. K Hanboee BaKHbIM
SHEPreTUYECKUM YPOBHSM CIIEAYET OTHECTH OJKHUE aKIIETITOPHBIE YPOBHH, PACTIONOKEHHBIE HA PACCTOSTHUN
0,1-0,3 3B ot BepxHeli rpaHuUIIbI BAJICHTHOM 30HBI MPOBOIMMOCTH U Ha TOM K€ PACCTOSHUH OT THA 30HBI IPOBO/IH-
MOCTH, U JIaJIbHUE aKLENTOPHBIE SHEPIeTUUECKUE YPOBHHU, HAXOAAIINECS B CEpeIMHE 3alpeleHHOM 30HbI [7].

CortacHO COBPEMEHHBIM MPEJICTABICHUSM PA3IMYHs aIMa30B OTPEACTISIOTCS TOIBKO MPUMECIMU U JePeK-
Tamu pemeTku. Harmpumep, anvasbl trma | comepikar cpaBHUTENBEHO OO0JBIIOE KOJHMYECTBO a30Ta, a CIeI0Ba-
TENLHO, M COOTBETCTBYIOMIEE KOMMIECTRO IHEPIETHIECKHX YpOBHEN BHYTPH 3allpelieHHON 30Hbl, HO HMEIOT
BBICOKOE YIeIbHOE compoTuBieHue (0kono 10° OM - cM). MexIy TeM BBICOKas MEKTPOIPOBOIHOCTS TAKHX
MTONTYTIPOBOTHMKOB, KaK KPEMHHUH U TepMaHuii, 00yCIIOBINBAETCS MMEHHO 3TUMHU IIpUMecsIMU. J[aHHBIH KOHT-
pact 00BSICHSETCS TeM, 4TO PH POPMUPOBAHUH MOTYIPOBOIHUKOB B HUX BBOAUTCS CTPOTO KOHTPOIUPYEMOE
KOJIMYECTBO NMPUMECEH € ONMpENEICHHBIMH YCIOBUAMU 3aKPEIIJIEHNS B PEILIETKE.

B npuponHbIx anMazax mpuMecH pacioaraloTcs XaOTUIHO W MOTYT KOMITEHCHPOBATH YT ApyTa (B cirydae
OZIMHAKOBOTO KOJIMYECTBA JJOHOPOB M aKIIENTOPOB) MIIM 00Pa30BBIBAThH LIEHTPHI 3aXBaTa JBIPOK M AJIEKTPOHOB.
J10 HEeKOTOPOH CTENEHU IPUMECH BBITTOJIHSAIOT CBOIO poiib. TeopeTndeckue pacdeThI IOKA3HIBAIOT, 4TO YAETbHOE
COTPOTHBIICHHE aJIMA30B C HCATBHON PEIIETKON TOKHO ObITh mpuMepHo 107" OM - ¢M, T. €. Ha HECKOIBKO
JIECSITKOB TIOPSIIKOB OOJIBIIIE, UM €CTh Ha CAMOM JIeJIe.

Anmasel Tuna Ila cogeprkar OTHOCHTEIBHO HEOOIBIIOE KOIMMUYECTBO PHUMECEH, OTHAKO YIIETbHOE CONPOTHBIICHUE
Y HEIX TaKo€ e, Kak 1 y aiiMasoB trrna l. JlanHoe 00cToATeThcTBO 00BIICHAETCS TEM, YTO KOJIMUECTBO SHEpreTHYe-
CKUX YPOBHEH BHYTpPH 3alPEIIEHHOM 30HBI, HATMYNE KOTOPBIX 00YCIOBIEHO TPUMECSIMH, KOMIIEHCHPYETCS OTHO-
CHUTEJIEHO OOJBIIUM KOTMYECTBOM SHEPTETHYECKUX YPOBHEH, HATMYIKE KOTOPBIX ONpe/IeIeHO JIepeKTaMH PEIeTKH.

Bricokas anexkrpudeckasi mpoBOANMOCTH anmMa3oB Tuma IIb cBs3aHa ¢ mpeobmagarommmM BIUSTHIEM aKIIeTI-
TOPHBIX YpOBHEH. B otimune ot anvazoB TumoB | u [la, o0nagaronux TudaeKTpUIecKIMH CBOMCTBaMU, alIMa3bl
tuna [Ib umeroT nonynpoBoIHUKOBBIE CBOMCTBA. Takum 00pa3oM, aamMa3 MOKHO KiacCH(UIMPOBAaTh KaK IH-
ANEKTPUK WA IIUPOKO30HHBIN NOJYPOBOJHUK.

[Ipuponusie anmassl Tumos la u Ib, mo cpaBHeHUTO ¢ anmMaszamu TUTOB 1la 1 IIb, UMEIOT 3HAYUTENHHYTO TTPH-
MecCh a30Ta, KOHIIEHTPALHs KOTOPOH MOXKET U3MEHATHCS B JIOBOJILHO IIHPOKUX Ipenenax. [Ipumecs a3ora
B aJIMa3ax 3TUX TUIOB 00YCJIOBIMBAET MOMIOIICHNE B OIHOPOHOHHOM 001acT HH(PPAKPACHOTO CIIEKTPa, IPU
9TOM KOHIIEHTPAIMS a30THOU MTPUMECH MOXKET OBITh OTIpe/ieNieHa 110 u3MepeHHOMY K03(h(DUITHEeHTY MOTIIOMeHUS
npu monoce 1282 cm™!

[InactuH4areie a30THBIC ASPEKTHI (IUICUTENHUTC), Nexkamue B iockocty {100} 1 BUAMMEIE C TTOMOIIBIO
[IPOCBEUNBAOIIEH 3JIEKTPOHHON MUKPOCKOIIHH, OITPEIEISIOT MOSIBICHUE TOIOJHUTEIBHOIO MTUKA HOIVIOIIEHUS
B o6macti 1350—1380 cm . Pasmepsl 5THX 1e()eKTOB HPEBBIIAIOT BEINUHHY JOMUHUPYIOIIEH ITHHE! BOIHBI
(hOHOHOB IPU KOMHATHOH TeMIIepaType, a CaMu OHHU, IO-BUIUMOMY, HE BIUSIOT () (HEKTUBHO HA TEIUIONPOBO-
HOCTh. MIX 0003Ha49aroT kak B2-11eHTpEL.

CymiecTBeHHOE BIUSHUE Ha TEIUIONPOBOAHOCTH Ipu Temmneparype 300 K okaspiBaeT mprmMech a30Ta B BUIE
TOYCUHBIX Je(PEKTOB, MposBIIsomascs B A- u Bl-cucremax mononieHus: HHQPAKPaCHBIX CIEKTPOB aIMa30B
tuma la. B nH(pakpacHBIX cieKTpax aamMa3oB THIA la nedexTr! B BUe A-IICHTPOB XapaKTEPHU3YIOTCS OCHOB-
HBIM ITMKOM TIOTJIOIIEHUS B oOnactu 1282 em! , @ 1edeKTHl B BUIe B1-1IeHTPOB — MAKCUMYMOM TTOTJIOIICHIS
mesxay 1169 u 1175 em ™.

B mpuponnbix anmasax Tuma [b mpuMeck mapaMarHUTHOTO a30Ta CYIIECTBEHHO YMEHBIIAET TeTUIOMPOBO/I-
HOCTBH B MakcumyMe. OmHako mpu Temmeparypax okoso 300 K u Beiiie 3Ta mpumech B HEOOIBIITONW KOHIIEHTPAIAN
HE OKa3bIBAeT CYIIECTBEHHOIO BIMSHNUS Ha BETUUNHY TEIUIONPOBOAHOCTH.

BONbIIMHCTBO CHHTETUYECKUX aJIMA30B COAEPKAT a30T B BUJIE aTOMAapHOU MpuMecH 3amelteHus. Konuenrpa-
LWs1 TApAMATHUTHOTO 430T4 B HEX MOYKET H3MEHSITBCS B IIMPOKHX mpejerax (mprmepro B auanasore 10'°-10%" ev ).
TennonpoBoJHOCTh CHHTETUYECKUX KPUCTAIIOB B MAKCUMYyMe MPEBOCXOIUT 3HAUEHHsI, OTYYEHHBIE IS CaMBIX
YHCTHIX IPUPOIHBIX anMa30B Trma [la. B To jke BpeMs H3MEHEeHHe KOHIIGHTPaIiy a30ta npumMepro 10 10 cvm™
CYIIIECTBEHHO HE CKA3bIBAETCS Ha BEIMYMHE TEIUIONMPOBOAHOCTH ITpH Temmepatype 300 K.

AJMa3, Tak ke KaKk KpeMHHI U TepMaHuH, MPEICTaBIsIeT COO0M KOBAaJICHTHBIN KPUCTAIUL. YKa3aHHBIC JJIEMEHThI
KPUCTAJTU3UPYIOTCS B TaK Ha3bIBAEMOM anmMa3HoM perieTke. Bbicokast MpOYHOCTH MEKATOMHBIX KOBAJICHTHBIX CBSI-
3eit anMasa, 00yCIIOBIMBAIONIAs HAMBBICIITYTO TBEPAOCTH M HCTIONb3yeMast 10 CHX ITOp MPENMYIIIECTBEHHO B chepe
MeXaHHM4YeCKOH 00pabOTKH, OKa3bIBAETCS ONPE/ICIAIONICH B ITaHe TPUMEHEHUS €ro KaK MOJIyIPOBOAHUKA. ATTMa3,
Kak MOJYIPOBOIHUK, 001aJaeT CICAYIOIMMH YHUKaJIbHBIMUA CBOWCTBAMH: BBICOKOW paboueli TeMmneparypon,
palMallMOHHOW U XUMHYECKOM CTOMKOCThIO, BHICOKOM TETUIONPOBOIHOCTHIO U JIEKTPUUECKON MTPOUYHOCTHIO.
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Hepexoz[ OT MCIIOJIb30BAaHU KPEMHUS K IPUMCHCHUIO ajiMa3a U IPYTUX TUIIOB W POKO30HHBIX ITOJIYIIPOBO/I-
H1KoB (SiC, GaP u np.) obecrnieunBaeT NOBbIIEHNE pabOYNX TEMIIEPaTyp, AOIMYCTUMOTO 0OpaTHOTO HaNpsiKe-
HUSL p — N-TIEPEXOJI0B U T. [, @ TAKXKE YBEJINUCHHUE MOJIE3HON MOLTHOCTH, KO3(p(PUIIEeHTa [TOJIe3HOTO ACHCTBHS
U IpeieNbHON pabodeit vacToTs! (st CBU-prOopoB). ITH cBOKCTBA ONIPENETISIOTCS apaMeTpaMH ITOTyIIPO-
BOJIHUKOB MaTepHaJOB: IHUPHUHON 3apereHHON 30HbI, MAKCUMAJILHOW CKOPOCTBIO Jipeiida HocuTenel Toka,
HaIpsHKEHUEM JIABUHHOTO MTPo00s1, TOABIYKHOCTBIO SJIEKTPOHOB H JIBIPOK, TETIIONPOBOAHOCTBIO M TEMITEPaTypoit
Jebast, koTOpasi B OTHOLICHUH ajIMa3a JOBOJIBHO OJTM3Ka K PeIeIbHON pabouei Temneparype. MoKHO CUHUTAaTh,
YTO JJIs1 aiMasa 0ojIee TOTHOM TPaHUIIeH TEPMHUIECKON CTOMKOCTH SIBIIIETCS TEMIIEpaTypa MOBEPXHOCTHOM rpadu-
trsarud (okoso 1700 K B Bakyyme), TOCKOIBKY B 3TOM ClTydae B pe3yibrare (a30BOTO Mepexo/ia MPOUCXOIUT
NPUHIMITHAIEHOE U3MEHEHHE (PU3UUECKUX CBOUCTB 00BEKTa 00pabOTKH.

AJMa3 UMeeT CyILECTBEHHBIC IPEUMYILECTBA NEpel KPpEMHUEM U apCEeHUIOM TaJlIus Kak Marepuall OrTo-
JNEKTPOHUKH. B mpnbopax n1MKocekyHIHOIN ONTOAIEKTPOHUKH UCIIOJIB3YETCs IIa3Ma HOCUTENIeH TOKa, TeHEPH-
pyemas MOIIHBIM ONITUYCCKUM HU3JIYUCHHUCM. boiee Bricokas TCIUIONPOBOJAHOCTD U DJICKTPUYCCKas NIPOYHOCTH
ajmMasa OTIpPeeNIIOT OONBIITYIO CTOMKOCTD K JJIEKTPUYECKOMY HAPSIKEHUIO X UMITYJIbCHOMY TOKY, T. €. OHH
MO3BOJISIIOT CO3/1aTh OoJiee BHICOKOBOJIBTHBIE U MOLIHBIE TPHOOPHI.

Kpome Toro, yHuKaIbHOCTB aJIMa3a ONPEAEIIIeTCs €ro ONTHYECKUMU cBoiicTBaMu. [1okasarens mpesomieHus
anMasa (1) CUJIBHO M3MEHsIeTCA B 3aBUCUMOCTH OT JUIMHBI BOJHBI (Harpumep, oT 2,402 4 npu 1yinHEe BOJTHBI
0,762 mxMm 10 2,465 3 npu anune Bonubl 0,397 Mxm). CpenHee 3HaueHHe KodhGUIeHTa oTpaskeHus (R) npu
HOPMaJIbHOM Ia/ICHUH JTy4ei cBeTa Ha kpuctaiul coctasisier 0,17. bonee TouHoe 3Ha4eHNE MOKHO BHIYHUCIIUTD

o ¢popmyne Openenst )
(n-1)

(n + 1)2

OnTHyecKoe MOTIONICHHE B BUIUMON 30HE CIIEKTPa MOKET YCHITMBATHLCS 3a CUET Je(PEKTOB TaK HA3bIBAEMBIX
LBETOBBIX IIEHTPOB, KOTOPBIE H3yYaIOTCS METOIOM ONITHYECKOH CIIEKTPOCKOTHHY. B 4aCTHOCTH, yCTaHOBJIEHO, YTO
BKJTFOUCHHS 30T MPUIAIOT IPUPOTHBIM aJIMa3aM JKeJITOBATYIO OKPACKY, a BKIIIOUEHHsI 00pa — roiry0yro OKpacky.
B o6miem citydae Hannyre 1e(h)eKToB B KpHCTaILIe aiMa3a 00yCIOBINBACT BAKHOE B IPAKTUYECKOM OTHOIIICHUU
CBOWCTBO — JTFOMHHECIIEHITHIO. ATTMa3bl TIOMHUHECIIUPYIOT B YIBTPa(hHOIETOBOM U PEHTT€HOBCKOM JIMAa30HaxX,
a Tarxoke Ipy OOIYYEeHUH SIIEPHBIMHU YACTHIIAMU U 3JIEKTPOHAMHU.

Pa3noo6pa3ue kapTHH TBOMHOTO JTy4enpeIoMIICHHS alIMa30B ONPENENIeTCs OTIAMYHUEM BHYTPEHHETO CTpOoe-
HUS KPUCTAJUIOB, HEOJIMHAKOBBIM PACIIPE/ICIICHUEM B HUX JHCIOKAIIUH, BKIIFOUEHUH, Pa3HOTO pojaa Acedek-
TOB, CBSI3aHHBIX C TUIACTHYECKOW JeopManreil 1 MeXxaHn4eCKUMHU yapamu. B HanOolee 9MCThIX anMaszax
turoB Ila u IIb HabmromaeTcst Kpait moI0ckl COOCTBEHHOTO ONTHYECKOTO TOTIIOMICHUSI, HAJIMIHE KOTOPOTO 00Y-
CJIOBJIEHO HETIPSIMBIMHU ITEPEX0/IaMH AJIEKTPOHOB 13 BaJICHTHOM 30HBI B 30HY MTPOBOAMMOCTH. HermocpencTBeHHO
K Kparo TaHHOH TOJIOCHI IPUMBIKAIOT Y3KHE MOJ0CH SKCUTOHHOTO MOMMIOLICHUsI, HAanOoJiee OTYETINBO MPOSBIISIO-
mmecs B anMazax tuna la. B anmvazax tunos la, Ia + Ib u Ic, B KOTOpBIX 0TMedaeTcs MOHMKEHHOE COIepIKaHue
A-nedexToB, HaOIIOAATOTCS TTOJIOCHI CEIEKTHBHOTO TIOTJIONMIEHUS, CBs3aHHbIe ¢ B2-, C- u D-nedexramu. Otn
MOJIOCHI MACKHPYIOTCSI B allMazax Tura la ¢ moBBIIIEHHBIM cofiepKaHneM A-Ie(eKTOB CIIONIHON MOJI0COH 10-
[JIOIIEHHsI, HAYMHAIOIIEHCS OT Kpast OJI0Chl BTOPUYHOTO noriomenust Bomusu 0,330 mxm. st anmas3oB cMe-
[IAHHBIX TUTIOB XapaKTePHO HAIMYHE TIOJOCHI OTVIONICHHS B BUIIMMOM 00NIacTH, cBsi3aHHOH ¢ N3-nedexramu.
B HacTosmiee BpeMst n3 BceX OCHOBHBIX A€(EKTOB, ONMPEIEIISIONINX THIT ajIMa3a, yCTAHOBIEHA MOJIETh TOIBKO
C-nedexra B BUie OJMHOYHOTO 3aMEIIAIOIIET0 aTOMa a30Ta, POSBIISIFOIIETO TapaMarHUTHBIE CBOWCTBA.

Takum 00pazoM, IPHOIMKEHHO PUPOIHBIC KPUCTAILIBI alMa3a MOKHO PA3ZIeIUTh Ha MaJlOa30THBIC KPUCTAILTBI
C KpaeM 10710ChI (hyHIaMEHTAIILHOTO HOMIOLICHHSI, KOTOPOMY COOTBETCTBYET JynHa BOJHbI 0,225 MkM (E,= 5,5 3B),
Y CHJIbHOA30THBIE KPUCTAILIBI C HETIPEPHIBHOM MIIOTHOCTHIO COCTOSHUN B 3aITPEIIEHHON 30HE U KPAaeM IOJIOCHI
BTOPHYHOTO HONIOLIECHHS, KOTOPOMY COOTBETCTBYeT JutnHa BOMHbI 0,310 Mxm (E,= 4,0 5B). 3a rpanuuy pas-
Jiesia o0acTell MOTIOIICHUS U TIPO3PaYHOCTH aJIMa30B MOXHO MPUHATH JJINHY BOJIHBI CBETOBOTO U3JIYUYCHHUS,
paBayto 0,225 wnu 0,310 mxm. [Tociieqauii ciayuait Berpedaercs Ha npaktuke damie. O0beMHOe TOTIIOIIeHNe
SHEPTHUH B KPUCTAIJIE aj]Ma3a BO3MOXKHO TOJHKO TIPY MUCTIONB30BaHUH JIa3epoB Ha JrHe BOMHBL 0,310 MKM.

B nacrosiiee BpeMst mpuOOpHI HAa OCHOBE ITOJTYTTPOBOJHUKOBBIX aIMa30B HAXOJIST BCe OoJiee MIMPOKOe MpH-
MEHEHHE, MIOCKOJIbKY CTOUMOCTH ITPOMBIIIJICHHO BBIITYCKA€MbIX CHHTETHUECKUX aJIMa30B HE MPEBBIIIAET CTOU-
MOCTb ITPOYHX ITOTYIPOBOJHHKOBBIX MaTEPUAIIOB.

Oco0eHHOCTH 00PA0OTKH KPUCTAJLIOB ajiMa3a
HMIYJIbCHBIM JIA3€PHBIM U3J1y4eHHEM B T€XHOJIOTUSIX MUKPOJJIEKTPOHUKH
TGXHOJ'IOFI/II/I, B OCHOBC KOTOPBIX JICKHUT UCIIOJIB30BAHUC JIA3CPHOI0 U3JIYUCHHS C €TO0 YHHUKAJIbHBIMHA CBOM-
CTBaMM, OTKPBIIN MEPCHECKTUBLI AJIA COBEPIICHCTBOBAHUA BBIITYCKAECMOI'O IMPOAYKTA M HAIUIXA IMIPUMCHCHUC
JUTSL CBEPJICHHMSI, PEe3aHMs, CBAPKH, TEPMOOOPaOOTKH U JierupoBanus. OHONW U3 BaXKHEHIIMX XapaKTEPUCTUK
JIa3CPHOI0 M3JIYyUCHHA BBICTYIIACT €0 MHTCHCUBHOCTD. O6LL[erI/I3HaHHBIM SABIIACTCA TOT (baKT, qToO HaBepHLIfI
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Jyd KaK HeJIb3s1 JIyUIlIe OAXOIUT JUIsl COOOIICHUS MaTepHraiTy OOJIBIINX IMTOPIMHA SHEPTUH TP €T0 MPOMBIIIIICH-
Holi 00paboTKke. JIazepsl HCTIONB3YIOTCSI BO MHOTHX 00JIACTAX POMBIIIICHHOCTH, @ MMEHHO MIPU TPOU3BOACTBE
AIIEKTPOHHBIX YCTPOWCTB M MEAWIIMHCKUX WHCTPYMEHTOB, PE3aHHUH JINCTOBOTO MaTepuaia, BEICBEPIHMBAHUN
OXJIQXKTAIOMINX KaHAIOB MAJIOTO IHaMeTpa, TepMooOpaboTKe /ieTasiei B MesaX YAyUIIeHUs UX ITOBEPXHOCTHBIX
Ka4yeCTB. HpI/IMeHeHI/Ie JIa3C€PHBIX YCTpOﬁCTB TTO3BOJIMJIO MOBBICUTH IMTPOU3SBOANUTEIIBHOCTD 3TUX onepaum‘/'l, qTo
MPUBEIIO K YMEHBIICHUIO 3aHUMAEMOH TIJIOIIAAN U PACX00B Ha aMOPTH3ALIMI0; CHU3UTh 3aTpaThl Ha 3aKyTKy Ma-
Tepuaa, ero MPOu3BOJICTBO 1 00pabOTKY; MOBBICUTH Ka9€CTBO 00PaOOTKH, B YACTHOCTH YMEHBIIUThH KOJINIECTBO
JeTalnel, oIBepraeMbIX TOBTOPHON 00pabOTKe MITH OTOPAKOBKE; YIYUIIHTh SKCILUTYaTallMOHHBIE XapaKTepH-
CTHKH; 00ECIICUNTH JYUIIHE YCIOBUS TPY/a, a TAKIKE THOKOCTH Ja3epHOro Mpou3BojacTRa [§; 9].

AHanu3 IUTEpaTypHBIX UCTOYHUKOB TO3BOJISICT BBIIEIUTH HanOoJiee BaKHBIE C TOYKU 3PEHUS Ja3epHOU
00pabOTKM XapaKTepUCTUKH MaTepraia. Tak Kak Jla3epHOe BO3/IEHCTBHUE SIBISETCS YIPABISEMbIM TEIUIOBBIM
MpoIeccoM, K HanOoJee 3HAYMMBIM OTHOCATCS CIICAYIONIIE XapaKTepUCTUKN MaTeprana;

® OTpasKaroIasi CioCOOHOCTh MIOBEPXHOCTH Ha MCIIOIb3YEMOH JNTMHE BOIHBI U KOA(GUIIMEHT MOTIIOIICHHS
B 00bEMHOM Marepuase (MpsiMO BIUSIOT Ha MOIVIOMICHUE CBETa MaTepUAIIOM);

® TeIUI0BbIe K03(pPHUIIMEHTH TPOBOAMMOCTH U TP PY3un (OMPEIEIISIIOT TOTOK TEIUIOTH B MaTepHale);

e TeMIiepaTypa IMpeBpaIieHus, INIOTHOCTbh, TETUIOEMKOCTh U CKPBITas TeTIoTa (BIHSIOT Ha CIIOc00 mpeodpa-
30BaHHMs DHEPTUH, HEOOXOIMMOH JITSl KenaeMoro azoBoro mepexosa, HanpuMep s ITaBJICHUS HITH UCTIAPSHUST).

Onruueckue CBOHCTBA MaTepraa OyIyT ONPEACNATh JUTMHY BOJIHBI, KOTOPYIO CIITyeT HCIOJIB30BaTh IS 3¢h-
(heKTUBHOTO MPeoOpa30BaHMsI SHEPTUH MTAIAIOIIETO CBETA B TEIIOTY B Marepuale. TerioBsle CBOMCTBA MaTepralia
00yCITOBITMBAIOT PEKMM IKCILTyaTaIllH Ja3epHO yCTaHOBKHU. YeM MeHbIIe ko3 PuuenT TerioBoit muddy3nu
Marepuala, TeM ero TpyJHee paciulaBUTh Ha JIIO0YIO Oy THMYIO ITyOHHY 0e3 HeOOIbIIOro HCIIapeHus, Po-
MCXOJSIIETO Ha MOBepXHOCTH. [IpH cnapeHnn MaTepraa, MMEIOIEro OTHOCUTENFHO BEICOKHHA K03 hUIIEeHT
T Py3un, ocTaeTcsi HEOOIBIIOE KOMHMYECTBO KOHACHCHPOBAHHOMN JKUIKOH (pasbl, MOSBICHHUS KOTOPOH MOKHO
n30€XaTh P MCIIONB30BaHIH 00JIe€ KOPOTKUX MMITYJIBCOB JA3€PHOTO N3ITyUESHHS.

W3 MHOXeCTBA JTa3epHBIX TEXHOJIOTHH 00pabOTKH MaTepHalioB, MPUMEHSEMBIX TIPH MPOU3BOJICTBE KOMITOHEH-
TOB JICKTPOHHON TEXHHUKH, BBIACIISIFOT TAKKE MPOLIECChI, KaK pe3Ka, adsIus 1 cBapKa. B ciydae npumeHeHust
KOPOTKHX ¥ YABTPAKOPOTKUX WMITYJIBCOB JIA3€PHOTO M3IYYCHHUS JaHHBIE MPOIECCHI MOTYT OCYIIECTBISTHCS
TOJIBKO B OTIPEJIEIICHHBIX YCIOBUAX (HApUMeED, TONIIMHA W JIMHEHHBIN pa3Mep dIIeMeHTa HaXO/ATCS TIIABHBIM
00pa3zoM B MUKPOMETPOBOM Jinarazone). Beicokas TouHOCTh 00paboTKy AeTanei ZIOCTHIACTCs 32 CHCT pasMepa
J1a3epHOTO MATHA Ha TOBEPXHOCTH Goee 0,5 MKM M IIOTHOCTH MOIIHOCTH okoiio 10° Br/cum?, uTo MOXKeT 6bITh
peaTu30BaHO IMyTEM MOBBIMIEHUS OJJHOPOTHOCTH JIA3EPHOTO JIy4a, yIpaBieHus (popMol UMITyIbCca, BEIOOpa
JUTAHBI BOJTHBI JTA3€PHOTO M3ITYUYESHHS.

B cirydae ucmonb30BaHNs KOPOTKUX M YIIBTPAKOPOTKHX JTa3ePHBIX HMITYJILCOB IMPOJOIDKUTENLHOCTBIO 0T 100 (e
10 100 HC poib aONIAIMOHHBIX MTPOIECCOB SIBIISIETCS Mpeolanaronieid. BMecTe ¢ TeM CKOPOCTh ylalieHHs Ma-
Tepuala U3 30Hbl BO3JICHCTBUS JIA3ePHOTO U3JTyHeHIIS MOKET OBITh HE3HAYUTETHHOM, XOTS ITMKOBAsI MOIITHOCTH
JIa3€PHOTO U3ITYYEHUSI MOXKET JIOCTUTaTh 10" Br (puc. 2), 9TO TPUBOAUT K U3MEHCHHUIO B CBOMCTBAX a0MSAIINH
OT TETUIOBOTO JI0 TEPMAJIbHOTO PEXKMMA, KOTOPBIH CBSA3aH ¢ IOHMKEHUEM TTOTIIONIATEIbHON CIIOCOOHOCTH.
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Puc. 2. PexxuMbl pabOTHI TUITIOBBIX KOHCTPYKIUH JTa3ePHBIX CUCTEM,
XapaKTepHBbIE Ul JOMUHUPYOIIUX MPOLECCOB 00pabOTKM MaTepuaia

Fig. 2. Operating modes of typical laser system designs,
characteristic of dominant material processing processes
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Ha puc. 3 nponuitocTpupoBaHo To, KAKUM 00pa3oM MEHSIETCS] MEXaHH3M BO3JICHCTBHS JTA3EPHOTO M3y YCHUSI
Ha MaTepHa B 3aBUCUMOCTH OT JUTUTEIILHOCTH UMITYJIbCA JTA3EPHOTO M3ITyUCHUSI, 4 TAKKE TO, KAKUe PU3HICCKHE
3¢ G eKTH pa3BUBAIOTCS B METAIUIAX U JIMAJIEKTPHUKAX B CITyYae UCIOIh30BaHUS YIETPAKOPOTKOTO JIA3EPHOTO UM-
myneca. [locne nazepHoro Bo3aecTBHS NPOAOIKUTENFHOCTHIO | )¢ HHUIIMMPOBaHA 3IEKTPOHHAS TETIONPOBO/I-
HOCTB, YTO COTIPOBOYK/IAETCSI peJlaKcaliueil deKTPOHHBIX KoeOanuii B mpeaenax 100 dc. danee snexTponHas
TETIIONPOBOJHOCTL UIMEET MECTO JI0 BpeMeHH Bo3aercTBus 10 11c, 4To BCE €Ille COOTBETCTBYET YIIBTPAKOPOTKOMY
nazepHoMy uMITyibcy. [locie npumepHo 10 nc BIUSIHAS U3IIyYeHHUS Ha MaTepyai pe3ko BO3pacTaeT TerIoBast
Harpyska. B aToM ciyuae u3-3a HEIMHEHHOTO MHOTO(OTOHHOTO MOIIOMICHUS] MaTeprall CTAHOBHUTCSI HETIPO3-
PaYHBIM, JTaKE CJIM OH OBLIT IPO3PAYHBIM JIJIsI IAHHOH JITTHHBI BOJHBI TPH OOJBIITUX JUTUTEITHLHOCTSIX UMITYJIbCA.

DTOT MeXaHU3M OTPaXeH Ha puc. 4.

Hecb6anancupoBannoe
COCTOSIHUE

DNEeKTpOHHAS
TEIIONPOBOJHOCTh

OneKTpoHHAs
penaxcanys

XomoaHas adasaLus

OJeKTPOHHBIN
Harpes

Puc. 3. BpemeHHbIe paMKi 00BbEMHOI0 MOIIOICHHS SHEPIUH JIA3EPHOTO UMITYIIbCA MaTePHAIOM
Fig. 3. Time frame of volumetric absorption of laser pulse energy by material

OnHO(pOTOHHOE MONIOIIEHHE MHorodoToHHOE NOTIOMIEHHE
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Puc. 4. MexaHN3MbI 0JHO- ¥ MHOT'O()OTOHHOT'O IOTJIOICHUS
Fig. 4. Mechanisms of single- and multiphoton absorption
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B npo3spavnbix Marepuanax, 0COOCHHO B TAKMX TUICKTPHUKAX, KAK CTEKIISTHHBIC WM alIMa3HbIC CTPYKTYPHI,
CBOOOAHBIE MEKTPOHBI IS PSMOTO BO30YKICHUS HEAOCTYHBL. YTOOBI JOCTHYB 30HBI TPOBOIAUMOCTH, HIIEKTPO-
HBI BAJICHTHON 00JIACTH TOJDKHBI IPEOI0JIETh IIMPHUHY 3alpelieHHOM 30Hb1. Ecian magaroumii poToH odnanaet
JIOCTaTOYHOM dHEpruei, 4TOObI IEPEMECTUTh AEKTPOH B 30HY MPOBOJUMOCTH, TO TPOIIECC €T0 MOTIONICHUS
JIMHEEH, a SHeprHsl POTOHA MOKET OBITH MOTJIONICHA, T. €. KAKbIH MOCTYMAOIMNI (POTOH MOXKET MEPEBECTH 110
KpaliHeil Mepe OJIMH AJIEKTPOH B 30HY IMPOBOAMMOCTH (BHYTpeHHUH (otodddexr). Ecnu sxe sHeprus ¢poroHa
MEHBIIIe, YeM [ITUPHHA 3alPEeIICHHOMN 30HBI, TO HUKAKOE HENIOCPEACTBEHHOE ITOTIIONICHNE HE MOKET UMETh MeC-
TO, HO MPH OOJIBIION 00BEMHON MIIOTHOCTH MaJAI0MINX (DOTOHOB CBS3aHHBIHM ANIEKTPOH B IUDIIEKTPUKE MOKET
JOCTHYb HEOOXOIMMOT0 SHEPTETHYECKOTO YPOBHSI, UTOOBI IIEpecedb 3anpeiieHHy 0 30Hy. OHAKO ONMCAaHHBIN
IIPOLIECC SIBJISIETCS] HEJIMHEHHBIM, JUI HEro TPeOyIOTCsl OUeHb BBICOKAS IIMKOBAs MOLIHOCTh M COOTBETCTBYIO-
miee 3HaueHHe uHTeHCHBHOCTH (Gomee 10'* BT/M’), KoTopast IPUBOAUT K ab/ISIHMK HA TAKAX MaTepHAIax, Kak
MOJIMMEPbI, METAJUIBI U KEPaMHUKa.

JlazepHas abisi1ust, 0COOEHHO HAa METAJUINYECKUX CTPYKTYPax, peajn3yeTcst IpyU UCIIOIb30BaHUU HAHO-,
MTUKO- ¥ PEeMTOCEKYHTHBIX UMITYJILCOB. ECITM 3HaYEeHNUS TUIOTHOCTH MOLIHOCTH JIA3€PHOTO U3ITyUeHHSI HAMHOTO
BBIILIE, YEM MOPOroBasi INIOTHOCTh JAJIsl absiuu, 00paboTKa MPOUCXOAMUT MPH MPOAOIKUTEIBHOCTH IyIbca
Menee 150 ¢c ¢ ucnonpzoBanueM miuH BoiaH B quamna3zoHe 800—1064 am. OcoOCHHOCTD Ta3epHON absAIInn
Ha MeTaJllaX, MOJTYIPOBOIHUKAX U AUAIIEKTPUKAX 3aKIIF0UAETCS B YMEHBIICHUH TIOPOTOBO TIIOTHOCTH TIOTOKA
MOIIHOCTH, €CJTH POAOIKUTEILHOCTh HMITYJIbCA COKpallleHa OT HAHOCEKYHIbI 710 (heMToCceKyH Il B my0Ommka-
1y [10] onucanbl MEXaHU3MBbI Pa3pyLICHHs B ONITHYECKHU IPO3PAavHbIX MaTepHuajIax Ipy UCIIOIb30BaHUY YIIbT-
PaKOPOTKHUX JIA3€PHBIX UMITYJIHCOB C TPOIOJKUTEIHHOCTRIO mynbca oT 30 10 500 ¢c. [Ipeacrasnen anroputm
BBIYUCIICHHS TIOPOTa MMOBPEKCHUS, OCHOBAHHBIA Ha pacyeTe IIOTHOCTH MOIIHOCTH JIa3€PHOTO M3ITy4YCHUS,
a TaKOKe ONMCAaHbl MEXaHN3Mbl HAKOIUICHHS SHEPIUHU B MaTepuale, nopoxaaroniue 3dexr adusnuu npu domnee
HU3KHX TIOPOTOBBIX 3HAYEHHSX IIIOTHOCTH MOIITHOCTH, B CITy4ae MHOTOKPATHOTO BO3JICHCTBUSI HMITYJIbCOB BMECTO
SIMHIYHOTO UMITYJbCa 00bIIoN MomHocTH. C yBeTMYSHNEM KOJIMYeCTBa UMITYJIbCOB PACTET PACTATUBAOLIEE
MHUKPOMEXaHNYECKOE HAIIPSHKEHUE B MAaTEpUalIe, KOTOPOE MOXKET IPUBECTH K M3MEHEHHUIO ONITHYECKHUX CBOMCTB,
YTO0, B CBOIO OY€PEe/b, MOKET MOBJIEYh 32 COO0H YMEHBIIIEHHE TTOPOTa MOBPEXKICHIS 00padaThIBaeMOro Ja3epoM
Marepuana. Kpome Toro, nmpencrapieHa 3aBHCUMOCTb CKOPOCTH pa3pylICHHsI Marepuaia OT MPOAOJIKHTEIb-
HOCTH MMITyJIbCa JUIsl TUAJICKTPUKOB. B pabore [11] uccnenoBaHo BAMAHUE MPOAODKUTEIBHOCTH IyJbca Ha
YABTPaOBbICTPYIO JIa3epHYI0 00pabOTKy KpeMHUs M HeprKaBerolen ctanu. [IpogomKuTensHOCTh UMITyIbCa
Bapbupyercs oT 110 ¢c g0 10 nc mpu amunax Boia 400—800 HM. BeimnonHeH aHanus kparepa aOJsiuu Ipu
Pa3InYHOM MPOAOIDKUTEILHOCTH UMITYJIbCA B yCTAaHOBIEHHOM MHTepBae. [IpeacraBiensl 0coOEHHOCTH M1aB-
JICHHS B 3aBUCHMOCTH OT NPOAOJDKUTENHHOCTH JIA3EPHOIO UMILyJIbCa U Hospusaunu. B nccnenosanun [12]
n3ydeHa MopQOIOTHSI TOBPEKACHUS IUDIICKTPUKOB B HIMPOKOM JIMAITa30HE MPOIOKUTEILHOCTEH UMITYIIbCa
(0,1-1000,0 ic). BeisiBIEeHO COOTHOLICHHE MEXKILY YIBTPAKOPOTKOW UMITYTbCHOM Jla3epHol 00paboTkoi (mpo-
JOJDKUTENBHOCTS ITyJIbca MeHee 10 T1c) 1 XapaKTepuCTUKaMH TepMOaOIISIH (TUTaBJICHNE, KATICHHE, Pa3pyIIeHHE)
MIPY NPOAOIDKUTEIBHOCTH ylbca Oosee 50 ric. Kpome Toro, pazpaboTaHbl TEOpETUIESCKUE MOJIEITH 00pa30BaHuUs
3JIEKTPOHOB MOCPEACTBOM MHOTO(OTOHHON noHM3auuu Jkoyis, nccaenoBaHbl MEXaHW3M HarpeBa u JIaBUH-
Hasi noHu3anusl. JlazepHast 00paboTKa MaTepranoB UMIYJILCHBIMH JIA3€PAMHU JUINTENBHOCTBIO 10 10 1Ic MOkeT
WCTIOJIL30BATHCSI JIs TIOJTyYSHHST BBICOKOTOYHBIX OTBEPCTHUH M KAHABOK B METAJJIaX, IPO3PAYHBIX MaTepHaiax
U INDJIEKTPHUKAX, TAKUX KaK ajiMa3, 0€3 CYIIeCTBEHHBIX TEIIOBBIX IOTEPh, 00YCIOBIEHHBIX TEIIIONPOBOIHOCTHIO.
[IpeacraBneHHbIe IPUMEPHI JEMOHCTPUPYIOT BO3MOXKHOCTD BBIONPATh HEOOXOAUMYIO IJIUTEILHOCTD UMITYJIbCA
JUIsL peaii3aliy TOrO WIIK HHOTO MEXaHU3Ma YJIaIeHHs MaTepualia, 9To MO3BOJISIET, BAPbUPYs XapaKTePHUCTUKU
JIa3epHOTO M3JIyYeHUs, CO3/1aBaTh B 00beMe 00padaThIBaeMOTro MaTeprala He TOJIBKO OTBEPCTHS U KaHABKH,
HO U CJIOKHBIE TPEXMEPHBIE MUKPOT'€OMETPUUECKHE (POPMBI.

ABTOpHI paboTh [13] paccMoTpenu XapaKTepUCTUKH JIa3€PHOM MOIUPOBKH U a0JISAINH, a TAaK)Ke 00CY N
YABTPAKOPOTKOUMITYJIbCHYIO 00pabOTKy anmasa MpH AJMHE BOJHBI 248 HM W MPOJOIKUTEIBLHOCTH MyJIbca
500 ¢c. B xauecTBe METOIOB OLICHKM OBUIN MCIIOJIB30BaHBI PAMAHOBCKAs! CIIEKTPOCKOIUS U CKaHUPYIOLIast
3NIEKTPOHHAS MUKpOCKonMs. M3ydeHa 3aBUCMMOCTh CKOPOCTH YAAJICHHUs MaT€pUalla OT AJIUTEIbHOCTH UMITYJIbCa
B HAHO- 1 (DEMTOCEKYHTHOM JIMana3oHax BMECTE C TAKMMHU OOOYHBIMHU AP PeKTaMu, KaK HarpeB ria3Mbl (HaHO-
CEKYH/HBIE MMITYJIbCBI) M (Da30BBII EpeXo/1 Ha aJIMa3HbIX Marepuaiax. Mexanusm rpaduTusaniy CBOOOAHOM
TTOBEPXHOCTH ajMasa MpeUIoKeH B uccienoBanuu [ 14]. PaccMorpeHa a3epHO-UHAYIIUPOBaHHAS TpaduTH3A-
Ul B 00bEMHOM aJIMa3HOM MaTepHaie (HarmpuMep, BOSHUKHOBEHHUE 3apoablieii rpaduTHOM (a3bl BEI3bIBACT
B CTPYKTYype MaTepuaa pacTIruBaloIIye HarpsokeHus ). B pacueTax oleHeH MakcuMalibHbI 00beMHBIN pa3mep
rpa¢uTHOH (a3bl. MexaHHnYeCKOe MOBPEXICHNE IPOUCXOIUT B CIIydae, €CIIU IPEBBIIICHO 3aJaHHOE IIOPOrOBOE
3HAUCHHE TIOBPEKICHHS.

Heo0xoauMo 0TMETHTD, YTO yU€HBIC UCCIIEAO0BATHN a0NIALNI0 MaTEepUAIOB AJIEKTPOHHON TEXHUKH HA OC-
HOBHOH JIJIMHE BOJIHBI, a TAK)KE Ha 2-U U 3-i TapMOHMKAX MPHU YIBTPAKOPOTKUX JIUTEIBHOCTAX JIA3EPHOIO
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ummnyneca [15]. Kpome Toro, 66ut1 00Cy K 1€HbI POU3BOICTBEHHBIE ACTIEKTHI MHOTOJTYUEBBIX JTa3epHBIX CHCTEM
U 0COOCHHOCTH MX HCIIOJIb30BaHUs. TaKke yKazaHO, YTO MPU MPUMEHEHUH JIa3epPHOTO UMITYJIbca OKOJI0 1 ¢c
HaOmonaetcs (opMHUpOBaHHE PsIOH B KpaTepe abisIuu.

AHU30TpONHS MEXaHWYECKHX CBOMCTB aiMa3a He BIHET Ha peaiu3anuio dddekra KIacTepHoro yuaie-
HUSI MaTeprala M TI03BOJISIET C UCTIOJIb30BAHUEM JIA3EPHOTO M3ITyUeHHs 00padaThIBaTh MOBEPXHOCTH OO0
KkpucTaorpaduueckoit opuentanuu. [1omo0HbIH MoaX01 0OecreunBaeT (HopMUPOBaHUE TAPAOOTHMUSCKUX,
chepuieckux, MITHHAPUICCKUX U KOHYCOOOPa3HBIX MMOBEPXHOCTEH Ha KPUCTAIIAX aJiMa3a, 4TO BOCTPEOOBAHO
JUTS. MICTIOJIB30BAaHUS COBPEMEHHBIX TEXHOJIOTHH OINTO- U MUKPORJIEKTPOHUKH. KpoMme Toro, rpecTaBieHHbIe
METO/II TIO3BOJISIFOT TIPOU3BOJIUTH AIMA3HBIC JINH3BI, dPPEKTHBHO Pa0OTAIONIUE B IIUPOKOM JHANa30He ONTH-
YECKOTO CIIEKTPa B ONTORIEKTPOHHBIX MPUOOpax.

OcobeHHOCTH IPUMEHEHHS
Pa3JMYHBbIX THIIOB 2JIMAa30B B MHKPOIJIEeKTPOHHKE

DJeKTPOHHBIE KOMITOHEHTHI Ha OCHOBE aJiMa3a MOTYT OBITh CO3JIaHBI 13 MOHOKPHCTAIIIOB 2JIMa30B THIIOB |a,
Ib, Ila u IIb, MOMUKPHUCTAIITIOB aJIMAa30B M aJIMa30MOAO0HBIX YIIIEPOIHBIX MIICHOK. AJIMAa30mOA00HbIC yIIe-
ponusie TuieHkr (AYII) [16] ocaxknarot u3 ra3oBoi 1i1a3Mbl, BO30YKIeHHOH 3nekTpuyeckum CBY-pazpsom,
WM XUMHUYECKOH peakimeit ropenusi. [nazma cofepUT MPOAYKThl pasioKeHHs yriieBonopoaoB. Kak poct
TUICHOK aJIMa3a M3 IUIa3Mbl, COJIEpKAIeH YIIeposl, TaK U HOHHASI IMILUTAHTAIINS TIPEJICTABISIOT COOON CHITBHO
HEPaBHOBECHBIE MPOIIECCHI.

B snexrpoHuke Hapsily ¢ MOHOKPUCTAJUIOM ajiMa3a HaXoJIUT NPUMEHEHHE TTOJIMKPUCTAILTHYCCKUI ama3
B BUJIC aJIMa3HOU KepaMuKH. VcceoBanust MOKa3bIBAIOT, YTO KEPAMHUKA IMEET OCHOBY M3 CPOCIITHXCS alIMa3HBIX
3epeH, IOPBI MEX/Ty KOTOPHIMU 3aIOTHEHbBI COSTUHEHUSIMH [IETIOYHO3EMETbHBIX 3JIEMEHTOB. DICKTPUYCCKAs
MPOBOJIMMOCTH AJIMa3HON KEPaMHKH BO BCEM MPAKTUYECKH U3MEPSEMOM HHTEpBAJe TEMIIepaTyp o0ycioBie-
HA HAJMYHEM MOHOKPHCTAJLIOB alMasa. YielbHoe comporusienne cocrasiusier 1010 Oum - M. DHeprist
aKTUBAIINH JOBYIIEUHBIX ypoBHel paBHa 0,30—0,40 5B B nuanazone temneparyp 300—420 K u 0,80—0,95 »B
B nmuamnasoHe temmeparyp 420—620 K. IlepBoe 3HaueHNE YHEPTHN COOTBETCTBYET aKIIEMITOPHOMY YPOBHIO Oopa,
BTOpOE 3HAYCHHE — aKIICTITOPHOMY YPOBHIO, O0YCIIOBIICHHOMY Jie()eKTaMU KpHCTAILTHYECKO# pemeTku. Jloc-
TOWHCTBOM IMOJIUKPUCTAIUINYESCKOTO aIMa3a SBISIETCS] BBICOKAsl BOCIIPOM3BOIMMOCTD XapaKTePUCTUK MTPU U3-
TOTOBJICHUU W3ICITHH MUKPOIICKTPOHUKH [17].

HexoTopbie TaHHBIC O TEXHHUYECKOM MPUMEHEHHUH aJIMa30B ISl IPOM3BOJICTBA PA3TMYHBIX U3/ICITHI MUKPO-
AIIEKTPOHUKH MTPHUBEICHBI B TabNuIIe. B Helt comepkuTcest nHPOpMAIHsI KaK 0 Pa3BUTHIX 00JIACTSIX MHUKPOIJICKT-
POHUKH, TaK U 00 00yacTax, IpoBeeHne paboThl HaJ KOTOPHIMH MPEIBUANTCS B Onrkaiinem uin Oonee
OTJAJICHHOM Oy/IyIIeM.

le(lMeHeHl/Ie aJIMa30B /Il IPOU3BOACTBA Pa3/IMYHbIX u3/1eauii MHUKPO3JIEKTPOHUKH

The use of diamonds in the manufacture of various microelectronic products

M3nenusa Tuns! mareprana

[Tonukpucraminyeckue

AKYCTO2JIEKTpOHHUKA
&y p cuHTeTHUecKue aamasbl, AYII

[IpuponHbIE U CHHTETUYECKHE aTMa3bl

TenmoorBOIBI
A tunos Ila u [Ib, AYTI, kepamuka
TpauzucTopsl (B TOM YHCIIE TIOJEBBIE), [IpuponHbie U CHHTETHUECKHE aTMa3bl
JIAO/1bl, UHTErPAJIbHBIE CXEMBbI tunos la u Ib, AVII
JIeTeKTOpBI OBICTPBIX YACTHUIL, TO3UMETPHI [puponnsie anmasbl Tumos la u Ib

OpaHOpOAHbBIE TPUPOIHBIE

HaBHHHO—HpOJ’IeTHLIe JANOAbI
¥ CHHTETHYECKHUE aIMa3bl Thma la

DOTOIMUTTEPHI [IpuponHbie U CHHTETHYECKHE aIMa3bl
(obmacth yneTpamoNIeTOBOTO U3ITYICHHU) tunos la n Ib, AYII

HpI/I MMPOU3BOACTBEC MOJTYIIPOBOAHHUKOBBIX HpI/I60pOB BAXXHYTO POJIb UTPACT U3TOTOBJICHNUC HAJICIKHBIX DJICKT-
PUYCCKHUX KOHTAKTOB IMOJYIIPOBOAHUKA C METAJUNIMICCKUM IJICKTPOAOM. Ha,I[e)KHOCTI: QJICKTPUYCCKUX KOHTAK-
TOB K aJiMasy 06yCJ'IOBJ'II/IBaeTC}I XapakKTepoM B3aHMMOJICHCTBHS METajljla C IMMOBCPXHOCTHIO aJiMa3a. B kauecTtBe
DJICKTPUYCCKUX KOHTAKTOB K aJIMa3y MPUMCHAIOT METaJlJIbl, UHTCHCUBHO CO3Jar0INUEC XUMHUYCCKNEC 06’LGI[I/IHGHI/I$I
C yriiepoaom 10 06pasoBaH1/m IIPOYHBIX Kap6I/I}_'[OB 1 3HAYUTECJIIbHO pAaCTBOPAOIINE YITICPO: aJ'IIOMI/IHI/II\/’I, THUTaH,
HUKECJIb, XpOM U T. O.

57



ZKypnaa Besopycckoro rocyiapcTBeHHOro ynusepcurera. ®usuxa. 2025;2:49-59
Journal of the Belarusian State University. Physics. 2025;2:49-59

[Ipu nccrnenoBanny IEKTPUUECKUX XapaKTEPUCTHK alIMa3a U aJIMa3HON KepaMHUKH YacTO UCTIONb3YIOT HJIEKT-
pUYecKre KOHTAKTbI, M3TOTOBJICHHbIE BXKUTaHUEM cepeOpsHON macThl. i IPOMBIIIJIEHHOTO MPOU3BOACTBA
IEKTPUUECKUX KOHTAKTOB MOYKHO MPUMEHSITh METOJ HAIbUICHUS! MEeTaJula B BAKyyMe Ha pa3orpeThlil U mpej-
BapHUTEIHHO XUMUYECKH OUMIIEHHBIN 00pa3zerl.

HepCHeKTI/IBbI HCIOJIB30BaHUA
AJIMAa3HBIX U AJIMa30COAECPKANUX KOMIIOHEHTOB B MUKPOJJIECKTPOHUKE

B Hacrosmiee Bpems TEXHOIOTHS MOTyYSHHUS aIMa30B, HCIIOJIB3YEMBIX B JIEKTPOHHKE, ¢ ToMotbio CVD-mero-
Jla TTO3BOJISIET M3TOTABIIMBATh TAaKWE M3MIENH Pa3MEpPOM JIECATKH MIJUTUMETPOB [ 18], KoTopble MMEIOT CBOMA-
CTBa, CPaBHMMBIE CO CBOMCTBaMH ainMa3oB. [[prMenenue anMa3HbIX CTPYKTYp B Ka4eCTBE TETIOOTBOJOB 3HA-
YUTETHHO YIYUYIINT TEIJIOBbIe XapakTepucTukn CBY-TpaH3ncTopoB, MOMYIPOBOIHUKOBBIX Ja3€pOB, AHOI0B
lNannau T. 1. [19]. Ha ocHOBe anMasa MOTYT OBITh TTOJTy9€HBI OCHOBHBIE BHJIBI PAIHOIIEKTPOHHBIX YCTPOHCTB.
1o cpaBHEHHIO C aHATIOTHYHBIMHU yCTPOHCTBAMH, CO3TAaHHBIMH Ha 0a3e IPyTHX MOIyPOBOIHUKOB, 3TH YCTPOM-
CTBa MOTYT padborats nipu TeMireparypax 10 800—1000 K B XuMu4ecKkn arpecCUBHBIX CpeflaXx U UMEIOT Ha He-
CKOJILKO TIOPSIJTKOB OOJIBIIYIO PACCEMBAEMYIO MOIITHOCTD U PAJUAIIHOHHYIO CTOUKOCTb.

[Iporpecc B mpuMeHEeHNN aIMa30B B 3JIEKTPOHHUKE B 3HAUYNTEIBHON CTETICHHN 3aBUCUT OT pelIeHus mpooie-
MBI TIOJTYYeHHS BBICOKOKAYE€CTBEHHBIX JIETUPOBAHHBIX MOHOKPHCTAJUIOB U MTUTAKCHABHBIX MJICHOK aJMasa,
a TakXKe OT U3yUYCHHs B3aUMOJICHCTBHS JIA3ePHOTO M3IYUCHHUS C MaTepraTaMy TBEPIOTEIHHON AEKTPOHUKH.
B wacTHOCTH, TEPCTIEKTUBHBIM CTIIOCOOOM ISl TOBEPXHOCTHOTO (POPMOOOPA30BAaHUS anMasa MpeICTaBIIeTCs
JIA3epHBII TEPMOXUMHYECKUHN CITOCO0 00padOTKH aiMasa, B OCHOBE KOTOPOTO JIEKUT MPOIECC KaTATUTHIECKO-
TO B3aWMOJICHCTBHS yTIIEPO/Ia, BXOSIIETO B COCTAB ajMas3a C BOIOPOJIOM MIIM CMECSMH BOZOPOAA C BOJSTHBIM
MapoM " yIIIeKUcIbM razom [20].

[To coBokymHOCTH TTapaMeTPOB ajiMa3 MPEBOCXOAMT TAKHE HMIMPOKO MCIOIB3yeMble MaTepHallbl MUKPO-
ANIEKTPOHUKH, KaK KpeMHHUU n apceHun rammus. Crenuanuctsl pupmsl /BM (CIIA) npuaymanu mokasaTenb
KauecTBa, OTPaKAIONINI MPUTOJHOCTH MaTeprata I POU3BOICTBA M3/IEUN AIEKTPOHHOH TeXHHUKH (K03 du-
nueHT Keitaca). TamoHOM SBISETCSI KPEMHUM, 1711 KOTOPOTO 3TOT MOKaszareib paBeH 1. st apcenuaa rammus
o cocrtasmseT 0,46, a g anmaza — 32,0. Cnenmanucts! pupmbl RCA (CHIA) pa3zpaborany moka3aresb Kade-
CTBa ISl OTICHKU 3(PPEKTUBHOCTH YCUIICHHSI MOIIIHBIX CUTHAIOB (K03 durneHT [xorcona). s mpudopos
Ha OCHOBE apCEHM]IA TAJUTHSI ATOT IOKa3aTelb COCTaBIsIeT 6,9, a st MpuOOpoB Ha 0a3e KPUCTAJUIOB ajMasa
OH siBJsieTcs paBHBIM 8206,0 [21].

Ceiiuac anMa3 BBICTYIaeT OTHUM U3 ITIaBHBIX PE3€PBOB Pa3BUTHS MUKPOIJIEKTPOHHUKH. VIMEHHO ¢ ero uc-
10JIb30BAHMEM BO3MOXKEH OLIYTHUMBII NPOrpecc B 3TOW OTPaCu, KOTOPBINA TO3BOIMT BBITH HA HOBBIE TEXHU-
Yyeckue pyOekn, CBI3aHHBIC B MIEPBYIO OYEpPE/Ib C YBEINICHNEM OBICTPOJICHCTBHS M MOIIHOCTH SIEKTPOHHBIX
KOMITOHEHTOB. OCBOEHHME MTPOM3BOICTBA KPYIHBIX BHICOKOKAYECTBEHHBIX CHHTETUYECKIX KPHUCTAJIOB aiMa-
3a ¥ pa3BUTHE METOJIOB WX 00pabOTKH, 00ECTIEYMBAIOIINX BBICOYANIITYIO TOYHOCTH BOCIIPOM3BEACHHS (hopM
Y IIEpPOXOBATOCTh Ha aTOMapPHOM YPOBHE, CO3JAIOT YCIOBHUS JIJIS ITUPOKOTO IPUMEHEHHUS 3TOTO YHUKAIHHOTO
MaTepHuasia B MUKPOAJIEKTPOHUKE, ONTHKE, SACPHON YHEPreTHKE, KOCMHUYECKOM MTPHOOPOCTPOCHHH.
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cI)I/ISI/IKA

KOHAEHCHMPOBAHHOI'O COCTOAHUA

CONDENSED STATE PHYSICS

VIIK 538.975:621.315.592

CTPYKTYPA U DAEKTPUYECKUE CBOVICTBA
TETEPO3IIUTAKCHUAABHBIX ITAEHOK InSb
IIOCAE BO3AEUCTBHA ITPOTOHOB C DOHEPTUENA 1,5 M3B

B. B. YITIOBY, A. K. KVYJIEIIIOBY, ]I. I. PYCA/IbCKHH "

YBenopyceruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapycey

Annomayus. ViccienyroTcst TeTepOSNUTaKCHANbHBIC IICHKH aHTUMOHUAA nHAnA (InSb) Ha MOHOKpHCTAIITMYECKUX
tacTuHax apceHuna raums (GaAs) tommmHol 2,5-2,7 MKM, NOIyYeHHBIE METOIOM BaKyyMHOTO B3PBIBHOTO TE€PMH-
gyeckoro ucnaperns. OHM 001a1al0T YHUKAIBHON CTOMKOCTBIO K CBEPXHU3KUM TEMIIEPATypaM OTKPBITOIO KOCMOCA, OTI-
pEleNeHHOMY YPOBHIO PaJUallMOHHOTO BO3JEHCTBHSA U NMPUMEHSIOTCS B Kaue€CTBE OCHOBHOTO 3JIEMEHTa MPH CO3JaHHU
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Du3NKa KOHAEHCHPOBAHHOTO COCTOSTHUS
Condensed State Physics

Pa3UUHBIX MUKPOAJIEKTPOHHBIX YCTpolcTB. C HCMONB30BAHUEM METOJla PEHTICHOBCKON JM(MPAKTOMETPUU U3Y4alOT-
Csl U3MEHEHHSI CTPYKTYPBI U JIEKTPUYECKUX CBOIMCTB (B TOM YHCIIC B MAarHUTHOM I10JI€) T€TEPOIMUTAKCHAIBHBIX IJIe-
Hok InSb(100) Ha momnoxkax GaAs(100) mocie Bo3neiicTBHsS MPOTOHOB ¢ dHEprueit 1,5 MaB u dumoencamu 1-10',
5-10%u1-10"H" na 1 cm”. Omnpenensercs, 9To YIIIOBOE MOJIOKEHNE, MHTErpailbHast MHTEHCUBHOCTD, PACIINPEHIE TIHKA
mudpakiun ot InSb(100), mapameTp KpUCTAUTHUECKOH PELIETKH, SJIEKTPUUECKUE CBOWCTBA IUICHOK, MEXaHHMYECKHEe Ha-
NPSOKCHNS B HUX HE M3MEHSIOTCS MpH OONyYeHUH TUICHOK IMPOTOHAMH A0 (iroenca 1 - 10" H' Ha 1 cM®. YeranapmuBa-
eTcs, YTO MPH BIMSHWU HA IJICHKU TPOTOHOB ¢ (UIIOCHCAMH 5 - 10° 1 1-10" H ma 1 em? IIPOUCXOIUT YMEHBUICHHUE
MHTErpaJibHOM MHTeHCHBHOCTH THKa Audpakuuu or InSb(100). [TpousBeneHHble ¢ UCIOIBL30BaHHEM NporpamMMbl SRIM
pacueTsl aTOMHBIX paJHallMOHHBIX MOBPEKACHNN M KOHICHTpaluK BakaHcui B muieHkax InSb(100) mpu Ha3zBaHHBIX
BhIIIC ()NIFOCHCAX MMOKA3aJId WX JIMHCHHBIN POCT M YBEIMYCHUE 3HaUCHU 10 10 pa3 mpu MakcUMaibHOM (PIFOCHCE MPO-
ToHOB. [Ipennonaraercs, 4To B pe3yabrare CMEIIEHHS aTOMOB M HAKOIUICHHS PAJHAIIOHHBIX TOUYETHBIX 1€(DEKTOB IIPOUC-
XOJHUT MCKKCHNE KPHCTAIIMYECKON pemeTkr InSb u yMeHbIIaeTcst HHTerpajibHasi HHTEHCHBHOCTD MTUKa JAU(MPAKIIH.
OTmeuaeTcs, YTO MPH ITHX YCIOBHUAX OOMyUYCHHS YBEIHMYMBAIOTCS HANpsDKEHHE XOJUIa M MOCTOsTHHAs XOJia, a TaKkkKe
YMEHBIIAIOTCS! KOHIIEHTPAIMSI HOCUTENIEH 3apsijia, UX IMOJBMKHOCTD U yAeNbHasl MPOBOIUMOCTD IUICHOK. IlepcriekTuB-
HBIM IPEACTABIISIETCS] HCCIIEI0OBAHUE PAANAIIMOHHON CTOWKOCTH CTPYKTYPBI U AJIEKTPUUECKUX CBOMCTB IIeHOK InSb mo-
CJIe BIUSHUS MMPOTOHOB ¢ dHepruei 1,5 MaB u BeicoknMu ¢urroeHcaMu, KOTOPBIE COCTABIISIOT OCHOBY PaIHalliOHHOTO
BO3/IEHCTBUS B KOCMOCE.

Knrouegvie cnosa: snexrpuueckue CBOMCTBA; CTPYKTYpa; IieHkH InSb; obnyuenne nporonamu.

brazooapnocme. ViccnenoBanue BBINOIHEHO NPH (MHAHCOBOH Nojiepikke benopycckoro pecnyoinkaHckoro honaa
(hyHIaMeHTaNbHBIX HecnenoBanuid (mpoekt T23M3-003).

STRUCTURE AND ELECTRICAL PROPERTIES OF InSb
HETEROEPITAXIAL FILMS AFTER EXPOSURE
TO PROTONS WITH ENERGY OF 1.5 MeV
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Abstract. Indium antimonide (InSb) heteroepitaxial films on single-crystal gallium arsenide (GaAs) wafers with
a thickness of 2.5-2.7 um, obtained by vacuum explosive thermal evaporation, are studied. They have unique resistance
to the ultra-low temperatures of outer space and a certain level of radiation exposure, and are used as the main element
in the creation of various microelectronic devices. X-ray diffractometry is used to study changes in the structure and
electrical properties (including in a magnetic field) of InSb(100) heteroepitaxial films on GaAs(100) substrates after expo-
sure to protons with an energy of 1.5 MeV and fluences of 1 - 10", 510" and 1-10'® H" per 1 cm?. It is determined that
the angular position, integral intensity, diffraction peak broadening from InSb(100), crystal lattice parameter, electrical
properties of the films and mechanical stresses in them do not change when the films are irradiated with protons up to
a fluence of 1-10'> H' per 1 cm®. It has been established that when films are exposed to protons with fluences of 5 - 10"
and 1-10'® H' per 1 cm?, there is a decrease in the integral intensity of the diffraction peak from InSb(100). Calculations
of atomic radiation damage and vacancy concentration in InSb(100) films at the above-mentioned fluences, performed
using the SRIM programme, showed their linear growth and an increase in values up to 10 times at the maximum proton
fluence. It is assumed that the displacement of atoms and the accumulation of radiation point defects cause distortion of
the InSb crystal lattice and a decrease in the integral intensity of the diffraction peak. It is noted that under these irradiation
conditions, the Hall voltage and Hall constant increase, while the concentration of charge carriers, their mobility and the
specific conductivity of the films decrease. It seems promising to study the radiation resistance of the structure and electri-
cal properties of InSb films after exposure to protons with an energy of 1.5 MeV and high fluences, which form the basis
of radiation exposure in space.

Keywords: electrical properties; structure; InSb films; proton irradiation.
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BBenenue

OnHMM U3 BaXXHEHIINX MaTepHajioB, UMEIOIINX 3HAYUTEIbHOE NPUMEHEHHE B TBEPJOTEIBHON MUKPO3JIEKTPO-
o RV
HUKE, SBISIETCS Y3KO30HHBIN MOIYPOBOIHUK Tpymiiel A~ B' antumonnn naans (InSb). Marepnan oGmagaer
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BBICOKO# TIOJIBUKHOCTBIO 3JIEKTPOHOB, OOJIBIIOHN JTTMHOM CBOOOTHOTO TIpodera U MIMPOKUM JIHAa30HOM pado-
4yux Temneparyp. JlanHele cBoiiCTBa CTaIM MPUYMHON €T0 UCTIONB30BaHMS B CO3/1aHUH BBICOKOUYBCTBUTEIBHBIX
(hoTO3IeMEHTOB, TATYMKOB XOJIa, ONTHYSCKUX (UIBTPOB U JIPYTUX YCTPOWCTB. B HacTosiee Bpemst 3TOT
MaTepHaj IpuMeHseTCs B BU/IE IUIEHOYHBIX SMTUTAKCHAIBHBIX UITH T€TEPOIMUTAKCHATIBHBIX CTPYKTYD, ITOyvae-
MBIX METOJJaMH MOJIEKYIISIPHO-TY4YEBOH SMUTAKCHH, B3PHIBHOTO TEPMUYECKOTO OCAKICHHS U T. 1. YCTpOIiCTBa,
CO3JIaHHBIE C UCTIOIH30BAHNEM TUIEHOYHBIX KPHCTALUIOB InSb, 3HAYUTENFHO YaCTO MPUMEHSIOTCS B aTOMHOM,
a’POKOCMHUYECKON, HAyYHON UHAYCTPUHU.

W3BecTHO, 9TO TIPOTOHEI C 3HEpTHeH 1-30 M1B SBISIOTCS 0CHOBHBIM KOMITOHEHTOM KOCMUYECKOTO M3y UYCHHS
Ha OKO0JI03eMHO opOuTe. [10 3TOM MpUYUHE MPHU UCTIOIb30BAaHIH MAaTEPUAJIOB B KOCMHUECKOW U paJiialldOHHON
WHAYCTPUHN BaXKHO MCCIIEA0BATh BO3/ICHCTBIE Ha HUX TIPOTOHHOTO M3JIy4eHus1. BeicokoHEepreTHyecKue mpoTo-
HBI MOTYT CO3JIaTh CTPYKTYPHBIC HEOJTHOPOIHOCTH, Ie(EKThI B KPUCTALTHIECKON PelIeTKe MaTepraa, a TakKe
WM3MEHUTH KOHIIGHTPAIMIO HOCUTENeH 3aps/ia, X MOABMKHOCTD, YAETbHYIO IPOBOIUMOCTh MaTepuala u Apyrue
ANEKTPUIECKHE XapaKTEPUCTHKH.

B HayuHOI1 IuTeparype npencTaBieHbl JaHHbIE O PaIHAllMOHHON CTOMKOCTH T€TEPO3NUTAKCUAIIBHBIX I1JIe-
Hok InSb Ha nmomnoxkkax apcenuia raums (GaAs) npu 00y4eHUU POTOHAMHU ¢ dHepruei 1,5 MaB u duroen-
com 5- 10" H" na 1 cm? [1]. ITpu 9T0M 06Ty 4eHNH B MIIEHKAX IPOMCXONAT HE3HAYHTEILHBIC H3MEHEHHS SMIEK-
TPUYECKHUX CBOUCTB. PaiMallMOHHYIO CTOMKOCTD AIEKTPUUECKUX CBOMCTB MPOSIBIISIOT FE€TEPOINUTAKCHAIIBHBIE
mieHku InSb mox neficTBreM oOnMydeHus] BBICOKOIHEPTETHYECKUMHU AIIEKTPOHAMH U TaMMa-KBaHTaMH MpU
TOTIONIEHHO# 03¢ mopsaka 5 - 10° pax [2]. [Togo6Hy 0 MOTIOMEHHYIO 103y HOHH3HPYIOIIEr0 W3/TydeHHs
MOYKET HaKOITUTh OOPTOBAs anmaparypa Npu HaXoKJACHNH B paIMallMOHHOM T0sice OKOJI03€MHOT0 TPOCTPAHCTBA
B TeueHue 5 neT. ComtacHo TUTepaTypHbIM UCTOYHUKAM [3; 4] 3HaUCHISI TOTIIOMIECHHOM 036l HAXOASITCS B UH-
tepsaie ot 5 - 10* 10 2 - 10° pan.

CoBpeMeHHbIe TPeOOBaHMS K PATUAIIMOHHON CTOMKOCTH MaTepHaioB B aTOMHOM M KOCMHYECKON WHIYCTPUH
00yCJIOBIMBAIOT HEOOXOAMMOCTh 00JICe BHICOKOW BPEMEHHON CTAOMILHOCTH CBOMCTB MaTepUasioB, a UMCHHO
He MeHee 10 sieT mpu OoJiee BBICOKUX MOTTOMIAIONINX J103aX MPOTOHOB. [10 3Toi npuyrHe B JaHHOM paboTe pu
MIPOBEACHNUHN HKCTIEPUMEHTOB 110 00IyUeHHIO MIeHOK InSb npoTonamu ¢ sneprueit 1,5 MaB ucnonszoBanmck
BBICOKHE 3HaYCHUS (I1HOCHCOB (1 - 10"°,5-10”u1-10"°H" Ha 1 CMZ). Yka3zaHHbIe 3HaUCHUS (DITFOCHCOB OIpe-
JIENISAIINCh Ha OCHOBE OLIEHKH MMHTAIINU BO3JEHCTBHS KOCMUYECKOTO POTOHHOTO o0yueHus oomnee 10 et Ha
OKoJI03eMHOH opOuTe. OrieHKa OblIa BBIMIOJIHEHA C OTIOPOI Ha JIMTepaTypHbIE JaHHBIC O CPEHEM 3HAYCHUH
ILIOTHOCTH TTOTOKA IIPOTOHOB HA Fe0CTAIMOHAPHON OpOHTE, KOTOpOoe cocTapsier mopsiaka 1-10 M2 - ¢! [3].
CymMmMapHoe 3HaueHHe (uIroeHca MPoTOHOB 3a 10 JieT paBHsIETCS IPUMEPHO 1 - 10" H na 1 M. OT™MeTnM, 4TO
MOIVIONICHHAS /1032 HOHU3UPYIONIETO U3ITydeH s B TuieHKe InSb TommuHo#M 2,5 MKM, OIIeHKa KOTOPOii TPOBO-
JTUIIach C MCTIONIb30BAHUEM PAaCUETHBIX JIAHHBIX MporpaMMbl SRIM 00 3HepreTHyecKuX MOoTepsX MPOTOHOB
B IUICHKE, TIPH SHEprHy PoToHOB 1,5 MaB u dmoence 5 - 10" H ua 1 cm” cocrasmser nopsiaka 6,5 - 10 Ip.

Lenpb ucciaenoBanus — U3y4eHNUE U3MEHEHNUH CTPYKTYPBI U DJIEKTPUIECKUX CBOMCTB reTepoIMUTaKCHaTbHbIX
rureHok InSb(100) Ha moutoxkax GaAs(100) mocine o6mydenus nporoHaMu ¢ daeprueit 1,5 MaB u ¢uroencamu
1-10",5-10" 1 1-10" H" na 1 cm’ ¢ HCIIONB30BaHEEM METOIA PEHTICHOBCKO# MidpaxToMerpun. TakKe BbI-
SICHAIOTCA TIPEJieNIbHBIC 3HaYeHUs (IIF0OEHCOB NMMPOTOHOB, NMPH KOTOPHIX CBOWCTBA IJICHOK YXY/AIIAIOTCS.

MaTepI/IaJ'II)I U METOAbI HCCJICAOBAHUSA

OOBEKTOM HCCIIeIOBAHUS SIBISIOTCS TeTepodMUTakcuanbHble mieHkr InSb(100) Ha MOHOKpUCTAITUYECKUX
mactuHax GaAs(100), mony4eHHbIE METOA0OM BaKyyMHOT'O B3PBIBHOTO TEPMUYECKOTO HCIIAPEHUS TIPU TEM-
neparype ocaxenus 375 °C, KoTopasi COOTBETCTBYeT ()OPMUPOBAHUIO TETEPOINUTAKCHATBHBIX TUIEHOK InSb
BBICOKOTO KauecTBa [5]. ToniuHa moTyd4eHHBIX IICHOK, U3MEPEHHBIX C TIOMOIIbI0 ipoduiomerpa MarSurf PS10,
cocraBuia 2,5-2,7 MKM.

O6nyuenue mieHok InSb npoTonamu npoBoaninock B UHcTUTyTE sinepHoii pusuku (Anma-Ara, Kazaxcran)
npu sueprun 1,5 MaB ¢ TokaM# Tydka IPOTOHOB B MHTepBaie oT 35 - 10 10 40 - 10°° A. TIpu o6myuennn
u3MepsiemMas TepMonapoi TeMmneparypa jaepikareins oopasinos He npessiiiana 60 °C.

CrpyKTypHBIE U3MEHEHHS IJICHOK InSb mociie mpoToHHOTO 00IyUeHH S HCCIIEIOBAIIICH C TOMOIIBIO METOIA
PEHTTeHOBCKON AM(PAKTOMETPUH, Peai30BaHHOM mocpeacTBoM audpakromerpa Ultima IV npu uznydennn
CuK, B y3Koii obnactu audpaxunu Bomu3u nuka qudpakiun ot InSb(100). B otmrune ot crannapTHOM peHTre-
HOCTPYKTYPHOU ChEMKH JaHHBIH METOJ IIO3BOJIHII ¢ 00JIee BHICOKOH TOUHOCTBIO ONPECIUTh TpeoOpa3oBaHne
CTPYKTYpHBIX IIapaMeTPOB, MEXaHUYECKUX HAPSKEHUI TeTepO3MUTaKCHATBHBIX MOTYTTPOBOAHUKOBBIX IIJIEHOK
U nosiBnieHue nedexToB Ha HUX. CMeneHue MONI0KEeHNS, U3MEHEHHE HHTEHCUBHOCTH M PacIIUpEHUE MMHKa
mudpakuu ot InSb(100) cpaBHUBAIKCH ¢ COOTBETCTBYIOIIUMHE NapaMeTpamMH HeoOdydeHHOo! TuieHKH InSb

'Kamencras U. B. OnexTpodu3nUecKre n TeH30 IeKTprueckue cBoiictBa InSb n GaSb, 00IydeHHBIX EKTPOHAMH, TIPOTOHAMHU
Y HEUTpOHaMH : aBToped. Auc. ... KanAd. ¢pus.-mart. Hayk : 01.04.10. Tomck, 2007. C. 23.
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Y DTaJOHHBIM 3HaueHreM yria 26 st InSb(100), B3sTeiM 13 623wt qanubix [CDD-PDF2. Kak cnenyer u3 npose-
JCHHBIX paHee PEHTICHOCTPYKTYPHBIX HCCIIEJOBAaHUH CTPYKTYPBI IJICHOK, HAa PEHTTEHOBCKOH AU paKkTorpaMme
reTepol’nuTaKcuanbHbIX meHoK InSb(100), moaydeHHBIX Ha MOHOKpHUCTaUMYeckuX riactTiuHax GaAs(100)
pu TeMIrepatype ocaxkaenus 375 °C, HabMogar0TCsI 1Ba OCHOBHBIX MTHKA TU(PAKITUN — MUK AUPPAKITHH OT
InSb(100) ¢ BBICOKOI MHTErpaIbHONH WHTECHCUBHOCTHIO U UK audpakmuu ot GaAs(100) ¢ MeHbIIel HHTE-
rpaJIbHON MHTCHCUBHOCTHIO B HECKOJIBKO COTEH pa3 [5].

Meroarka U3MEpEHUs IEKTPUIECKUX CBOMCTB IIeHOK InSb (Hanpsbxkenus Xosia, TOCTOSIHHON XoJ11a, KOH-
LIEHTPAINH 1 TTOJBIKHOCTH HOCUTENEH 3apsa, yAeTbHOH MPOBOAUMOCTH B MATHUTHOM ITOJI€ M TIPH HaTPEBaHUN
Ha Bo3ayxe 10 120 °C) mpencrapnena Huxe. COOTHOIIEHUE MEKIY (DU3UUCCKUMU BETUIMHAME H3MEPSICMBIX
ANIEKTPUIECKHUX CBOMCTB MJICHKH, pa3MepaMH U TOJIIUHON IJIEHKH OIpOoOHO omrcaHo B padore [5].

ITocne ocaxaenust yepe3 Macky oOpasibl mieHoK InSb npencrapnsiam coO00H MPSIMOYTOIBHBIE 00IACTH
pasMepoM 10 x 5 MM ¢ TIATBIO KOHTAKTHBIMU TIIOMaakaMu pasmepoM 1 x 1 MM (puc. 1). K atuM momaakam
MIPUBAPUBAIIMCH 30JI0THIE KOHTAKThI, KOTOPbIE 3aTeM ObUIH MPUBAPEHB! K KOHTAKTHBIM IIJIOMIA/IKaM Ha TIIaTe.
B cBoto ouepenp, K JaHHBIM TUIOMIAKaM OBUIH MPHIIASHBI IPOBOJA, COCMHEHHBIE ¢ TPUOOpaMU JIJIsl COOT-
BETCTBYIOIINX U3MEPEHUH.

Puc. 1. CxeMa pacroyioKeHHsI KOHTAKTOB TeTePOINUTAKCHATBHOU TieHKH InSb amst onpeneneHus
ee DEeKTPODU3HIECKIX CBOHCTB: /, 2 — KOHTAKTHI IS MPOTTYCKAHHUSA TIOCTOSHHOTO TOKa (/); 3 — KOHTAKT TS OMpeIeTeHIsA
HanpsbkeHnst Xoimna (Uy) u ocrarounoro HanpsikeHus (U,.,); 4 — KOHTaKT A7 onpeaeNeH s HanpsbkeHus Xona
1 OCTaTOYHOTO HAIPSDKEHNUS, a TAKOKe AT M3MEPEHNS COMPOTHBIICHHUS; 5 — KOHTAKT AJISI U3MEPEHHUS COTIPOTHBICHHS

Fig. 1. The arrangement of the contacts of the InSb heteroepitaxial film for determining its electrophysical properties:

1, 2 — contacts for passing direct current (;); 3 — contact for determining the Hall voltage (Uy)
and residual voltage (U,.,); 4 — contact for determining the Hall voltage and residual voltage
as well as for measuring resistance; 5 — contact for measuring resistance

[IpuMeHeHHast MeTOOMKA U3MEPEHUI I03BOJIMNIIA NCKITIOYUTh KOHTaKTHbIE HanpsbkeHus. Kpome toro, orpe-
JIeJIEHUE HAMPSDKEHUS] MKy KOHTaKTamMu 3 U 4 MU MPOITyCKaHUK TOKa 6€3 MarHUTHOTO TTOJIS 1aJ10 BO3MOXK-
HOCTb U3MEPUTH TaK Ha3bIBAEMOE OCTATOYHOE HalpsHKEHUE, KOTOPOE BOSHUKJIIO M3-3a HEIKBUITOTEHIIUAIBHOCTH
JIEKTPUYECKOTO MOJIs, UCKAKEHHOTO HETOYHOH cUMMeTprel KOHTakToOB 3 1 4. OCcTarouHOe HaNpsKEHNUE YUH-
TBIBAJIOCh IIPH pacyeTe YUCTOTo MOTEHIMana XoJula o] AeHCTBUEM MarHUTHOIO MOJIs Ha 0Opa3el] IUICHKH.
Uepes KOHTAKTHI / ¥ 2 MPOITyCKaJICS MOCTOSHHBINA TOK. [Ipy OTCyTCTBHM MOTIEpEYHOTO0 MarHUTHOTO TIOJIS M3~
MEpSIIOCh 3HAUEHUE OCTAaTOYHOI'0 HANpsKeHHsI MeXy KoHTakTamMu 3 u 4. [locne BKitoyeHHs co3aBaeMoro
3JIEKTPOMArHUTOM MarHUTHOTO OIS Ha 3apsi/ibl, TPOXOIMBIIINE Yepe3 KOHTAKTHI / 1 2, Hauasa JelicTBOBATh CHla
JlopeHua, u3-3a 4€ro OHU CMELIATUCh K KAKOMY-JIM00 Kpato mieHKU. Takum 00pa3om Oblia co3aaHa pa3HOCTh
MOTEHIIMAIOB X0JI1a MEKAY KOHTaKTaMu 3 1 4, KoTopasi QUKCHPOBaIach ¢ MOMOIIbIO BOJIBTMETpa. Mi3Mepenust
HarpspKeHus: Xosuia mpoBouiIuch B MarHuTHOM 1osie (0,44 = 0,01) Tn. Bennunna Toka yepes MiIeHKy CocTaBisia
(10,0 £0,1) MA. PacueTHast morpemHoCTb ONpeAeIeH s KOHIEHTPALMHY HOCUTENEH 3apsiia U MX MOABHKHOCTH
He npeBbimana 5 %. B 1ensx BeIABICHUS SIEKTPUUECKUX CBOMCTB 00paslia IJICHKH B 3JIEKTPOMarHuTe Oblia
CJIeNaHa ImoJoCTh JIJIsl pa3MelIeHHs IAHHOTO 00pa3iia Ha IuiaTe ¢ BEIBOJHBIMUA KOHTAKTaMK Hapy»Ky K IpHOOpam.
DNeKTpOMarHuT ¢ 00pa3IoM IIICHKH TTOMEIaJICsl B HarpeBaTebHbIH Kad U1 HarpeBa Ha BO3AyXe U u3Mepe-
HUS BCEX JIEKTPHUYECKUX MapaMeTpoB (B TOM YKCIie B MArHUTHOM nose). KoHTposb TemmepaTypbl Ha oOpasie
IUIEHKU ¥ B HArpeBaTeIbHOM KAy IPOU3BOIMICS IBYMS TEPMOINAPAMHU XPOMETb — AJTIOMENb.

Pe3yJ'[I)TaTI)I U UX 06cyﬁc)1elme

Bbuta crienana orieHKa paJiMallMOHHBIX TOBPEXKICHUH (CMEIICHHUI aTOMOB) KO}ZiueHTpauMH BaKaHCHH, CO3-
JIAHHBIX POTOHAMH ¢ SHeprueii 1,5 MaB u gmoencamu 1-10° 1 1- 10" H* ma 1 cm? B rurenkax InSb rommuro#
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2,5-2,7 mxM. O1ieHKa BBITIOHSAIACH C HCIIONB30BaHHEM ITporpamMmbl SRIM 1 JaHHBIX 00 SHEPTUSX CMEIIeHUs
aroMoB In u Sb. YcranoBieHo, 4TO Npu BO3AEHCTBUM ITPOTOHOB ¢ 3Hepruei 1,5 MaB B mienkax InSb panuna-
LIMOHHBIE MOBPEKICHNS U KOHLEHTPALMS BAKAaHCHUM IMOCTOSHHBI MO BCeW ITyOMHE ¢ OTHOCUTEIBHBIM CpeaHe-
KBaJIpaTUIHBIM oTKIIoOHeHUEM 10 20 %. OTMeTnM, 9TO TIpH 3TOW SHEPTUHU MPOTOHBI MPOXOJIAT Yepes TUICHKU
HE OCTaHABIMBAasICh. B 3aBUCIMOCTH OT Ha3BaHHBIX BhIIIE (DIIOCHCOB YCPEAHEHHbIC 3HAYCHUS palualliOHHBIX
ToBpekIeHnH B mieHkax InSb cocrasmmm 0,1 - 1072 u 1,0 - 107%° COOTBETCTBEHHO, a 3HAYEHUSI KOHIIEHTPALIMKU
BakaHCHi B HUX Obutn paBHbl 0,54 - 1071 5,30 - 10%° cm° cooTBercTBeHHO. M3 [IOJIy4EHHBIX JAHHBIX CIEAYET,
9T0 POCT (IIFOEHCA TPOTOHOB TPUBOAUT K TPOMOPIIHOHAIEHOMY POCTY CMEIICHUSI aTOMOB U KOHIICHTPALuU
BaKaHCHIA.

Ha puc. 2 npesacraBneHbl moy4eHHBIE B pe3yabTare MPUMEHEHHsI METO/Ia PEHTTCHOBCKOM TU(PPaKTOMETPUN
KPHBBIC KauaHHsI UCXOIHON IJIEHKH M 00pa3loB IJICHOK, KOTOpble ObUIM OOIy4€Hbl IIPOTOHAMM C SHEpruei
1,5 MsB u ¢uroencamu 1 - 1015, 5.-10°u1-10"H" Ha 1 cm’.
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Puc. 2. PertreHoBckast An(pakrorpaMma reTepoIUTaKCHaIbHbIX IIeHOK InSb B ucxonHoM cocrosianu (1)
¥l TIOCJIe BO3JCHUCTBUSI POTOHOB ¢ dHeprueit 1,5 MaB u duroencamu 1 - 10 H* Ha 1 eM? (2),
5-10° H" ua 1 cM? (3), 1-10' H" 5a 1 cM® (4). KpacHas THHNS TOKA3bIBACT 3HAYCHHE yIiia 20
it InSb(100) cormacuo 6a3e manusix ICDD-PDF2

Fig. 2. X-ray patterns of InSb heteroepitaxial films in the initial state (/)
and after exposure to protons with energy of 1.5 MeV and fluences of 1-10'> H* per 1 cm? (2),
5-10° H* per 1 em?(3),1-10"° H' per 1 cm? (4). The red line shows the value of the angle 20
for InSb(100) according to the ICDD-PDF2 database

W3 npencraBiieHHBIX Ha pUC. 2 JTaHHBIX CIELYET, YTO YIoJl, COOTBETCTBYIOIINN MAaKCUMYyMY ITHKa JU(pak-
un oT InSb(100), He n3MeHsieTcsl 0 OTHOIIEHHIO K YIITY, COOTBETCTBYIOIEMY MUKY TUPPAKLIUK OT TUICHKH
B HCXOJHOM COCTOSIHHH, TIpH (troerce oGmyuenus mpotomamu |- 10" HY ma 1 cm’. 3Hauenne mapamerpa
pewerku InSb nipu 3ToM QuroeHce TakKe HE U3MEHSIETCS, OHO SIBIISIETCS. OAMHAKOBBIM B IIpeZesiax MOrPeIHo-
ctu m3Mepenuit u coctarisier 0,648 1 um. HeGonpimoe OTKIOHEHNE 3TOTO 3HAYCHUSI OT 3HAUEHUS ImapaMerpa
pemrerku u3 6a3bl qanHbIX [CDD-PDF2 mnst monmukpucrammyeckoro oopasma (0,647 9 HM) o3HadaeT HAINYHe
HEOOBIINX PACTATUBAIOIINX MEXaHMUECKUX HAPSHKEHHUH B 0CAXKICHHOM MJICHKE, KOTOpbIe 00BIYHO Habmoa-
FOTCSI TIOCJIe BAKYYMHOTO OCKICHUS IUIeHKH. [Ipn yBenmaennn ¢urroeHca o0IydeHus TPOTOHAMH JI0 S - 10"
u1-10"°H" na 1 cM” IpoMCXOIUT MPHOIIKEHHE MAKCHMYMa TTHKA TU(PAKIIHH K YTATOHHOMY 3HAYCHHIO yIiia 20
st InSb(100), T. €. penakcamust MEXaHUYSCKUX HAIPSKCHUH, BOSHUKIIUX MPU OCAXJACHUM IICHKH. Takxke
WHTErpaJibHasi THTEHCUBHOCTH nuka audpaxiuu ot InSb(100) ymensimaercs B 1,6 pasa. [Ipeqnonaraercs,
YTO YMEHBIICHUE HHTETPAIbHON MHTEHCUBHOCTH MHKA NU(PAKIIK 00YCIOBICHO BIUSHUAEM PaIualHOHHBIX
nedeKxToB, co3maBacMbIX BO3IEHCTBHEM IIPOTOHOB B KPHCTAUTHYECKON pereTke InSb i mpuBoasIIIX K cMe-
nieHuto aToMoB In 1 Sb ¢ uxeanbHBIX MOJIOKEHNUH B KprcTamnyeckoil pemerke InSb B miockoctu (100), B pe-
3yJabTaTe YMEHBIIAETCSI HHTEHCHBHOCTH PeHTreHoBcKoi nudpaxun st [InSb(100).
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Pe3ynbrarsl I3MEpeHNs AMEKTPHUESCKUX CBOMCTB TeTepOINUTAKCHATIBHBIX TUIEHOK InSb /10 1 nociie o0myueHuns
npoToHamu ¢ »Heprueit 1,5 MaB u girroeHcamMu pa3HOi BETMUWHEI TPH KOMHATHON TeMIIepaType MpeacTaBIIe-
HBI B TaOuIie. 3aBUCUMOCTH ITOCTOSIHHON XO0JIIa M YIeJIbHON TPOBOAMMOCTH IFeTEPOANUTAKCHATIBHBIX IIIEHOK
InSb B HCX0AHOM COCTOSIHUM | TTOCIIE 00yUYEeHHUS POTOHAMH ¢ dHeprueit 1,5 MaB u giroencamu pazHoi Benu-
YHHBI OT TEMIIEpaTyphl HarpeBa Ha BO3AyXe (CKOPOCTh HarpeBa cocrapisiia 3—4 °C/MUH) OKa3aHbI Ha pHC. 3.

DJIeKTpHYeCKHe CBOMCTBA reTepo3NNTAKCHAIBHBIX IIEHOK InSb 10 1 noce 00/1yyeHus NpoTOHAMH
¢ sHeprueii 1,5 MaB u ¢uroencamu pa3Hoii BeJIMYMHbI IPH KOMHATHOIT TemmepaType

Electrical properties of InSb heteroepitaxial films before and after irradiation with protons
with energy of 1.5 MeV and fluences of different values at room temperature

VenoBust dKCriepUMeHTa Uy, 10° B Ry, 107 M /Kn n, 107 em? u, M -Blec! o, Cm/cm
HcxonHoe cocrosinne 110,6 83,0 0,9 4.9 170,1
®moenc 1-10"° H na 1 oM 135,2 89,0 0,7 3,7 126,0
®moenc 510" H ma 1 om? 236,0 155,0 0,4 0,9 20,9
®moenc 110" H va 1 cm? 243,0 157,0 0,4 0,7 12,3

IIpumeuanne. Ry — nocrosgnHas Xoma; #n — KOHIEHTPALUs HOCUTEIIEH 3apaa; |L — NOABMKHOCTb HOCUTENICH 3apsna;
G — yJlelbHas IPOBOAUMOCTb.
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Puc. 3. 3aBucumMocTr noctossHHON Xoiu1a (a) U yAeIbHOH IPOBOAUMOCTH () TeTepOodTUTaKCHAIBHEIX IUICHOK InSb
B UCXOJHOM cocTossHHH (/) U mocie o0rydeHns: mpoToHaMu ¢ 3Heprueit 1,5 MaB u dmoencamu
1-10° H ma 1 em? (2), 510" H" ma 1 em? (3), 1-10'C H" 1a 1 cM? (4) oT TeMmepaTypbl Harpesa Ha BO3IyXe
Fig. 3. Dependences of the Hall constant (a) and specific conductivity () of InSb heteroepitaxial films
in the initial state (/) and after irradiation with protons with energy of 1.5 MeV and fluences of 1-10"> H' per 1 cm? (2),
510" H per 1 cm® (3), 1 - 10" H* per 1 cm? (4) on the heating temperature in air

[IpencraBnennbie B Tabnuie U Ha pUC. 3 JaHHBIC TTOKA3BIBAIOT, YTO AIEKTPUUCCKHE CBOWCTBA TeTEPOTIH-
TakcuasbHBIX MIeHoK InSb(100) Ha MoHokpucTammnueckux miactuHax GaAs(100) mpu Bo3aelcTBUH MPO-
TOHOB ¢ 3Hepruel 1,5 MaB u duroencom 1 - 10 H* na 1 cM” Gru3kn K 3JIEKTPUYECKUM CBOMCTBAM MCXOJIHOM
TUICHKH. YBenn4yeHue (iroeHca o0ydeHus IPOTOHAMH JI0 S - 107 1 1-10" H" na 1 cM” BefieT K H3MEHEHHIO
IEKTpUUECcKUX cBOMcTB. Hanpskenne Xonma v mocTosHHas Xo0Jula yBEJINYUBAIOTCS, & KOHLIIEHTPALUs HOCH-
Tesel 3apana, UX MOABMXKHOCTB, y/elIbHasl MPOBOAMMOCTD IJIEHKH 3HAUYUTENIBHO yMeHbIIatoTcs. OTMEeTUM
KOPPEISIUIO MEXy YMEHBIICHHEM WHTETPaIbHOM MHTEHCHBHOCTU MHKa audpakuuu ot InSb(100), 3adux-
CHUPOBaHHON KPUBBIMU KauaHHs, U YXYALUICHUEM JNEKTPUUICCKUX CBOMCTB IJICHOK MPH (IIOCHCAX 0OIydeHHs
MIPOTOHAMHU 5 - 10°u1-10"H" na 1 em’. Hcxonst u3 npeacTaBieHHbIX BBILIE JaHHBIX, PaIMAallMOHHAS CTOMKOCTh
wienok InSb(100) na uracturax GaAs(100) npu Bo3nelcTBIM IPOTOHOB ¢ 3Heprueit 1,5 MaB onpenenena 1o
drmroenca 1- 10" H' ma 1 cm”. CrielyeT OTMETHTB, YTO KaK B IIPOBEICHHBIX HCCICI0BAHUAX ", TAK U B JAHHOI pa-
00Te MaKcUMaJbHBIH (IIIOEHC IPOTOHOB, UCTIOIB30BAHHbIH ISl 00TyYeHHUsI TeTEPOATUTAKCHANIBHBIX IJIEHOK InSb,

*Kamenckaa M. B. DnekTpou3naeckie n TeH309MeKTprueckie ceoiicta InSb n GasSh. .. C. 23.
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ue npessimaet 1-10"° H' Ha 1 cM’ 1 He OKa3bIBACT BIIHSHUS HA CTAOMIIBHOCTE SCKTPUIECKHUX CBOMACTB Mac-
CUBHBIX KpHCTAJNTH4YEeCKNX 00pa3nos InSb.

OCHOBHBIM THUITOM TOYEYHBIX PAJAUAIMOHHBIX Ae(PEKTOB, BO3HUKAIOIINX MPH BO3/IEHCTBIH BHICOKOIHEPTE-
TUYECKUX TMPOTOHOB Ha MOJIYIPOBOTHUKOBBIE MaTepHalbl, ABIstoTCs napsl dpenkens [6]. Kak ykazaHo Bbie,
HaAKOTUICHHE CMEIIICHHBIX aTOMOB M KOHIICHTPAIIUSI BAKAHCUI YBEINYHUBAIOTCS C POCTOM (ITIOEHCA TPOTOHOB.
W3BecTHO, 4TO MPH MPOTOHHOM BO3/IEHCTBUHU Ha KpHCTAIIIBI InSb KOHIIEHTpaIusl MPOCTEHITNX TOYCUHBIX JIe-
(dexToB B mojpernieTke In MMeeT akienTopHbIN XapakTep, a B mojpenieTke Sb — NoHOpHBIH xapakrep [7].

[IpenmnomnaraeTcs, YTO yMEHbIICHUE Y/IEIbHOM MPOBOJUMOCTH TNIEHOK W U3MEHEHHUE JIPYTUX UX DIEKTPU-
geckux cBoiicTs mpu drroercax 5 - 10" u 1-10' H ua 1 cM? CBSI3aHBI ¢ HPEBBIICHHEM CKOPOCTH CO3IAHHS
KOHIICHTPAIINH aKIENTOPHBIX JeEKTOB B OIpenIeTKe In o cpaBHEHUIO CO CKOPOCTHIO MOSIBIICHUS JOHOPHBIX
nedexroB B nozapenierke Sb. Kpome Toro, npeoOpa3oBaHue JIEKTPUYSCKUX CBOWCTB MJICHOK MOXET OBITh
BBI3BAaHO MEHBIIICH TTOPOTOBOM dHEprHel cMemenus atoma In (5,8 3B) o cpaBHEHHIO ¢ TOPOTOBOM YHEPTUECH
cMmerierus aroma Sb (6,8 3B) B pemetke InSb [8].

OTMeTHM, 4TO SMEKTPHUYECKIE CBOICTBA MICHOK InSb He H3MeHsOTCs IpH Bo3pacTanuu duroerca ot 5 - 10"
70 1-10"H" Ha 1 cM?. B ciydae MacCHBHBIX KPHCTAILTHYECKHX 00pasIioB mieHoK InSb yBenmueHue proerca
or1-10" 10 1-10' H' Ha 1 cM’ IpUBOAUT K 3HAYMTETLHOMY JIHHEHHOMY POCTY COIPOTHBIICHHS, yMCHBIICHUIO
YAENBHO MPOBOIMMOCTH; 3HAYCHHS YTEKTPHUCCKUX CBOICTB H3MEHsoTcs mouTH B 100 pas’. B To ke BpeMs
3HAYEHUS AMEKTPUUECKHUX CBOICTB IeTepO3NMUTaKCHAIbHBIX MIIeHOK InSb m3mensttores B 2—10 pa3s. [1o Hamemy
MHEHHIO, TAKOE OTINYNE B U3MEHEHUAX JEKTPUUECKUX CBOMCTB KPUCTAIIJIOB U TUIEHOK CBSI3aHO C KOMIIEHCA-
uoHHBIMHE 3 (ekTamu, T. €. ¢ 00Jiee BRICOKOH KOHIIEHTpaIueH 1e(eKkToB (rpaHull 3epeH MUKPOKPUCTAIIUTOB,
TOUYCYHBIX JIe(DEKTOB, COMYTCTBYIOIINX OCAXJACHHIO, U T. I.) B OCAXJICHHOHN TUICHKE, YeM B MOHOKPHCTAJLIE.
Januble 1eeKThl B3aNMOJICHCTBYIOT C PaHalliOHHBIMK JIe(heKTaMH, BBOJUMBIMH OOITy4EeHHEM MTPOTOHAMM,
Y aHHUTWJIAPYIOT HX.

3aKjaoueHune

C moMoIIbI0 METO/Ia PEHTTEHOBCKON AU (PaKTOMETPUH OBLIO YCTAHOBIICHO, YTO YITIOBOE MTOJIOXKEHHE, HHTE-
rpajibHas HHTEHCUBHOCTD, paciiupenne nuka qudpaxiun ot InSb(100) Ha MOHOKpUCTAIUINYECKON TUIACTHHE
GaAs(100), a Taxxe mapameTp KPUCTATUIMUECKON PEIIETKH, JMEKTPUUSCKIE CBONCTBA TNICHKH, MEXaHUUECKIE
HaIpsDKEHHS B HEH He M3MEHSIOTCS TIPH BO3JICHCTBUY Ha TUICHKY MMPOTOHOB € 3Hepruei 1,5 MaB u dimoencom
1-10"° H" na 1 cm”. Takum 06pa3oM, paaHaIOHHas CTOMKOCTb CTPYKTYPBI U SMIEKTPHUYECKHX CBONCTB reTepo-
SMUTAKCHATBHBIX 11eHOK InSb(100) mpu 06myuenmy mpotoHamu onpesenena 10 Gmoenca 1- 10" H ua 1 e,

[Tpu Bo3elCTBIM IPOTOHOB C (IrOeHCaMu S - 10°u1-10"H na 1 oM® MIPOUCXOAUT YMEHbIIEHUE UHTE-
rpanbHON MHTEHCUBHOCTH NHKa audpakuuu ot InSb(100). [peamonaraercs, 9To 3TOT pe3yibTar sSBISETCS CIEICT-
BUEM MCKKCHUSI KPUCTAITMYECKOH pemeTky InSb BBUIy cMeleHus aTOMOB M HAKOTUICHHST paIHalldOHHBIX TO-
YeqyHbIX JIe(eKToB. [[por3BeIcHHBIE ¢ UCIIOIb30BaHHEM MPOrpaMMbl SRIM pacdeTsl aTOMHBIX paJlialiiOHHBIX
MOBPEKACHUH 1 KOHIIEHTpaIMK BakaHcui B uieHkax InSb(100) npu Ha3BaHHBIX BhIIIE (IIFOCHCAX MOKA3aIH HX
JUHEHHBIN POCT M yBeJIMUEeHUE 3HaYeHUH 10 10 pa3 npu MakCUMaIbHOM (IIroeHce MpoToHoB. Kpome Toro, mpu
ITHX YCIOBUSIX OOTY4EHUs! YBEIMUMBAIOTCS HANPsDKEHUE XOJUIa M TIOCTOsIHHAS XO0JUIa, 8 TAK)KE YMEHBIIAI0TCS
KOHLIEHTpAIUs HOCUTENEH 3apsa, UX MOABMKHOCTD U YIebHask TPOBOUMOCTS MIeHOK. [Ipenmnomnaraercs, uyto
YMEHBIICHUE YaeNbHON mpoBoauMocTH tuieHoK InSb(100) u u3MeHeHne qpyrux UX 3JIEKTPHUECKUX CBOMCTB
npu ¢moencax 5 - 10 i 1-10'° H' ma 1 cm” cBA3aHBI ¢ MPEBBIIEHHEM CKOPOCTH CO3AHMS KOHIIEHTPALINH
AKLENTOPHBIX AC(PEKTOB B MOAPEUIETKE In M0 CpaBHEHUIO CO CKOPOCTHIO MOSIBICHUS TOHOPHBIX Je(PEKTOB
B mozipemeTke Sb.
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MEXAHWU3M HUTPUANUSAIINN CAOEB AUOKCHUAA KPEMHUA
TP UMITYABCHOU POTOHHOU OBPABOTKE
B ABOTHOU ATMOCO®EPE

B. A. IHJTHITEHKOY, H. C. KOBAJIBYYK", 5. A. COJ/IOBBEB", JI. B. IIECTOBCKHH ",
B. M. AHULI[UK?, B. B. IOHAPA/[0OB?

D«Unmezepany — ynpasisiowas komnanus xondunea « Aumezpany,
yn. Kasunya, 121a, 220108, 2. Munck, Berapyco
D Benopycckuii 2ocyoapemeentwiii yrusepcumen, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapyce

Annomayusn. MeTo10M BpeMsIITPOJIETHONW Macc-CIEKTPOCKOIMY BTOPUYHBIX HOHOB HMCCIIEJOBaHbI MPOQMIIN paciipe-
JieTIeHUs] KOHIeHTparuH cBsizel Si—N B cucteme Si— Si0O, mociie HUTpUAN3AIMN ANOKCH/Ia KPEMHUS ITyTeM HMITYJIbC-
HO¥ (hoTOHHOIN 00pabOTKHU B a30THOM arMocdepe, oOecreyrBaroiell HarpeB HEKOIePSHTHBIM TOTOKOM H3JIYUYCHHS OT
KBapLEBBIX raJIONCHHBIX JaMII, KOTOPbIH HAallpaBJIeH Ha HEPAOOUYI0 CTOPOHY KPEMHHEBOH MOMJIOKKH, 10 TEMIICPaTypPhI
1150 °C npumepno 3a 7 c¢. Ciion IuOKCHAA KPEMHHUS TOMMIMHON 17,7 HM OBLIM MONyYeHBI TUPOTCHHBIM OKUCICHHEM
JIETUPOBAHHBIX OOPOM MOTIOKEK MOHOKPUCTAJIIMYECKOTO KPEMHUS C Y/IEJIBHBIM CONpoTHBIICHHEM 12 OM - ¢M 1 OpHeH-
tarueit (100) mpu Temmnepatype 850 °C B Teuenue 40 MUH. YCTaHOBJIICHO, YTO HUTPUIM3ANNS THOKCHIA KPEMHIS TIPH UM-
MyJbCHOM (POTOHHOI 00paboTKe B a30THOI aTMocdepe MPOoTeKaeT 3a cUeT yCKopeHHOoM nuddy3uu nonos N, odopasyro-
HIMXCS U3-32 TYHHEIMPOBAHUS M TEPMOIICKTPOHHOM YMUCCHH SJICKTPOHOB C ITOBEPXHOCTH CII0St KpeMHHMs. HuTpuan3anus
HPUBOIUT K (JOPMHUPOBAHHIO HA MOBEPXHOCTH JUOKCHIA KPEMHHMS U TpaHuie paszaena Si— SiO, clos ¢ MaKCUManbHOH
KOHIIEHTpAIMeH a30Ta IyTeM YMEHBIIEHUS YHEPTHH aKTHBALUU 00pa3oBaHus cBsa3ei Si—N, 00ycIOBIEHHOTO HMeK-
TPOHHBIM BO30YKICHHEM B KPEMHUHU M BO3MOXKHBIM pa3pbiBoM cBs3eit Si—O, Si—OH, Si—Si. YMeHbmienune sHeprun
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Bnaoumup Anexcanoposuy Ilununenko — T0OKTOp TEXHUUECKUX
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AKTHBAIMW MPOUCXOIUT B Pe3ylibTaTe N3MEHEHHs HANPsDKEHUH, YIIIOB M chitbl cBsizeil Si—O u3-3a poToHHO-TEeMIIepa-
TYPHOTO BO3JICHCTBHSI M 00pa30BaHMs JAHHBIX CBS3EH Ha TIOBEPXHOCTH KPEMHHS € JIe()OPMUPOBAHHON KPUCTAIITMYECKON
PELIETKOM BBUY €€ MEXaHUUYECKOM MTOJIMPOBKH.

Kniroueswie cnosa: erMHHﬁ; JAUOKCHUI KPEMHUS; UMITYJIbCHAA (bOTOHHaH 06pa60TKa; HUTpUAU3ALUA; MACC-CIICKTPO-
CKOITUA BTOPUYHBIX HOHOB.

MECHANISM OF NITRIDISATION OF SILICON DIOXIDE LAYERS
DURING PULSED PHOTON TREATMENT
IN A NITROGEN AMBIENT

U. A. PILIPENKA®, N. S. KOVALCHUK?®, J. A. SOLOVJOV®, D. V. SHESTOVSKY?,
V. M. ANISHCHIK®, V. V. PONARIADOV®

“«Integraly — Holding Management Company, 121a Kazinca Street, Minsk 220108, Belarus
®Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: J. A. Solovjov (jsolovjov@integral.by)

Abstract. The distribution profiles of Si—N bond concentrations in the Si— SiO, system were investigated using
time-of-flight mass spectroscopy of secondary ions after nitridisation of silicon dioxide by pulsed photon treatment in
a nitrogen ambient, which provides heating by an incoherent radiation flux from quartz halogen lamps directed at the
non-working side of the silicon substrate to a temperature of 1150 °C in approximately 7 s. Silicon dioxide layers with
a thickness of 17.7 nm were obtained by pyrolytic oxidation of boron-doped single-crystal silicon substrates with a re-
sistivity of 12 Q - cm and orientation (100) at a temperature of 850 °C for 40 min. It has been established that sili-
con dioxide nitridisation during pulsed photon treatment in a nitrogen ambient proceeds due to accelerated diffusion
of N ions formed as a result of tunnelling and thermionic emission of electrons from the surface of the silicon layer.
Nitridisation leads to the formation of a layer with maximum nitrogen concentration on the surface of silicon dioxide and
at the Si— SiO, interface by reducing the activation energy of Si—N bond formation caused by electronic excitation in
silicon and possible rupture of Si—O, Si—OH and Si— Si bonds. The reducing the activation energy occurs as a result
of changes in the stresses, angles and strength of Si—O bonds due to photonic and thermal effects and the formation of
these bonds on the surface of silicon with a deformed crystal lattice due to its mechanical polishing.

Keywords: silicon; silicon dioxide; pulsed photon treatment; nitridisation; mass spectroscopy of secondary ions.

BBenenune

Hurpuanzanus, nim odoramieHue a30ToM, CII0eB TUOKCHIA KPEMHHUS ITUPOKO MPUMEHSIETCS] B TEXHOIOTUU
MIPOU3BOJICTBA MHTETPAJIBHBIX CXEM C KOMIJIEMEHTAPHOH CTPYKTYPOH METail — OKUCEN — MOJIYIMPOBOIHHK
B IIEJISIX YTIPABJICHUS CKOPOCTHIO TIPOIIecca OKUCIEHUS, YIyUIIEHUS OTHOPOTHOCTH TOIIIIHHBI OKUCHOTO CIOS,
TIOBBIIIICHAS €70 YCTOWYMBOCTH TIPU BO3IEHCTBUH TOPSYNX HOCUTENEH, a Takxke rmojasienns auddysnu 6opa
B 00JIacTsIX CTOKa — MCTOKa p-tuna [1-3]. Haubosnee pacnpocTpaHeHHBIMU CIIOCOOAMHU HUTPHUIU3ALNU CIIO-
€B JMOKCHJAa KPEMHHUsI SIBJISIOTCSI MOHHAS UMILIAHTALUS a30Ta Mepe] TEPMUUYCCKUM OKUCICHUEM KPEeMHHUS
Y BBICOKOTEMIIEPATYPHBIN CTAIlMOHAPHBIA OTXKUT B a30THOU arMocdepe [4]. B obomx cirydasx oTmedaeTcs
JIOKaJIM3alusl a30Ta IPEeUMYILECTBEHHO Ha rpaHuLe paszaena Si— Si0,.

Mexanusm oOpazoBanus cBsi3eit Si— N Ha rpanute pasnena Si— SiO, npeanosnaraeT 3aKperieHue aToMoB
azora Ha Mex(azHOW TpaHMIE KPEMHHS U OKHUCIIA MPH JOCTHKEHHH TMOBEPXHOCTH KPEMHHEBOUM MOAJIOKKH
B pesyabrare qudQy3nun, o0ycIoBISHHONW BO3ZHUKAIOIIUM I'PAaJUEHTOM KOHIIEHTPAIIMH a30Ta U HAJTHMYUEM Ha
TMAHHOH TpaHWIle 3HAYUTEIBHBIX YIPYTUX HanpsoKeHwi [S]. ['panuma pa3aena sBIseTCsS TOHKAM MEPEXOTHBIM
CJI0EM HECTEXHOMETPUYECKOTO cocTaBa SiO , B KOTOPOM aTrOMbI KDEMHHUSI UMEIOT CTETIEHH OKHUCIIEHHs Si', Si**
u Si*" 1 06Pa3YIOT TONBKO CIEAYIOIIE IPYITUPOBKU: TTOBEPXHOCTHBIE COCTOSHUS, Ae(EKThI, TOSBUBIIHECS
BCIIE[ICTBHE HECOOTBETCTBUSI IEPUOIOB PELIETOK, TapaMarHUTHBIE P -IIEHTPBI (= Si;Si*) ¢ 0IHOM HECKOMIIEH-
CHUPOBAaHHOH KOBAJICHTHOMN CBSI3bI0 aTOMa KpeMHHUs, a Takxke £'-1eHTpsl (¢Si=0,) [6; 7].

MakcumanbHas KOHIEHTpanus P, -IIeHTPOB HAXOAUTCSI OKOJIO rpaHunsl paszaena Si— SiO, co cTOpoHbI
KpPEMHHs, a HauOoJIbIlasi KOHLEHTpauust £'-LeHTpoB — cO CTOpoHbI cinos cocTaBa SiO, [7]. B coorBeTcTBUM
¢ myomukarmsamu [8—10] k X 00pa30BaHUIO MOXKET IMTPUBOIUTH BHICBOOOXKICHUE 3JIEKTPOHA JIO0 3aXBaT IBIPOK
Ha HEUTpaNBbHBIN AMAMarHUTHBIN Si— Si-gedekT:

=Si—Si=—>=Si"*Si=+¢,
B +=Si—Si=—>=Si"Si=,
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B CJIyda€ HUTpUAU3AIUN TUOKCHU1a KPEMHUS 3a CUHET B3aPIMOIleI>'ICTBHf{ a3orac IIC(I)OpMI/IpOBaHHBIMI/I CBA3SIMHU
Si—Si o6pazoBanue cBs3eit Si— N HanboIee BEPOSTHO MTPOU3OUIET TIPH ITPOTCKAHUH PEAKITHH

2N +=Si—Si=—>2=Si—N=—

CornacHo pa6otam [8—10] cBa3u Si—N Takke MOSABIAIOTCS MIPU B3aUMOAEHCTBUY a30Ta ¢ Py -IleHTpaMu
B COOTBETCTBHUU C pEaKIUeEi
6N +2=8i—Si=+2=S8i* > 6 =S8i—N—.

B pesynbrare Ha3BaHHBIX BBIIIE IPOIIECCOB CHIKACTCS INIOTHOCTH TIOBEPXHOCTHBIX COCTOSHUH Ha TPAHUIIC
paszena Si— SiO, u ymensmatorcs npoueccsl gerpagaunu MOIT- 1 KMOII-u3nenuii, BbI3BaHHbBIE TOPSYUMHI
anexkTpoHamu [1].

ABropsl uccnenoBanus [ 11] mpy u3ydeHUr HUTPUAU3AIHY CJIOCB IMOKCU A KPEMHHUSI ITyTEM UX UMITYJIbCHOH (o-
TOHHO# 00paOOTKH B a30THOH Cpe/ie TAKKE YCTAHOBUITH JIOKATM3AIMIO a30Ta IPEMMYILIECTBEHHO HA TPaHHIIE pa3aeia
Si — Si0O,. MexaHu3m HUTPUIM3AlUH IPIMEHUTEIBHO K JAHHBIM YCJIOBHAM TPeOyeT IOMOMHUTEIIBHOTO U3y YeHHUSL.

Hacrosmias paboTa mocBsieHa orpeeIeHui0 MEXaHn3Ma HUTPUIU3AINH CIIOEB JHOKCHIa KPEMHUS B TIPO-
1ecce UMITYJIbCHON (DOTOHHOM 00pabOTKH B a30THOU atMocdepe.

MeToauka nmpoBeIeHHsI IKCIIEPUMEHTa

Hcxomaple Mook MOHOKpUCTasuTiaeckoro kpemuns Mapku KJ1b12 opuenrtarmu (100) auamerpom 100 Mm
MOJBEPTaINCh MUPOTEHHOMY OKHcieHuto nipu temneparype 850 °C B reuenne 40 muH. TonmiHa NoTy4eHHbBIX
CJIOEB JIMOKCHUIAa KpeMHus cocTaBmia 17,7 HM. [lanee mouioxku ObLIH MOIBEPKEHBI HMITYJILCHON (DOTOHHOM 00-
paboTke B a30THO aTMocdepe MyTeM HarpeBa HeKOTepEHTHBIM IIOTOKOM U3JTyYeHHS OT KBapIEBBIX I'aJJOreHHBIX
JIaMII, HallPpaBJICHHBIM Ha X HEpabouyro CTOPOHY. MOIITHOCTH CBETOBOTO IMTOTOKA MCTOYHHKA H3ITy4IEHUS TIOI0H-
pajachk TakuM 00pa3oM, 4ToObI 00ECIICUNTh HAarpeB MOMIOKEK 10 Temrepatypsl 1150 °C npumepho 3a 7 c.

[Ipodum pactipeneneHus KOHIEHTPAITHH ceszeit Si— N B cucreme Si — SiO, 1o rrybuHe 00pa3nos onpere-
JISUTACh METOJIOM BPEMSIIPOJIETHOH Macc- CIEKTPOCKOIIH cucTeMoin TOF SIMS- 5 (IONTOF GmbH, I'epmanus).
quCTBI/ITeJII;HOCTI: Meroza coctasimsiia 5 - 101 - 10" aromos na 1 e, Tpasnenue 00pa3oB OCYIECTBISLIOCH
norokoM noHoB Cs* ¢ Bemmumnnoii Toka 100 HA, ycKopsieMbIX HanpsikenueM 2 KB. I3MeHeHus KOHIEHTpaluy
AHAJIM3UPYEMBIX SIIEMEHTOB OIPEIEISTUCH B UMITYJIIbCHOM pekuMe ¢ BpeMmeHeM nukia 50—100 mkce. s ana-
JIM3a UCTIONB30BAIMCh NepBUYHbIE HOHBI Bi™ ¢ sHeprueii 30 k3B. Pacnonosxkenne rpaHuiib! pasiena Si - SiO,
BBISIBIISIOCH OTHOCHTEIBHO MPOGHIIS PACIPEIeICHNs KOHIIEHTPALIHH aTOMOB KPEMHHS H30TOMa ~ Si .

Pe3yabTarhl U MX 00CyXKIeHUE

Wzyuenune npoduiieit pacipenenenns KoHueHTpanuu ceazeid Si—N B cucreme Si— Si0, 1o mryOuHe ciaost
JMAJIEKTPUKA TIOCTIe €0 UMITYIbCHON (POTOHHOM 00pabOTKM B a30THOH aTMocdepe MmoKa3aio, YTo UX MaKcHU-
MyM HOPUXOIUTCS Ha rpaHuIly pasaena Si— SiO, ¥ BHELIHIOK TOBEPXHOCTH CJI0sI AUOKCH A KpeMHHus (puc. 1).
Bwmecre ¢ TeM oTMeUeHA 3HAUNTENTFHO MEHbBINAS MX KOHIIEHTPAIHS KaK B OCTAIEHOM 00BbEeMe CII0s1, TaK 1 B KPeM-
Hun. Takoe pacupeneieHne KOHIIEHTpauy cBs3eid Si— N mpHu UMITYJTbCHOHM (hOTOHHOM 00paboTKe THOKCHIa
KPEMHUS B a30THOM Cpeie yKa3bIBAET HA CXOACTBO C MEXaHM3MOM HUTPUAN3ALUY [IPU HOHHON UMIUIAHTALUU
a30Ta nepe OKUCICHUEM KPEeMHUS ¥ CTallMOHAPHOW BEICOKOTEMIIEpaTypHOi 00paboTKOM B a30THOM cpexe [4].
Onnaxo opmupoBaHue NOAOOHOTO pacnpeaeseHHs KOHIIEHTPALMH CBSI3€H 3a TAKoe KOPOTKOE BpeMsi HarpeBa
BO3MOJKHO JIMIIb IPH YcKopeHnH auddy3un a3oTa B AMOKCHI KPEMHUS ¥ IPU TOPMOXKEHHH ero Auddy3un u3
MexX(pa3zHOTO IPOCTPAHCTBA BIITyOb KPEMHHUEBO IJIACTHHBI.

C1-10°F
= E
o 51
§1-1o§—
S 1-10%
g
S 1-10°F
=} u
S 1-10°F
= E
[} E
E 1-10'F
=~ i
1100 e e e e
0 10 20 30 40

['my6una, HM

Puc. 1. TIpodunu pacnpenenenus konuenTpamuu Si, SiO, u SiN no ry6une cucremst Si— SiO,
JI0 UMITYJIECHOM (hOTOHHOM 00pabOoTKM B a30THOU arMocdepe (KpacHast JIMHHMS) U [OCHIEe Hee (CHUHSIS JIMHYS)

Fig. 1. Profiles of the concentration distribution of Si, SiO, and SiN along the depth of the Si — SiO, system
before pulsed photon treatment in a nitrogen atmosphere (red line) and after it (blue line)
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PaccMoTprM BO3MOKHBIE MEXaHU3MBI TIPOTEKAHMUS OMMCAHHBIX BBIIIE ITPOIIECCOB P UMITYJILCHOW (HOTOHHON
obpabotke cucrems! Si— SiO, B a30THOI atMocdepe. Hanbonee BepoaTHO, uTO yBenuueHue ckopoctu quddy-
3UM a30Ta B TUOKCHJ KPEMHUSI 00yCIIOBIMBAETCS 00pa3oBaHueM HOHOB N, KOTOPbIE M3-32 MaJIbIX Pa3MEpOB
AMEIOT BBICOKHIA Koa(durrenT nuddy3nn B OKACET U HU3KYIO SHEPTHIO aKTHBAIIUU (DOPMUPOBAHUS CBS3EH
¢ 00OpBaHHBIMU CBSI3IMH KpeMHUS. Hu3kast sHEpTHs akTUBAITNN OOBSICHICTCS TeM, UTO CBS3b Si— N nnHHEee
cBsa3u Si— O. O0pazoBanuto HOHOB N~ CIIOCOOCTBYIOT TYHHEITUPOBAHUE U TEPMOAIICKTPOHHAS SMHUCCHS dIIEK-
TPOHOB C MOBEPXHOCTHBIX CIIOEB KPEMHHMS M3-3a MaJIOH TONIIMHBI OKMCNA. J[aHHBIM IpolieccaM COACHCTBYIOT TaKHe
(hakTOpBI, KaK JIEKTPOHHOE BO30YK/ICHUE B KDEMHHUH, Pa3pbIB CBs3ell Si— Si 1 BO3elicTBIE BBICOKHUX TEMIIE-
paryp, KOTOpbIe CONPOBOXKIAIOT HMITYJIbCHYIO (POTOHHYIO 00pabOTKy B a30THOI cpeze. ITH (aKTOPhI TaKkKe
CIOCOOCTBYIOT YMEHBIIICHUIO YHEPTUN aKTHBAIIMU 00pa3oBaHus CBA3ei Si— N, 3HAYUTENBHO YCKOPSS €ro
3aBepILICHNE KaK B IOBEPXHOCTHBIX CIIOSX KPEMHHEBOW MOAJIOXKKH, TaK U B TUOKCH]IE KPEMHHS.

CHmKeHHe YHEPTrUH aKTUBALIMH MOSBICHUS cBA3el Si— N MOATBEpkKIAeTCsS HEMPOAOKUTENLHOCTBIO HU-
TPUAM3ALNH JUOKCHA KPEMHUS U X010M npoduiieit ux pacnpenenenus B cucreme Si — Si0,. Tak, oOpasoBanue
TAHHBIX CBS3€H MPU UMIYIIbCHOUM (POTOHHOW 00paboTKe B a30THOM atMocdepe, o0ecrieunBaromiel HarpeB 10
temneparypsl 1150 °C nmpumepho 3a 7 ¢, mpoTekaet B 250 pa3 OpIcTpee, YeM P CTAIMOHAPHOM OTXKHTE B a30Te
npu temrieparype 1100 °C B Teuenue 30 mun. Conocranienue npoduieii pacipeaesicHusI KOHIICHTPAI[UH JIaH-
HBIX cBs3el B cucteMe Si — Si0, no mryOnHe THOKCH1a KPEeMHHUSI ITOCJIe €ro UMITYJILCHOM ()OTOHHOM 00paboTKH
B a30THOH atMocdepe (cM. puc. 1) 1 cTamoHapHOTO OTKUTA (PHUC. 2), OIIMCAHHOTO HAMH| B padote [4], mo3Bonmio
YCTaHOBUTH CJIEIYIOIIYI0 OCOOEHHOCTh UX paclpeeieHus Ha Mex(a3Hoi rpanuiie pazaena Si— SiO, 1 B caMmom
cioe okucia. Tak, mociae UMy IbCcHON (DOTOHHOI 00pabOTKM B a30THOM cpeie MaKCUMAaTbHASI KOHIICHTPAITHS
ces3eit Si—N HaOmonaercs Ha MexdasHoii rpanune paszena Si— SiO, u BHeLIHel CTOpOHe ¢II0sl JUOKCHUA
KPEMHHS [TPU UX HEOOIBIION KOHIICHTPAIMU B 00beMe camoro cinos. [locie anurensHoi Tepmudeckoi 00padort-
K1 230T HAaXO/IUT DHEPTETUYECKHU BHITOTHOE MTOJIOKEHHE /ISl (HOPMHUPOBAHHS JAHHBIX CBSI3€H TOJIBKO B Ae(heKTHOM
CTPYKType nepexonHoro ciost Si— Si0,, 4To M03BOJISIET €My JIOKAJIM30BaThesl. B mepBom cityuae oOpa3zoBanue
cBsi3u Si— N MPOUCXOAMT MO BCEH IIyOHMHE CIIos U3-3a 00Jiee HU3KOM SHEPIMM aKTHUBAIIMU TIOSBJICHUS JIaH-
HOH CBSI3U 10 CPAaBHEHUIO ¢ dHepruei akrupauuu audy3nn azota B AUOKCUA KpeMHHs. Bo Bropom cityuae
9Heprus aktuBauuu Auddys3un a3oTa B JUOKCH] KPEMHUS MPEBBILIACT SHEPTHIO aKTUBALMH (OPMHUPOBAHUS
cBs3u Si— N kak Ha TOBEPXHOCTH CJIOSI, TAK U B €r0 00beMe, UTO SHEPTreTHUECKH He CTIOCOOCTBYET ee MOsIBIIe-
HUto. JlonogHUTENpHOE BIMSHNAE HA HUTPUAU3ZAINIO TUOKCHA a30Ta TP UMITYIIbCHOM (POTOHHOM 00paboTKe
B a30THOI aTMOCdepe TakKe OKa3bIBAIOT ITPOIIECChI, CBSI3aHHBIE C TIEPECTPORKON CTPYKTYPhI AUOKCHIA a30Ta,
a IMEHHO C U3MEHEHUEM HaNpsDKEHH, YITIOB U cHITbl cBsizel Si— O. JlaHHbIe npeoOpa3oBaHus MPOUCXOIAT
13-3a (POTOHHO-TEMIIEPATYPHOTO BO3ACHCTBHS U MOSABIECHUS cBsi3el Si— O Ha MOBEpXHOCTH KPeMHHUS ¢ Je(op-
MHUPOBAHHOM KPUCTANIMYECKOM PEIIETKOM B pe3ybTraTe €€ MEXaHUYECKOM MOIMPOBKHU, UTO MOKET IPUBOJIUTH
K pa3pbiBy cBsazeit Si—O n Si— OH ¢ mocneayonmm 3armoiHeHHeM X a30TOM.
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Puc. 2. TIpodunn pactpenenenust KOHIeHTpamu Si v N
1o rryoune cucteMsl Si— SiO, mocie crannoHapHON TepMHIECKOH 00padoTKH

Fig. 2. Profiles of the concentration distribution of Si and N
along the depth of the Si — SiO, system after stationary heat treatment

HeoOxoauMbIM ycoBHEM JIOKaJIM3allud a30Ta B MeX(a3HOM MPOCTPAHCTBE SBISIETCSI TOPMOKEHHE €ro
I y3un U3 TaHHOTO CIIosl B 00beM KpeMHHUsI, oToOpakeHHoe Ha puc. 1. {ns noscHenust nanHoro s dex-
Ta paccMOTpUM A Qy3uro a30oTa U GOPMHUPOBAHHE €rO CBSI3CH C MEKIOY3CIbHBIMA aTOMaMHU KPEMHUS Ha
rpanune paszena Si— SiO, ¢ onopoil Ha 3apAI0BYI0 OTHOMEPHYI0 Moaens depMu. DTH NpoLECcChl MOXKHO
CUUTATH PE3YJIBTATOM MHUTPAIIUK a30Ta BBHJy €0 MHOTOUYHCIICHHBIX B3aMMOJICHCTBUH C OKPYKAIOIIUMH aTO-
MaMH 1 Jedexkramu kpeMHus. Juddy3ust MoxKeT MpoTeKaTh Kak CaMOCTOSTEIbHO, TaK U BMecTe ¢ AeeKkraMu
KPUCTAJNTHUECKON PEILIETKH.
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Jl51s ycTaHOBJIEHHUS TOTO, KaKOi MeXaHu3M (BaKaHCHOHHBIN MIIH MEX/10y3ebHbIN) BHOCUT OCHOBHOW BKJIa]l
B TN dy3HI0 a30Ta B KPEMHHH, IPOAHATU3UPYEM SHEPTHIO aAKTUBAIIUN MEXaHI3MOB, HEOOXOTUMBIX JIJIsl JAHHO-
ro mporiecca. Bricokoe 3HaueHNe YHEPTUH aKTUBAIIMN 00pa30BaHIs KOMILIEKCa a30Ta ¢ BakaHcuei (4,4 5B) [4]
Jienaet ero JOpMUPOBAHUE MATIOBEPOSITHBIM. B 3TOH CBSI3M OCHOBHBIM MEXaHU3MOM U PY3UH a30Ta B KPeM-
HUI Oy/IeT SIBIATHCSI MEXKI0y3€bHbIN MeXaHn3M. OH COCTOUT B BBITECHEHHH Y3JIOBOTO aTOMa a30Ta B MEXKI0Y3-
JIMEe aTOMaMH KPEMHHS, YTO 00yCIOBIMBACTCSI B3aUMOJICHCTBUEM 3aMEIIAIOIIUX aTOMOB ITPHUMECH C MEXI0-
Y3€JIbHBIMA aTOMaMH KPEMHUS U3-32 UX BBICOKOU moABMkHOCTH [2; 12]. JlanHOE B3auMOIeHCTBHE IPUBOIUT
K TOMY, YTO aTOMBbI 3aMEeIIIeHHs, UMEIOIIHE He TAaKOW KOBAaJICHTHBIN painyc, Kak Y KpEMHHS, CMEIIal0TCs MEX/10-
y3eTbHBIMHA aTOMaMH KPEMHHUS U3 y3JI0B PELIETKU 10 MexaHu3My BoTknHca. IHBIME c10BaMu, a30T, HAXO/S-
HIMICA B y371€ PelIeTKH KPEMHUS, N3-3a Pa3HUIIbI UX KOBAJICHTHBIX PAJNYCOB U OOJIBIIIEH SHEPTUH CBA3H MEX-
NIy HUMH, YeM MEXJy KpEMHUEM U KpEMHUEM [4], cMeIaeT y3/10Bble aTOMbI KDEMHUS K BHEIPEHHOMY a30TYy.
Boznukarorniye npu 3ToM HanpsyKeHUS U3MEHSIOT IapaMeTp PEIIeTKH, YTO BBI3BIBAET BHITECHEHHE a30Ta U3
y371a peIeTKH U eT0 ePeBO/l B MEK0Y3eIbHOE COCTOSTHHE.

[pu nanbueimeit qudQy3un BBITECHEHHBIE aTOMBI a30Ta MOTYT 3aXBaThIBATHCS MEXK/I0y3€IbHBIMU aTOMaMHU
KPEMHUS U CTAHOBUTHCS HEMOJBWKHBIMHU. Biinxkaiinieii 001acThio ¢ OOJIBIION KOHIIEHTPAILIUEH MK I0y3€Ib-
HBIX aTOMOB KpEMHUS sABJIETCs Tpanuiia paszaena Si— SiO,, uto oOycnoBnusaeTr quddy3uio a30Ta B CTOPOHY
TPaHUIBl U JIOKAIHU3AIMIO €T0 B 3TOM MecTe. JlaHHBIN Ipoliecc MPUBOANT K CHMKEHNIO KOHIIEHTPAILIUHU a30Ta,
1 GyHIUPYIOIIETro B KpeMHUA. [ TyOnHa MeXaHHUeCKH HApyIIEHHOTO CJI0Sl KpeMHHSI MOKeT Jlocturarh 100 HM.
B taxom ciydae B HeM OyJIeT OTMEUAThCsl TOCTAaTOYHOE KOJTMYECTBO MEX/I0y3€JIbHBIX aTOMOB KPEMHUS, KOHIICH-
TpaIys KOTOPBIX YMEHBIIACTCS IIPH CMEIIeHNH OT Mexda3Hoi rpanus! paszaena Si— SiO, BrryOb KpeMHHS.
OTO 03HAYaeT, YTO MPHU B3aUMOICHCTBUM KPEMHHMS C a30TOM, HE 3aXBauye€HHBIM Ha Mex(a3zHoi rpaHuIle, Ha
HEOOIBIIOM PACCTOSHUU OT MEX(a3HOH I'paHUIbI OyJeT TaKKe MPOUCXOANUTH oOpa3oBaHue cBsizel Si—N.
[TockonbKy KOHIICHTPAIUSI MEXKJI0y3eIbHBIX aTOMOB KPEMHHSI YMEHbBIIIACTCS C TITYOMHOW HApYIIEHHOTO CIIOS,
pacrpenencHiue KOHIIEHTpAIUH CBsizei Si— N TOJDKHO UMETh CTIaIaloIIui XapakTep B KpeMuuu. Jlanaast cu-
Tyarus otoOpakena Ha puc. 1.

Crnenyer 0CTaHOBUThCS Ha (DOpMUPOBAHUY TTPOGUIICH pacipe/ie/icHUs] KOHIIEHTpanuu cBsi3eit Si—N B cu-
creme Si — SiO, 1o nryOuHe TMOKCHAA KPEMHHUS IIPH €r0 HUTPUIU3ALUH ITyTeM MIPEBAPUTEIEHOTO HOHHOTO
JIETUPOBAHUS KPEMHHS a30TOM U TOCIEAYIOIIEro TepMuyeckoro okuciaeHus (puc. 3). [IpoBenennsie HaMu
WCCIIEIOBaHUS B 9TOM HANpaBlieHUH [4] MOKa3aly, 4To TAKOH MMOJX0J1 MO3BOJISIET MOMYYHTh TPodUIIb pacipe-
JIeTICHNsT KOHIICHTPAIMH CBsi3ei Si— N, aHaIOruaHbIN NPOGUITIO pacTpeiesieH s KOHIICHTPALUHN STHX CBsI3eH
P UMITYIBCHOH (POTOHHOI 00paboTKe AMOKCHa KpeMHHS B a30THOU arMocdepe. OHaKo sl peann3aniu
JTAHHOTO TMOJIX0/1a TpeOyeTcs MpUMeHEeHHe OONBIIEero Yrcia TEXHOIOTHIECKHX OTepaliii, 4eM B ciiydyae HU-
TPHUIU3AINH JIUOKCH/Ia KPEMHHUSI ITyTeM UMITYIbCHON (POTOHHOI 00paboTkH B a30THOH cpernie. COOTBETCTBEHHO,
MIpeIOKEHHBIN TIOAXO/ ABJIsIeTCS 0osee MPeaIOYTUTENbHBIM.
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Puc. 3. Tlpodunu pacnpenenenus koHuenTpauuu Si v N o rryoune cucremst Si— SiO,
[PH €€ HUTPUIM3AIUH ITyTeM MPeJBapUTEIBHOIO HOHHOTO JICTMPOBAHUS KPEMHUSI a30TOM
H TIOCIIE/TYOIIEr0 TEPMUIESCKOTO OKUCITCHHS

Fig. 3. Profiles of the concentration distribution of Si and N along the depth of the Si — SiO, system
during its nitridisation by preliminary ion doping of silicon with nitrogen and subsequent thermal oxidation

[Ipu coznanuu p-kanansHbIX MOII-TpaH3ucTOPOB CIEAYEeT YUUTHIBATH, YTO OPMUPOBAHHUE OTPAKECHHBIX HA
puc. 3 npoduieii pacrpeneneHus KoHueHTpauu csizei Si—N B cucreme Si— SiO, Ha rpaHUNax JUOKCUAA
KPEMHHSI ¥ B HEM TPUBOAUT K HEOOXOIMUMOCTH OTpaHnveHus quddy3un 6opa U3 3arBopa B MOA3ATBOPHBIN
JUBJICKTPUK U p-KaHai TpaH3ucTopa. Kak ObL10 moka3aHo B paborax [3; 13], Hamuuue B JUIJICKTPUKE aTOMOB
a30Ta B 3HAYMUTEIILHON CTETIeHH NoAaBisieT quddy3uro 6opa 3a cuer 00pa3oBaHus ap a30T — MEXK/I0y3eIbHbIH
aToM KpPEeMHHUSI, YTO HeE MO3BOJIsIeT c(hOPMHUPOBATh Napy OOp — BaKaHCHUs JJISl pealn3aluy mapHoi 1uddysuu,
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SIBJISIFOILSHCS 17151 O0pa OCHOBHBIM MexaHu3MoM 1uddy3un. [Tonasnenue nuddysun 6opa odecriedqnBaeT Kak
TMOBBINICHUE BOCHIPONU3BOJUMOCTH ITOPOTOBOT'0 HAMPSKCHUA TPAH3UCTOPOB JAHHOT'O THIIA BBUAY OTCYTCTBUA
ITPOHNKHOBCHU A 6opa B 00J1aCTh p-KaHalla 1 IOHWKCHUA YPOBHS JICTUPOBAHUSA 3aTBOPA, TaK U HAJICKHOCTH
3aTBOpA U3-32 OTCYTCTBUS TUPQy3ur O0pa B TIOA3aTBOPHBIA JUAIEKTPUK [3].

3akaueHmne

MeTtonoM BpeMSIIPOIETHON MacC-CIIEKTPOCKONUK BTOPUYHBIX HOHOB MCCIIeI0BaHbl poduim pacnpee-
JeHus KoHUeHTpauu cesazeil Si—N B cucteme Si— SiO, nocie HUTPUAU3ALUY AUOKCHIA KPEMHHUS ITyTeM
UMITYJIbCHOU (hOTOHHOI 00paboTKH B a30THOH armocdepe, odecrieunBaroiiell HarpeB HEeKOTePEHTHBIM ITOTOKOM
U3JTy4EHUsI OT KBAapLIEBBIX FAJIOTCHHBIX JIAMII, KOTOPBIA HaNpaBJieH Ha HepabodyI0 CTOPOHY KPEMHHEBOH MO~
70K, 10 Temieparypsl 1150 °C mpumepno 3a 7 ¢. Hutpunuzarus ¢ios TMOKCHIa KPEMHUS TIPU HIMITYJIbCHON
(hoToHHOH 00pabOTKE B a30THOM Cpejie MPOTEKaeT 3a cueT yckopeHHoH auddy3un noHoB N, 00pa3yroumxcs
U3-32 TYHHEJTUPOBAHUSA M TEPMOIJIEKTPOHHOIN IMHCCHU JIEKTPOHOB C MOBEPXHOCTHBIX CJI0€B KpeMmHus. Pac-
CMaTpUBAEMBI MPOIECC MPUBOAUT K (HOPMHUPOBAHHIO HA TOBEPXHOCTH JIMOKCHIA KPEMHHUS U TPaHHMLIE pasJiernia
Si— SiO, c10s ¢ MaKCUMaIbHOW KOHLIEHTPAIMEH a30Ta yTeM YMEHBIIEHHS YHEPTUH aKTUBAIUH TTOSIBICHUS
cBs3eit Si—N, 00yCIIOBICHHOTO AIIEKTPOHHBIM BO30YKJIEHUEM B KPEMHHUH M BO3MOYKHBIM Pa3phIBOM CBSI3Ei
Si—O, Si—OH, Si—Si. YMeHbllIeHHe YHEPTUN aKTUBAIIMK IIPOUCXOAUT B pPe3yJbraTe U3MEHEHUsI Harpsi-
JKSHUH, yIIIoB U ciibl cBsizel Si— O n3-3a GOTOHHO-TEeMITEpaTypHOTO BO3JICHCTBUSI M 00pa30BaHuUs JaHHBIX
CBsI3€il Ha TTOBEPXHOCTH KPEMHHUS C 1e()OpMUPOBAHHON KPHCTAITMUECKOH PEIIETKON BBUY €€ MEXaHHUYEeCKOH
MOJTUPOBKH.

Bbubauorpaduyeckne ccblIKU

1. Guarin FJ, Rauch SE, La Rosa G, Brelsford K. Improvement in hot carrier lifetime as a function of N, ion implantation before
gate oxide growth in deep submicron NMOS devices. [EEE Electron Device Letters. 1999;20(12):602—604. DOI: 10.1109/55.806098.

2. Adam LS, Bowen C, Law ME. On implant-based multiple gate oxide schemes for system-on-chip integration. [EEE Transac-
tions on Electron Devices. 2003;50(3):589—-600. DOI: 10.1109/TED.2003.810473.

3. Park H, Ilderem V, Jasper C, Kaneshiro M, Christiansens J, Jones KS. The effects of implanted nitrogen on diffusion of boron
and evolution of extended defects. Materials Research Society Online Proceedings Library. 1997;469:425-430. DOI: 10.1557/PROC-
469-425.

4. Omxaes Bb, [Ipoconosud BC, [etmumkuit AH, Kosansayx HC, Conobes 1A, XKurynun [IB u np. Jlokannzammst atoMoB a30-
Ta B cTpykTypax Si— SiO,. Becmnux ITonoykozo cocyoapcmsennozo ynusepcumema. Cepus C, @ynoamenmanvivie nayku. 2022;11:
65-79. DOI: 10.52928/2070-1624-2022-39-11-65-79.

5. YUensmuackuit AP, SIBua BIO, Benrepak [1. Hakonnenune paanaoHHBIX 1e(EKTOB B KDEMHHUH ITPH UMIUTIAHTAIIMU HOHOB a30Ta.
B: Benopycckuii TocynapcTBEHHBIN YHUBEPCHUTET. B3aumodeticmaue uziyuenuil ¢ meepovim menom. Mamepuanvl V Meacoynapooroii
nayunoi xongpepenyuu; 6—9 okmaops 2003 2.; Munck, benapyce. Munck: BI'Y; 2003. c. 206—-208. EDN: OOFGPU.

6. bepuenko HH, Mensenes IOB. XumMus rpanuibl pasaena cJI0KHBIN MOTYIPOBOIHUK — COOCTBEHHBIH JHANEKTPUK. Yenexu xu-
muu. 1994;63(8):665—-672. DOI: 10.1070/rc1994v063n08abeh000108.

7. Ryan JT, Lenahan PM, Grasser T, Enichlmair H. Recovery-free electron spin resonance observations of NBTI degradation.
In: Institute of Electrical and Electronics Engineers. 2010 [EEE International reliability physics symposium,; 2010 May 2—6; Anaheim,
USA. Anaheim: Institute of Electrical and Electronics Engineers; 2010. p. 43—49. DOI: 10.1109/IRPS.2010.5488854.

8. DiMaria DJ, Stasiak JW. Trap creation in silicon dioxide produced by hot electrons. Journal of Applied Physics. 1989;65(6):
2342-2356. DOI: 10.1063/1.342824.

9. I'puuenko BA, Xypasnes KC, Hagonuunsiii BA. KBaHTOBaHUE 371€KTPOHHOTO CHEKTPa U JIOKAIU3ALMS 3IEKTPOHOB U JBIPOK
B KPEMHHUEBBIX KBAaHTOBBIX TOUKaxX. Qu3suxa meepooeo mena. 2011;53(4):803-806. EDN: RCSIQR.

10. Li FM, Nathan A. CCD image sensors in deep-ultraviolet: degradation behavior and damage mechanisms. Berlin: Springer;
2005. 231 p. DOI: 10.1007/b139047.

11. Kosansayx HC, ITumunenko BA, ConoeéB SIA. Bimsinne umiryinbcHoM GoToHHONH 00pabOTKH B cpesie a30Ta Ha ONTHYSCKHE
U 3NEKTPOPHU3NIECKHE XaPAKTEPUCTHKN CIOEB IBYOKHCH KPEMHHUS U €€ TPaHUIBI ¢ KpeMHUEeM. Joxnadvt BI'YHUP. 2025;23(3):5-11.
DOI: 10.35596/1729-7648-2025-23-3-5-11.

12. Yenmsinuacekuii AP, OmxaeB Bb. Dddexr Borkumca B nomynpoBoaHukax. SIBIeHIE U IPUIIOKEHHS B MUKPOAJIEKTPOHUKE. BecmHuk
benopycckoeo eocyoapcmeennoeo ynusepcumema. Cepus 1, @usuxa. Mamemamuxa. Ungpopmamuxa. 2011;3:10—-17. EDN: TAZLP]J.

13. KpacuukoB I['S. Koncmpyxkmueno-mexnonocuueckue ocobennocmu cyomuxponnvix MOIl-mpanzucmopos. Yacme 1. Mocksa:
Texuocdepa; 2002. 416 c.

THonyuena 04.04.2025 / ucnpagiena 11.04.2025 / npunsima 14.04.2025.
Received 04.04.2025 / revised 11.04.2025 / accepted 14.04.2025.



HAHOMATEPI/IAJH)I
N HAHOTEXHOJIOT NN

NANOMATERIALS
AND NANOTECHNOLOGIES

VIIK 539.23

ITEPCITEKTUBBI HAYUYHBIX UCCAEAOBAHUIN 1 OBPA3OBAHUS
B OBAACTU ®U3UKU YITAEPOAHBIX HAHOMATEPUAAOB
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Annomayun. Onmcan pa3pabOTaHHBIA cOTpyaHUKaMHU (uzndeckoro (akymasrera BI'Y u MHCTHTYTA SM€pHBIX TIPOO-
nem BI'Y Hay4HO-y4eOHBIH Ta00paTOPHBIA KOMIUIEKC IS CHHTE3a Ipad)€HONOTOOHBIX U HAaHOYIJIEPOAHBIX MaTepHajoB
METOJIOM XUMHUECKOTO OCaKICHHUS U3 Ta30BOH (a3sl. OTMEUCHO, UTO IENBI0 CO3TaHMUs JAHHOTO KOMITIIEKCA SIBIIIETCS CO-
BEpIICHCTBOBaHKE 00Pa30BaTEIHHOTO IIPOIIECCa U MAaTePHAIbHOM 0a3bl LIS IPOBEICHNUS HAyYHBIX UCCIICIOBAHUH B 001a-
CTH HaHOMAaTepUaIoB 1 HaHOTexHoorui B BI'Y. JlaHa KkpaTKas XapaKTepHCTHKa KOMIUIEKCA, TO3BOJISIOIIETO CHHTE3HPO-
Barh rpa)eH Ha MEAHBIX U HUKEJIEBBIX MOAJIOKKAX, & TAKKE IICHKU IHPOIUTUYECKOTO YIIEPO/ia ¢ BOCIIPOM3BOIUMBIMA
CTPYKTYPHBIMH CBOHCTBAaMHM, YTO MOATBEPXKIAETCS PE3y/IbTaTaMn aHaln3a 00pa3oB METOJIOM KOMOMHAIMOHHOTO pac-
cestHus cBeTa. [IpuBeIeHBI THITHYHBIE CIIEKTPHI KOMOWHAIIMOHHOTO PACCEsHUSI CBETa 00pa3IoB, CAHTE3UPOBAHHBIX C UC-
TI0JIb30BaHNEM J1aboparopHoro komiuiekca. [IpeicTaBieHo kparkoe onrcanue 1ad00paTopHOTo MPaKTUKYMa, BHEPEHHOTO
B 00pa3oBaTebHbI mporecc Gpusudeckoro paxkynsrera BI'Y. PaccMoTpeHbl epCreKTUBBI pa3BUTHS 00pa30BaHUS U Ha-
YYHBIX I/ICCJ'[CI[OBaHI/Iﬁ B O6J'IaCTI/I HaHOMAaTCpUajioB U HAHOTEXHOJIOTHI B HA3BaHHOM YHUBEPCUTETE.

Kniouegvie cnosa: yriiepoaHbie HaHOMATEPUAIIbl; XUMUYECKOE OCaXKICHUE U3 Ta30BOH (asbl; rpadeH; mupoauTHye-
CKHUI1 yIJIepoJt; aliMa3onoJ00HbIN YIIIepo]; CHEKTPOCKOIHS KOMOHMHAIIMOHHOTO PACCEsIHUS CBETa.
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bnrazooaprnocme. PaboTa BBINOIHEHA B paMKax TOCYAapCTBEHHOW Hay4HO-TEXHHUYECKO# nmporpammbl «Harmonas-
HBIE TAJIOHBI U BEICOKOTEXHOJIOTHYHOE HCCIIeIoBaTeIbcKoe 00opynoBanue» Ha 2021-2025 rr. (moxmporpamma «Haydano-
yueOHOe 000pyHOBaHUEY, 3aJaHus 57 1 67), TOCYIapCTBEHHON PO paMMbI HayIHBIX HccnenoBanuii « KonsepreHmumsa-2025»
(mommporpamma « MeXIUCIUIUTMHAPHBIC HCCIEA0BAHUS M HOBBIC 3apOXKIAI0IIHECs TEXHOIOTUIY, 3ananue 3.02.2), a Taroke
TOCYapCTBEHHOH MPOTrpaMMbl HAYYHBIX HCCIEHOBaHUN «MaTtepuaioBeIcHIe, HOBbIE MaTepUalbl M TEXHOJIOTUIY (TIOA-
nporpamMa «HaHocTpykTypay, 3ananue 2.14.3). ABrops! BeIpaxaroT npusHartenbHocTh O. B. Koponmk 3a nmposenenue
M3MEPEHUH CIIEKTPOB KOMOMHAIIMOHHOTO paccesiHus CBeTa 00pa3ioB rpadeHa v MICHOK MUPOIUTHYECKOTO YIIIepOoaa.

PROSPECTS OF SCIENTIFIC RESEARCH AND EDUCATION
IN THE FIELD OF PHYSICS OF CARBON NANOMATERIALS
IN BELARUSIAN STATE UNIVERSITY

L N. GROMOV*™", M. I. DEMIDENKO", V. K. KSENEVICH®,
M. A. SAMARINA®, N. I. VALYNETS", S. A. MAKSIMENKO"

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
®Institute for Nuclear Problems, Belarusian State University, 11 Babrujskaja Street, Minsk 220006, Belarus

Corresponding author: 1. N. Gromov (gromov-igor.post@yandex.by)

Abstract. The scientific and educational laboratory complex developed by employees of the faculty of physics of Bela-
rusian State University and the Institute for Nuclear Problems, Belarusian State University, for the synthesis of graphene-
like and nanocarbon materials by chemical vapour deposition is described. It is noted that the purpose of creating this
complex is to improve the educational process and material base for conducting scientific research in the field of nanoma-
terials and nanotechnologies in BSU. It is given a brief description of the complex that allows the synthesis of graphene on
copper and nickel substrates, as well as pyrolytic carbon films with reproducible structural properties, which is confirmed
by the results of sample analysis using the Raman spectroscopy. Typical Raman spectra of samples synthesised using the
laboratory complex are presented. A brief description of the laboratory workshop introduced into the educational process
of the faculty of physics of BSU is provided. The prospects for the development of the education and scientific research
in the field of nanomaterials and nanotechnologies in the named university are discussed.

Keywords: carbon nanomaterials; chemical vapour deposition; graphene; pyrolytic carbon; diamond-like carbon; Raman
spectroscopy.
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BBenenune

[locnenuue necaTuneTrs pa3BUTHS HAYKH U TEXHOJIOTHH 03HAMEHOBAJIUCH OBICTPBIM IIPOrPECCOM B CHHTE3E
HAHOCTPYKTYPHUPOBAHHBIX CPEll, CBOMCTBA KOTOPBIX CYIIECTBEHHO OTJIMYAIOTCS OT CBOMCTB 0OBEMHBIX MaTepHa-
70B. Cpeint pa3iinuHbIX HAHOCTPYKTYP XOPOILIO M3BECTHBI YIVICPOIHbIC HAHOMATEpUaIbl, TaKUe Kak rpadeH [1; 2],
(dymnepen [3], yrepoanast HaHOTpYOKa [3; 4] — KBa3HOHOMEpHAsI MAKPOMOJIEKYJIa yIiiepo/ia, HaHOpa3MepHas
¢dopma iuponutrueckoro yriaepoaa (PyC) [5; 6] u . 1. CpaBHUTENBHO HU3Kasi CTOMMOCTD U IIUPOKHIA CIIEKTP
YHUKaJIbHBIX CBOWCTB YIJIEPOIHBIX HAHOMATEPHUAJIOB SBJISIOTCS CTUMYJIAMH ULl UX aKTHBHOI'O MCCIICIOBAHMSI.

I'paden npencrasiser coboit MOHOCIOM rpaduTa, 00IaNAOIINI IByMEPHOH TeKCaroHAILHON KPUCTAIIIN-
4eCKOil PElIeTKOMH, KOTOpas 00pa30BaHa PACIIONIOKCHHBIMU B BEPIIMHAX IICCTHYIOJIBHHKOB Sp -THOPHIH3H-
pOBaHHBIMH aroMaMHu yriepona. st rpadena xapakTepHbl BBICOKAs MOIBMKHOCTb HOCUTENEH 3apsiia Jaxe
[Py KOMHATHOM TemIeparype, MEXaHH4ecKasl IPOYHOCTb, ONTHYECKAs IPO3PavHOCTh U OOJIbILAs yaelbHast
MOBEPXHOCTH, YTO TIO3BOJISIET PACCMATPUBATh €TI0 B KAY€CTBE MarepHaa sl pa3iMdHbIX YCTPONCTB IEKTPO-
HUKH, (POTOHHUKH, CCHCOPUKH, KOMITIO3UTOB U MOKpBITHIA [7; 8]. B HacTosiIee BpeMsi Ha OCHOBE Tpad)eHa pas-
pabaTbIBatOTCs MOJIEBBIC TPAH3UCTOPDI, KUIKOKPUCTAIIIMYECKUE JUCIUIEH, CBETOIUOABI, CEHCOPBI, CYIIEPKOH-
JeHCaTophb! U (POTOIIEMEHTBI AJIs1 COIHEUHBIX Oarapeil, a TakxKe N3y4yaeTcsi BO3MOXHOCTbD UCIIOJIb30BAHUS 3TOTO
HaHOMaTepuasa Uit XxpaHeHus Bogopoaa [2]. B ommudne oT rpadeHa mupoMTHIECKOMY YIJIEPOAY CBONCTBEH-
Ha aMopdHas CTPYKTypa Sp” -THOPUAN3UPOBAHHBIX aTOMOB yrinepoaa. OH 00nasaeT BHICOKOH MPOYHOCTHIO,
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TETIO- ¥ IEKTPOIPOBOAHOCTHI0, XHMHYECKOW HHEPTHOCTHIO, H3HOCOCTOMKOCTBHIO M OMOCOBMECTHMOCTBIO, YTO
MTO3BOJISIET UCTIONIb30BaTh JAHHBIN MaTepral JAJIs CO3/1aHuUs AIEKTPOHHBIX YCTPOUCTB (B KAY€CTBE 3JIEKTPOIOB),
3aIUTHBIX 2JIEKTPOMArHUTHBIX MMOKPBITHH [9], @ TakKe Kak OKPBITHE JUISI CEPJICUHBIX KIIAITaHOB U JIPYTUX BU-
JI0B 3HJ0NPOTE30B [5; 6; 10]. [lonroe BpeMs nmpakTrieckoe NpUMEHEHHE Tpad)eHa 1 MOJA0OHBIX MY CTPYKTYP
OTPaHUYMBAJIOCH CIIOKHOCTBIO MX TMONY4YeHHUs] B OONbIIMX KonndyecTBax. OgHako OypHOE pa3BHTHE METOIOB
CHHTE3a dTUX MaTepHajioB MPHUBENIO K CYIIECTBEHHOMY Y/ACLIEBIEHUIO JAHHOTO IMpolecca U, KaKk pe3yJbTar,
K PaCHIMPEHUIO TEXHOJOTHYECKUX BO3MOXHOCTEH UCTIONB30BaHUs rpad)eHa U CTPYKTYp Ha €ro OCHOBE.

OnxuM n3 Hanboee pacpoCTpaHEHHBIX METOAOB MONIyYeHHs TpadeHa u rpad)eHOMoI00HBIX MaTEepHaIOB
Ha TIOBEPXHOCTAX OOJBILON TUIOIAAN SBISIETCS XUMHUECKOE OCaXIeHHe U3 ra3oBoii Bhasel (chemical vapour
deposition, CVD). D10t nonxox passuBajica B UHctutyTe simepubix npodiem BI'Y (nanee — HUU AIT), roe
Obu1 co3aal psin yctaHoBOK CVD-cuHTe3a rpadeHa 1 HAHOPA3MEPHBIX IUICHOK MUPOIUTUYECKOTO yIIEpo-
na [11; 12], a Taxke nmaboparopHasi yCTaHOBKA CHHTE3a MUPOJIMTUUECKOTO yIliepoaa, 000raeHHoro 0opom
[13; 14]. CaenyeT OTMETUTH BKJIaJ HAyYHbIX KOJIEKTUBOB BI'Y U COTpYyAHUKOB MHCTUTYTOB, BXOASILUX B CO-
CTaB 3TOTO YHHBEPCHUTETA, B UCCIIEIOBAHUS (DN3NKO-XUMUYECKUX CBOUCTB Ipa)eHONOI00HBIX HAHOMATEPHAIOB
Y KOMITIO3UTHBIX MAaTE€pPHAJIOB HA UX OcHOBE [15—19].

B nHacrosmee Bpems Hapsiy ¢ TpadeHoM 1 rpadeHOoI00HBIME YTIIEPOIHBIMHU CTPYKTYPaMU aKTHBHO HCCIIe-
AYIOTCS HAHOMATEPHANBI 13 anmasornoo0Horo yrepoaa (diamond-like carbon, DLC) [20], KoTOpbIe, TOMUMO
Sp”-THOPUAN3UPOBAHHBIX aTOMOB, COJIEP)KaT B CBOEH CTPYKTYpE aTOMBI YTIIIEpOo/ia B COCTOSHUH Sp~ -THOPUIH-
3anuu. DIEKTPUIECKUe, ONTHYECKHE U MEXaHNIEeCKHEe CBOWCTBA TIOAOOHBIX MaTepHaIOB 3aBUCST OT OTHOCH-
TEJBHOTO CONEPIKAHMS B X COCTABE sp°~ 1 sp°-(PPaKIIHii, aTOMOB BOZOPO/IA I MeTamios. Kpome Toro, anmmaso-
MO00HBIE YTIIEPOAHBIE TIEHKH BBHUTY aJIMa30MOI00HOM CTPYKTYpPhI XapaKTepU3yIOTCsS TAKIMH CBONCTBAMH,
KaK HHU3KUH KOA(QQHUIMEHT TPEeHHs, BBICOKasl TBEPAOCTh M M3HOCOCTONKOCTh, HU3Kas DJIEKTPOIPOBOJHOCTD,
onrtuyeckas nmpo3padHocts B MK-auanazone, XumMmuueckass HHEPTHOCTh U OnocoBMecTUMOCTh [20]. [TogoOHbIe
MTOKPBITHS MOTYT IIPUMEHATHCS IS YITyUIIEHUS XapaKTePUCTUK aBTOMOOHMIILHBIX M a9POKOCMUYECKHX JAeTajei,
3aIUTHI OT U3HOCA PEXYIINX U (POPMOBOYHBIX HHCTPYMEHTOB, CO3/[aHNsI TOHKOTIJIEHOUHBIX CEHCOPOB, TNIOCKUX
JTUCILIEEB, Pa3HOOOPA3HBIX OMOMETUITMHCKMX KOMIIOHEHTOB, UMILJIAHTOB | T. 1. [21; 22].

B cBoto ouepesp, 3HAYUTEIHHBIN TOTEHLIMAT CIIOIB30BAHUS YITIEPOIHBIX HAHOMATEPHAIIOB SIBJISETCS CTH-
MYJIOM JUIsl COBEPIIIEHCTBOBAHUS TEXHOIOTMH X cuHTe3a. OTHON M3 BayKHBIX 33]1a4 Pa3BUTHUS 3TOTO HAYYHOTO
HaTpaBJICHUS BBICTYIIAET NOATOTOBKA CIEIIMATUCTOB, 00JaIal0IUX 3HAHUSIMH M HABBIKAMHU B 00JIACTH TIOTY-
YEeHUS M UCCIIeJOBAHMS IOAO0OHBIX HAHOCTPYKTYp. [aHHas 3aqa4a MOXKET perarhesl yTeM CO3/1aHusI HayqyHO-
00pazoBaTeNbHBIX KOMIUIEKCOB 110 U3YUYCHHUIO rpa)eHO- M alMa30MoA00HBIX MaTepruaioB. Takue KOMIJIEKCHI
MIPEATOararoT MPOBEICHNE COBPEMEHHBIX JJAOOPaTOPHBIX NPAKTHKYMOB JJIs CTYIEHTOB YUPEKACHUH BBICIIIETO
oOpasoBanus. Tak, B paMKax rocylapCTBEHHON Hay4HO-TEXHHUYECKOH mporpammbl «HannonanbHble 3Tao-
HBI M BBICOKOTEXHOJIOTHYHOE MCCIIEI0BATENLCKOE 000PYAOBaHKE» COTPYIHUKH PHr3HuecKoro Gakynsrera BI'Y
n HUU AI1 co3manu ycTaHOBKY cuHTe3a rpadeHONOA0OHBIX MaTepHalioB U BHEAPWIA B 00pa30BaTeIbHBIN
nporecc Ja00opaTOPHbIA MPAKTUKYM JUIS CTYICHTOB (PH3MUECKOTO (PaKyIbTETa YKa3aHHOTO YHHBEPCUTETA I10
CHHTE3y U MCCIISIOBAHUIO CTPYKTYPHBIX U ANMEKTPHUSCKUX CBOUCTB rpad)eHa U MUPOIUTHIESCKOTO YIJIepoa .

B HacrosmIeli cTarbe onrcaH HaydYHO-y4eOHBIH 1Ta00PaTOPHBINA KOMIUIEKC /ISl CHHTE3a Ipad)eHOITOI00HbBIX
Y HaHOYIJIepOIHBIX MaTepuanoB CVD-meTonom, BKIItOYast KPATKyl0 XapaKTEepUCTUKY OCHOBHBIX DIIEMEHTOB
MTOCJIEZIHETO, a TaKKe MPUBEJICH TepeueHb COCTaBICHHBIX JabopaTopHBIX paboT. Kpome Toro, paccMOTpeHsI
MO00PaHHBIE PEXXUMBI CHHTE3a Tpad)eHa Ha MEIHBIX W HUKEJIEBBIX MOAJIOKKAX W TIEHOK MHPOTUTHIECKOTO
yIiepoaa Ha KBapIeBhIX MOIOKKAX, TPECTaBIeHBI PE3yIbTaThl UCCIIEAOBAHMUS 00Pa3IIOB METOIOM CIIEKTPO-
CKOTTMH KOMOMHAIMOHHOTO paccessHus cBeta (KPC).

MaTepl/IaJlbl N METOAbI UCCJICAOBAHUA

st momydeHus rpadeHomom00HBIX YITIEPOIHBIX HAHOCTPYKTYP B pa3padOTaHHOM HAay9IHO-y4eOHOM Jia-
00paTOpHOM KOMILIEKCE MCIONB3YETCsl OJIMH U3 Hanboliee TOMyYISPHBIX M TIPOU3BOIUTEIBHBIX METOJIOB CHH-
teza — CVD-meron. OH OCHOBaH Ha TEPMOKATATUTUUYECKOM Pa3lIOKEHHH YIIIEPOJCOIEPKAIIETO Ta3a BHYTPU
peakTopHOM TPyObI MpH BhICOKUX TeMmiieparypax (okoso 1000 °C), a Takke Ha MOCICAYIOUIEM OCaXKIACHUU
yIJeposa Ha MOBEPXHOCTh MOATOKKH [23; 24]. B kauecTBe MCTOYHUKA yIIIepoAa CIIy>)KUT MeTaH. Ipu cunrese
rpadeHa MeHast WM HUKeJieBast (oJbra BEICTYIIAET B POJIH TTOJUIOKKY M OJJHOBPEMEHHO KaTajn3aropa B Ipo-
Lecce pas3oKeHs MeTaHa.

Juis peanmuzanuu CVD-MmeTona Oblia pa3paboTaHa ycTaHOBKa, mosyuuBiias HazBanue INP-BSU CVD mo
COCTaBY KOJUIGKTUBA YYACTHUKOB M MIPUHIIMITY JEHCTBUS, C BOBMOKHOCTBIO KOHTPOJISI OCHOBHBIX MTApaMETPOB
cunTe3a. OOmuil BU yCTaHOBKH B 3aKPBITOM U OTKPBITOM ITOJIOKEHUH TIpeCTaBleH Ha puc. 1. /lanHas ycTaHOB-
Ka BKitodaeT B ce0st Tpyouaryro CVD-neus VFT-1200-1 (Nobody Materials Science and Technology Co., Ltd.,

'Tonosa A. Dto marepuan Gyxymero! UTo H3roTaBIHBAIOT CTYIEHTHI B HOBOH n1aboparopuu ¢usdaxa BI'Y? [IneKTpoHHSIl pe-
cypc] // YouTube. URL: https://www.youtube.com/watch?v=K3KEyFB10UO (nara obpautenus: 02.04.2025).
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Kurait), mo3BoJIsIIOLLy 0 MPOU3BOAUTE OBICTPhIH Harpes 70 1150 °C, kBapiieByr TpyOy, BHIIOIHSOIIYO POJIb
peakTopa, B KOTOPOM MIPOUCXOIUT CUHTE3, HCTOYHMKH HEOOXOAMMBIX I'a30B, JaTYUKH JIABICHHUS U TEMIIEPaTyPhl,
a Take (GopBaKyyMHbIN crniupaiibHblid Hacoc. Kpome toro, yctaHoBka INP-BSU CVD cHaOkeHa cuctemoi
VIpaBJICHUS Ha OCHOBE MTEPCOHATLHOTO KOMITHIOTEPA C BO3MOXKHOCTBIO TUCTAHITMOHHOTO KOHTPOJIS TOCPEICTBOM
JIOKaJIbHOM ceTH Wi nHTepHeTa. C TOMOIIBI0 TPOTPAMMHOTO 00ECTIEYeHNS ITPOIIECC CHHTE3a KOHTPOIUPYETCS
ITyTEeM yTPaBJICHNS IOTOKAMH T'a30B M TEMIIEpaTypoil HarpeBa peakTopHoi TpyOsl. Taxke mporpamMma mo3Bo-
JSIeT YCTAaHABIMBATh HEOOXOMMMBIE PEXXUMBI PA0OTHI TIEYH, HACOCA, KIIAMaHOB U OCYIIECTBISATH MOHUTOPHUHT
TToKa3aTesei JaTInKoB JaBIeHHs 1 Temrieparypsl. [IporpaMMHoe obecriederne KoMIrieKca Obu10 pa3padoTaHo
cnermmanuctamu HAU ST n OO0 «Baxraiitmy» (bemapycs), ero onrcanue mpeacTaBlIeHO B COMPOBOKAAIOIEH
TEXHUYECKOH JIOKYMEHTAITHH.

Puc. 1. O6mwuii Bua ycranoBku INP-BSU CVD B 3akpbITOM (@) U OTKPBITOM (0) TTOIOKEHHH
Fig. 1. General view of the INP-BSU CVD setup in closed (a) and open (b) position

Hns yeranosku INP-BSU CVD 0Obun pa3paboTaHbl TEXHOJIOTHYECKHE MTPOLECCH CHHTE3a TpadeHa Ha
MEITHON M HUKEJIEBOW (oIbre, a TaKKe MUPOIUTHIECKOTO yIiepo/ia Ha KBapLeBOM cTekiie. JlaHHbIe TPOIECChI
OCYILIECTBIISIIOTCA B TISITh ATAIIOB.

Oman 1: ouncTKa CUCTEMBI TOJA4YH I'a30B MOCIE MPEABIIYIINX CHHTE30B IIyTEM ITPOIYBKH CUCTEMBI T'a30BOM
CMECBHIO U3 aproHa, BOJOPOAa U METaHa.

Oman 2: HarpeB peakTOpHOH TPyObI 10 TeMiieparypsl npudausutensHo 1000-1100 °C.

Dman 3: IOATOTOBKA MOBEPXHOCTH MOIOKEK ISl CHHTE3a IyTeM UX oTkura npu Temmeparype 1000-1100 °C
B arMoc(depe aprona u Bojopoa npu odiiem gasieHun 680 moap (68 klla) B reuenue 15 mMuH.

Oman 4: cuntes rpadeHono00HbIX TIeHOK. CHHTE3 rpadeHa Ha MEIHOM MOIJI0KKE OCYIIECTBIISETCS B I10-
Toke ra3zosoil cmecu CH, — H, npu nasnenun 1,5 m6ap (150 Ila) co ckopoctamu notoxos 100 CM’/MEH IS
cMecH aproHa u Bogopoxa (B coctase cMeck 20 % Boxopoma) u 50 ¢M’/MHH [UISi METaHa [PH TEMIIEPaType
1000 °C B Teuenue 30 mun. CunTe3 rpadeHa Ha HUKESICBOU MOIJIOKKE, & TAKIKE IMHUPOJTUTHYCCKOIO yIIepoia
IIPOXOJIUT B CTAaTHYECKOM aTMOc(epe MeTaHa ¥ BoZopoa rpu aasjieHnu metana 100 moap (20 kI1a) u 200 mOap
(10 xITa) coorBercTBenHo npu Temmeparype 1050—1100 °C B Teuenne 30 MuH.

Oman 5: oxnaxIeHUE CUCTEMBI 10 KOMHATHOH TemrepaTypsl (okomo 21 °C). Jlo ZoCTIKeHUs TeMIIepary-
pet 800 °C oxnakaeHne o0pasloB, CHHTE3UPYEMBIX Ha MEITHBIX ITOIJIOKKAX, IPOUCXOANT B TTOTOKE aproHa,
BOJIOPO/Ia ¥ METaHa, a IOCJIe TOCTHKEHNUS yKa3aHHOW TeMIIepaTyphl — B CTATHYECKOH aTMocdepe aproHa H BOJI0-
poxa. Oxnaxkaenne rpadena, CHHTE3UpyeMOro Ha HUKEIEBOH MOIOKKE, a TAKKe MUPOJTUTHYECKOTO YTIIepoia
OCYIIIECTBIISIETCS TOIBKO B aTMOc(epe aproHa u BOAOpo/a.

Taxum 00pa3oM, TEXHOIOTHYECKHE IMapaMeTphl Ha dTamax 4 u 5 mpu cuHTe3e TpadeHa Ha pPa3HBIX MOJI-
JIOKKaX ¥ TUICHOK MHUPOJIMTUYECKOTO YIepoja OTIHYA0TCs MexXy co0oii [25; 26]. Crnemxyer OTMETHTh, YTO
B cllyyae CHHTe3a rpadeHa Ha HUKENeBOH (oJbre Mocie OCaXK/ISHHS aTOMOB yIiepoja Ha MOBEPXHOCTh TOJI-
JIOKKHU TPOUCXOAUT uX auddy3us B 00beM MeTaiia 3a c4eT BEICOKOW PacTBOPHMOCTH YIJIEpOJa B HUKEJE.
3aTeM Opu OXJIAXKACHUHM PACTBOPHUMOCTD YIJIepoAa yMEHbILIAECTCS, U TOCICIHUN BBIAABIMBACTCS U3 00beMa
MOJJIOKKH Ha €€ MOBEPXHOCTh. Takum 00pa3zoM mpoucxoauT GopMHUpoBaHHE rpad)eHOBON MIIEHKH, TOJIIINHA
KOTOPOH CyIIECTBEHHO 3aBHCUT OT KOJIMUECTBA YIIIepoa, A1 yHANPOBAHHOTO B 00BEM HUKEIS TPU BBICOKOH
TEMIIepaType, a TAKKE OT CKOPOCTH OXJaxkAeHus. B cnyyae cunresa rpadena Ha MeqHOH Qonbre, pacTBOpH-
MOCTb yriiepoza B koropoid B 1000 pa3 MeHble, 4eM B HUKeNeBOH (oibre, aTOMBI YITIEpO/a MOCIie OCaKIACHUS
Ha MeJlb He TUPPYHIUPYIOT B 00bEM MOUIOKKH U, OCTAaBasICh Ha €e MMOBEPXHOCTH, (OPMUPYIOT clloii rpadeHa
HETOCPE/ICTBEHHO NPH BBICOKOW TemrepaTrype. B cBoto ouepenp, Takast Temmeparypa o0yCciIoBINBaeT YMEHb-
HICHUE KaTaMTUYECKO aKTUBHOCTH MEIH U, CJIE0BATEIbHO, TOPMOKEHHUE PAa3JIOKEHHUS] METaHa.
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Hapsiny ¢ m3rorosieHneM HayqdHO-y4eOHOTO 1a00paTOPHOTO KOMILIEKCa ObLIH pa3paboTaHbl METOUUECKUE
yKa3aHHA K JJAO0paTOpHOMY MPAKTUKYMY JIJIsl CTYIGHTOB CTapIInX KypcoB ¢pusudeckoro paxynsrera bI'Y, Bkiro-
yaronieMy Jaboparopsbie padoTsl «CVD-cunTe3 rpadeHa Ha MenHoi moutokke», «CVD-cunTes rpadeHa Ha
HUKEJIEeBOH MOTOKKe», «CVD-CcHHTE3 IIICHOK MUPOTUTUIECKOTO yriaeponay, «llepenoc mieHok rpadena Ha au-
AMEKTPUIECKHUE TTOTIOKKIY, K AHAIN3 CTPYKTYPHI TUIEHOK Tpad)eHa U MMPOTUTHYECKOTO YIIIEPOIa METOIOM KOMOH-
HAIIMOHHOTO pacCesiHUsI CBeTay, «M3MepeHne 3eKTpUIeCKUX CBOUCTB IUICHOK rpad)eHa U MUPOIUTUIECKOTO yIiie-
PO/a IpH pa3InYHbIX 3HAYEHUAX OTHOCHTEIBHON BIaKHOCTH BO3AyXa». [Ipy BBIONIHEHNHN J1a00paTOPHBIX paboT
CTYAEHTHI MOTYT H3Y4UTh IIPUHITUITEI pa0OTHI YCTAHOBKH CHHTE3a rpad)eHa ! INIEHOK MAPOIUTHYECKOTO YIiepoia
CVD-meTo10M, 03HAKOMHTBCS CO CEIU(DUKOM 00CITYKUBAHUS 000PYIOBaHUS JJIsl CHHTE3a, TIOYYHTh HABBIKU
MOATOTOBKH CUHTE3UPOBAHHBIX ITJICHOK JJISA lIEUIBH@fIIHCI‘O OIIMCaHUA UX CBOI>'ICTB, pPaccMOTPETb METOAUKHA HC-
CJIEZIOBAaHUS CTPYKTYPHBIX, ONTHYECKHUX M ANEKTPUIECKIX CBOWCTB CHHTE3MPOBAHHBIX TUICHOK.

B nemnsix TectTupoBaHus CO3JaHHOTO 00OPYIOBaHUS U pa3pabOTaHHBIX TEXHOJIOTMUECKHUX MPOIIECCOB ObLIN
MoJTy4eHbl 00pasiibl rpad)eHa Ha MeTHON U HUKEJIEeBOH (oIibre, a TAKKe TUICHKH MAPOIUTUYECKOTO YIvIeposia Ha
KBapIIeBhIX OIokKax. [locnenyromiee n3yuenne CBOHCTB CHHTE3MPOBAHHOTO HA METHOM MITH HUKEJIEBOH (OITb-
re rpad)eHa 0CyIeCTBIUIOCH C TOMOIIBI0 00Pa3IioB Ha MOJIOKKAX, UCTIONB3YeMbIX IIpu cuHTe3e. Kpome Toro,
YYaCTHHKH MPOEKTa aIallTHPOBAIN METOAUKY TIepeHoca rpadeHa Ha U30IMPYIONIYIO OMIOKKY. JlaHHbIH mpo-
IIecC BKJTFOYACT B ce0sl HAHECCHHE Ha TpadeH MOMIEPKUBAIOIIETO CIIOS TIOJMMEepa MoTUMETHIMeTaKkpriaTa [27],
PacCTBOPEHHOTO B aHU30JI€, METOJIOM IICHTPU(DYTHUPOBAHUS. YIallEHUE yIiiepoaa ¢ 00paTHOW CTOPOHBI (hOJIbIH
OCYIIECTBIISIETCS IIYTEM TPABJICHUS B KHCIIOPOTHO-aPTOHOBOMH TUTa3Me, TPABJICHIE METHOM TOIOKKH TIPOU3BO-
IUTCS ¢ MpuMeHeHneM xnopua xenesa (FeCly). ITocne aToro mpoucxonsaT nepeHoc rpadeHa Ha AUdIEKTpUYE-
CKYIO MOJUIOKKY U yIalIeHUE CJI0s UCIIO0JIb3YeMOro mmojinMepa. B oTiinune ot cuHTe3a rpad)eHa CUHTE3 TUICHOK
MHUPOJIUTHYECKOTO YTIIeponia He TpeOyeT 3aeHCTBOBAHUS JOTIOTHUTEIBHBIX KaTaIu3aTOPOB, YTO MO3BOJISIET
MOJTy4YaTh WX Ha Pa3IUYHbIX, B TOM YHCIIE AMANEKTPUICCKIX, TIOAIOKKAX (HAlpuMep, Ha KBapIIeBOM CTEKIIE)
[28; 29]. JlanHOE OOCTOATENLCTBO JIA€T BO3MOXHOCTh M3y4aTh CBOMCTBA IUIEHOK HETIOCPEJACTBEHHO MOCIIE
CHHTE3a, 0e3 epeHoca MIeHKH Ha APYTOil HOCHUTEb.

Pe3y.111,TaT1,1 H UX oﬁcymne}me

AHanu3 CTpyKTypbl 00pa3uoB rpad)eHa, CAHTE3UPOBAHHBIX HA MEAHBIX M HUKEJIEBBIX MOIJIOKKAX, A TAKKE
IUIEHOK MUPOJIUTUYECKOTO yIiieposa mpoBoAuics ¢ nomoiipbio KPC-criekTpockonuu ¢ HCHOIb30BaHUEM CIIEK-
TpaJIbHO-aHAJIMTHYECKOTO KOMIUIEKCa Ha OCHOBE CKaHUPYIOMIero KoH(pokansHoro Mukpockomna Nanofinder High
End (CIT «JIOTHUC TUW», benapychk — SlnoHust) ¢ npuMeHeHHeM BO30Y>KAAI0IIETo Jia3epa ¢ ITTHHOW BOTHEI 47 HM
¥ MOIIHOCTBIO 800 MKBT. CIIeKTpaibHOE Pa3pEIICHHE COCTABIISUIO OKOIO 3 CM |, BEIMUMHA CPEIHETO pa3Mepa
ITy4YKa Ha TIOBEPXHOCTH 00pasia paBHsIach npuonmm3utensHo 0,75 MKM. BpeMst HakoTuIeHUs! CHTHAIA TIPU W3-
MepeHusx coorBeTcTBoBaO 30 c. Tunmynbie criekTpbl KPC cnHTE3MpOBaHHOTO HA MEAHOM M HUKEIIEBOM (pobre
rpadeHa, 3aperucTpupoOBaHHbIC B Pa3HBIX TOUKAX 00pas3IoB, TIPE/ICTABIICHbI HA PHC. 2 u 3. B ciekrpax KPC rpa-
(heHa, CHHTE3MPOBAHHOTO KaK HAa METHOM, TaK nHa HUKEIIEBOH (oIbre, Ha6JHOJIa}0TC$I JIBE XapaKTepHBbIE AJIsI €0
CTPYKTYpbI TuHUMN: G-iHus BOmm3u 1580 cM™ " 2D -nuHust BOm3n 2700 e CneﬂyeT OTMETUTH MIPAKTUYECKU
MOJTHOE OTCYTCTBUE D-1rHNUN (B6J'II/I3I/I 1350 cm ') B pecTanennsix crnekrpax KPC 060uX THIIOB 06pa3IoB,
YTO CBHJETEIHCTBYET O HIU3KOH KOHIIEHTPAIINU TOUEUHBIX Je(PeKTOB B I3MEPEHHBIX 00JacTax rpadeHa.
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Puc. 2. Criexrper KPC rpadena, CHHTE3UpOBaHHOTO Ha MEIHOU (oIbre:
a — TiepBasi TO4YKa; O — BTOpasi TOUKA; 8 — TPEThsI TOUYKA

Fig. 2. Raman spectra of graphene synthesised on copper foil:
a — first point; b — second point; ¢ — third point
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Puc. 3. Ciextpst KPC rpadena, CHHTE3MpOBaHHOTO Ha HUKEJICBOH (oJibre:
a — mepBasi TOUKa; O — BTOpast TOUKA; 8 — TPEThsl TOUKA

Fig. 3. Raman spectra of graphene synthesised on nickel foil:
a — first point; b — second point; ¢ — third point

CootHouleHne Mex1y UHTeHCUBHOCTSIMU 2D- u G-nukoB (/,,//;) ¥ 3Ha4EeHUs NONYIIUPUHBI TUHUU 2D
(FWHM, ;) NO3BOJISIFOT OLIEHUTH KOJIMYECTBO c10eB rpadeHa B oopasuax [30; 31]. bsuto ycraHoBneHo, 4TO B 00-
pasnax Ha MeAHOU (oJbre MpeodaaaT 00NIaCTH OAHOCIOWHOTO M JBYCIOHHOTO TpadeHa, B TO BpeMs Kak
B 00pasiiax Ha HUKEJICBOH (POJIbre PUCYTCTBYET TOJBKO MHOTOCTONHBIN rpadeH. Kpome Toro, B criektpax KPC
CHHTE3UPOBAHHOTO rpad)eHa HAOMIOAOTCS CABUTH TMKOB OTHOCUTEIBHO HX HOPMAJILHOTO MOJIOKEHHUS B CTOPOHY
MEHBIIUX JITUH BOJIH, YTO MOXKET OBITh OOYCIIOBIICHO BIUSTHUEM MEXaHUYCCKUX HANPSHKCHUM, BO3HUKAIOIINX
B 00pa3iax u3-3a pa3HUIlbl B MapaMeTpax KPUCTAIUIMIECKUX PEUIETOK MOIOKEK U rpadeHa, a TakxKe pazorpe-
BOM HCIOJIB3YEMOTO MPHU U3MepeHusx J1azepa MoIHocThio 800 MkBT [32]. C moMoIibio 3HaYCHHI CIBUTa MO
gacTore G-nuka (A®g) MOXKHO pacCUUTATh BEITMUMHY HAPSHKEHUS CKaTUs (G) Mo cienyromei popmyne [33]:

:AmG O )
a o

b

rae o, —vactora G-nuka B oopasie rpadena; o, — HopmaabHoe nonoxkenue G-nmuanu (1580 em ), o — medhop-
MAIHOHHBIH K03(hdummenT rpaduta (o= 7,47 cm ' - T'Tla™"). CTpyKTypHBIe MTapaMeTpsl IByX 00pasiioB rpadeHa,
rosrydeHHbIe Ha ocHoBe cniekTpoB KPC, mpuBenens! B Tabm. 1 u 2.

Tabnuma 1
CTpyKTYpHBIE NapaMeTpbl rpad)eHa, CHHTE3MPOBAHHOI0 Ha MeTHO# (osibre
Table 1
Structural parameters of graphene synthesised on copper foil
Touka o0Opa3ua Awg, cM ! Aw,p, v ! L/l FWHM,p,, cm ' o, I'Tla
IlepBas Touka 2,68 25,01 1,87 30,10 0,36
Bropas Touka 8,58 25,01 2,60 25,20 1,15
TpeTbs TOuKa 5,63 19,80 0,93 39,57 0,75
Tab6auma 2
CTpyKTypHBIe IapaMeTpbl rpadgeHa, CHHTe3UPOBAHHOTO HA HUKeJIeBO (oJibre
Table 2
Structural parameters of graphene synthesised on nickel foil
Touxka o0Opasua Aoy, em’! Aw,p, cv ! L/l FWHM, ), cm ! o, I'lla
ITepBas Touka 2,68 43,24 0,34 60,22 0,36
Bropas Touka 2,68 32,83 0,50 32,08 0,36
Tperbs Touka 2,68 32,83 0,39 57,43 0,36
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Ha puc. 4 npencrasnens! Tunnynabie crekTpsl KPC muieHkn THpOTUTHYECKOTO YIIepoa, CHHTE3UPOBaH-
HO Ha KBapueBoil mouiokke. Kak u3BectHo, B omnune oT cnekTpoB KPC rpadena crexrpsr KPC nuponu-
TUYECKOTO yTIIepoJa XapaKTepru3yIoTcs MPaKTHUYECKH TMOJTHBIM OTCYTCTBUEM 2D-nmuHnM, 6ojee MIUpOKUMHU
D- v G-TMHUSMHU U HAJTUYUEM «JIOJTUHBD Mexay HuMH [28]. Takue 0coOEHHOCTH HAOMIOIAINCH Ha CIIEKTpax
KPC cunTe3mpoBaHHBIX HaMU IIEHOK MUPOJIUTHYECKOoro yrieposa. [1o BocriponsBoaumocTu criektpos KPC,
CHSITBIX B Pa3HBIX TOYKAX, MOXHO CJ/IeJIaTh BBIBOI 00 OJHOPOIHOCTH 00pa3IoB.
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Puc. 4. Cnextpsl KPC niieHK NUPOIUTHUECKOTO YITIEpOia, CHHTE3UPOBAHHON Ha KBapLEBOIl MOIOKKE:
a — TiepBasi TOUKa; O — BTOpasi TOUKA; 6 — TPEThs TOUKA

Fig. 4. Raman spectra of pyrolytic carbon film synthesised on quartz substrate:
a —first point; b — second point; ¢ — third point

Hapsiny ¢ BHenpeHreM Hay4YHO-y4e0HOTO J1a00paTOpPHOTO KOMILIEKCa B 00pa30BaTellbHBIN mpolece hu3u-
yeckoro (akynsreta BI'Y BaxxHOH 3amaueli BISETCS €ro UCTOIB30BaHUE IS HAyYHBIX UCCIEAOBaHUMN (yH-
JaMEHTAJIBHOTO M MPUKIAAHOTO Xapakrepa. {1 3Toro onTMMU3UPYETCS] U COBEPLIEHCTBYETCS MOTYyUYCHUE
rpadeHa ¥ TUPOIUTHYECKOTO YIIepoia ¢ HeOOXOJUMMBIMU CTPYKTYPHBIMHU CBOMCTBaMH. B wacTHOCTH, OTpada-
TBIBAIOTCSA METOAMKH YAYUIICHUS MIPEeIBAPUTEIBHON MOATOTOBKU U OTKUTA UCTIOIB3yEMbIX MOJIOKEK, a TAKXKE
TEXHOJIOTUYECKUE PEIKUMBI CHHTE3a CaMUX TUICHOK. J{omoHuTeIbHAsS XUMIUYecKass 00paboTKa TOBEPXHOCTH
METAJUTUYECKOH (POIBIU TIepes] TEXHOJIOTHYSCKUM MPOIECCOM, ONITUMH3AIHS TTApaMETPOB OTIKHUTA MOIOKEK
Y cuHTe3a rpad)eHa MO3BOJISIT YBEIHUUTh Pa3Mephl 3epeH B CTPYKTYPE METHOM 1 HUKETIEBOU (DOJIBIH, H3MEHHUTh
MOPQOJIOTHIO UX MOBEPXHOCTH, CHHTE3UPOBATh rpad)eH ¢ mpeodiagjaHrueM HeOOXOAMMOTO KOJIMYECTBA CIIOEB
Y MUHUMAaJIbHOW KOHIIGHTPAIUEH TOYEYHBIX Ne()eKTOB B HUX. JlanpHelIast OTpadoTKa TEXHOIOTHYSCKHUX Pe-
JKUMOB CHHTE3a IIJIEHOK NMUPOJUTHYECKOTO yIIIEpoAa JacT BO3MOKHOCTb YIYUYIINUTh BOCIPOU3BOIAUMOCTD MX
CTPYKTYPHBIX U AJIEKTPUYECKUX CBOHCTB.

OmHHUM U3 TIEPCIIEKTUBHBIX HAIPaBICHUN UCCIIECOBaHNN TpadeHa SBISETCS MOAU(UKAIMS €r0 CBOWCTB
ITyTeM JISTUPOBAaHUS aTOMaMH Pa3IMYHbIX 3JICMEHTOB (HalpuUMep, a30Ta U 00pa), KOTOPHIE 3aMEIIal0T aTOMbI
yIJIepo/ia B KPUCTAJUTMYECKON pemeTke. Vcnoiap30BaHue NPUBEACHHBIX B TIPUMEP AJIEMEHTOB 00YCIOBICHO
OMM30CTHIO Pa3MEpOB MX aTOMOB K pa3Mepy atoma yriepoaa. BecTpanBaHue aToMoB a3oTa u 0opa B rpadeH
BBI3BIBACT U3MCHEHUE B 30HHOM CTPYKTYpPE MOCIEIHETO: «OTKPBIBACTCS» 3alpPEICHHAs 30Ha, U MaTepHall mpe-
oOpa3yeTcsi B MOJIYIPOBOIHHUK 71- uiu p-tuna [34; 35]. Tako# rpad)eH MOXKET HCIIOJIb30BaThCS B Ka4eCTBE
MaTepualia Jijisl CO3J[aHHs MOJICBBIX TPAH3UCTOPOB, JIUTHI-HOHHBIX OaTapei, CylepKOHICHCATOPOB, Ta30BhIX
CEHCOPOB, OMO- 1 3JTEKTPOXUMHUYECKUX CEHCOPOB, YCTPONUCTB XpaHEHUs BOJOPOA U IPYTUX YCTPOUCTB PoTo-
HUKH, JICKTPOHUKH, (OTOBOIBTANKH U ceHcopuku [36; 37]. B nacrosee Bpemst cotpynnuku HUU ST momy-
YU TIPEBAPUTEILHBIC PE3YIIBTATHI IT0 Pa3pab0TKe METOIa JISTHPOBAaHUS a30TOM rpadeHa, CAHTE3UPOBAHHOTO
C MPUMEHEHUEM Hay4YHO-y4eOHOTro JlabopaTopHoro komiuiekca. OOHapyxeHo, uto B criektpe KPC rpadena,
JISTUPOBAHHOTO a30TOM, ITPH JUTHHE BOJIHBI BO30YKIAroMIero Ja3epa 488 HM HaOMIOMa0TCs XapaKTepHBIC IS
rpadeHa Mol 1 BeIpaxkeHHBIC nedekTHbie (D u D) monel. BoznukHOBeHHE D-MO/IBI 00YCITOBIICHO MOSIBICHHEM
neeKTOB B CTPYKTYpe TpadeHa, Torna Kak npucyrcreue D'-Moibl yka3bIBaeT Ha 3aMEIeHIE aTOMOB yTIIepo/ia
a30TOM B pemieTke rpadeHa [38].

Kpome Toro, mepcrieKTHBHBIM HAIPaBICHUEM JIJIsl U3YYCHUS CHHTE3UPOBAHHBIX HaMU rpadeHa U TUICHOK
MUPOJIUTUYECKOTO YITIEPOAa BBICTYNACT PACCMOTPEHUE MX B3aUMOJICUCTBUS C 3JCKTPOMATHUTHBIM H3Iyue-
HUEM TeparepIieBoro Juana3oHa, KOTOPOe HIUPOKO MCIONB3YETCS B Pa3INYHBIX OOJIACTSIX HAYKH U TEXHU-
KH: MEJUIIMHE, OUOJIOTHH, CTISKTPOCKOTIUH, TEICKOMMYHHUKAIUAX, METPOJIOTHH, CUCTEMaX 0€30TaCHOCTH,
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onToaiekTponuke u porouuke [8; 9; 39; 40]. UccnenoBanus, mpoBeaeHusic B HUU I, mokazanu, uyto Ha
ocHOBe TpaeHa MOTYT OBITH CO3/IaHBI TIOJIEBBIE TPAH3UCTOPHI, Pa0OTAIOIHE B TEPArepIieBOM JHara3oHe Ja-
ctoT [41; 42]. Ha 6a3ze u3mMepeHuil ClIEKTPOB MPOITyCKaHus TpadeHOBOI METAIIOBEPXHOCTHIO TeparepIeBoro
U3ITy4YeHUsI ObLIO IPETIOKEHO MCTI0NIBb30BaTh Tpa)eH B KauecTBE SKpaHupylomiero Marepuana [43; 44]. Tak, B pa-
oore [43] OBLIO MPOASMOHCTPUPOBAHO, YTO METAMIOBEPXHOCTh HA OCHOBE rpadeHa crocoOHa 00eCIeuuTh
mpakTrdeckn 100 % mormomenne 3MeKTPOMarHUTHOTO M3TYYeHUS TeparepiieBoro quama3oHa 9acTot. Take
MoKa3aHa BO3MOXXHOCTh MCIIOJIb30BaHUS IJICHOK MTUPOIIMTHIECKOTO YIIepo/a, momydeHHbIX myteM CVD-cuH-
Te€3a, B KAUECTBE MPO3PAUHBIX 3JIEKTPOIOB B KUAKOKPUCTAIUINYECKUX AUYeiKaX, KOTOPbIE MpeIHa3HAuEHbI JJIs
yIpaBJIeHUs TeparepleBsIM u3aydeHueM [44].

Cremyer OTMETHTD, YTO B HACTOSIIEE BpeMsI Ha CTaIUU pa3pabOTKH HAXOAUTCS HAy9IHO-YUeOHBINH Jabopa-
TOPHBI KOMITJIEKC TIO TTOJYYCHUIO U H3YYCHHIO dJCKTPUYSCKUX M MEXaHMUECKHX CBOMCTB alIMa30MOI00HBIX
YIIEPOIHBIX TICHOK. [ImanupyemMslii cpok okoHUaHHs padoT — koHel 2025 . CuHTe3 anMa3onoJo0HbIX yIie-
POAHBIX TUIEHOK OYAET OCYIIECTBISATHCS METOIOM MHUKPOBOJIHOBOTO IIIa3MOXMMUYECKOTO OCAXK IEHHS U3 Ta30BOM
(hazbl, IITH METOIOM CTUMYITHPOBAHHOTO MIJTH YCHIIEHHOTO TUTa3MOM XUMHUYECKOTO OCaXICHHUS U3 Ta30BOH (ha3bl
(plasma enhanced chemical vapour deposition, PECVD). Ha3Banue nanHoi pa3HOBHIHOCTH CIIOC00a MOTYYCHUS
HAHOCTPYKTYp CBSI3aHO C TEM, YTO MIPHU CHHTE3€ YIIIEPOIHbIE HAHOCTPYKTYPHI HapsAy ¢ HarpPEBOM MOATIOKKHU
TIOJIBEPTaroTCsl BO3/IEHCTBUIO CBEPXBBICOKOYACTOTHOMW TJI1a3Mbl. B mporiecce cuHTe3a cBepXBBICOKOYACTOTHOE
M3ITydeHne CITIOCOOCTBYEeT HOHHU3AINY Ta30B B PEAKIIMOHHONW KaMepe, UTO MPUBOANT K MPEeoOpa30BaHMIO Ta30-
BOH CpeJlbl B XUMHUYECKH aKTHBHBIE BO30YX/JIEHHBIC COCTOSIHHS, B3aUMOJICHCTBYIONINE C TOMIOXKKON. Takas
TEXHOJIOTUSI TO3BOJISIET YIPABIATE CTPYKTYPOH CHHTE3UPYEMOTr0 HaHOMaTepHaJa u IMoIyvaTh INICHKH ¢ TPeod-
JMaJaHueM sp°-THOPHI3HPOBAHHBIX (DPAKIHIT YIIEPO/Ia, XapaKTePHBIX [T CTPYKTYPhI anMasa. JI0CTOHHCTBAMM
PECVD-cunTe3a SIBISIFOTCS TPOTEKaHKE TIpoIecca Mpu 0ojiee HU3KOW TeMItepaType o CpaBHEHHIO C TeMITe-
patypoii mpu UCNOIH30BAHUU METO/Ia TEPMOKATATUTHYECKOTO OCAKIICHHS, BRICOKAs are3usi U OHOPOIHOCTh
MOJTy4aeMbIX MaTepHajIoB, BO3MOXXHOCTh CHHTE3a TUICHOK Ha TIOBEPXHOCTAX OONbIIMX utomane. [lnanupy-
eTcsl, 9To pa3zpaboTaHHas yCTaHOBKA MO3BOJIMT MOIYyYaTh aJMa3oMo00HbIe YyIIIEPOIHbIEe TUIEHKN TOJIHHON
0,2—5,0 MKM ¢ coziepKanmeM sp -pakun ue Meree 50 %. Takske GyeT CO3aH Ta60PaTOPHBIN MPAKTHKYM TS
cTyaeHTOB pr3myeckoro (akynprera BI'Y mist u3y4eHus MMH METOIMKY CHHTE3a aJIMa30T0I00HBIX YIIIEPOIHBIX
rieHok nocpeactsoM PECVD-cunTesa, a Takke deKTpUIecKuX U MEXaHUYECKUX CBOMCTB JJaHHBIX TUIEHOK.

JIBa Ha3BaHHBIX BBIIIE HAYYHO-yUEOHBIX JaOOPAaTOPHBIX KOMITJIEKCa HE TOJIBKO 00€CTIeUnBalOT COBEPIICH-
CTBOBaHHE HAYYHOTO M 00pa30BaTeILHOTO MpoIieccoB B bI'Y B 061acTi HAaHOMaTepHaIoB 1 HAHOTCXHOJIOTHH,
HO U SIBJISIFOTCS. OCHOBOM TSI CIISITYFOIIIETO IIara — co31aHus Ha gusudeckoM (akynasrere bI'Y mpu akTuBHOM
yuactuu cotpynuukoB HUW ST LlenTtpa vccieqoBaHuii yIiaepoaHbIX HAHOCTPYKTYP, B KOTOPOM MOTJIH OBl
MIPOXOANTH CTAXUPOBKY ¥ TIPOBOAUTDH HAYUHBIE MCCIIEIOBAHUS KaK MATUCTPAHTHI U aCITUPAHTHI BEIyIIEro yHU-
BepcurteTa berapycu, Tak U ydanmecs IpyTrux YIpekIeHHH BBICIIIETo 00pa3oBaHUs CTPAHbI.

3akJiaroueHmne

Corpynnuku dpusnueckoro paxyiasrera bI'Y u HUU Al coznanu Hay4HO-y4eOHBIN 1a00paTOPHBINA KOMILIEKC
JUIsl cuHTEe3a rpadeHONoI00HBIX M HAHOYTIEPOHBIX MaTepranoB ¢ mpuMenennem CVD-MeTona, onTuMu3HpoBa-
JIF TEXHOJIOTHYECKUE PEXKUMBI CHHTE3a TpadeHa U TIIeHOK MAPOIIMTHYECKOTO YIIIEpo/ia, a TAK)Ke BHEPUIIH B 00-
pazoBarenbHbI poriecc huzudeckoro (akymnbrera bI'Y mabopaTtopHbIi MPaKTHKYM VIS CTYAEHTOB, 00yYarOIiX-
Cs1 [0 CTEeNMaIbHOCTH «HAHOMAaTepHaibl U HaHOTeXHoJIorum». Ha ocHoBe pe3ynbraToB aHanusa ciekTpoB KPC
00pa3oB, CHHTE3UPOBAHHBIX C MCIIOIh30BaHHEM HAYYHO-Y4E€OHOTO JIAOOPaTOPHOTO KOMIUIEKCA, MPOIEMOH-
CTPHUPOBaHA BO3MOXKHOCTH MOIYUYEHHS TUIEHOK OJJHOCTIOWHOTO ¥ MHOTOCIIOMHOTO Tpad)eHa i MUPOTUTHIECKOTO
yriepoza.

B Hacrosiee BpeMs COTpYIHHKH HAa3BaHHBIX BBIILIE YUPEKACHUI pa3padaTbiBalOT HayYHO-Y4eOHbIH Tadopa-
TOPHBIN KOMILJICKC JIJIsi CHHTE3a aJIMa30IM0I00HBIX YIIIEPOAHBIX IIEHOK ¢ moMoinbio PECVD-Merona. JlaHHbIf
KOMITIEKC TUTAHUPYETCS yCTAHOBUTE Ha (pr3maeckoM dakynpreTe BI'Y u BHEIPUTH B 00pa3oBaTeIbHBIH ITpoIecc
kadeapsl GU3NKH TOTYIPOBOJHIKOB H HAHOAIIEKTPOHUKU M Kadeapsl PU3UKK TBEPAOTO Tella U HAHOTEXHO-
JIOTHH, YTO MO3BOJIUT CTYACHTAM M3ydYaTb CHHTE3 ajIMa30MOA00HBIX YIIIEPOIHBIX IJICHOK, a TAKXKE METOIUKU
HCCIIEI0BAaHUS UX ANEKTPUUECKUX U MEXAHUUYECKUX CBOMCTB.

ITomoOHBIE KOMITIEKCHI MOTYT WCIIOIB30BATHCS MPH pean3aii 00pa3oBaTeIbHOTO MpoIecca B IPYTHX
yHHUBepcuTeTax bemapycu Aiis MOATOTOBKH CIENUAINCTOB (PU3MUYECKUX W MHKCHEPHBIX CIEIHabHOCTEH Ha
1-i1 1 2-# cTyneHsx BbICIIEro 0Opa3oBaHus, KaIpOB BBICIICH KBaTH(PUKALIUH, a TAKKE IPU MPOBEACHUH B yU-
peXIeHUsX BBIcIero oopasoBanus u nHCTUTYTaX HAH Benapycu HayuHBIX HCCIIeIOBaHNH, HATIPABICHHBIX HA
pa3paboTKy 37IeMEHTOB (DOTOHUKH, DJIEKTPOHUKH, CCHCOPUKN Ha OCHOBE TpadeHO- M aaIMa30moJ00HbIX TUTe-
HOK. OncaHHBIE B HACTOSIIEH CTaTbe HAyYHO-y4eOHbIE JTa00paTOPHBIE KOMITJIEKCHI JIOJDKHBI BOMTH B COCTaB
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LenTpa uccnenoBanuii yriepoaHbIX HAHOCTPYKTYP, KOTOPBIH IITaHUPYETCst co3aaTh Ha 6asze BI'Y. Mcnons3zoBanue
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REVERSAL OF THE MOTION DIRECTION
OF A BROWNIAN RATCHET INDUCED BY THE CURVATURE
REVERSAL OF THE RATCHET POTENTIAL
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Abstract. Brownian motion of a particle in a stationary potential profile of universal symmetry is considered, the drift of
which occurs due to dichotomous fluctuations of that profile with the coordinate dependence of the fluctuations described
by either symmetric or antisymmetric periodic functions. Unlike existing models of ratchet systems, the asymmetry of the
system under consideration is introduced by means of fluctuations due to a shift in the positions of their symmetry axes
or symmetry centers relative to the stationary profile. In the high-temperature approximation, analytical relations are obtai-
ned for the frequency dependence of the ratchet average velocity, which implies the existence of the ratchet effect when two
spatial harmonics of the fluctuating potential are taken into account. The temperature dependences of the average velocity
have been calculated in the adiabatic mode of the motion. It is shown that the reversal of the curvature of the stationary
component of the potential profile under spatially symmetric fluctuations can lead to a reversal of the motion direction.
The dependences of the average velocity on the fluctuation frequency, the shift of the symmetry axes of the stationary and
fluctuating components of the potential energy, as well as on the ratio of the amplitudes of these components to the thermal
energy have been analysed. Optimal motion modes of the ratchet system under consideration have been revealed.

Keywords: Brownian ratchet; diffusion transport; nonequilibrium fluctuations; dichotomous process; periodic poten-
tial; universal symmetry.
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Introduction

Ratchet systems are asymmetric systems that, being in contact with a thermostat, are capable of generating
a directed motion in the absence of stationary external forces, when consume energy from nonequilibrium fluc-
tuations of various natures [ 1-9]. Among the variety of approaches to the description of such systems, a special
place is occupied by theoretical researches based on the consideration of the diffusion dynamics of a single
particle in a time-dependent periodic potential field U (x, t) (x 1s the particle coordinate and ¢ is time). Such
approaches are the simplest, since, in them, a single Brownian particle or an ensemble of non-interacting particles
acts as the main object of consideration, but, at the same time, they are the most instructive, since they allow
one to clarify the basic conditions for the emergence of the directed motion [1; 3; 4; 7-9]. The ratchet effect,
i. e. the phenomenon of the emergence of the directed motion, is possible for functions U (x, t) that are free
from a number of symmetry prohibitions, which are governed by the symmetry theory of such systems [10; 11].
In addition to the obvious prohibition on the mirror symmetry, there are also hidden symmetries that are «hid-
den» in the general properties of the solutions to the Smoluchowski equation [12—14].
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To classify ratchet systems, the function U (x, t) is frequently considered as having an additive-multiplica-
tive form U (x, 1) =u(x)+o(7)w(x), in which the functions of the coordinate u(x) and w(x) describe the
stationary and fluctuating contributions to the potential energy, respectively, while the function G(t) describes
the time dependence of the fluctuations. This functional form of the particle potential energy allows for distin-
guishing two main classes of ratchet systems: ratchets with a fluctuating tilting homogeneous force F' (rocking
ratchets), for which u(x) is a spatially periodic function and w(x) = —Fx, and ratchets with the fluctuating pe-
riodic potential profile (pulsating or flashing ratchets), for which u (x) and w(x) are arbitrary spatially periodic
functions [3; 8; 9]. Symmetric dichotomous fluctuations are frequently considered, in which the function cs(t)
takes two values, e. g. +1 and —1. Dichotomous processes differ in the nature of the alternating the states. If the

potential profiles are switched with time intervals %, then we speak of a symmetric deterministic periodic dicho-

tomous process with the period 7. If the transitions between values £1 occur at random moments in time, then
we speak of a stochastic dichotomous process. The deterministic nature of processes is typical for artificially
created ratchets [4; 5; 7], the stochastic nature is mostly associated with ratchets of natural origin (acting in
living and nonliving objects) [1; 3; 6; 7]. The common property of these two symmetric processes is the zero

mean value, <cs (t)> = 0.The deterministic process is characterised by the period 1, while the stochastic process by
the inverse correlation time I', which is determined by the correlation function of the dichotomous process:
(o(t)o(t"))=exp(-T|t—])[15; 16].

The properties of ratchet systems depend significantly on the values of two dimensionless parameters: the
ratio of the potential barrier AU to the thermal energy kT (ky is the Boltzmann constant, 7'is absolute tempera-

ture) and the ratio of the period 1 or the correlation time I'"" to the characteristic relaxation time T
AU , e L kyT . o : ,
—— <1, can be estimated by the characteristic diffusion time 1, = — (D = —2— is the diffusion coefficient, { is
! i AU I
the friction coefficient) on the spatial period L of the potential U (x, t), and, at T > 1, by the time 1 = i_U of
B
particle sliding down the potential barrier AU. At T > 1, (or equivalently I't,; < 1), in each of the states of the
symmetric dichotomous process, thermodynamic equilibrium has time to be established to the moment of swit-
ching the states (adiabatic ratchet). In this case, the average velocity of a rocking ratchet does not depend on
the fluctuation frequency (t' or I'), while for a pulsating ratchet, it is proportional to the fluctuation frequency.
As the fluctuation frequency increases, the average velocity of the rocking ratchet decreases, and the pulsating
ratchet velocity first increases to its maximum value at t ~ 1, (or 't ~1), and then also decreases [8;17].

which, at

rel>

AU . . D N . . .
At T < 1, the motion of a Brownian particle is of a diffusion nature, for which the behaviour of the particle
B
in the wells of the potential relief is important, and the high-temperature approximation is applicable to describe

the motion [15; 16]. Ratchets operate most effectively when the potential profile with ]?—U > 1 fluctuates by
B
half a period [18]. At AU >> 1, the main contribution to the average ratchet velocity is made by the hopping
B

motion of the particle associated with overcoming the barriers that separate the potential wells. The description
becomes discrete and can be carried out in terms of the velocities of overcoming the potential barriers or the pro-
babilities of transitions between the discrete positions of the particle in space [19]. The advantage of the discrete
description over the continuous one is that it can be applied beyond the diffusion dynamics, since the transition
probabilities included in the expressions for the average ratchet velocity can also be calculated for transitions
between the states of quantum particles. This makes it possible to take into account the contribution of tunneling
processes to the average ratchet velocity, which can even reverse the motion relative to the motion that occurs
solely due to the thermally activated processes [20—23].

At the beginning of the development of ideas about the mechanisms of functioning of Brownian motors
(ratchets), the simplest models were considered in which an asymmetric sawtooth potential was disturbed by
either a dichotomously fluctuating external force or the fluctuating potential barrier, which led to the motions
in opposite directions [17]. If in one of the states of the dichotomous process, the barrier is absent [24; 25],
then the average velocities, which are opposite in direction, of such a pulsating ratchet (called in this case «an
on-off ratchet») and a ratchet with the small fluctuating force, even when we include small inertial effects, are
determined by the same factor (which is the same for the two ratchets), that depends on the parameters of the
stationary potential [26; 27].
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Further studies of ratchet systems revealed a number of new their properties caused by the contribution of the
two different functions u (x) and w(x) to the total potential energy U (x, 7). Bach of these functions may have its

own symmetry elements, the set of which determines the unique symmetry properties of the ratchet under conside-
ration. Periodic functions can be symmetric, antisymmetric, or shift-symmetric. The first two symmetry properties

are given by the equalities u(x) = £u(—x + 2x, ), where the upper and lower signs correspond to the symmetry
with the axis x, and antisymmetry with the center x_. Shift symmetry implies the property u (x) =—u (x + g} ,

where L is the period of the function « (x) For example, if we describe ratchet systems within the framework of
the Smoluchowski equation and do not include inertial effects, then the ratchet effect is absent for supersymmetric

potential energies with the following property: there exists time #, such that U (x, t) =-U (x + é, —1+ 21, ] [10].

For functions that simultaneously satisfy the above two symmetry properties, the third one is always satisfied, and

. . L L
the symmetry axis and symmetry center closest to each other are separated by the distance of 7 |x = x_| =7

Such functions are classified as functions of universal symmetry [13; 14].
The simplest function of universal symmetry is a sinusoid. If the coordinate dependence of the fluctuating part

of the potential energy has such a shape, i. e. w(x) =wcos 27:(% - XOJ, then we speak of a spatially harmonic

governing signal with the amplitude w and phase shift A, [16]. Such a signal is most easily realised experimen-
tally and makes it possible to control the magnitude and direction of the average ratchet velocity by changing
the parameter A,,. At the faculty of physics of Belarusian State University, a number of theoretical results have
been obtained regarding the properties of ratchet systems with an asymmetric sawtooth and stepwise stationa-

ry potential u(x), that operate being dichotomously perturbed by a spatially harmonic signal [28; 29]. In this
article, we consider the opposite case: the stationary contribution u (x) to the potential energy is characterised
by the universal type of symmetry, while asymmetry is introduced into the system by the spatial dependence of
the fluctuating contribution w(x), that can be realised by the sum of two spatial harmonics.

The possibility of such control of the directed motion arises in ratchets on optical lattices, in which both
the periodic stationary contribution u(x) and the fluctuation contribution w(x) are determined by laser fields,

which allow creating arbitrary spatial asymmetry [30—32]. The high-temperature approximation used in the
next section of this paper allows the ratchet average velocity to be written as a series in spatial harmonics of

the functions u (x) and w(x ). From such a representation, it immediately follows that, for the function u(x) of the
universal symmetry type, the possibility of the ratchet effect is realised already by the first two harmonics of
the function w(x). In addition, an analysis of the obtained representation shows that a step-shaped function u (x)
forbids the ratchet effect only if the symmetry axis of the function w(x) coincides with the symmetry center of
the function u (x) The deformation of the step allows for the ratchet effect, and the motion can be reversed by the
change in the sign of the curvature of the function u(x).

While the high-temperature approximation allows for the analysis of the frequency dependence of the ave-
rage velocity, the adiabatic approximation allows for the low-frequency picture of the temperature dependence.

High-temperature approximation and frequency dependences

The high-temperature approximation is understood as a simplification of equations and their solutions un-
der the assumption that the thermal energy significantly exceeds the barriers of the periodic potential profiles.
The first use of such an approximation in the theory of ratchets was carried out in [15]. In the most general form,
the average velocity of a high temperature ratchet with an arbitrary time dependence of its potential energy

of the additive-multiplicative form U (x, t) = u(x) + G(t)w(x) can be represented as
v=iD'B Y kkk, owwp, ¥ (D, D),
q,4'(#0)
(¢+4'#0) (1)
! ; [k, (1)(ae =be™), K, (1)=(c(¢)o(r'~1)),
0

a—

‘P(a, b) =
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2 . . . .
where k, = % (¢ 1s an integer), and the time dependence of the fluctuations forms the frequency dependence

of the average velocity by means of the pair correlation function X, (t)

While the symmetric stochastic dichotomous process is characterised by an exponential decay of the
correlation function with the inverse correlation time I', the correlation function of the deterministic dichoto-
mous process is a symmetric sawtooth function of time, described on the period of its change by the equation

My

)
T

K, (t) =1 |t| < % Note that for large periods 1, both correlation functions have linear asymptotics, which

become identical at I' = —. This means that the stochastic and deterministic processes become indistinguisha-

T
ble when the period (average period) of the process is much longer than the relaxation time. It is the function
. . . . . . 47?
Y (Dk; , Dk;' ) that determines the competition of the process period with the inverse relaxation time Dkl2 =—.
Tp

For the stochastic and deterministic dichotomous processes, this function is given by the following expressions:

r 4 1 bt 1 art
- -~ vy b)=————| —tanh— — —tanh— |.
(C+a)(T+b) (e ) (a—b)r(b ey T 4j

Both expressions vanish, i. e. the ratchet effect is absent, at both zero and infinite fluctuation frequencies.

‘I’(a, b) =

While the low-frequency asymptotics of these expressions are linear and identical atI" = i, v (a, b) ~ pre their
T a

high-frequency asymptotics are different, namely, proportional to " and > for the stochastic and deterministic
processes respectively. Therefore, the frequency dependences of the ratchet average velocity are described by
bell-shaped functions, the width of which is noticeably larger for stochastic processes than for deterministic ones.

Let us now consider the spatial dependences of fluctuations that are described by periodic functions belonging

to the class of either symmetric functions w, (x) or antisymmetric functions w_ (x), whose Fourier components
satisfy the relations w, , =w, , exp(—ik,x, ), where w, ,=+w, _ are the Fourier components of the even or
odd function w, (x) =W, (x +x; ) For the function u(x) of universal symmetry with the symmetry center at
a point x,, u(x) = —u(—x + 2x, ), its shift symmetry leads to the vanishing of all its Fourier components u,, with
even ¢, and the expression (1) can be represented as
23 N 2 2 P
v=—4iD"f Z k21k21'—1lP(Dk2l’ Dk21'—1)wi, 2Ws 2y -1 X
Lr=1

x |:k21 +20'-1U2) 4oy —1 COS (ky +2r'-1%0 ) Fhyr oty o cos(k2, —2r+1%0 )] > 2)

where x,=x, — x

a°

Several important conclusions follow from this result. Since cos(kpxo) is an even function of x, and

L . . . .
cos(kp (xo + ED = —cos(kp xo) at odd p, the ratchet average velocity as a function of x, satisfies the relations

v(xo):_v(xo+§):v(_xo),

and, therefore, is a function of universal symmetry with respect to the difference in the coordinates of the
locations of the symmetry axis or symmetry center of the function w, (x) and the symmetry center of the func-
tion u (x) Thus, for fluctuations whose spatial dependence is described by either symmetric or antisymmetric
function, the universal symmetry of the function u (x) has led to the universal symmetry of the function v(xo)
itself. From this, in particular, follows the absence of the ratchet effect when the distance between the symmetry
axis or symmetry center of the function w, (x) and the symmetry center of the function u (x) is a quarter of the

period (|x0| = Z). For a symmetric function w, (x), this result is obvious, since under this condition, the potential

energy U (x, ) becomes a symmetric function of x. For an antisymmetric function w_ (x), the absence of the
ratchet effect is a consequence of the universal symmetry of the function G(t).
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Let us consider next a deformed symmetric stepwise potential of the universal symmetry type, characterised
by the step height 2u and a curvature o (fig. 1). Its shape on the period L and nonzero Fourier components are

given by the following formulas:

2 2
u(x)- ’
—u+ (x(L x)(x——j,ESxSL, 3)
" 4i a
2/ -1 -
ky 1L k3,
u(x). w,(x) A
1.5F
| -] | Ly ! | | T -7 .
-02~ 0 x, 0.2 04 ~4--66----68" 1.0 X

Fig. 1. Stationary contribution u(x) of the universal symmetry type,
represented by the deformed stepwise potential (3) (the solid line),
fluctuating contribution described by the symmetric function w, (x) (the dashed line),
and the total potential energy in two states of the dichotomous process (the dotted lines).
Energy quantities are measured in units of u, lengths are measured in units of L

Substituting the Fourier components from (3) into the expression (2) leads to the result

V(XO)Z_D B u Z kyrkyy (Dk2lﬂDk221’—1)wi,2lwi,21’—1fi,21,21’—1(xo)’

LI=1
“)
f (x) had Cosky gy  COSky gy (cosk X, F cosk x)
ta,q'\0) T 2 + 2 g+qrot q-q'70)
a+4q 7-q

from which a number of important and interesting conclusions follow. For symmetric function w, (x), at x,= 0,
the ratchet effect is absent for a symmetric stepwise potential u (x), but appears under the deformation of u (x ) that

makes its curvature o nonzero. Unlike ordinary stopping points, passing through which is accompanied by
the motion reversal, this stopping point x, = 0 corresponding to o = 0 is characterised by the same sign of the
velocity on both sides of it. For small nonzero x, and a # 0,

2a
fﬂq,q’(XO)zqukq’ xé —kz : ®)

q+q"q-¢q
Therefore, when a < 0, there are no stopping points near x, = 0, while for a. > 0, two closely located ordi-

nary stopping points appear, the locations of which are determined by the zeros of the functions f, . (xo).
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Since the locations of these zeros depend on the summation indices, and the function (5) with particular ¢ and ¢’
is not the general multiplier for all terms in the sum, the zeros of the average velocity can become frequency

dependent due to the presence of functions ‘P(Dk;, Dk;) in the expression (4).
For symmetric fluctuations described by the sum of two cosine waves

()= w[cos(2n(x ) eos(ar(x - xo))}, ©)

the summation in (4) is limited to one term with / = /' =1, so that the dependence v(x, ) is determined by the
function 7, , | (%, ), which is depicted in fig. 2.

£=—
e=-1
e=0
e=1
=2

Fig. 2. Dependences of the dimensionless average velocity of the high-temperature ratchet
(factor f, , ;(x,) in equation (4)) on the shift of the symmetry axes

of w, (x) relative to the symmetry center of the deformed stepwise function u( x)
2

. . al
at different values of the deformation parameter € = = (the values near the curves)
o]

. . . L
The symmetry axis and symmetry center of the function f, , | (x,) pass through the points x,= 0 and 7

respectively, so that this function indeed belongs to the universal symmetry type. For the negative curvature of
the deformation of the stationary stepwise profile, the zeros of the function f, , (xo) coincide only with the
symmetry axes of the function u (x), whereas for the positive curvature, additional paired stopping points arise.
In the next section, the effect of the reversal of the ratchet motion when the curvature of the stationary part (x)

of the potential relief, undergoing symmetric dichotomous fluctuations in time, is reversed will be described in
detail applying the adiabatic approximation.

Low-temperature approximation and temperature dependences

The adiabatic mode of motion implies the absence of heat exchange between the system and the environ-
ment'. It can be implemented in two ways: by either slow or instantaneous change in the set of parameters that
determine the shape of the spatially periodic potential. A ratchet with dichotomous switching the states with
different potential profiles (pulsating ratchet) is called an adiabatically fast driven ratchet if the lifetime of each
state is so long that the thermodynamic equilibrium has time to be established in them [33]. In terms of the
fluctuation frequency, adiabatically fast ratchets are described by the low-frequency approximation.

According to famous Parrondo’s lemma [ 7], the average velocity v of a Brownian particle, that resides in two cycli-

cally switching long-lived states characterised by periodic potential reliefs U (x, t) =u (x) +0 (t) w(x), c (t) =11,

'"Landau L. D., Lifshitz E. M. Statistical physics. Part 1/ transl. from the Russ. by J. B. Sykes, M. J. Kearsley. 3" ed., rev. and enl.
Oxford : Pergamon Press, 1980. XVIII, 544 p. (Course of theoretical physics ; vol. 5).
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is determined by the flux ®@ through an arbitrary cross-section over a time interval equal to the period of the
dichotomous process [33]:

L

v=—

T

®, © = deE% (x)—q- (X)]E dyp.(v)-p-(»)):
exp [u(x) + w(x):l exp [—u(x) T w(x):l (7)
_([dzexp[u(z)iw(z)} !dzexp[—u(z)iw(z)]

(here and below, the energy characteristics are measured in units of thermal energy k7). While the high-tempera-
ture approximation allows one to obtain frequency dependences of the average velocity, the low-frequency ap-
proximation yields temperature dependences. The effect of motion reversal with the reversal of the curvature of
the stationary contribution to the potential energy will be analysed for the function u (x) of the form (3) and for
symmetric fluctuations described by the sum of two cosine curves (6). Numerical integration of expressions (7)
with the potential energy components of the form (3) and (6) leads to the dependences presented in fig. 3 and 4.

q: (x)= > P+ (x)=

a b

~100 50 0 50 150 o
1 1 1 > _O 1
-100 =75 =50 25 O o ‘
~0.001 ~0.2
— u=0
— u=0.5
=0 -0.002 u=10 03
u=02 - u=15
— u=04 " _0003 —u=20 _o4

Fig. 3. Particle flux ® through an arbitrary cross section per time equal to the period
of the dichotomous process as a function of the curvature o of the deformed stepwise potential given
by the formula (3) without a shift of the symmetry axis of w, (x) relative to the symmetry center
of u(x), X, = 0 (the energy characteristics are measured in units of thermal energy kT
and the lengths are measured in units of L): high-temperature motion mode, small fluctuations with w = 0.3
(the dashed line corresponds to the asymptotic behaviour given by equation (8)) (a);
large-fluctuation motion mode with w = 3 (b)

[}

0.2 — a=0
o =-25
a=-50
a=25
a =50

Fig. 4. Particle flux ® through an arbitrary cross section per time equal to the period
of the dichotomous process as a function of the shift x, of the symmetry axis
of w, (x) relative to the symmetry center of u(x) foru =1, w =3,
and different values of the curvature o (the units of measurement are the same as in fig. 3)
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For small values of the amplitudes of the functions u(x) and w(x) relative to the thermal energy kT

(high-temperature approximation), the flux (7) in the adiabatic motion mode becomes independent of the step
height 2u at x,= 0:

1
@ ~ —WB:;WzaLz. (8)

Due to this, for small curvature a, the family of functions CD(OL) (7) with different values of parameter u
coincides with the linear dependence (8) (see dashed line in fig. 3, @). If the amplitudes of function w(x) are
not small, the values of the flux become different with a change in amplitude u (see fig. 3, b). The sign of the
function @ (a) reverses when the curvature o passes through zero, and the dependence @ (a) has a non-mono-

tonic character and tends to zero as a — *oo, since infinite potential barriers arise for these limits, which are
insurmountable by the particle. With an increase in the step height or a decrease in temperature (parameter u),
the positive values of the flux decrease, while the negative values increase in absolute value.

Figure 4 depicts a family of functions q)(xo) for different curvature a. All curves pass through zero values
1 e .
at x, = 7 and x, = %, that correspond to the symmetry prohibition of the ratchet effect at the coincidence of the

symmetry axes of the stationary and fluctuating parts of the potential energy. For a positive curvature (o > 0)
of the deformed stepwise function u(x), four additional stopping points of the ratchet arise on the period of

. . . 1 S
change of CD(xO ), which degenerate into two points (x,= 0 and x, = 5), when a = 0, and which disappear for

negative curvature (o < 0). Thus, by means of reversing the curvature of the potential profile, one can control
the appearance of additional stopping points. Comparison of the curves in fig. 4 shows that, as the temperature
decreases (the curvature values increase in absolute value), the magnitude of the flux decreases for negative
curvature and increases for positive curvature. Such an effect was absent for the high-temperature mode in fig. 2.

Discussion and conclusions

The ratchet effect, as the phenomenon of the emergence of a directed motion in nanosystems due to nonequi-
librium fluctuations, is possible only in the presence of asymmetry, which can be caused by the asymmetry of
either the stationary contribution to the potential energy or the fluctuation contribution, or by the relative shifts
of the symmetry axes (centers) of these contributions. The latter possibility is preferable for optical lattices,
periodic potential profiles created by strong electromagnetic fields in the optical range, since it is easier to create
just symmetric lattices and then introduce asymmetry to the system by a phase shift between the stationary and
fluctuating contributions. In this paper, we constructed a ratchet model controlled by such a phase shift. It differs
from the known models of ratchet systems in that the stationary potential profile has the universal symmetry,
and the fluctuating contribution is described by either symmetric or antisymmetric periodic functions. It turned
out that, due to the universal symmetry of the stationary contribution, the dependence of the average velocity
on the phase shift is also described by a periodic function of universal symmetry; the zeros of this function
correspond to the ratchet stopping points, and the passage through these points ensures the motion reversal.

The average ratchet velocity depends on a set of parameters that characterise the stationary and fluctuating
contributions to the potential energy, as well as on the fluctuation frequency and the ambient temperature.
The time dependence of the fluctuations was taken into account through a symmetric dichotomous process,
deterministic or stochastic. In the high-temperature motion mode, when the thermal energy exceeds the energy
barriers of the potential relief, analytical expressions for the average velocity contain a factor that describes the
time dependence of arbitrary fluctuations. Therefore, the analysis of the dependence of the obtained expression
on the parameters of the potential profile is of the general nature.

The main result of the performed analysis is the additional stopping point found for the ratchet with the
symmetric stepwise potential disturbed by the spatially symmetric fluctuations. A distinctive feature of this
stopping point is the fact that the average velocity preserves its sign both to the left and to the right of it. Thus,
the appearance of the positive curvature of the deformation of the stepwise potential shifts vertically the curve
of the dependence of the average velocity on the phase shift, and this leads to the emergence of a pair of addi-
tional stopping points.

The optimal motion modes of the ratchet systems under consideration are those at which the greatest values of
the average ratchet velocity can be achieved. One of such modes can be arranged at a large positive curvature
of the deformation of the stepwise potential relief, when the symmetry axis of the fluctuating part of the poten-
tial energy coincides with the symmetry center of its stationary part. It is known that in various applications,
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not only large values of average velocities of particle motion are important, but also the possibility of cont-
rolling the motion direction. This applies to the particle separation in solutions and ion pumps [34; 35] and
controlling vortices in superconducting systems [36], atoms in dissipative optical lattices [30—32], electrons
in organic semiconductors [37], and molecular rotors [38; 39]. The factors that determine the drift direction of
Brownian particles under the action of nonequilibrium fluctuations are the asymmetry of the spatio-temporal
dependence of their potential energy, the phase shift between the stationary and fluctuating components of the
potential energy, temperature, fluctuation frequency, and particle mass [9]. It turned out that, along with these
factors, the curvatures of the flat sections of stationary contributions to the potential relief of universal symmetry
under symmetric spatio-temporal fluctuations is another tool for controlling the motion direction.
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